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THEORETICAL AND EXPERIMENTAL DETERMINATION
OF MATRIX DIFFUSION AND RELATED SOLUTE TRANSPORT
PROPERTIES OF FRACTURED TUFFS FROM THE NEVADA TEST SITE

by
G. R. Walter

ABSTRACT

Theoretical and experimental studies of the
chemical and physical factors which affect mole-
cular diffusion of dissolved substances from frac-
tures into a tuffaceous rock matrix have been made
on rocks from G-Tunnel and Yucca Mountain at the
Nevada Test Site (NTS). A variety of groundwater
tracers, which may be useful in field tests at the
NTS, have also been developed and tested.

Although a number of physical/chemical pro-
cesses may cause nonconvective transport of dis-
solved species from fractures into the tuff
matrix, molecular diffusion seems to be the most
important process. Molecular diffusion in these
rocks is controlled by the composition of the
groundwater through multicomponent effects and
several rock properties.

The effective molecular-diffusion coefficient
in the tuff of a particular specie can be related
to 1its free aqueous-diffusion coefficient by

- 2
De = ¢m(u/t )D0
where

¢m is porosity,

a is a constrictivity factor, and

t is a tortuosity factor.




The porosities of the sampies studied rangsd
from about 0.1 to 0.4. The parameter (a/t")
ranged from 0.1 and 0.3 and effective matrix-
diffusion coeffig_:;entszwere measured to be between
2 to 17. x 10 cm”/s for sodium halides and
sodium pentafluorobenzoate.

Total porosity was found to be the principle
factor accounting for the variation in effective-
diffusion coefficients. The constrictivity-
tortuosity factor was found to have a fair cor-
relation (r = 0.75) with the median pore diameters
measured by mercury intrusion. Measurements of
bulk-rock electrical impedance changes with fre-
quency indicate that the constrictivity factor,
@, has a maximum value of 0.8 to 1, but may be
smaller. If the larger values are correct, then
the diffusion paths in tuff are more tortuous
than in granular media.

Computation of the full diffusion-coefficient
matrix for various tracers in J-13 well water from
the NTS indicates coupling of the diffusion fluxes
of all fJonic species. These effects are being
incorporated into a numerical model of multi-
component-matrix diffusion.




1. INTRODUCTION

The importance of molecular diffusion as a mechanism for transporting
dissolved substances from pores and fractures, where convective transport
dominates, into a rock or soil matrix of much lower permeability has been
discussed for some time in the fields of ore geochemistry, marine
geochemistry, and soil chemistry (Garrels and others, 1949; Lerman, 1975;
Norton and Knapp, 1977, van Genuchten and Wierenga, 1976). Molecular
diffusion may also be the rate-controlling step in various sorption and ion-
exchange processes (van Genuchten and Wierenga, 1976). Interest in
molecular diffusion as a solute-dispersing mechanism in groundwater flow
through fractured rocks has been aroused recently by the theoretical and
laboratory studies of Grisak and Pickens (1980a, 1980b) and Grisak and
others (1980).

These studies, in particular Grisak and Pickens (1980a), indicate that
matrix diffusion (diffusion from a fracture into blocks of porous rock) may
be a very important process in retarding movement of solutes and attenuating
their concentrations. Given the high porosities of tuff and its low
permeability, matrix diffusion may be the dominant transport phenomema in
tuffaceous rocks.

At the outset of this project, no definite field or laboratory study
had been made to determine the true importance of matrix diffusion in solute
transport through fractured rocks. Although the laboratory-column study
reported by Grisak and others (1980) suggests that matrix diffusion may have
been observed in fractured till, the complex chemistry of the solutions

used, the unknown fracture pattern and aperture distribution in the test



material, and the simple form of their diffusion model leave these
results open to interpretation.

The purpose of the research described here was three-fold: first, to
identify and measure the most important physical and chemical parameters
controlling matrix diffusion in fractured tuff; second, to identify and
apply ground-water tracers suitable for use in both field and bench-scale
tests of matrix diffusion in tuff; and third, to develop a detailed
numerical model of local convective-diffusion from fractures to a rock
matrix. Task one is near completion. Task two is in progress. The
theoretical aspects of task three have been completed, but development of

the numerical model is still in progress.



I1. PHYSICAL AND CHEMICAL FACTORS AFFECTING MATRIX DIFFUSION

The purpose of this section is to present the theoretical groundwork
for identifying and measuring those transport processes which may affect the
movement of dissolved substances between a fracture and the porous-tuff
matrix. To accomplish this goal we begin with a very general description of
all transport processes based on the laws of irreversible thermodynamics in

continuous systems.

A. Transport Processes

Consider the conceptual model of a fracture shown in Fig. II.A.1. In
general, we are interested in the case where a solvent (water) containing
N components flows through the fracture. The matrix (unfractured tuff) is
assumed to possess some solution-saturated porosity, through which aqueous
transport takes place. The interface between the fracture may be the :
unaltered surface of the tuff matrix or an altered surface with physical
properties different from the rest of the matrix.

If we assume that the transport through the fracture in the x-direction
is only by convection and hydrodynamic dispersion, then we can apply the
principles of irreversible thermodynamics to completely describe the mass
fluxes from the fracture into the matrix and through the matrix. Based on
the linear-law postulate of irreversible thermodynamics (Haase, 1969), the
mass and heat fluxes in the system with N components are described by the

phenomenological equations

N
Jy = :':( L%k Xk (I1.A.1)
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Fig. II.A.1. Conceptual model of single fracture convective transport with
matrix diffusion.




N

Jg = Bk Xy + LSQ)gQ (I1.A.2)

L
k=1
where

Jij 1s the molar flux of the ith component (i = 1 for solvent)
L*5k is the phenomenological coefficient relating the
ith flux to the kth force,

is the kth generalized force per mole,

5 &

is the heat flux,
Xq 1s the thermal force,

and the underlining indicates a vectorial quantity.

The assumption is made that the phenomenological coefficients do not depend
on the fluxes and forces, but can be arbitrary functions of the state
variables temperature, pressure and concentration.

Following the development of Haase (1969), the generalized molar

forces, Xys for creeping motions are given by

Xy = Mg - Vi TP - Ty + Z FVE (11.A.3)
where

M; is the molecular weight of component k,

Vi is the partial molar volume of k,

g 1is the gravitational acceleration,

P is the thermodynamic pressure,

uyg is the chemical potential of the kth component at
constant T and P,

Vv §s the gradient operator,

zy 1is the charge on k,




F 1is the Faraday Constant, and

E 1is the electrical potential.

The thermal force is given by
Xg = - 1/T VT
where

T is absolute temperature.

(I1.A.4)

In the remainder of this report, we restrict ourselves to isothermal

conditions so that the heat flux and its effect on other fluxes will be

jgnored. This is not to say, however, that it may not be important in some

parts of the transport field in a repository.

Combining Eq. (II.A.1) and Eq. (II.A.3) and multiplying each force by

the molar concentration of k, my, we obtain flux equations in terms of the

force per unit volume:

* hd *
di = Ljj (mjMjg - myV49P) -LjymyVu;

N
+kZ 2L1' k (Mg -my V7P )

N *
+ ) Lig(-mVuy + mezyFVE )
k=2

Noting that

miM; =

1
(]
e

and

miVi = njy

(11.A.5)

(11.A.6)

(I11.A.7)



where
cj is the mass concentration of i, and

ny is the volume fraction of i,
Eq. (I1.A.5) can be rewritten as
* . *

Ji = Lij (cig - n4¥P) - LymiVuy

*

N
+ 2 Lik(°k9. - nkVP)
k=2

*

N
+ 1 Lig(-mTuy + mz, FVE) (11.A.8)
k=2

As shown by Groenvelt and Bolt (1969), in order to obtain a set of
flux equations whose terms are amenable to experimental measurement, we
need to rewrite Eq. (II.A.8) in terms of a volume flux, a set of mass

or molar fluxes, and a current or charge flux. Substituting the identities

N

dy =1 4395 (I1.A.9)
i=l

Imi = Mids (I1.A.10)
N

dy = 1 2395 (I1.A.11)

i=1



10

into Eq. (II.A.8) gives

N N .
v = L U 1 Lijkleg - n@P)
=1 k=l
N . N x
- 1oV L LiamTug
j=1 k=1
N, N »
+ z Vi 2 Lik'“kszVE
=1 k=1

N *
Imi =M L Lik(erg - nVP)
k=1
N =
- M L Liemdug
k=1

N *
+ M'i z L1 kmekWE
k=1

and

§=1 -
N N *
- Yozg I LyjemTug
j=1 k=
N N *
+ ]

(11.A.12)

(11.A.13)

(11.A.14)



After some lengthy algebraic manipulations (Appendix I), the rather
complicated flux equations represented by Eq. (II.A.12, 13 and 14) can
be simplified and formulated in terms of familiar forces and phenomenologi-

cal coefficients

_&lv = va VQV * seeee T Lvivui + ooo.oo.ovavE

Imi = LivWoy + eeeee + Liiuj + cueiaaallyVE (IT.A.15)
_\22 = LZVV¢V T eeeee + invui + cecscse LzZVE
where

¢y is (pgg - VP), and

pg is the solution density.

A similar set of phenomenological equations was developed by Groenvelt
and Bolt (1969) and have been shown to be valid for transport through porous
media. Groenvelt and Bolt also point out the correspondence between the
phenomenological coefficients in Eq. (I1.A.15) and more familiar
transport coefficients. To see this correspondence, we note that the first
subscript of each coefficient denotes the quantity transported, and the
second subscript denotes the potential gradient responsible for that flux.
The physical significance of each term in Eq. (II.A.15) is given in

Table II.A.1.

11
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TABLE II.A.1.

CORRESPONDENCE BETWEEN PHENOMENOLOGICAL COEFFICIENTS
AND COMMON TRANSPORT COEFFICIENTS

Phenomenological

Coefficient Process
Lvy Darcian flow
Lvi Osmosis
Lyz Electrosmosis
Liv Convection and ion filtration
L4 Diffusion
Lij Multicomponent diffusion
Liz Electrophoresis
Loy Streaming current
Ly4 Diffusion current
Ly Electrical conduction



The significance of the phenomenological equations for studies of
solute transport through fractured tuff is that they summarize all of the
processes by which solutes can move from a fracture into the matrix under
isothermal conditions. Although they are applicable to both saturated and
unsaturated rocks, this report deals only with transport under fully
saturated conditions,

Under such conditions, the conceptual models of matrix diffusion
presented by most previous investigators (e.g., Grisak and Pickens, 1980;
Neretniks, 1981; and Tang, 1981) have assumed that convective transport from
the fracture into the matrix can be ignored. That this assumption, with
some qualification, can be applied to the tuffs is seen by a simple
calculation,

Permeability measurements of tuff samples indicate that their intrinsic
permeability is on the order of 10-14 cm2, Applying Darcy's Law, the
convective-solute flux from a fracture into the matrix under a unit

hydraulic gradient is

Jiy = €idyy = 1079 cm/secy (11.A.16)

As will be discussed later, the interstitial molecular-diffusion
coefficients for most simple ions will be of the order of 106 cm/s.
Assuming a unit concentration gradient and a solute concentration of cj
within the fracture, the diffusion flux will be

Jij = 1076 em/s ¢ (11.A.17)

13




Thus, concentration gradients are about three orders of magnitude more
effective in transporting solute to the matrix than are hydraulic gradients.
For this reason, the assumption of no convective transport through the tuff
matrix is justified for the range of hydraulic gradients l1ikely to develop
under saturated conditions.

The qualification to this statement is that if the tuffs possess
membrane or ion-selective properties, osmotic pressure gradients may exist
or be created which will cause a volume flux into the matrix. Preliminary
experimental evidence for each flux will be presented later in this report.

Even if the convective flux terms are ignored, there remain other
non-convective flux terms which have not been considered in previous matrix-
diffusion models. First, previous models have considered only diffusion of
a single component. Eq. (II.A.15), however, indicates that to some
extent the diffusion fluxes of all the dissolved components are coupled.

For jonic species, Lasaga (1979) and Anderson and Graf (1978) have shown
that in natural waters the off-diagonal phenomenological coefficients and
related diffusion coefficients which couple the flux of one species to the
concentration gradients of other species are not zero and cannot be ignored.
Simple single-component diffusion rigorously applies only in the case of
true tracer diffusion where a concentration gradient exists only for an
isotope of the specie of interest. It may be closely approximated by
neutral species. The theoretical importance of multicomponent diffusion in

transport in the tuffs will be discussed in a later section and related to

the results of laboratory-diffusion experiments.

14



Lastly, the importance of the electrical-current or charge-flux equa-
tion must be considered. Throughout this project, we have made the
assumption that no macroscopic electrical potentials exist and that the
current flux is zero. The possibility exists, however, that corrosion
reactions involving metallic cannisters might give rise to electrical
potentials or currents, in which case the current flux and coupled
electrophoretic fluxes would need to be considered. Such consideration is
outside the scope of this study.

In summary, this report deals primarily with experimental and
theoretical studies of diffusional transport through the tuff. Preliminary
experiments have been conducted to evaluate the membrane properties of the
tuffs and to evaluate the importance of osmotic-transport processes.

B. Rock Properties

The extent to which matrix diffusion is effective in dispersing a given
solute depends on a number of rock properties. The numerical study by
Grisak and Pickens (1980b) indicates that the diffusion porosity (inter-
connected pores) in the matrix, the fracture aperture, and the convective
velocity through the fracture are the principal physical factors influencing
the effect of matrix diffusion on the solute-breakthrough curve.

The roles of these parameters can readily be seen by examining the
analytical solution for transport through a single fracture with matrix
diffusion given by Grisak and Pickens (1980a)

[De/vb] x
20 (t-x/v)De/6p]1/2 (11.B.1)

cf/cg =1 - erf

15




where

co is the initial concentration,

ce is the local concentration in the fracture,

¢m is the diffusion porosity of the matrix,

De 1s the effective molecular-diffusion coefficient within the matrix,

b is the fracture aperture,

t is the time since injection, and

v is the flow velocity in the fracture.
From £Eq. (II.B.1) the attenuating effect of matrix diffusion is seen to be
directly proportional to the effective matrix-diffusion coefficient and
matrix porosity, and inversely proportional to the flow velocity and
fracture aperture. Dp in Eq. (11.B.1) is not the diffusion coefficient
within a pore, which may be approximated by the free aqueous-diffusion
coefficient in large pores, but includes at least the effects of the
tortuosity of the pores and porosity. Additional factors controlling the
magnitude of the matrix diffusion will be discussed later.

Numerous models have been presented to describe the functional
relationship between the free aqueous- or free gaseous-diffusion
coefficients and effective-diffusion coefficients in natural or artificial
porous media (e.g., Olsen and others, 1968; Saxena and others, 1974; van

Brakel and Heertjes, 1974). Most of these models take the form of

De = {6pp/72} D, (11.8.2)

16




where

]

is a tortuosity factor,
a 1is a constrictivity factor, and

Do 1is the free aqueous- or free-gaseous diffusion coefficient,

As used in Eq. (11.B.2), the tortuosity factor is taken to be the
ratio of the actual path length through the porous medium divided by the
macroscopic distance over which concentration gradients are measured.

If the pores in the tuff are relatively large, greater than about 1Oum,
then surface effects due to the solid phase should be negligible (Saxena and
others, 1974) and the ratio of the effective matrix-diffusion (Dg)
coefficient to the free-aqueous diffusion coefficient, Dy, 1S primarily a
function of the tortuosity of the diffusion path and porosity. The tefm
Le/L is squared because it is applied as a correction both to the
concentration gradient and to the cross-sectional area perpendicular to the
actual diffusion path. The tortuosity factor,(Le/L)Z, can be estimated or
cxperimentally determined from effective matrix-diffusion coefficients.
Also, Wyllie and Spangler (1952) have shown that tortuosity is related to
the formation factor, F, used by the petroleum industry, and so tortuosity
can be determined by electrical-conductivity measurements. The electrical
conductivity of the medium is a function of the tortuosity because the
conductivity measurement requires that ions migrate through the medium in
response to an imposed electrical potential, and the movement of the ions is

impeded directly as a function of the tortuosity.

17
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The discussion above applies only to large pores. For pores with
diameters less than about 10um, the effective-diffusion coefficient
decreases to an extent which cannot be explained solely in terms of a
geometrical tortuosity factor, hence the need for the constrictivity term in
Eq. (II.B.2). Surface effects of the solid phase may act to decrease the
effective matrix-diffusion coefficient. Kemper and others (1964) and Saxena
and others (1974) have suggested that water near mineral surfaces may have a
higher viscosity than the bulk fluid resulting in slower diffusion in this
zone. A more important surface effect may be the interaction of ijonic
species with the electrical field extending from individual mineral
surfaces.

In general, silicate mineral surfaces have a negative electrical
charge. The potential field associated with this charge penetrates some
distance into the fluid phase before it is neutralized by positive charges
in solution. Anions do not penetrate as deeply into this field as do
cations. The exclusion of anions from part of the cross-sectional pore area
can result in a decrease in the matrix-diffusion coefficient. This effect
becomes particularly important in very small pores where the electrical
double layers of adjacent minerals overlap. Graham-Bryce (1963) has
attributed anomalously low tracer-diffusion coefficients for iodide in clays
to this phenomena. Blackmore (1976) and Banin (1972) have also explained
seemingly irreversible diffusion in soil aggregates and clay pastes to this

“"salt-sieving" effect.



The concept of reduced mobility of anions in small pores has also been
the basis for several models to explain the frequency dependence of
bulk-rock electrical impedance (induced polarization effects) (Marshall and
Madden, 1959; Anderson and Keller, 1964; Arulanandan and Mitchell, 1968).
The theory of Marshall and Madden will be discussed in detail in a later
section as it relates to the determination of tortuosity and constrictivity
factors for the tuff. Van Brakel and Heertjes (1974) have explained the
constrictivity factor in terms of the variation of cross-sectional area
along the pore segments. Defined in this way, it can be related to the
ratio of the maximum to cross-sectional area of the pore to the minimum
cross-sectional. Estimates of the magnitude of the geometric-constrictivity
factor for various pore geometrics (e.g., Michaels, 1959; Petersen, 1959),
indicate that a should vary from 1 (no constrictions) to a minimum of about
0.2 (80% constriction).

Based on the above examination of the rock parameters controlling the
effective matrix-diffusion coefficient, the following matrix properties
have been experimentally determined for tuff samples from the NTS:

1) porosity,

2) pore size distribution,

3; effective diffusion coefficients, and

4) bulk resistivity at varying frequencies.

Details of the experimental procedures and the results will be presented in

a later section,
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C. Chemical Factors Affecting Matrix Diffusion

Chemical processes may limit or enhance matrix diffusion in several
ways. To see this, consider Fick's Law for an isothermal, multicomponent,
aqueous solution

N
dy = -jz=1 Dijvcj (11.C.1)

or in matrix form

J =-Dvc (11.C.2)
where

Diy is the diffusion coefficient,

single bar superscript is a column matrix, and

double bar superscript is a two-dimensional matrix.

The diffusion coefficients in Eq. (II1.C.1) depend on the ionic
strength and composition of the solution. Also, the off-diagonal diffusion
coefficients, Djj where 1#j, which couple the flux of one component to the
gradients of the other components, are not zero. Thus, we can see
immediately that predicting the diffusive flux of a given ionic specie
requires a knowledge of the effect of solution composition and ionic
strength on the diffusion coefficients, and the direction and magnitude of
the concentration gradients of the coupled species.

In the general case of multicomponent solutions containing weak
electrolytes, the causes of this coupling are both the electrostatic
attractions between cations and anions, and formation of complex species due

to ion association and complexation.
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Inasmuch as many of the species of interest in radionuclide migration
are weak electrolytes or form ion pairs and complexes, and the fact that
some of.the groundwater tracers are weak acids, consideration must be given
to multicomponent-diffusion effects.

In Appendix 11, multicomponent-diffusion equations based on the work of
Wendt (1965), Toor (1964), and Anderson and Graf (1978) are derived which
are suitable for numerical computation of these multicomponent effects. The
data required to solve these equations are: (1) ionic conductances, (2)
equilibrium constants for the complex and associated species, and (3)
activity coefficients of the fons in solution. These data are already
available for many species of interest, but were lacking for several of the
tracers being used in this study. Consequently, the required missing
parameters were measured as a part of this program. The results of the

laboratory measurements are reported in section III of this report.
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ITI. EXPERIMENTAL INVESTIGATIONS

In order to evaluate the physical and chemical parameters which affect
solute transport from fractures to the tuff matrix, various laboratory
investigations were undertaken. The methods and results of this work are
described in this section.

A. Properties of the Tuff

Laboratory measurements have been made of the porosity and pore-size
distribution of samples of the tuff from both G-Tunnel and drill holes on
the Yucca Mountains at the NTS. As qualitative verification for the
porosimetry results, a series of scanning-electron micrographs were also
taken of fractions of the tuff samples used in the porosimetry measurements.
In addition, numerous measurements of effective-diffusion coefficients of
samples of the tuff using various solutes have been made. Measurements of
bulk-electrical resistivity and induced-electrical polarization were also
made on selected samples to support the diffusion studies. These
measurements were also used to evaluate the relative roles of the tortuosity
and constrictivity factors in affecting the effective matrix-diffusion
coefficients.

1. Porosity and Pore-Size Distribution

The porosity of interest in this study is the diffusion porosity of the
tuff matrix. The diffusion porosity consists primarily of }nterconnected
pores formed between mineral grains and rock aggregates, but ions may also
diffuse into the crystal lattice of zeolite minerals. Diffusion into the
latter type of pore is generally considered as part of the kinetics of ion

exchange and only the intergranular porosity will be considered here. A
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number of more or less standard techniques exist for measuring the various
types of porosity associated with a rock sample but none is totally free
from error and interpretational problems. Manger (1966) has discussed the
various method-dependent errors associated with total- and effective-
porosity measurements in tuff from the NTS.

For this study we are interested not only in the total-diffusion
porosity, but also the size distribution of these pores. Four basic methods
exist for estimating both porosity and pore-size distributions. These are
nitrogen-adsorption techniques, mercury-infusion porosimetry (Gregg and
Sing, 1967), successive granulation (Norton and Knapp, 1977), and
microscopic examination using both optical- and scanning-electron
microscopy. Mercury-infusion techniques are well developed and were used
for routine measurements of porosity and pore-size distributions in this
study. Grain-density measurements were used to estimate the total porosity
of the samples.

A mercury-infusion porosimeter was constructed for porosity and
pore-size distribution studies. A schematic drawing of the mercury-infusion
apparatus is shown in Fig. IIl.A.l. The mercury porosimeter was construct-
ed by modifying an existing Ruska mercury pump and pycnometer for use as a
porosimeter by adding a polycarbonate mercury level observation tube to the
top of the pycnometer and the necessary pressure and vacuum regulation and
measurement system. System pressures are measured using a Setra 0-2000 psig

pressure transducer and digital readout. The transducer also measures
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Fig. I1I.A.1. Schematic drawihg of the mercury infusion porosimeter.
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partial vacuums. The porosimeter is capable of operating from pressures
ranging from about 13 Pa (1 mm Hg) to 1.4 x 106 Pa (2000 psia). The
porosimeter is thus capable of measuring pore-size distributions for pores
with theoretical diameters between 0.1 cm and 10-5 cm. The porosimeter
meets or exceeds the specifications of commercially available porosimeters
and has a total system-expansion correction of less than 0.4 cm3 at maximum
pressure.

Initially, daily temperature fluctuations of several degrees Celsius in
our laboratory caused problems in making accurate volume measurements, This
problem has been partially corrected by repairs made to the lab cooling
system and application of an ambient room temperature correction factor to
the raw volume data. To more accurately measure the working temperature in
the mercury reservoir, a thermistor-temperature probe was placed in the
mercury reservoir and temperature was monitored during intrusion
measurements.

Porosity and pore-size distribution measurements are made by placing a
dried and weighed sample of tuff in the pycnometer and evacuating the system
to less than 1 mm Hg. The mercury pump is used to force mercury into the
pycnometer until the mercury level rises to a hairline in the observation
tube. The displacement of the mercury-pump piston is then read to 0.001 cm3,
The total displacement from the zero position gives the bulk sample volume
because at 1 mm Hg pressure, virtually none of the mercury will infuse into

the sample.
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After the bulk volume has been determined, the pressure in the
pycnometer is increased stepwise by releasing vacuum and applying No gas
pressure. After each step increase in pressure, the system is maintained at
that pressure for several minutes to allow the mercury to infuse into the
sample. The cumulative-volume change is then measured by bringing the
mercury level back to the hairline with the pump. Typically, 10 to 20 steps
are used per order of magnitude change in pressure.

The pressure-volume data are analyzed by subtracting the system-volume
expansion at each pressure from the cumulative volume change during the
sample run and correcting for temperature changes. The system-expansion
correction is determined at low pressure using a semi-log regression of the
blank run pressure-volume data. Above about 3.5 x 104 Pa, a linear-
regression equation is used for the system-expansion correction. A P-V
curve with the regression line for a typical blank run is shown in
Fig. TIl.A.2.

To date, pore-size distribution measurements have been made on a number
of, samples from G-Tunnel and from Yucca Mountain. The theoretical pore
diameters were calculated using the Washburn equation

< 4t _cos 8
—

dy (I11.A.1)

where
dt is the theoretical pore diameter,
P is the pressure,
t is the surface tension of mercury, and

8 is the contact angle for mercury (140°).
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The grain densities were determined using the pycnometer procedure
described in Procedure ASTM D 854-58 (ASTM, 1973). Briefly, the procedure
consisted of crushing a sample of tuff and drying it at approximately 95°C
for several days. ‘The crushed sample was then placed in a preweighed 25-m2
pycnometer. The wetting fluid (water or kerosene) was added to the
pycnometer until the sample was completely covered. The pycnometer was
attached to a vacuum pump and evacuated for several hours to remove trapped
air. The pycnometer was filled and weighed. The specific gravity, SpG, was
computed from

SpG = Wo/[Wy + (Wa - Wp)] (111.A.2)
where

Wo is the weight of the oven-dry sample,

W, is the weight of the pycnometer filled with fluid, and

Wp is the weight of the pycnometer filled with fluid and rock.

The specific gravities were corrected for temperature and fluid density to
obtain the grain densities.

The total porosities were computed using the grain density of the
crushed sample and the bulk volume of the sample used for mercury infusion
measured under vacuum,

The grain densities, total porosities, porosities for pores greater
than 0.1 um diameter, and median pore diameters are listed in Table III.A.l.
Because of the destructive nature of the grain-density measurement and the
jrreversibility of mercury infusion, both measurements could not be made
on the same piece of tuff. Due to heterogeneities in the core chips from

individual sections of core, an intrinsic uncertainty exists in the total
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TABLE III.A.1. GRAIN DENSITY POROSITY RESULTS FOR NTS TUFF SAMPLES

Median
Grain Depnsity Pore
g/cm3 Total Porosityb Diameter
Sample Run (mean) Method® Porosity 0.1 um (um)
G1-1292 ] ND ND
G1-2233 1 2.24 K 0.353 0.279
G1-2290 2 2.35 K 0.331 0.195 0.21
G1-2333 2.65 K 0.364 0.292 1.17
G1-2476 ND ND
G1-2539 1 ND 0.204
2 0.111
G1-2698 ND 0.143
G1-2790 1 2.54 K 0.198 0.247
2 0.201 0.160 0.1*
3 0.146 0.225
G1-2840 2.65 K 0.269 0.173 0.30
G1-2901 2.50 K 0.194 0.162 0.55
G1-3116 1 2.43 K 0.268 0.238 0.79
2 2.48 K 0.076 0.103
3 2.49 K
4 2.48 W
(2.47)
G1-3423 ND ND
G1-3802 ND 0.180
G1-4411 ND ND
G1-4750 ND ND
YM-30 ND ND
YM-45 ND 0.187
0.311
YM-46 ND 0.049
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TABLE III.A.1 -- Continued

Median
Grain Density Pore
g/cm3 Total Porosit_yb Diameter
Sample Run (mean) Method® Porosity 0.1 um (um)
U12G-RNM#9 ND 0.154
(5.96 ft to
6.4 ft)
U12G-RNM#9 2.18 K 0.405 0.229 0.1*
(16.2 ft to 2.2] W
17.5 ft)
HF23 2.74 K 0.469 0.105 0.5*
2.50 W

K indicates that kerosine was used as the wetting fluid.
W indicates that water was used as the wetting fluid.

bFrom volume of mercury intruded at 2000 psia.
*From distribution curve extrapolated to 50% to porosity.

ND - Not done to date.
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porosity values.

Data on the pore-size distributions are shown in Fig. III.A.3. In
Fig. III.A.3 the log-pore diameter in microns is plotted versus the cumula-
tive percent of the total porosity intruded on the probability axis. Fig.
II1.A.3 is useful for estimating the statistical properties of the data on
the pore-size distributions because a log-normal distribution will plot as a
straight line. As can be seen, although some of the size-distribution

curves are approximately log-normal, many are not.

2. Diffusion Experiments on the Tuffs

Direct measurements of the effective-diffusion coefficients of various
fonic species through samples of the tuff have been made using a2 diaphragm-
diffusion cell modified from the original design of Stokes (1950). A
drawing of the diaphragm-diffusion cell is shown in Fig. III.A.4. The dif-
fusion experiments are performed by cementing a 1-inch diameter by 1/4-inch
thick tuff disc in the membrane-holding disc of the cell. A solution high
in concentration of the diffusing species is placed in the lower reservoir
and a solution of lower concentration is placed in the upper reservoir. The
resulting concentration gradient causes molecular diffusion through the tuff
disc. All the solutions used in the tuff-diffusion experiments are
prepared using water from well J-13 as the solvent.

Two techniques have been used for monitoring the concentration in the
upper reservoir. In the first technique, the concentration of the diffusing
specie is continuously monitored in the upper reservoir using the pumping

and detection system show in Fig. III.A.5. For the initial sodium-bremide
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and sodium-iodide tests, the detector for the tuff-diffusion studies
consisted of a Plexiglas flow-through cell into which an fon-selective
electrode and a reference electrode are inserted. In later tests, and tests
using other species, a Wescan flow-through conductivity detector was used.
The upper-reservoir solution was pumped through the cell using a peristaltic
pump. The data-collection system used in the tests is shown in Fig.
I11.A.6. The output from the detector goes to a signal scanner which
sequentially switches the output from up to three diffusion cells, or two
diffusion cells and a digital thermometer to a Hewlett-Packard 3390A peak
integrator. The scanning rate is such that a given diffusion cell is
sampled once every 3 to 5 minutes, with a 30-second "on" and “"off" mV signal
which the integrator receives; it interprets these as chromatographic peaks
which it integrates and stores.

The integrator transmits the stored peak areas and run times to a
Hewlett-Packard 85A computer where they are stored on magnetic tape. Al1l
data reduction and computation of diffusion coefficients is then performed
by programs written for the HP85A,

The second technique for monitoring the concentration in the upper
reservoir consisted of discrete measurements using an Altex RC-20
conductivity bridge or a Schoeffel ultraviolet absorption detector. The
conductivity bridge was used as a check on the results of the flow-through
conductivity detector. The UV detector was used to selectively monitor the

concentrations of the fluorobenzoate tracers.
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The diffusion experiments were performed using solutions of a given
sodium salt dissolved in J-13 well water. Prior to the tests, the tuff
discs were soaked in the tracer solution for several days. To start the
tests, the lower reservoir was filled with the tracer solution and the tuff
sealed in place in the diffusion cell. Vacuum was then applied to the lower
reservoir to degas the solution. For discs not previously saturated, vacuum
was then applied to the upper reservoir to remove air from the disc and to
initiate a flow of solution through the disc. Several hours were required
to draw a few ml of solution through the discs. The cell was then placed
in a constant temperature bath at 25 % 0.1°C or 30 = 0,1°C for several hours
prior to the test. This procedure was designed to assure that the fluid in
the tuff disc was in equilibrium with the solution in the lower reservoir at
the start of the test. The tests were initiated by placing a known volume
of either J-13 water or a solution with one-hundreth of the lower-reservoir
concentration in the upper-reservoir.

The resulting time-concentration data are analyzed using the so-called
steady-state method (Robinson and Stokes, 1959). This method uses only the
data after a sufficient time has elapsed for an approximately linear-
concentration gradient to be established across the disc., When such a
gradient has been established, the time-average diffusion coefficient is

given by
TnaC* (T1I.A.3)

where
De is the time-average effective diffusion coefficient,
A s the disc surface area of the disc,

L is the thickness of the disc,
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V, is the volume of the upper reservoir,
Vp is the volume of the lower reservoir,

CL(O) - Cu(O)

AC* =
CL(t) - Cu(t)

Cy{0) and C (o) are the concentrations in the upper and lower
reservoirs respectively when a linear concentration gradient exists, and

Cy(t) and C (t) are the concentrations at time t.

To compute ﬁe, both the upper- and lower- reservoir concentrations must
be known. The upper-reservoir concentration is measured and the lower-
reservoir concentration is computed from the change in upper-reservoir
concentration. In practice, the lower-reservoir concentration changed by
lTess than 1% during the course of our experiments.

To apply the steady-state method, a time must be selected after which a
linear-concentration gradient is assumed. We determine this time by plot-
ting 1nAC* versus time as shown in Fig. III.A.7 for sample U12G-RNM#9.

From this figure we see that the lnaC* becomes linear in t after about 400
minutes. Regression analysis is then used to compute Be from the linear por-
tion of thg curve. The error in the diffusion coefficient is computed from
the variance of the regressive slope. Admittedly, the selection of the lin-
ear portion of the curve is somewhat subjective. The data-analysis program
is written so that the operator can interactively perform the regression on
various portions of the curve until the error in the computed-diffusion
coefficient is minimized. Usually about three tries are needed to select a

linear portion after which no further improvement in the error can be made.




Typical results of the diffusion experiments are shown in Fig. III.A.7
a, b, and ¢. Fig. IIl.7a shows results of a test using the Br~ selective
electrode. Fig. III.A.7b shows a result using the conductivity bridge, and
Fig. I1I1.A.7c shows the results using the flow-through conductivity detec-
tor. The tests usually lasted about 24 hours, but some were as short as 12
hours and as long as 5 days.

Approximately 50 diffusion experiments were performed on 9 different
discs of tuff from G-Tunnel and the G-1 test hole at Yucca Mountain. Many
of the tests were unsuccessful, either because of failures in the detection
system or because the resulting time-concentration results were clearly not
the result of diffusion. In the latter case, the anomalous results were
usually traced to a failure of the cement sealing the tuff disc into the
diffusion cell. The results of tests which were considered to be
successful, based on the criterion that the time-concentration curves were
consistent with molecular diffusion, are listed in Table III.A.2.

Although the results of the diffusion experiments will be analyzed in
detail in a later section, a few comments on the quality of the results are
in order. As can be seen from Table III.A.2, the effective-diffusion
coefficients so far measured were from 16,8 x 10-2 down to 2.5 x 10-7 cm2/s.
In general, these results fall within the range of values that would be
expected based on reasonable, prior estimates of tortuosity and
constrictivity (e.g., van Brakel and Heertjes, 1974).

As for the results for individual rocks on which multiple-diffusion
experiments have been performed, obtaining reproducibility has been a

persistent problem. For example, tests on G1-2840 (sample B) using
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TABLE III.A.2. RESULTS OF DIFFUSION TESTS PERFORMED ON NTS TUFFS

Sample Date Specie cifgnc. Detector Remarks
M

9e T
(10-/em? /s) (°C)

U126-RNM#9 7/17/81  NaBr 0.02 ISE 4,72 0.1 25 good fit to data
0.8 ft to 1 ft

U12G-RNM#9 10/10/81 NaBr 0.05 ISE 10.8 £ 0.4 25 good fit to data

5.9 ft to 6.4 ft

(side B)

U12G-RNM#9 sample broken

5.9 ft to 6.4 ft

(side A)

U12G-RNM#9 10/8/81 Nal 0.013 1SE 10.8 £ 0.3 25 early part of

16.2 ft to test suspicious

17.5 ft

(sample A)

U12G-RNM#9 to be run

16.2 ft to

17.5 £t

(sample B)

61-2290 8/21/82 NaBr 0.05 ISE 6.2+ 0.4 25 guch scatter in
ata

G1-2333 3/17/82 NaBr 0.05 cD 11+ 2 30 cond. detector

(sample 1) oscillate,
scatter in data

61-2333 3/11/82 NaBr 0.05 cD 16.8 £ 0,1 30 good fit to data

(sample 2)

G1-2840

(sample A) 2/18/82 Nasr 0.05 cD 2.5 £ 0,48 30 spin bar in lower

reservoir stopped
after 10 hours

2/24/82 Nal 0.05 (o] 5.45 + 0,02 30 fairly good fit
3/24/82 NaPfB 0.01 1] 7.23 £ 0,07 30 fairly good fit
4/01/82 NaSCN  0.05 (o] 6.3 * 0.2 30 good fit to data
5/01/82 NaPFB 0.05 co 2.48 £ 0,01 30 slope changes
3.89 + 0.00 after 20 nrs,

first number is
early data, sec.
is late data,
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Table IIl,A.2.--Continued

Remarks

4,75 £ 0.05 30.5 slope changes

Sample Date Specie CyConc. Detector e T
Tn) (0-Tem?/s) (°C)
§/11/82 NaPFB 0.05 cD
§/11/82  NaPfB 0.05 uv 2,2 0,1 30.5
G1-2840 2/18/82  Nal 0.05 ch 3.98 £ 0,04 30
{sanple B)
4/8/82 NaBr 0.05 c8 4,46 £ 0,07 30
4/14/82 NaPFB 0.05 C8 5. =1, 30
4/20/82 NaSCN 0.05 CB 5.01 £ 0.04 30
4/28/82 NaBr 0.05 co 5,37 ¢ 0,01 30
4/29/82 NaBr 0.05 cp 5.68 £ 0,01 30
5/4/82 NaBr 0.05 cD 7.7 £ 0,2 30
G1-2901 3/2/82 NaBr 0.05 cs 3,14 = 0,05 30
3/2/82 NaSCN 0.05 ISE 4,5 0.5 30
3/11/82  NaSCN 0.05 cb 4,92 £ 0,04
4/28/82 NaPfB 0.05 c8 2.82 £ 0,06 30

*CB is the Altex conductivity bridge

CD is the Wescon conductivity detector

ISE 1s an fon-selective electrode
UV is a Schoeffel U-V absorption detector

after 20 hrs
probably due to
pump malfunction-*
ing, late time
data analyzed

some scatter in
data, fair fit to
data

good fit to data

data oscillates,
fairly good fit

scatter in data
good fit to data
good fit to data
restarted from
4/28 test, good
fit to data

good fit to data
good fit to data
poor calibration
and electrode
response

good fit to data
early part of
test question-
able, analyzed

data from 10 to
30 hours




