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Abstract

An understanding of matrix diffusion is important in assessing potential nuclear waste
repositories in geologic media, as it is a potentially significant process in retarding the transport
of contaminant species. Recent work done in evaluating the Waste Isolation Pilot Plant (WIPP)
in southeastern New Mexico has brought up two issues that complicate the incorporation of
diffusion in Performance Assessment (PA) calculations. First, interpretations of single-well
tracer test data suggest that the tracer was diffusing at multiple rates. Second, the estimated
relevant rate(s) of diffusion are dependent on the time and length scales of the problem. To
match the observed tracer test data, a model with a distribution of diffusion coefficients was
required. This has led to the proposal of applying a model with multiple rates of diffusion, the
multirate model, to Performance Assessment calculations for the WIPP. A series of laboratory-
scale experiments have been designed for the purpose of evaluating heterogeneity and scaling
properties of diffusion rates and to test the multirate model.

X-ray absorption imaging was used to visualize and quantify the effects of matrix heterogeneity
on the diffusion characteristics for four different centimeter-scale samples of dolomite. The
samples were obtained from the Culebra dolomite at the WIPP site. Significant variations in
diffusion rates were observed over relatively small length and time (months) scales for the
preliminary laboratory experiments. A strong correlation between diffusion rate and porosity
was also observed in each of the samples.

Two sets of experiments are planned for 1998. The first set of experiments is similar to those
described above. For these experiments, fourteen samples exhibiting a broader range of
physical characteristics are being tested. The second set of experiments will visualize the
combined effect of advection in a fracture and diffusion into adjacent matrix materials. Tracer
solution will flow through an artificial fracture adjacent to a number of blocks of dolomite that
have different diffusion rates. This experiment will be used to test the multirate diffusion
conceptual model and help parameterize the system.

Our present goals are to improve the understanding of the multirate model and how it can be
applied to PA calculations, which are conducted at time and length scales well outside what can
experimentally be measured. Our investigations are also being extended to other geological
environments. For example, we are currently exploring the extension of these experimental
capabilities to the low-porosity crystalline rock such as that located in Aspo, Sweden. This
work could be of high value to the TRUE-2 experiment.
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1 Introduction

Diffusion is recognized as a potentially important process in the transport of solutes in
the subsurface. For example, the National Research Council [1994, p.2] identifies
diffusion of solutes into "immobile" regions of the subsurface as one of the key
technical reasons for the difficulty in predicting and accomplishing aquifer restoration.
The transfer of mass via diffusion from high-permeability, advection-dominated
domains into and out of low-permeability, diffusion-dominated domains can
significantly affect contaminant migration at all scales. Matrix diffusion can also be an
important process in providing access to sorption sites within the matrix [Ball and
Roberts, 1991; Wood et al., 1990]. Understanding and predicting matrix diffusion can,
therefore, be critical to environmental remediation programs [e.g., Wood et al., 1990],
the recovery of oil [e.g., Seetharam and Deans, 1989], and nuclear waste storage in
geologic media [e.g.,Neretnieks, 1980; 1993, Beauheim etal, 1997].

The Waste Isolation Pilot Plant (WTPP) is the U. S. Department of Energy's transuranic
waste deep geologic repository in southeastern New Mexico. One of the potential
pathways for radionuclides to travel off-site at WIPP is through a fractured dolomite
layer located approximately 425 m above the repository. An understanding of matrix
diffusion in this unit, the Culebra dolomite, is important to understanding the potential
of transport for radionuclides off the site. For this reason, and also to gain a better
understanding of diffusion processes, a series of tracer tests were conducted at two
locations at the WIPP site [Meigs and Beauheim, in preparation]. Interpretations of the
tracer tests are presented in Altman et al. [in preparation], Haggerty et al. [in
preparation], McKenna et al. [in preparation], Meigs et al. [in preparation], and
McKenna et al. [this issue].

In evaluating the field-scale tracer test data it has been found that multiple rates of
diffusion are needed in the model formulation in order to match the single-well tracer
test data [Haggerty et al., in preparation]. Furthermore, the relevant rates of diffusion
are dependent on the time and length scales of the problem [Holt, 1997]. One can
consider a system as having a distribution of diffusion rates. The scale (both time and
length) of the system controls which diffusion rates are important. At large scales, for
example, features contributing to fast diffusion rates may become saturated with solute
and no longer contribute to the diffusive response of the system. Also at larger scales,
more surface area becomes accessible for diffusion. Close examination of the Culebra
shows that porosity exists in many different forms (fractures, vugs, intercrystalline and
interparticle) and these different porosity types are present at many different scales
[Holt, 1997]. These observations provide physical support to the concept of a multirate
diffusion model for the Culebra.

The multirate model, previously developed by Haggerty and Gorelick [1995], has
potential implications for Performance Assessment (PA) calculations. A conventional
model of mass transfer with only a single rate coefficient may be an adequate
conceptualization only if the time and spatial scale of the experiment being modeled and
the total system being assessed are the same. At the laboratory and field scale it may be
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possible to determine an adequate integrated single-rate diffusion coefficient. However,
such measurements are not possible at the PA scale. To more appropriately perform PA
calculations one must address the scaling issues that influence the mass transfer rate
coefficients. This can be done by using a distribution of rate coefficients or calculating
an integrated single-rate coefficient that accounts for the multiple rates of diffusion that
are appropriate at the PA scale [McKenna et al, in preparation].

A series of laboratory-scale experiments have been designed for the purpose of
evaluating heterogeneity and scaling properties of diffusion rates. The laboratory-scale
experiments provide an opportunity for 1) visualizing diffusion, 2) measuring diffusion
rates on different samples, 3) gaining a better understanding of the controls on diffusion,
and 4) visualizing advection and diffusion in the same system. The observations and
measurements allow us to test the multirate diffusion conceptual model and provide
information on the parameterization of the Culebra transport system.

Static Diffusion Experiments

2.1 Methods

X-ray absorption imaging is used to visualize and quantify the effects of matrix
heterogeneity on diffusion characteristics. Two sets of diffusion experiments have been
and are being conducted. The preliminary experiments were run on four, centimeter-
scale Culebra rock slabs. Samples were selected so as to capture some of the different
porosity types described by [Holt, 1997]. Two samples contained vugs (B33-H and
RC6-G), one sample contained a large piece of gypsum (RC6-G), one was composed of
relatively homogeneous intercrystalline porosity (RC1-A) and the fourth was composed
of homogeneous intercrystalline porosity with a fracture running through it (RC2-B).
The bulk porosity of the samples ranged from 0.09 to 0.15. These experiments are
described and interpreted in more detail in Tidwell et al. [in preparation]. A similar set
of experiments is currently being run on fourteen samples exhibiting a broader range of
physical characteristics of the Culebra.

Samples are set in epoxy on all but one side to approximate no-flow boundaries on these
sides. The last side is left exposed to a reservoir. Samples are initially saturated with a
background solution of NaCl of equal molar strength as the KI solution used as the
tracer. A constant concentration KI boundary condition is achieved by circulating the
KI solution through the reservoir at one end of the sample.

X-ray images of the samples are taken at different times throughout the experiment.
The transmitted X-ray intensity is a function of the density of the rock at the specific
pointed integrated over the full thickness of the slab. Thus, the X-ray intensity is a
function of the porosity of the sample as well as the relative tracer concentration at that
specific point. The X-ray images are then digitized by placing the film in front of an
electronically-controlled bank of high-frequency, high-output fluorescent lights and
recording the transmitted light intensity field with a CCD (charged-coupled device)
camera. The CCD camera output is digitized into a 1024 by 1024 point array with each
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point assigned a gray-level between zero and 4095 according to the transmitted light
intensity. This resolution results in 0.25-mm by 0.25-mm pixels for these tests.

Using linear absorption theory, the transmitted light intensity through the X-ray can be
converted to relative solute concentration (C/Co) [Tidwell and Glass, 1994]:

where Co is the inlet tracer concentration, / is the transmitted light intensity, /a is the
transmitted light intensity at the same point when it is fully saturated with tracer (C/Co =
1), and ld is the light intensity at the start of the test (C/Co = 0). Subscripts i,j refer to the
pixel of interest.

Porosity at each pixel ($-,) is determined as follows:

-avg

where £'[ln(/f),J- ln(/d),,j] is the average difference between the tracer saturated and
tracerless images, ^u* is the bulk porosity of the rock slab, Zij is the thickness of the slab
at point i,j, and Zmg is the average thickness of the rock slab.

Normalized cumulative mass (M/MJ is calculated along transects parallel to the
direction of diffusion as follows:

(3)

where M, is the cumulative mass of tracer diffused into the porous medium at time t and
M_ is the corresponding quantity when each pixel has reached the concentration Co, and
JV is the number of pixels in the transect. The diffusion coefficient can then be
calculated from the following equation [Crank, 1975]:

'0.5

where / is the slab length and t0J is the time at which M/M^ = 0.5. Important
assumptions made in this solution are that the diffusion coefficient is constant, the
porous medium is homogeneous and isotropic, the tracer is conservative, and the
boundary conditions are constant throughout the test.
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2.2 Results

The first round of diffusion experiments was run for almost 45 days during which time
15 images were generated. Significant variations in diffusion rates were observed over
relatively small length and time scales. A more comprehensive discussion of the results
and interpretations are presented in Tidwell etal. [in preparation].

Figure 1 presents the visual and quantitative data for one sample (RC2-B). This sample
has a distinct fracture extending from the inlet boundary to the approximate center of the
sample. The fracture is surrounded by a featureless gray dolomite characterized as
relatively homogeneous intercrystalline porosity. At early times diffusion is accelerated
along the fracture. The front becomes smoother at later times when it has passed the tip
of the fracture. Other samples also show a correlation between the spatial distribution
of porosity and the diffusion of the KI.

Diffusion coefficients vary by almost an order of magnitude among the four samples and
by a factor of 2-3 within the individual samples (Figure 2). The range of measured
diffusion coefficients in the second round of experiments is expected to be larger due to
the larger variability in the sample characteristics (e.g. samples containing high porosity
interparticle dolomite). A larger range of diffusion rates at the field scale is also
expected because of the broader range block sizes apparent at this scale.

A strong correlation between diffusion coefficient and porosity is also observed in each
of the samples (Figure 3). This plot compares the diffusion coefficients calculated along
a transect 1 pixel wide perpendicular to the reservoir face with the corresponding
arithmetically averaged porosity. The trend of the correlation between porosity and
diffusion coefficient differs for each of the samples. These differences in trend have to
do with the differing structures of the heterogeneities. For example, for the sample
shown in Figure 1, the porosity of the relatively homogeneous matrix (<|) = -0.08 -
~0.ll) appears to be correlated to the diffusion coefficient. However it can be seen that
while the fracture does not have a significant influence on the porosity (()> > -0.11) it
does influence the diffusion coefficient significantly. Note that 0.11 is not the porosity
of the actual fracture, but an integrated porosity of the fracture and matrix within the
pixel containing the fracture.

In contrast to the strong relationship between the pixel scale porosity and diffusion
coefficient values, there is not a strong correlation at the bulk sample scale as shown by
the large closed symbols in Figure 3. This lack of correlation suggests that diffusion
does not simply depend on the magnitude of the porosity but also on how it is spatially
distributed. The spatial distribution of the porosity clearly will be related the tortuosity
of the sample.

The second round of experiments will be completed in the summer of 1998. To date,
porosity measurements have been calculated from these fourteen samples. These
porosities ranged from 0.09 to 0.32. These results confirm that there is a large range of
porosity values within the Culebra.



Figure 1: Relative concentration fields measured by X-ray absorption imaging
showing the diffusion ofKI tracer into a brine-saturated slab ofCulebra
dolomite (sample RC2-B). Also shown is the two-dimensional porosity
field. Pictured is a sample characterized by a relatively uniform
intercrystalline porosity cut by a single fracture running from the inlet to
approximately half the length of the sample.
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Figure 2 Diffusion coefficient (equation 4) versus position along the inlet boundary
for 4 samples run in the preliminary experiments. The reported diffusion
coefficients were calculated for transects one pixel wide.
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Figure 3 Scatter plots of porosity versus diffusion coefficient for the four samples
run in the preliminary experiments for transects measuring one pixel in
width. The four large symbols represent the bulk porosity and diffusion
coefficient for the entire rock slab.
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Advection-Diffusion Experiments

Advection-diffusion experiments are planned to begin in the summer of 1998. The
purpose of these experiments is to test the multirate diffusion conceptual model and
provide information for scaling from laboratory scale to field scale and ultimately to the
PA scale. At present, pre-experimental modeling is being conducted to assist in the
design of this experiment.

The experimental set-up will be similar to that described above for the static-diffusion
experiments with two exceptions. Instead of one block, several blocks will be lined up
in series. The blocks will differ in characteristics based on expected porosities and/or
block size (area available for diffusion). As with the static-diffusion experiments, the
rock slabs will be potted in epoxy in order to produce no-flow boundaries on all sides
except one. On this last side an artificial fracture will be incorporated. A constant flow
rate will be run through this fracture, making the advective domain of the experiment.

Theoretically, if two different source terms (e.g. different tracer pulse lengths) are used,
our controlled multirate system should produce two distinct breakthrough curves. As
the pulse length increases, more blocks in the system will become saturated with tracer.
As a block becomes saturated, it no longer has an effect on the overall diffusion rate of
the system. The block, in essence, "drops out" of the system. Thus with the two pulses,
tracer will be diffusing into a different number of blocks at later times in each
experiment, thus producing the different breakthrough curves. It is possible that each
breakthrough curve or the late time slope of each curve could individually be matched
using a single (integrated) diffusion rate. However, this integrated diffusion rate would
differ for the two different source terms. With the multirate model, it should be possible
to match these two different breakthrough curves using the same diffusion rate
distribution.

Through our experimental techniques we will be able to visualize the diffusion through
each block and measure the concentrations at the outlet. This information will allow us
to determine whether or not diffusion can be visualized at different rates in the different
blocks all with the same source term located within an advective front. In addition,
through predictive calculations we will be able to test how well we can parameterize the
multirate model.

Eventually, we plan to run a visualization experiment on an even more complicated
system that begins to approach field conditions. For this setup there will be many layers
of blocks of different sizes forming a network of blocks. With this configuration, the
advective front will travel on more than one side of each block. This configuration is
more analogous to a two-well convergent flow tracer test. With the advective front
traveling through a network of blocks we hope to be able to observe under what
conditions diffusion is important within a block and under what conditions advection is
more important. This test should also contribute to our understanding of the
parameterization of the multirate model. This information in turn will contribute to our
understanding on upscaling methods.
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4 Applications to WIPP and Other Systems

The results of the experiments described above, along with field-testing and numerical
modeling work, will be utilized in the design of WIPP PA calculations. This
experimental work will contribute the multirate conceptual model, test the
parameterization of the multirate model, and assist in the determination of how to apply
the multirate model or an appropriate simplified model at different scales (in both time
and space).

While the diffusion visualization experiments have been shown to be valuable to a
fractured dolomite system, they also have applications to other systems. This technique
not only can be used to visualize diffusion, but also has potential for the visualization of
other mass-transfer processes, such as sorption. In addition experiments are currently
being planned for lower porosity rock types than dolomite. It may be possible to
visualize and quantify mass transfer into fractured crystalline rocks, fracture-filling
material, and fracture alteration zones.

The multirate mass transfer model also has many applications beyond what is being
utilized for the WIPP. In addition to the application to diffusion, there are potential
applications to sorptive processes. Causes for the multiple time and spatial scales of
sorption in heterogeneous media include variations in the sorptive capacity of the media
from variations in mineralogic compositions of the pores to variations in surface area for
sorption.
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