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EXECUTIVE SUMMARY
Aqueous phase radionuclide transport in groundwater is one of the most important processes
that must be evaluated to assess the performance and safety of a high-level nuclear waste
repository. One of the processes affecting the rate at which radionuclides may move from a
repository to the accessible environment and their activity when they reach the accessible
environment is matrix diffusion. The potential influence of matrix diffusion on contaminant
transport through dual-porosity and dual-permeability media was recognized as early as the
1960s based on studies of chemical transport through soil columns. Its potential role in
retarding the movement of radionuclides from a nuclear waste repository was articulated in the
late 1970s and since then has been investigated in geologic environments ranging from
fractured, fine-grained sedimentary rocks, such as shale, to fractured igneous and metamorphic
crystalline rocks.
The basic physical and chemical processes affecting the significance of matrix diffusion in a
particular geologic environment are well understood. For matrix diffusion to play a significant
role in mass transport through a particular geologic medium, the medium must comprise a
mobile water zone and a relatively immobile water zones. The mobile water zone may consist
of fractures or porous materials with a much higher permeability than the immobile water zone.
The immobile water zone, often referred to as the matrix, can range from microporous soil
aggregates to lenses of fine-grained sediments to blocks of porous consolidated rocks, such as
tuff or granite. As dissolved constituents move through the mobile water zone, they can diffuse
into or out of the porous matrix under the influence of concentration gradients as described by
Fick’s Law. When a contaminant plume first invades the mobile water zone, the concentration
gradient is from the mobile water zone into the matrix thus transferring a portion of the
contaminant mass into the matrix and slowing the movement of the plume. In the case of
contaminants that decay, such as radionuclides, the extended residence time in the matrix can
significantly attenuate their concentrations in the mobile zone water plume.
The fundamental parameter controlling diffusion between the mobile water zone and the matrix
is the effective matrix diffusion coefficient. The effective matrix diffusion coefficient of a
particular constituent is a function of its free aqueous diffusion coefficient, and the porosity and
pore structure of the matrix. The effect of pore structure on the effective matrix diffusion
coefficient is represented by a geometric factor, , that can vary from about 3 to 1,000. The
effective matrix diffusion coefficient is inversely proportional to the geometric factor. The matrix
diffusion flux can also be affected by sorption of a constituent onto the matrix solids and the
diffusion fluxes of other constituents in the solution. The multicomponent effects are usually
negligible for constituents present at trace concentrations. The net effect of matrix diffusion on
contaminant transport depends strongly on surface area of contact between the mobile water
zone and the matrix. In the case of fractured rocks, the contact area depends on the structure
of the fracture network. In the case of unsaturated media, the contact area also depends on the
wetted surface area.
Field-scale studies of matrix diffusion effects have indicated that the influence of matrix diffusion
is much stronger than laboratory measurements of effective matrix diffusion coefficients indicate
and increases with the transport distance. Although this finding has been described by
increasing the magnitude of the effective diffusion coefficient in numerical simulations, it is more
likely the result of underrepresentation of the mobile water/matrix contact area in the models
used to analyze field studies and, possibly, some advective transport between the fractures and
the matrix that is also not represented in the models.
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Numerous mathematical approaches have been developed for simulating mass transport with
matrix diffusion. These range from analytical models to numerical models. The numerical
models range from grid-type models that solve discretized forms of the partial differential
equations describing the mass transport process to particle-tracking approaches that distribute
mass using probabilistic mass transfer functions. Assessment of the performance of a potential
nuclear waste repository at Yucca Mountain has been based on hybrid models using grids and
particle tracking.
Matrix diffusion has long been assumed to be an important process affecting radionuclide
transport at Yucca Mountain because of the relatively high porosity and low permeability of the
fractured tuff matrix in both the unsaturated and saturated zones. Numerous laboratory and
field investigations have demonstrated that dissolved constituents can and will diffuse from the
fractures into the tuff matrix. The median geometric factor based on laboratory matrix diffusion
tests on tuffs from Yucca Mountain is approximately seven. The influence of matrix diffusion in
both the unsaturated and saturated zones has been included in performance assessment
models for a Yucca Mountain repository. The greatest uncertainties in quantifying the effect on
radionuclide migration from a repository at Yucca Mountain are related to the wetted area of
fractures in the unsaturated zone and to the effective fracture–matrix surface area in both the
unsaturated and saturated zones.
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1

INTRODUCTION

Aqueous phase radionuclide transport in groundwater is one of the most important processes
that must be evaluated to assess the performance and safety of a high-level nuclear waste
repository. Matrix diffusion is one of the processes affecting the rate at which radionuclides may
move from a repository to the accessible environment and their activity when they reach the
accessible environment. Within the field of contaminant transport, the term “matrix diffusion” is
most commonly used to describe the process by which an aqueous phase chemical or
radionuclide moves between a relatively permeable fracture with mobile water and a much less
permeable rock matrix with relatively immobile water due to concentration gradients.
In most cases, matrix diffusion has been studied based on its potential to retard the movement
of a contaminant and, in the case of radionuclides and other contaminants that decay, attenuate
their concentrations. In general, matrix diffusion affects the movement of aqueous phase
constituents in any multiporosity medium, including soil containing microporous grains and grain
aggregates (e.g., Skopp and Warrick, 1974). The process also occurs in porous media
consisting of interbedded coarse, high permeability sediments and fine-grained, low
permeability sediments (e.g., Haggerty and Gorelick, 1995). Although less studied, the process
is also relevant to vapor phase transport in unsaturated media (e.g., Brusseau, 1991). Thus,
matrix diffusion is potentially a significant mass transfer process in a wide variety of geologic
environments, ranging from fractured crystalline rock to sedimentary formations, which may be
considered for nuclear waste repositories.
The effects of matrix diffusion on radionuclide transport through the fractured tuffs at a proposed
high-level waste repository at Yucca Mountain have been considered particularly important, in
both the saturated and unsaturated zones, because of the relatively high porosity but low
permeability of the tuff matrix. Matrix diffusion could also be a significant process affecting
the movement of radionuclides from nuclear waste repositories constructed in other
geologic environments, including those in shale, basalt, and crystalline rocks, as well as from
non-high-level waste disposal sites in unconsolidated sedimentary formations. For these
reasons, a sound understanding of the factors controlling matrix diffusion and methods for
evaluating its effect on repository performance is important to the U.S. Nuclear Regulatory
Commission and Center for Nuclear Waste Regulatory Analyses staffs’ ability to effectively and
efficiently review a license application for a potential repository, not only at Yucca Mountain, but
at other potential sites. This report reviews the evolution of scientific understanding of matrix
diffusion; reviews the physical and chemical processes important to matrix diffusion;
summarizes the results of various laboratory and field investigations to measure the effects of
matrix diffusion on radionuclide transport, particularly at Yucca Mountain; and reviews the
various approaches that have been taken to mathematically simulate the effect of matrix
diffusion on potential nuclear waste repositories.
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HISTORY OF MATRIX DIFFUSION INVESTIGATIONS IN
GEOLOGIC MEDIA

The earliest recognition of the importance of matrix diffusion in geologic media was in the fields
of economic and metamorphic geology where matrix diffusion was used to explain the
distribution of secondary minerals in ore bodies and other geochemically altered rocks
(e.g., Garrells, et al., 1949). Further interest in matrix diffusion processes developed in the
1960s and 1970s within the soil science community in an effort to explain the tailing and
skewness of solute breakthrough curves observed in soil column studies of nutrient and
contaminant transport (e.g., Skopp and Warrick, 1974; Leistra, 1977). These studies focused
on the influence of diffusion between mobile and immobile water domains in the soil.
The first formal consideration of the effect of matrix diffusion on the performance of geologic
nuclear waste repositories was in the context of a repository in fractured crystalline rock
(Barbreau, et al., 1979; Davison, et al., 1979). Interest in the effect of matrix diffusion on
radionuclide transport developed rapidly in the 1980s led by numerical studies by Grisak and
Pickens (1980, 1981), Neretnieks (1980), and Tang, et al. (1981). Numerous additional
modeling approaches, both analytical and numerical, for simulating the effects of matrix
diffusion on contaminant transport were published during the 1980s (e.g., Bibby, 1981;
Barker, 1982; Sudicky and Frind, 1982; Neretnieks and Rasmuson, 1984; Dykhuizen, 1987).
Despite the modeling activity related to matrix diffusion, relatively few empirical studies
investigating the process were reported in the 1980s. The first published report specifically
addressing matrix diffusion effects in fractured geologic media appears to have been that of
Grisak, et al. (1980) on laboratory studies of transport through fractured till. Neretnieks, et al.
(1982) reported the results of single-fracture tracer transport experiments on a granite core
designed to investigate the effects of matrix diffusion. Walter (1982) reported the first
experiments to measure effective diffusion coefficients in tuff from Yucca Mountain and the
Nevada Test Site, and Walter (1985) reported the results of laboratory tests investigating the
influence of matrix diffusion on transport through a tuff sample containing a single fracture.
Bullivant and O’Sullivan (1989) described attempts to interpret a tracer test between wells in the
rhyolitic volcanic rocks at the Wairakei Volcanic Field using models that included matrix
diffusion. This was one of the first attempts to apply matrix diffusion models to field-scale solute
transport data.
The decades of the 1990s and 2000s experienced continued refinement of mathematical
models describing mass transport with matrix diffusion in fractured rocks and other dual-porosity
media, and a significant increase in reporting of empirical studies of matrix diffusion, both
laboratory and field scale. Laboratory-scale experiments included measurements of effective
matrix diffusion coefficients on intact rock samples (e.g., Valkianinen, et al., 1992; Sato, 1999;
Callahan, et al., 2000) and tracer tests on rock cores such as slate (Cliffe, et al., 1993), shale
(Barone, et al., 1990; Reedy, et al., 1996), glacial till (Jorgensen, et al., 1998), and tuff
(Callahan, et al., 2000) with natural and artificial fractures. The reader is referred to Zhou, et al.
(2007) for a literature review of field tracer tests to investigate matrix diffusion in fractured rocks
performed prior to 2004.
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PHYSICS AND CHEMISTRY OF THE MATRIX DIFFUSION PROCESS

As briefly discussed in Chapter 1, the concept of matrix diffusion with respect to mass transport
in geologic media describes the process by which chemicals or radionuclides being transported
in groundwater move by diffusion under the influence of concentration gradients from a zone of
mobile groundwater into zones of immobile or relatively slow moving groundwater. Although
most commonly associated with mass transport in fractured geologic media, as illustrated in
Figure 3-1a, the process also occurs between high and low permeability units in sedimentary
formations (e.g., Haggerty and Gorelick, 1995), as illustrated in Figure 3-1b, and even in
relatively uniform porous media consisting of microporous solids and solid aggregates
(e.g., Skopp and Warrick, 1974) (Figure 3-1c). The significance of matrix diffusion with respect
to mass transport is that it slows the rate of mass transport of dissolved constituents with
respect to the rate of groundwater flow in the more permeable geologic material by partitioning a
portion of the constituent mass into the less permeable zones. Once in the less permeable
zones, the constituent can diffuse back out into the permeable zone if the concentration there is
reduced. This process can occur in either fully or partially saturated (unsaturated) geologic
materials. Although matrix diffusion also influences the movement of vapor phase constituents
in unsaturated geologic materials (e.g., Brusseau, 1991), this discussion is limited to aqueous
phase transport.
To generalize the following discussion of the matrix diffusion process, we describe the geologic
material in terms of “mobile” water zones and “immobile” water zones, recognizing that water in
the immobile zones may simply be moving very slowly with respect to that in the mobile zones.
In the case of fractured rocks, the immobile water zone is synonymous with the rock “matrix.”
The mass flux in the immobile zones is governed by Fick’s Law of diffusion subject to specific
boundary conditions to be discussed later:
(3-1)
—

diffusion flux vector in the immobile zone [M/L2-t]

—

tensor of effective diffusion coefficients in the immobile water zone [L2/t]

—

concentration or activity in the immobile zone [M/L3]

—

gradient operator [1/L]

Eq. (3-1) is valid for constituents present in trace concentrations, where multicomponent
concentration gradients can be ignored, and in the absence of significant temperature, pressure,
and electrical gradients (e.g., Bird, et al., 1960). In most models of the matrix diffusion process,
diffusion within the immobile water zone is assumed to be unidirectional, so that the diffusion
flux into the immobile water zone can be simply written as
⁄
—

direction perpendicular to the surface of the immobile zone
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(3-2)

Figure 3-1. Examples of Geologic Media in Which Matrix Diffusion Can Affect Mass
Transport. (a) Dual-Porosity Fractured Rock, (b) Sedimentary Formations With
Interbedded Low Permeability Sediments, and (c) Sedimentary Deposits With
Microporous Grains and Grain Aggregates.
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The effective diffusion coefficient in Eq. (3-2) incorporates the effects of reduction in diffusion
surface area due to the porosity of the immobile water zone, tortuous pore-scale diffusion paths,
and constrictions at pore throats.
Various definitions of the effective diffusion coefficient can be found in the technical literature,
and the definition particular investigators used must be understood in interpreting experimentally
determined effective diffusion coefficients, as Lever, et al. (1985) noted. The most common
definition in the soil science, material science, and chemical engineering literature is
(3-3)
—

porosity

—

geometric factor

—

free aqueous diffusion coefficient [L2/t]

The geometric factor used in Eq. (3-3) includes the effects of diffusion path tortuosity and pore
throat constrictions on diffusion. It is the inverse of the “tortuosity” ( ) Bear (1972) defined and
Tang, et al. (1981) used. Other formulations of Eq. (3-3) use 1⁄ or 1⁄ . The effective
diffusion coefficient defined in Eq. (3-3) depends both on the pore structure of the immobile
zone and the diffusion properties of the chemical or radionuclide under consideration. The
parameter in Eq. (3-3) is an empirical factor that accounts for the effect of the tortuous
microscopic path within the immobile zone and other physical factors that interfere with
diffusion, such as constrictions in pore throats (e.g., van Brakel and Heertjes, 1974) and,
possibly, ion exclusion at pore throats (e.g., Graham-Bryce, 1963; Appelo, et al., 2010). If ion
exclusion affects diffusion, the geometric factor can depend on the properties of the
diffusing species.
Theoretical studies of the geometric factor as used in Eq. (3-3) indicate that its value should be
greater than 3 if based solely on the increased diffusion path length and pore throat
constrictions in saturated porous media (e.g., van Brakel and Heertjes, 1974). Reported values
greater than this are most likely influenced by anion exclusion in small pores or sorption.
Experiments using iodide as a tracer in limestone and sandstone cores with a wide range of
porosities and pore-size distributions indicated values of ranging from 3 to 100, and roughly
proportional to porosity (Boving and Grathwohl, 2001). Reimus, et al. (2007) also reported
values of ( ⁄
in their nomenclature) for various tuff samples from the Yucca Mountain
region ranging from approximately 3 to 100 for halide ions. However, Reimus, et al. (2007)
found to be correlated to both porosity and permeability, but with permeability contributing
most to the correlation. Given that the geometric factor, as used in Eq. (3-3), represents only
the geometric aspects of the pore space, rather than the reduction in total cross-sectional
diffusion area that is accounted for by the porosity, it should be closely correlated with
permeability, which is determined by the pore-size distribution and structure.
For a nonsorbing constituent, the differential equation describing the change in concentration
within the immobile zone can be written as
(3-4)
or
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(3-5)
Neretnieks (1980) called the term
effective diffusion coefficient.

the “apparent diffusion coefficient” to distinguish it from the

Many, if not most, experimentally determined effective diffusion coefficients for specific
constituents also incorporate the effects of sorption. If sorption of the species can be described
by a linear isotherm such that
(3-6)
and
1

(3-7)

then the effective diffusion coefficient can be defined as
(3-8)
—

sorbed concentration [M species/M solid]

—

distribution coefficient [L3/M]

—

aqueous concentration [M/L3]

—

dry bulk density of the immobile water zone [M/L3]

—

retardation factor

Care must be taken when using experimentally reported effective diffusion coefficients in
mathematical models of matrix diffusion to avoid double counting of sorption if the model
explicitly includes sorption in the immobile water zone and the effective diffusion coefficient also
includes sorption effects.
Alternative definitions of the effective diffusion coefficient omit the porosity term in Eq. (3-3) and
consider only the geometric factor (e.g., Tang, et al., 1981) or split the geometric factor into a
tortuosity and constrictivity (e.g., van Brakel and Heartjes, 1974). Others include the effects of
sorption in the effective diffusion coefficient (e.g., Neretnieks, 1980). The definition of the
effective diffusion coefficient a particular investigator selects depends on the formulation of the
analytical or numerical model he or she uses to simulate the matrix diffusion process or to
interpret his or her experimental results.
Although the basic concept underlying the matrix diffusion process is rather simple, a number of
factors complicate quantifying its effect on transport in a particular geologic medium. First, the
net effect of matrix diffusion depends on the rate of advective transport through the mobile water
zone with respect to the rate of mass transport into (or out of) the immobile water zones. Thus,
quantifying the effect of matrix diffusion in a particular geologic environment requires knowledge
of the transport properties of both the mobile and immobile water zones. In addition, the net
effect of matrix diffusion on mass transport depends strongly on the interfacial contact area
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between the mobile and immobile water zones, and the effective contact area can vary with the
scale of empirical measurements (Liu, et al., 2004). For example, laboratory-scale experiments
may involve flow through one or a relatively few fractures or high permeability pathways,
whereas field-scale experiments may involve a multitude of mobile water zone flow paths of
unknown geometry. If the true complexity of the flow paths is not represented in the mathematic
model used to interpret the data, the effective matrix diffusion coefficient required to represent
the influence of matrix diffusion may be much greater than the actual effective diffusion
coefficient of the immobile water zone (e.g., Liu, et al., 2004). The significance of the effective
surface area becomes particularly important for transport through partially saturated media,
whether porous or fractured, because aqueous phase diffusion can only occur at the wetted
contact between the mobile and immobile water zones.
Finally, the influence of matrix diffusion is sensitive to the properties of the immobile water zone
near its interface with the mobile water zone. In the case of fractured media, secondary
minerals coating fracture surfaces could impede diffusion into the unaltered rock matrix,
although Reimus, et al. (2007) found no consistent influence of fracture coatings on the effective
diffusion coefficients of tuff samples. Alternatively, the porosity of altered rock near fracture
surfaces may be greater than in the unaltered rock, locally enhancing matrix diffusion
(e.g., Moreno and Crawford, 2009).
Although chemical processes certainly affect the importance of matrix diffusion on net mass
transport, they primarily affect the diffusion process by modifying chemical or activity gradients
that drive the diffusion flux. In addition to actual chemical reactions, sorption processes are
usually included in the category of chemical processes in studying matrix diffusion, although
sorption does not necessarily involve any chemical reaction. Multicomponent effects on
diffusion may also be included in the category of chemical processes affecting matrix diffusion,
although such effects do not necessarily involve chemical reactions.
With respect to true chemical reactions involving diffusing constituents, including both aqueous
phase reactions and reactions with the immobile water zone solid phases, these reactions are
typically represented explicitly in models of mass transport with matrix diffusion. Thus, such
reactions do not affect the manner in which the aqueous diffusion process is described.
Examples of such reactions relevant to radionuclide transport include redox reactions and
precipitation reactions in the matrix. However, if these reactions are not properly represented
in the mathematical models used to interpret laboratory or field experiments involving
matrix diffusion, they may affect the values of effective diffusion coefficients reported for
these experiments.
Sorption effects on matrix diffusion may be represented explicitly or incorporated into the
effective diffusion coefficient, as in Eq. (3-8), depending on how the matrix diffusion process is
described mathematically and experimental results are interpreted. As noted previously, care
must be taken in applying matrix diffusion coefficients reported for sorbing constituents between
different types of porous media.
Finally, aqueous phase diffusion fluxes can be affected by coulombic coupling between ionic
species and by complexation reactions (e.g., Toor, 1964a,b; Lasaga, 1979). These
multicomponent effects arise because the diffusion flux of ionic species and species engaging in
aqueous complexation reactions are not independent of the diffusion (and advective) fluxes of
the other species in the solution. In the case of strong electrolytes (species that are fully ionized
and do not engage in complexation reactions in aqueous solutions), the coupling of diffusion
fluxes occurs due to the requirement that the solution maintain macroscopic electrical
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neutrality. Thus, the diffusion flux of one charged species requires a corresponding flux of a
counter-charged species. The effect of this coupling on the fluxes of individual species is
represented by the multicomponent form of Fick’s Law (e.g., Toor, 1964a,b):
(3-9)
—
—
—

vector of diffusion fluxes for
x

species

matrix of diffusion coefficients

vector of

species concentrations

The effect of aqueous complexation reactions can be represented by accounting for the effect of
these reactions on the concentration gradients on the component species and the requirement
of macroscopic electrical neutrality (Wendt, 1965; Anderson and Graf, 1978; Walter, 1982).
Presentation of the details of this procedure is beyond the scope of this report. Multicomponent
effects on diffusion rates are not significant for constituents that occur only in trace
concentrations when concentrations of other solution components are constant and their
concentration gradients small. However, this may not be the case for strongly complexed trace
constituents when the chemical compositions of the mobile and immobile zone waters are
significantly different.
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4

LABORATORY AND FIELD INVESTIGATIONS OF MATRIX DIFFUSION

A large number of laboratory and field investigations have been reported in the technical
literature to measure effective diffusion coefficients on various types of dual-porosity rocks and
to demonstrate the effect of matrix diffusion on mass transport. The types of rocks that have
been investigated include fractured crystalline rocks (igneous and metamorphic), shale,
sandstone, carbonates, and tuff. General observations on the magnitude of effective matrix
diffusion coefficients are presented in this section. Laboratory and field experiments related to
matrix diffusion in the fractured tuffs at Yucca Mountain are discussed in Chapter 6.

4.1

Laboratory Tests

Laboratory tests to investigate the effects of matrix diffusion have included diffusion cell,
single-fracture flow, and large column experiments. Most diffusion cell experiments have been
conducted by allowing a tracer solution to diffuse across relatively thin wafers of rock between
two reservoirs, as illustrated schematically in Figure 4-1a. The effective diffusion coefficient is
calculated from the rate of change in tracer concentration in either of the two resources. Other
experimental designs have been based on the rate of change in a tracer concentration in a
batch solution exposed to a rock sample (Figures 4-1b,c). The ranges of effective diffusion
coefficients reported for laboratory and bench-scale experiments and, when available,
geometric factors determined for various rock types are summarized in Table 4-1. The data
listed in Table 4-1 show effective diffusion coefficients ranging over approximately four orders
of magnitude, although the geometric factor ranges only over approximately two orders
of magnitude.

4.2

Field Tests

Zhou, et al. (2007) summarized effective diffusion coefficients estimated from many field-scale
tracer tests and compared them to laboratory-determined effective diffusion coefficients.
Based on the data shown in Figure 4-2, they concluded that the field-scale values were
generally higher than the laboratory values and increased with the spatial scale of the test.
Note, however, that approximately 25 percent of the 40 field-derived values Zhou, et al. (2007)
considered were greater than or approximately equal to the free aqueous diffusion coefficients
of halide tracers used in the tests, thus casting doubt on the physical validity of the
field-derived values coefficient, which cannot exceed the free aqueous diffusion coefficient.
The discrepancy between the effective matrix diffusion coefficients determined from laboratory
and bench scale experiments, and those derived from field scale tracer tests, has been
attributed to underrepresentation of the fracture-matrix contact area in the models used to
interpret the field tests (e.g., Liu, et al., 2007). Liu, et al. (2004) proposed a fractal model to
explain the apparent increase in the effective diffusion coefficient with travel distance. The
fractal model represents the effect of increased contact area between the fracture flow domain
and the matrix with increasing distance from the tracer source that is not represented in the
numerical models used to analyze the tracer test.
Some amount of advective transport between fractures and the matrix can also occur during
field scale tracer tests because the matrix is not truly impermeable. For tests performed in the
saturated zone, advective transport from the fractures into the matrix would require a hydraulic
gradient between the fractures and the matrix. Advective transport between the fractures and
matrix can occur due to complicated, small scale flow patterns that create hydraulic gradients
between the fractures and the matrix. The ultimate influence of advective transport of tracers
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Figure 4-1. Schematic Illustrations of Experimental Designs for Laboratory
Measurements of Effective Matrix Diffusion Coefficients. (a) Diffusion Cell, (b) Core
Batch Test, and (c) Rock Beaker.
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Table 4-1. Ranges of Effective Matrix Diffusion Coefficients and Geometric Factors for
Various Rock Types
Effective Diffusion Coefficient
Geometric Factor
( ) (cm2/s)*
Porosity ( )
(G)
Rock Type
Sandstone†
1.7 × 10−7–6 × 10−7
0.125–0.245
8–15
Limestone†
6.8 × 10−9–2.9 × 10−6
0.03–0.43
3–88
−6
−6
Shale‡
1.4 × 10 –1.6 × 10
0.11
12–14
Crystalline§
1. × 10−10–7. × 10−9
0.0029–0.0033
8–600
Tuff║
1. × 10−8–1.7 × 10−6
0.09–0.37
3–200
*The effective diffusion coefficient is for a halide ion with a free aqueous diffusion coefficient of approximately
2 × 10−5 cm2/s.
†Boving, T.B. and P. Grathwohl. “Tracer Diffusion Coefficients in Sedimentary Rocks: Correlation to Porosity and
Hydraulic Conductivity.” Journal of Contaminant Hydrology. Vol. 53. pp. 85–100. 2001.
‡Barone, F.S., R.K. Rowe, and R.M. Quigley. “Laboratory Determination of Chloride Diffusion Coefficient in an Intact
Shale.” Canadian Geotechnical Journal. Vol. 27, No. 2. pp. 177–184. 1990.
§Values for crystalline rocks ranging from granite to gneiss were reported by Skagius, K. and I. Neretnieks.
“Porosities and Diffusivities of Some Nonsorbing Species in Crystalline Rocks.” Water Resources Research. Vol. 22,
No. 3. pp. 389–398. 1986.
; were reported by Reimus, P.W., T.J. Callahan, S.D. Ware, M.J. Haga, and D.A. Counce. “Matrix
║Values of
Diffusion Coefficients in Volcanic Rock at the Nevada Test Site: Influence of Matrix Porosity, Matrix Permeability, and
Fracture Coating Minerals.” Journal of Contaminant Hydrology. Vol. 93, pp. 85–95. 2007. The values reported in
this table have been converted to
as defined in Eq. (3-3).

Figure 4-2. Comparison of Effective Matrix Diffusion Coefficients Estimated From Field
Test With Laboratory-Determined Effective Matrix Diffusion Coefficients
(Data From Zhou, et al., 2007)
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between the fractures and matrix on the breakthrough curve would depend on the nature of the
test (forced gradient versus natural gradient), the permeability contrast between the fractures
and the matrix, and the duration of the test. For tests performed in the unsaturated zone,
capillary imbibition can similarly cause advective transport of tracers from the fractures into the
matrix. In either case, the significance of matrix diffusion effects interpretated from tracer test
results will depend on the extent to which the advective fluxes are adequately represented in the
models used to interpret the tests.
The effect of advective transport between fractures and matrix during a tracer test can be similar
to that of matrix diffusion, that is, to slow the initial arrival of the tracer and cause tailing of the
breakthrough curve. If the effects of advective fracture-matrix transport are confounded with
true matrix diffusion in the interpretation of tracer tests, the resulting matrix diffusion coefficients
may not be applicable to flow and transport simulations performed for flow regimes differing
from those of the tracer test, that is, for long-term prediction of solute movement under natural
gradient conditions. The potential for confusing the effects of fracture-matrix advective transport
with true matrix diffusion are somewhat mitigated, however, when multiple tracers with different
free aqueous diffusion coefficients, but similar mobility, are used in the tracer tests.
Moreno and Crawford (2009) have also argued that the time scale of most field tracer tests in
fractured rocks is too short to yield reliable estimates of mass transport properties for use in
long-term performance assessment models. With respect to matrix diffusion, their position is
based on consideration of the heterogeneous nature of the fractured rock matrix and the
observation that the geometric factor may be lower (effective diffusion coefficient higher) near
the fracture surface than deeper in the matrix due to microfracturing and weathering near the
fracture surface. Because a tracer may penetrate only a short distance into the matrix during a
tracer test lasting days to months, the effective diffusion coefficient interpreted from the test will
not reflect the long-term average effective diffusion coefficient that will affect radionuclide
migration of millennial time scales. This observation is based primarily on the properties of
fractured, crystalline rock. Whether it applies to other types of fractured rock or the fractured
tuffs at Yucca Mountain, in particular, is uncertain. Assuming that the effective diffusion
coefficients determined from laboratory experiments generally represent intact, unaltered rock,
the findings of Zhou, et al. (2007) with respect to the larger matrix diffusion coefficients reported
for field-scale tests are consistent with the argument of Moreno and Crawford (2009).

4.3

Effect of Colloids on Matrix Diffusion

Considerable attention has been given to the effect of colloids on transport of radionuclides from
radioactive waste repositories because some radionuclides adsorb strongly on colloidal
materials present in groundwater. Because colloids are much larger than dissolved chemical
species, their aqueous diffusion coefficients are several orders of magnitude smaller. In
addition, diffusion of colloids into fine-grained geologic materials may be limited due to their
large size and often negative surface charge. For these reasons, matrix diffusion of colloidally
bound radionuclides has not been included in performance assessment models for Yucca
Mountain (SNL, 2007a, 2008). However, simulations by Oswald and Ibaraki (2001) indicate that
matrix diffusion can have a significant effect on colloid transport if the matrix has a high porosity
and relatively large pores.
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5

EVOLUTION OF MATHEMATICAL MODELS OF MATRIX DIFFUSION

A variety of analytical and numerical approaches have been developed to describe the effect of
matrix diffusion on mass transport in fractured and other types of dual-porosity geologic
materials. The more significant of these are described in this section.

5.1

Analytical Models

The earliest models representing matrix diffusion effects were those developed to describe
tailing observed in column experiments on dual-porosity media (e.g., Coats and Smith, 1964;
Gaudet, et al., 1977; van Genuchten and Wierenga, 1976). Rapid refinement of mathematical
and numerical models describing mass transport with matrix diffusion in fractured rocks and
heterogeneous porous media occurred during the 1980s and 1990s. The first models were
relatively simple analytical models of single fractures. Neretnieks (1980) presented an
analytical solution for transport of a decaying radionuclide through a single fracture subject to a
finite duration injection into the fracture. Grisak and Pickens (1981) presented a similar solution
that did not consider decay. The analytical solutions of Neretnieks (1980) and Grisak and
Pickens (1981) were both based on solutions for mathematically similar heat flow. Both of these
solutions assumed a single fracture in an infinite porous medium and did not consider
hydrodynamic dispersion in the fracture. Tang, et al. (1981) developed an original analytical
solution for transport through a single fracture that included hydrodynamic dispersion in the
fracture as well as retardation and decay. Barker (1982) and Sudicky and Frind (1982)
published similar solutions for systems of parallel fractures that accounted for the limited
storage capacity of the matrix.

5.2

Numerical Grid Models

Bibby (1981) described one of the first numerical models to simulate matrix diffusion in fractured
rocks. This finite element model was developed to describe flow and transport through parallel
fractures and used a “memory function” to compute diffusive transport between the fractures
and matrix without discretizing the matrix. Huyakorn, et al. (1983) developed a finite element
model based on a dual-porosity representation of a fractured porous medium. In their
formulation, advective transport occurred only in the fractures with only diffusive transport in the
porous matrix. The matrix could be represented by either prismatic blocks or spherical blocks.
Diffusive transport in the matrix blocks was simulated by one-dimensional finite elements
coupled to the elements in the multidimensional fracture grid.
Berkowitz, et al. (1988) developed what they described as a “single continuum” model of flow
and transport in fractured media that included matrix diffusion. Their approach employed
interconnected finite element grids for the fracture and matrix domains with linear advective and
diffusive transport terms connecting the two domains. Advective and dispersive transport was
allowed in both the fracture and matrix domains. This approach differs from most other
dual-permeability modeling approaches because the fracture and matrix grids share common
nodes thus assuring continuity of flow and transport at the facture–matrix interface (Sudicky and
McLaren, 1992).
The finite element approach of Berkowitz, et al. (1988) was further extended by Sudicky and
McLaren (1992), who developed a Laplace domain finite element formulation to describe flow
and transport in fractured porous media. As with the model of Berkowitz, et al. (1988), the
fracture and matrix grids shared common nodes. Diffusive transport between the fractures and
matrix was described with analytical influence functions for either prismatic slabs or spherical
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matrix blocks. Solving in the Laplace domain is claimed to permit use of coarser grids in the
matrix relative to conventional formulations in the time domain while still preserving accuracy in
simulating steep concentration gradients. The Laplace domain formulation is also claimed to
allow more efficient simulation of long time periods because the numerical solution does not
require time stepping (Sudicky and McLaren, 1992). Instead, the computational effort is shifted
to numerically inverting the Laplace domain solutions for discrete times.
The finite volume method is conceptually simple and has proved quite versatile for simulating
flow and transport in fractured porous media and other types of dual-permeability media. The
method is similar to the finite element method in its ability to utilize both structured and
unstructured grids, the primary difference being that the finite volume method is limited to
simulating linear potential gradients between grid nodes (Narasimhan and Witherspoon, 1976).
Rasmuson, et al. (1982) first applied the finite volume method to transport with matrix diffusion
through dual-permeability media by. Zhou and Apted (1995) used the ECLIPSE multiphase
simulator, which is based on the finite volume method to model dual-porosity fracture flow and
transport at Yucca Mountain. Kennedy and Lennox (1995) published an independently
developed “control volume” model for transport through a single fracture the same year. The
TOUGH family of simulators, which are based on the finite volume method, has been used
extensively to simulate fracture flow and mass transport in the unsaturated zone at
Yucca Mountain (e.g., Wu and Pruess, 2000).

5.3

Particle Tracking and Stochastic Models

Two types of particle tracking approaches have been used to simulate transport with matrix
diffusion in fractured rocks: random walk methods and retention time/transfer function (RTTF)
methods. Classical random walk methods were developed to simulate the effects of
hydrodynamic dispersion by imposing random perturbations on the velocity of fluid particles
advected through porous media. Olague, et al. (1991) used a random walk particle tracking
algorithm to simulate radionuclide transport in the mobile water zone of a dual-porosity medium;
the effect of matrix diffusion in their application was represented by a linear mass transfer term.
Liu, et al. (2000) expanded the random walk approach to include the matrix. In their approach,
the probability of a particle moving into or out of the matrix from the fracture is directly
proportional to the effective matrix diffusion coefficient, fracture and matrix flow velocities, and
matrix geometry (Liu, et al., 2000; Hassan and Mohamed, 2003).
RTTF models are a special type of particle tracking algorithm in which the effect of matrix
diffusion on mass transport is represented by introducing a delay in the rate of movement
through fractures or mobile water zones. It differs from random walk methods because the
mass particles are not necessarily tracked into the matrix. The RTTF approach was first
introduced by Yamashita and Kimura (1990), adopted by Gylling, et al. (1999), and further
expanded by Tsang and Tsang (2001). The RTTF particle tracking algorithm was utilized in the
abstraction model for radionuclide transport in the total system performance assessment
(TSPA) for the proposed Yucca Mountain nuclear waste repository (Robinson, et al., 2003), and
the approach is described in Section 6.2.1.2. Roubinet, et al. (2010) further developed the
RTTF approach to handle situations where particles may diffuse from one fracture through the
matrix into an adjacent fracture.
Lee and Lee (1995) presented a stochastic approach for modeling transport through fracture
networks with matrix diffusion based on a continuous time Markov process that is somewhat
similar to the RTTF method. Their approach represented the probability of the radionuclide
concentration in a particular cell (compartment) at a particular time along a fracture flow path as
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being a random variable with a probability of transitioning to another state in another cell
conditioned by such processes as the advective flow rate, sorptive retardation, and matrix
diffusion. Painter and Cvetkovic (2001) presented a somewhat related stochastic approach for
simulating the arrival time of tracer particles traveling through a fracture network. In their
approach, the distribution of tracer arrival times is calculated based on the statistical distribution
of water particle residence time in a fracture network conditioned by the probability density
functions for tracer residence time for a given trajectory through the fracture network. Their
method was particularly developed to simulate transport from localized sources and through
localized fracture pathways where grid-type and conventional random walk methods have
difficulty resolving the limited spatial and temporal scales of mass transport.

5.4

Comparison of Modeling Approaches

One of the limitations of many numerical models of matrix diffusion is their ability to accurately
represent steep concentration gradients in the matrix (e.g., Weatherill, et al., 2008). Numerical
models can also suffer from numerical dispersion that causes artificial spreading of
concentrations and obscures the effect of other true hydrodynamic dispersion and matrix
diffusion. Although analytical models do not suffer from these problems, they are generally
limited to simulating relatively simple transport domain geometries and uniform material
properties. The particle tracking approaches described in Section 5.3 have been developed to
overcome numerical dispersion and, in some cases, to better simulate the effect of steep
concentration gradients. The RTTF particle tracking method has also proven to be
numerically efficient and suitable for use in probabilistic analyses requiring generation of
multiple realizations.
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6

MATRIX DIFFUSION AT YUCCA MOUNTAIN

Matrix diffusion was recognized in the early 1980s as a potentially important process that would
attenuate the concentrations of radionuclides escaping from a Yucca Mountain repository into
groundwater. Since that time, numerous laboratory and field experiments have been performed
to measure effective diffusion coefficients in tuffaceous rocks from Yucca Mountain and the
Nevada Test Site, and to measure the effect of matrix diffusion on solute transport through
fractures at both the laboratory and field scale. Additional effort was made to develop modeling
techniques suitable for simulating the effects of matrix diffusion on radionuclide migration
through the unsaturated and saturated tuff at Yucca Mountain, and to incorporate these effects
into the performance assessment of a nuclear waste repository at Yucca Mountain. This
section summarizes experimental studies of matrix diffusion directly related to Yucca Mountain,
the approaches taken to simulate the effects of matrix diffusion in transport models, and the
findings of these studies and analyses.

6.1

Experimental Investigation of Matrix Diffusion at Yucca Mountain

The potential pathways for radionuclide migration from the proposed Yucca Mountain repository
include the unsaturated and saturated zone within the tuff formations, and the saturated zone
within the adjacent alluvium. Research on the potential role of matrix diffusion in radionuclide
transport through the tuffs at Yucca Mountain began early in the 1980s. Early research
consisted of laboratory determination of effective diffusion coefficients (Walter, 1982) and
single-fracture flow experiments (Rundberg, et al., 1982; Walter, 1985). Laboratory and related
field investigations continued throughout the 1990s and are summarized in CRWMS M&O
(2000). Although laboratory studies related to matrix diffusion continued into the current
millennium (e.g., Reimus, et al., 2002a,b), the emphasis shifted to refining numerical transport
models incorporating matrix diffusion effects and validating these models against the results of
field-scale tracer tests (Salve, et al., 2004; BSC, 2004; Lu, et al., 2011). Most of this work
focused on transport in the unsaturated zone at Yucca Mountain. Work related to
matrix diffusion in the saturated alluvium consisted of interpretation of field-scale tracer tests
(Umari, et al., 2007).

6.1.1

Laboratory and Bench-Scale Studies

Walter (1982, 1985) performed the first diffusion cell experiments to measure the effective
diffusion coefficients of specific ionic species through tuff samples from Yucca Mountain and the
nearby Nevada Test Site. His work and that of others focused on the use of anionic species,
particularly halides and fluorobenzoates, for this purpose due to their limited sorption on the tuff
matrix. These anionic species are also analogous to the more mobile radionuclides that might
be released from Yucca Mountain, such as technetium oxyanions. These early diffusion cell
experiments indicated effective matrix diffusion coefficients in the range of 2 to 20 × 10−7 cm2/s
[3 to 30 × 10−8 in2/s] and geometric factors in the range of 10 to 100. Triay, et al. (1993)
and Callahan, et al. (2000) reported the results of additional diffusion studies on tuffs. The
Triay, et al. (1993) results indicated a geometric factor of approximately 10 for tritium and 30 for
pertechnetate (TcO4−). These ranges are consistent with subsequent experimental data for
Yucca Mountain tuffs Reimus, et al. (2007) summarized. The results from Reimus, et al. (2007)
presented are summarized graphically in Figure 6-1 in terms of percentage of effective diffusion
coefficients greater than a given value and the associated geometric factor. The median value
of the effective diffusion coefficient based on these data is 4.9 × 10−7 cm2/s [7.4 × 10−8 in2/s], and
the geometric mean is 3.0 × 10−7 cm2/s [4.5 × 10−8 in2/s]. The corresponding values for the
geometric factor are 9.8 and 16.
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Figure 6-1. Cumulative Distribution of Effective Matrix Diffusion Coefficients and
Geometric Factors for Tuff Samples From Yucca Mountain and Nearby Sites Based on
Laboratory Tests (Data From Reimus, et al., 2007). The Data Are Sorted by the Effective
Matrix Diffusion Coefficient.
The first bench-scale experiments on tuff cores containing single fractures were also performed
during the early 1980s (Walter, 1985; Rundberg, et al., 1982). These single-fracture tests
consisted of flowing solutions of various tracers through a water saturated fracture.
Walter (1985) obtained a good match to the breakthrough curve of thiocyanate (SCN) and
pentafluorobenzoate ions using a geometric factor of approximately 40. Walter (1985) included
a colloidal tracer (F2 bacteriophage) in his tests as an essentially nondiffusing tracer.
Rundberg, et al. (1982) performed similar column tests using potentially sorbing tracers
(Sr-85 and Cs-137) and interpreted their test using a geometric factor of 10. Callahan, et al.
(2000) performed additional single-fracture column experiments on fractured tuff. They found
the apparent effective matrix diffusion coefficients needed to match the column test
breakthrough curves were larger than those determined from diffusion cell tests on samples
from the same tuff unit. They attributed this anomalous finding to the effects of flow channeling
and diffusion between stagnant and flowing water in the fracture that masked the effect of matrix
diffusion. An alternative interpretation is that the effective matrix diffusion coefficient of the
matrix near the fracture surface was larger than that in the interior of the matrix.
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6.1.2

Field Studies at Yucca Mountain

Field-scale studies designed to investigate matrix diffusion and other processes affecting mass
transport at Yucca Mountain have been performed in both the saturated zone and unsaturated
zone tuffs. Three major field tests were performed in the unsaturated zone: the fault infiltration
and tracer test in Alcove 8 in the Enhanced Characterization of Repository Block Cross Drift
(Salve, et al., 2004; BSC, 2004), the large plot infiltration and tracer test in Alcove 8 of the
Enhanced Characterization of Repository Block Cross Drift (Lu, et al., 2011; BSC, 2004), and
the Busted Butte unsaturated zone transport test (BSC, 2004). The results of the fault
infiltration and tracer test in Alcove 8 and the Busted Butte transport test were used to validate
the representation of matrix diffusion processes in the Yucca Mountain site-scale process model
(SNL, 2007a; Tseng, et al., 2003). The only field-scale investigation of matrix diffusion in the
saturated zone tuffs was performed at the C-wells Complex (Reimus, et al., 2003; SNL, 2007c).
Tracer tests to investigate matrix diffusion were also performed at the Alluvial Testing Complex
on the Nevada Test Site and at Nye County Site 22 (SNL, 2007c).
6.1.2.1

Alcove 8 Fault Infiltration and Tracer Test

The Alcove 8 fault infiltration test was performed by ponding water over a fault in the floor of
Alcove 8 and allowing it to seep downward into Niche 3. The configuration of Alcove 8 with
respect to Niche 3 is shown in Figure 6-2. The distance from the floor of Alcove 8 to the ceiling
of Niche 3 is approximately 20 m [66 ft]. The interval between Alcove 8 and Niche 3 traverses
the upper lithophysal and middle nonlithophysal zones of the Topopah Spring Tuff.
The water introduced into the fault was traced with lithium bromide and pentafluorobenzoate
over a 9-day period. The water seeping down the fault was collected in trays placed below the
ceiling of Niche 3. The tracers were first detected in the seepage water approximately 10 days
after they were injected (Salve, et al., 2004). The results of this experiment were generally
consistent with movement of the tracers being affected by diffusion from the fault into the tuff
matrix. Qualitative observations consistent with the effects of matrix diffusion included
retardation of the tracers relative to the wetting front moving through the fault, earlier
breakthrough of pentafluorobenzoate than bromide, and slightly more tailing of bromide relative
to pentafluorobenzoate. Bromide has a larger free aqueous diffusion coefficient than
pentafluorobenzoate and thus would diffuse more rapidly into the matrix, slowing its initial arrival
and then diffusing back into the fracture over a longer period after the tracer peak concentration
has passed. Attempts to simulate the tracer breakthrough curves reported in SNL (2007a)
required increasing the matrix diffusion tortuosity factor (decreasing the geometric factor) by a
factor of 45 to reproduce the low relative tracer concentrations observed during the test
(Figure 6-3). The tortuosity factor was increased to account for an increase in the effective
fault–matrix interfacial area that was not represented in the numerical model used to simulate
the tracer test. This is consistent with observed scale effects on matrix diffusion reported from
other studies, as discussed in Section 4.2.
6.1.2.2

Alcove 8 Large Plot Infiltration and Tracer Test

The Alcove 8 large plot infiltration and tracer test was also performed by ponding water on the
floor of Alcove 8 and collecting seepage from the ceiling of Niche 3 (Lu, et al., 2011;
BSC, 2004). Unlike the test on the Alcove 8 fault, which focused on a single fault, the large plot
test spread seepage over a 3 × 4-m [10 × 13-ft] infiltration plot to investigate flow and transport
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Figure 6-2. Configuration of Alcove 8 With Respect to Niche 3. (a) Plan View of the
Location of Alcove 8 in the Enhanced Characterization of Repository Block, and
(b) Cross-Sectional View of the Position of Alcove 8 with Respect to Niche 3
(Illustration From BSC, 2004).
through a fracture network (Figure 6-4). Pairs of inorganic and fluorobenzoate tracers
(potassium iodide and 2,6-difluorobenzoate, calcium bromide and 2,5-difluorobenzoate, and
potassium fluoride and trifluorobenzoate) were introduced into three separate portions of the
test plot. These tests did not produce well-defined tracer breakthrough curves, and the observed
relative tracer concentrations were very low. The fraction of infiltrating water that was actually
recovered and sampled in Niche 3 was also very low. Although the tracer tests were not
modeled in detail, Liu, et al. (2004) report that the effective matrix diffusion coefficients had to
be increased significantly to reproduce the observed low relative concentrations.
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Figure 6-3. Comparison of Simulated Breakthrough Curves for the Alcove 8 Fault Tracer
Test With Measured Relative Concentrations in Niche 3 (Illustration From SNL, 2007a).
Br is Bromide. PFBA is Pentafluorobenzoate.

Figure 6-4. Location of the Alcove 8 Large Plot Infiltration Test in Relation to the Alcove
8 Fault Infiltration Test (Illustration From BSC, 2004)
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6.1.2.3

Busted Butte Unsaturated Zone Transport Test

The Busted Butte unsaturated zone transport test was performed in an exposure of the
Topopah Springs welded and Calico Hill nonwelded tuffs approximately 8 km [5 mi] southeast of
Yucca Mountain (BSC, 2004). The test facility consisted of an adit and alcove excavated into
the outcrop (Figure 6-5). Two phases of testing were performed at this site. Phase 1 focused
on development of procedures to facilitate the design of Phase 2. The Phase 2 test
procedures and results are briefly summarized here. The tests are detailed in BSC (2004) and
Tseng, et al. (2003).
The Phase 2 tests involved injecting tracers in horizontal boreholes drilled into the tuff units
(Figure 6-6). The injection boreholes were packed off at multiple intervals as illustrated in
Figure 6-7. Tracer collection boreholes were drilled below and at right angles to the injection
boreholes. Seepage water was collected on sorbent pads pressed against the walls of the
collection boreholes, and tracer concentrations were analyzed in the water collected in the pads.
The tracer solutions were injected at rates of 1 to 10 ml/hr [0.034 to 0.34 fl oz/hr]. Suites of
halide, benzoate, metal ion, and fluorescent dye tracers were used. In addition to collecting
fluid samples, selected portions of the test zone were cored to determine the spatial distribution
of metallic and fluorescent dye tracers within the rock matrix.
With respect to the effect of matrix diffusion on the tracer test results, calibration simulations
reported in SNL (2007b) were able to match tracer breakthrough curves and spatial distributions
using a matrix geometric factor of 1.4 (tortuosity factor of 0.7). The calibrated geometric factor
is relatively small and may reflect a strong influence of advective transport under the
unsaturated conditions of these tests.
6.1.2.4

Saturated Zone Test at C-Wells Complex

Field tests to investigate matrix diffusion effects in the saturated zone tuffs were performed at
the C-wells complex near Yucca Mountain (Reimus, et al., 2003; Umari, et al., 2007;
SNL, 2007c) (Figure 6-8). The C-wells are drilled through units of the Calico Hills, Prow Pass,
Bullfrog, and Tram tuffs. The tracer tests were performed by injecting tracers into isolated
intervals of the Prow Pass and Bullfrog tuffs below the water table. Reimus, et al. (2003)
reported the results of convergent flow tracer tests from wells UE-25 c#2 (the injection well) and
UE-25 c#3 (the production well) through each of these units. These wells are 30 m [100 ft]
apart. Groundwater flow through both the Bullfrog and Prow Pass tuffs is assumed to be
primarily through a fracture network. The results of convergent flow tests between other well
combinations and partial recirculation tests are reported in SNL (2007c, Appendix D–1).
The convergent flow tests Reimus, et al. (2003) reported were performed using lithium bromide
and pentafluorobenzoate as tracers. The breakthrough curve for the test in the Bullfrog Tuff
interval (Figure 6-9) displayed a slightly lower peak relative concentration for bromide than
pentafluorobenzoate, consistent with matrix diffusion. The breakthrough curve for the test in the
Prow Pass interval (Figure 6-10) displayed a significantly lower bromide peak than
pentafluorobenzoate, consistent with a stronger influence of matrix diffusion in the Prow Pass
interval than in the Bullfrog interval. These observations are consistent with higher matrix
diffusion coefficients measured in laboratory samples of the Prow Pass Tuff than for the Bullfrog
Tuff. The results of these tests were used to validate the matrix diffusion process in the
site-scale saturated zone process model (SNL, 2007b).
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Figure 6-5. Illustration of the Busted Butte Unsaturated Zone Transport Test Site
(Illustration From BSC, 2004). Not to Scale.
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Figure 6-6. Illustration of Phase 1B and Phase 2 Test Locations
(Illustration From BSC, 2004). Not to Scale.

Figure 6-7. Illustration of Tracer Injection and Sampling System Used for the Busted
Butte Unsaturated Zone Tracer Tests (Illustration From BSC, 2004).
Not to Scale.
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Figure 6-8. Location of the C-Wells Complex (Illustration From SNL, 2007c)
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Figure 6-9. Normalized Tracer Concentration Breakthrough Curve for the Bullfrog Tuff
Tracer Test at the C-Wells Complex (Illustration From SNL, 2007c)

Figure 6-10. Normalized Tracer Concentration Breakthrough Curve for the Prow Pass
Tracer Test at the C-Wells Complex (Illustration From SNL, 2007c)
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6.1.2.5

Saturated Alluvium Tracer Tests

The tracer tests performed at the Alluvial Testing Complex and Nye County Site 22 are
described in SNL (2007c). Injection-withdrawal tests were performed at both locations in which
tracers were injected into a well completed in the alluvium aquifer, allowed to “rest” in the
aquifer for up to 30 days with no pumping, and then pumped back to the well in which they were
injected. Halide and fluorobenzoate tracers were used in these tests based on the theory that
tracers with different diffusion coefficients would produce different breakthrough curves when
pumped back to the well. That is, the tracer with the larger diffusion coefficient would be more
susceptible to diffusion into immobile water zones in the alluvium, either contained within the
micropore space of the alluvial solids or lenses of low permeability materials, producing lag in its
recovery during the pumping period.
Cross-hole tracer tests were performed only at Nye County Site 22. The cross-hole tests
consisted of injecting tracers in two wells (22PA and 22PC) while pumping continuously from
well 22 PS to induce a flow from the injection wells to the pumping well. As with the
injection-withdrawal tests, halide and fluorobenzoate tracers were used. Perrhenate and a
microsphere tracer were also used in these tests.
With respect to the injection-withdrawal tests, no discernible difference in the breakthrough
curves for the halide and fluorobenzoate tracers was observed in the tests at the Alluvial Testing
Complex, indicating that the tests at this site were not significantly influenced by diffusion into or
out of immobile water zones in the alluvium. However, a significant difference in the halide and
fluorobenzoate recovery breakthrough curves was observed in Nye County Site 22 tests,
consistent with the influence of diffusion into the immobile water zone in the alluvium. The tests
at both sites were influenced by the length of the rest period, indicating that the tracer recovery
was influenced by more than diffusive processes.
The breakthrough curves for the halide and fluorobenzoate tracers for the cross-hole tests at
Nye County Site 22 were also consistent with the effect of diffusive transport between mobile
and immobile water zones in the alluvium. However, analysis of these breakthrough curves
using a dual-porosity transport model indicated that diffusive effect was small and consistent
with diffusion into the micropores of the granular materials in the alluvium. Assuming this to be
the case, the intragranular diffusion would not have a strong effect on radionuclide transport in
the alluvium over long times and long distances.

6.2

Modeling of Matrix Diffusion for Yucca Mountain

Various approaches have been taken to model the effect of matrix diffusion on radionuclide
migration from a repository at Yucca Mountain, depending on the scale of the flow and transport
domain being considered, and whether the flow domain was in the saturated or unsaturated
zone. The manner in which matrix diffusion was simulated also depended on how the results
were to be used. The discussion in the following sections is limited to modeling approaches
used for performance assessment.

6.2.1

Modeling Matrix Diffusion in the Unsaturated Zone

The effects of matrix diffusion on transport in the unsaturated zone tuffs at Yucca Mountain
were included in models used to simulate the results of specific field experiments and in process
models used to support abstractions in the TSPA.
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6.2.1.1

Process Model

Process model simulations for radionuclide transport under ambient conditions used to support
the license application for a high-level repository at Yucca Mountain and the Safety Analysis
Report (DOE, 2008) were performed using the T2R3D and EOS9nT codes, both part of the
TOUGH family of codes (SNL, 2007a). T2R3D simulates a single radionuclide, whereas
EOS9nT can simulate radionuclide decay chains. Both codes are based on the finite volume
discretization method using a dual-continuum approach to represent mass transport through
fractures and matrix. Matrix diffusion is represented by a mass transfer term that includes the
effect of reduced wetted fracture surface area, reduced number of wet fractures, and
increased distance between wet fractures and the matrix based on the active fracture model
(Liu, et al., 1998).
The matrix diffusion mass flow is formulated as
(6-1)

,

,

—

mass flow of radionuclides from the fracture to the matrix [M/t]

—

interface reduction term based on the active fracture model [ ]

—

geometric surface area between the fracture and matrix in a grid cell [L2]

—

effective matrix diffusion coefficient in a grid cell [L2/t]

—

concentration (activity) in the matrix [M/L3]

—

concentration (activity) in the fracture [M/L3]

—

geometric distance from the center of the fracture to the center of the matrix a
grid cell [L]

The interface reduction term is derived from the following three relationships in the active
fracture model (Liu, et al., 1998):
,

(6-2)

,

(6-3)
(6-4)

,

,

—

area of the wetted portion of the fracture–matrix interface [L2]

—

total area of the fracture–matrix interface [L2]

—

number of fractures in a grid cell that are wet or “active”
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—

total number of fractures in a grid cell

—

representative fracture spacing in a grid cell [L]

—

representative fracture spacing for active fractures in a grid cell [L]

in Eqs. (6-2), (6-3), and (6-4) is the effective saturation given by
(6-5)

γ

—

water saturation of the fracture network

—

residual water saturation of the fracture network

—

active fracture parameter

Eqs. (6-2), (6-3), and (6-4) are combined to give the interface reduction term:
,

(6-6)

The active fracture model reduces the diffusive mass transport from fractures to the matrix
under unsaturated conditions.
6.2.1.2

Abstraction Model

Radionuclide transport in the TSPA was simulated using a particle tracking algorithm
incorporated in the finite element heat and mass (FEHM) code (DOE, 2008; SNL, 2008) and
applied to a dual-permeability grid. The particle tracking algorithm represents the effect of
matrix diffusion on radionuclide migration through fractures using the RTTF method
(Robinson, et al., 2003; SNL, 2008). This method tracks the movement of particles representing
discrete masses of radionuclide through the unsaturated zone based on precomputed fluid
velocity fields. Unlike the mass transport process models that are based on numerically solving
discretized forms of the partial differential equations describing mass transport, the RTTF
method uses a probabilistic approach to calculate the rate particles move through the
discretized flow domain. The approach was taken to expedite the TSPA simulations. The
RTTF approach was used to represent the effects of both hydrodynamic dispersion and matrix
diffusion on travel times through the unsaturated zone.
With respect to matrix diffusion, the concept behind the RTTF method is best illustrated with a
simple example. Consider a single fracture through a porous medium as illustrated in
Figure 6-11. Mass enters the fracture on the upstream side of the flow domain and is advected
through the fracture while it diffuses into the porous matrix. The relative concentration in the
fluid passing location along the fracture as a function of time is approximately given by
(Grisak and Pickens, 1981)
⁄
⁄

⁄

0;

/

;

(6-7a)
(6-7b)
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Figure 6-11. Illustration of the RTTF Concept Applied to Flow Through a Single Fracture
—

concentration in the fracture fluid passing

—

inlet concentration [M/L3]

—

fluid flux through the fracture [L/t]

—

fracture aperture [L]

—

matrix porosity

at time [M/L3]

Eq. (6-7a) also represents the ratio of cumulative mass passing location
total mass entering the fracture, as shown by

from time 0 to t to the

(6-8)
If applied to a grid cell in a numerical model with as the downstream boundary of the grid cell,
Eqs. (6-7) is the transfer function in the RTTF method. Although more complex transfer
functions are also available that more accurately represent the boundary conditions and
fracture–matrix properties, Eqs. (6-7) is sufficient to illustrate the transfer function concept.
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If the mass moving through the grid cell is represented by a group of mass particles, Eqs. (6-7)
also represents that a particle entering the cell at time
0 probably will have left the cell by
time . Viewed in this way, the transfer function can be used to assign a residence time for a
mass particle in the grid cell. Thus, the effect of matrix diffusion is represented by slowing the
movement of the particle through the cell in proportion to the time the mass spends immobilized
in the matrix. As implemented in the RTTF method, the residence time of particles in a cell is
determined by assigning a random number between 0 and 1 to each of the particles in the cell
and using Eq. (6-7a) to calculate the time, in addition to the advective travel time ( ⁄ ), that the
particle spends in the cell, as illustrated in Figure 6-11. If a large number of particles pass
through a cell, the cumulative mass distribution these particles presented will approximate the
continuous mass flow given by the transfer function.
As opposed to the simple analytical transfer function used to illustrate the RTTF method, the
transfer functions used in the unsaturated zone transport abstraction for TPSA were developed
using numerical models to simulate flow and matrix diffusion (SNL, 2008). Transport with matrix
diffusion within the grid cells of the unsaturated zone transport model was idealized as occurring
within vertical, parallel fractures, as illustrated in Figure 6-12. This conceptual flow system was
simulated using the numerical advective-dispersion module of FEHM applied to a
dual-permeability grid. The numerical model was used to simulate multiple breakthrough curves
for transport through the fracture with matrix diffusion and retardation that were then used to
populate a lookup table of dimensionless breakthrough curves (transfer functions) based on the
following three dimensionless groups:
(6-9)
(6-10)
(6-11)
—

retardation factor in the fracture

—

retardation factor in the matrix

—

thickness of the matrix perpendicular to the fracture, equivalent to the
fracture spacing

—

volumetric water content of the fracture

—

volumetric water content of the matrix

—

unretarded travel time through the fracture [t]

—

unretarded travel time through the matrix [t]

Using this approach, the particle residence time in any cell in the mountain-scale flow and
based on the
transport model was determined by computing the values of , , and
properties of the cell, and consulting the lookup table to determine the particle residence time.
As implemented in the unsaturated zone TSPA model, the algorithm also considered whether

6-15

Figure 6-12. Conceptual Model of Flow Through Parallel Fractures in Tuff With Diffusion
Into the Adjacent Matrix (Illustration From SNL, 2008)
the particles were resident in the fracture or matrix. SNL (2008, Appendix C) details this aspect
of the algorithm.
The method used to assign effective matrix diffusion coefficients to the unsaturated units in the
TSPA simulations is described in SNL (2008, Section 6.6.6). In summary, the effective matrix
diffusion coefficients were estimated based on a correlation between water content and effective
permeability Reimus, et al. (2007) derived based on laboratory experiments on saturated tuff
specimens. The water content was substituted for the porosity and effective permeability was
substituted for the permeability in the Reimus, et al. (2007) correlation. The values of water
content and effective permeability were derived from the water flow fields simulated for the
various TSPA scenarios. A one-sided, lognormal distribution with a maximum value of 10−9 m2/s
[10−8 ft2/s] was used to represent uncertainty in the effective matrix diffusion coefficients. The
range of values actually used in the TPSA simulations is shown in Figure 6-13. Note that these
values were not increased to represent possible scale effects on the values of effective matrix
diffusion coefficients discussed in Section 4.2.

6.2.2

Modeling Matrix Diffusion in the Saturated Zone

The shallow saturated zone at and near Yucca Mountain includes saturated tuff beneath the
footprint of the mountain and saturated alluvial sediments downstream of the mountain, as
illustrated in Figure 6-14. Simulations of radionuclide transport through the saturated zone at
Yucca Mountain have assumed that matrix diffusion is a significant transport process only in the
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Figure 6-13. Cumulative Probability Distribution of Effective Matrix Diffusion Coefficients
Used in the TSPA Unsaturated Zone Transport Model Abstraction (Illustration From SNL,
2008). {1 × 10−9 m2/s equals 1 × 10−5 cm2/s [1.6 × 10−6 in2/s]}.

Figure 6-14. Conceptual Illustration of the Flow Domain and Transport Processes in
Saturated Zone Process Model for the Safety Analysis Report
(Illustration From SNL, 2007c)
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fractured tuffs, not in the alluvium (DOE, 2008; SNL, 2007c). However, studies of contaminant
transport through granular porous media unrelated to Yucca Mountain have indicated that
diffusion into fine-grained interbeds and micropores in the granular media does occur and slows
contaminant transport (e.g., Haggerty and Gorelick, 1995; Skopp and Warrick, 1974).
6.2.2.1

Process Model

The site-scale process model used to simulate radionuclide transport in the saturated zone
beneath and downgradient of Yucca Mountain is described in SNL (2007c). The model uses a
random walk algorithm to simulate advective dispersion in a steady velocity field and the RTTF
method to simulate matrix diffusion. Unlike the unsaturated zone abstraction model described
in Section 6.2.1.2, the saturated zone transfer function is based on an analytical solution for flow
and transport through a set of parallel fractures from Sudicky and Frind (1982). This method of
computing the transfer function assumes that flow occurs only through the fractures, unlike the
unsaturated zone abstraction model that allows flow in both the fractures and matrix. Other
than this difference in the conceptual models for the fracture–matrix interactions, the process for
computing the particle residence time in a grid cell is the same as that used for the unsaturated
zone abstraction simulations.
6.2.2.2

Abstraction Model

The abstraction model for matrix diffusion used for the TSPA simulations was also based on
the RTTF method. However, the abstraction model simulations were performed along
one-dimensional stream tubes as opposed to the fully three-dimensional simulations used for
the process model simulations.

6.3

Summary of Findings Related to the Importance of Matrix Diffusion at
Yucca Mountain

Both laboratory and field experiments have demonstrated that diffusion between fractures and
the surrounding matrix influences mass transport in the tuffs at Yucca Mountain, and has the
effect of slowing the movement of dissolved constituents in both the unsaturated and saturated
zones. However, the extent to which matrix diffusion would affect the transport of radionuclides
from a repository at Yucca Mountain depends on the structure of the fracture network and, in
the case of the unsaturated zone, the distribution of liquid water in the fracture network, as well
as the intrinsic diffusion properties of the matrix and the radionuclides.
SNL (2008) analyzed the sensitivity of the TSPA abstraction simulations to (i) uncertainty in the
active fracture model parameter, , which affects the wetted fracture–matrix surface area
available for diffusion and the fracture spacing in the unsaturated zone and (ii) the combined
uncertainty in fracture–matrix surface area and effective matrix diffusion coefficient. While the
uncertainty in the active fracture model parameter affects only transport in the unsaturated
zone, the uncertainty in the fracture–matrix surface area and effective matrix diffusion coefficient
affects matrix diffusion in both the saturated and unsaturated zones.
Reducing the active fracture model parameter, , increases the fracture–matrix surface area
available for aqueous phase diffusion in the unsaturated zone, thus increasing mass transfer
from the fractures to the matrix and retarding the advective movement of radionuclides. The
sensitivity analysis reported in SNL (2008) indicates that this effect is most significant during the
early portion of a breakthrough curve for weakly sorbed constituents (e.g., technetium)
(Figure 6-15) and less significant for more strongly sorbed constituents (e.g., plutonium)
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Figure 6-15. Normalized Cumulative Breakthrough Curve for Tc-99 for the Basecase
Model, Glacial-Transition Mean Infiltration Scenario as a Function of the Active Fracture
Model Parameter (Illustration From SNL, 2008)
(Figure 6-16).1 Based on the sensitivity analysis in SNL (2008), mass transport is more strongly
affected by uncertainty in the combined effects of the fracture–matrix surface area and effective
matrix diffusion coefficient, as illustrated in Figure 6-17. In this case, the effect is even stronger
on the strongly sorbed radionuclide (plutonium). This finding applies to both the saturated and
unsaturated zone. The complex relationship between the active fracture parameter, which
affects both advective and diffusive transport in the unsaturated zone, makes distinguishing
advective and diffusive transport effects difficult from the interpretation of tracer tests.

1

Under the conditions of steady-state flow, the normalized cumulative breakthrough curve represents the mass flux
(normalized by the input mass flux) that would have been obtained if a constant mass flux had been input, even
though the actual input was a pulse. For breakthrough curves that exceed unity, a source input at the repository is
augmented by mass produced by ingrowth from the decay of a parent species (SNL, 2008).
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Figure 6-16. Normalized Cumulative Breakthrough Curve for Pu-242 for the Basecase
Model, Glacial-Transition Mean Infiltration Scenario as a Function of the Active Fracture
Model Parameter (Illustration From SNL, 2008)

Figure 6-17. Normalized Cumulative Breakthrough Curve for Tc-99 and Pu-242 for the
Basecase Model, Glacial-Transition Mean Infiltration Scenario as a Function of the
Combined Effect of Fracture–Matrix Surface Area and Effective Matrix Diffusion
Coefficient (Illustration From SNL, 2008)
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7

SUMMARY

The potential influence of matrix diffusion on contaminant transport through dual-porosity and
dual-permeability media was recognized as early as the 1960s based on studies of chemical
transport through soil columns. Its potential role in retarding the movement of radionuclides
from a nuclear waste repository was articulated in the late 1970s and since then has been
investigated in geologic environments ranging from fractured fine-grained sedimentary rocks,
such as shale, to fractured igneous and metamorphic crystalline rocks. Analysis of the effect of
matrix diffusion on contaminant transport has been extended to chemical contaminants in
unconsolidated sedimentary formations.
The basic physical and chemical processes affecting the significance of matrix diffusion in a
particular geologic environment are well understood. For the matrix diffusion process to play a
significant role in mass transport through a particular geologic medium, the medium must be
composed of a mobile water zone and a relatively immobile water zone. The mobile water zone
may consist of fractures or porous materials with a much higher permeability than the immobile
water zone. The immobile water zone, referred to as the matrix, can range from microporous
soil aggregates to lenses of fine-grained sediments to blocks of porous consolidated rocks, such
as tuff or granite. As dissolved constituents move through the mobile water zone, they can
diffuse into or out of the porous matrix under the influence of concentration gradients as
described by Fick’s Law. When a contaminant plume first invades the mobile water zone, the
concentration gradient is from the mobile water zone into the matrix thus transferring a portion
of the contaminant mass into the matrix and slowing the movement of the plume. As the
contaminant plume moves past and concentrations in the mobile water zone decrease, the
concentration gradient is reversed and contaminants can diffuse back into the mobile water
zone and prolong the period of contamination. In the case of contaminants that decay, such as
radionuclides, the extended residence time in the matrix can significantly attenuate their
concentrations in the mobile zone water plume.
The fundamental parameter controlling diffusion between the mobile water zone and the matrix
is the effective matrix diffusion coefficient. The effective matrix diffusion coefficient of a
particular constituent is a function of its free aqueous diffusion coefficient and the porosity and
pore structure of the matrix. The effect of pore structure on the effective matrix diffusion
coefficient is represented by a geometric factor, , that can vary from about 3 to 1,000. The
effective matrix diffusion coefficient is inversely proportional to the geometric factor. The matrix
diffusion flux can also be affected by sorption of a constituent onto the matrix solids and the
diffusion fluxes of other constituent in the solution. The multicomponent effects are usually
negligible for constituents present at trace concentrations. The net effect of matrix diffusion on
contaminant transport depends strongly on surface area of contact between the mobile water
zone and the matrix. In the case of fractured rocks, the contact area depends on the structure
of the fracture network. In the case of unsaturated media, the contact area also depends on the
wetted surface area.
Field-scale studies of matrix diffusion effects have indicated that the influence of matrix diffusion
is much stronger than would be indicated by laboratory measurements of effective matrix
diffusion coefficients and increases with the transport distance. Although this observation has
been simulated by increasing the magnitude of the effective diffusion coefficient in numerical
simulations, it is actually the result of underrepresentation of the mobile water/matrix contact
area in the models used to analyze field studies.
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Numerous mathematical approaches have been developed for simulating mass transport with
matrix diffusion. These range from analytical models to numerical models. The numerical
models range from grid-type models that solve discretized forms of the partial differential
equations describing the mass transport process to particle tracking approaches that distribute
mass using probabilistic mass transfer functions. Assessment of the performance of a nuclear
waste repository at Yucca Mountain has been based on pure grid-type models and on hybrid
models using grids and particle tracking.
Matrix diffusion has long been assumed to be an important process affecting radionuclide
transport at Yucca Mountain because of the high porosity and low permeability of the fractured
tuffs in both the unsaturated and saturated zones. Numerous laboratory and field investigations
have demonstrated that dissolved constituents can and will diffuse from the fractures into the
tuff matrix. The median geometric factor based on laboratory matrix diffusion tests on tuffs from
Yucca Mountain is approximately 7. The greatest uncertainties in quantifying the effect on
radionuclide migration from a repository at Yucca Mountain are related to the wetted area of
fractures in the unsaturated zone and to the effective fracture–matrix surface area in both the
unsaturated and saturated zones.
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