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ABSTRACT

Coated-wire ion-selective electrodes were used to monitor the

breakthrough of chloride in a tuff test block with a natural fracture.

Minute samples of tracer solution were collected with filter paper.

Preliminary results indicate the technique worked well for studying

transport behavior in fractured rock at near-saturated flow conditions.

It also appears to be a promising technique at unsaturated conditions.

Breakthrough curves in the fracture and matrix, and a spatial

concentration distribution map of the fracture, suggest the existence of

preferential flow paths in the fracture segment, and substantial

diffusion into the matrix. Estimates of average travel velocity,

dispersion coefficient and longitudinal dispersivity in the fracture,

are obtained using temporal moments analysis. Estimates of transport

parameters in the matrix are hampered by insufficient data and the

complex solute concentration history. A case study of the test block

using a boundary integral method computer model helped to interpret the

data.
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CHAPTER 1

INTRODUCTION

The characterization of a proposed high-level radioactive waste

repository site involves evaluating techniques to assess both the water

flow and radionuclide transport properties of the surrounding geologic

media. In a fractured rock setting, of particular interest are fracture

hydraulic transmissivity and permeability, and rock matrix hydraulic

conductivity and permeability. Also of interest are the transport

properties of radionuclides in terms of time of travel, retardation and

dispersion. Transport as affected by the interaction between the

fracture and adjacent rock matrix is an additional consideration.

Because the waste repository may be located above the water table, where

unsaturated conditions prevail, these properties and the fracture-

matrix interaction require study as functions of water content, or

negative water potential or suction.

1.1 Research Objectives

The purpose of this research is to develop techniques to study

transport behavior in natural fractures at variably saturated

conditions.	 Filter paper is tested as a possible means of sample

collection.	 The ability of coated-wire ion-selective electrodes to

monitor the breakthrough of chloride tracer solutions off the filter

paper is assessed. The filter paper/ion-selective electrode technique

is used to conduct transport tests in the fracture and rock matrix at

near-saturated conditions. The reliability of electrode measurements at
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higher suctions is also tested using a separate apparatus.

Recommendations for additional experiments, including ones at the higher

suctions, are made. A companion thesis (Haldeman, 1988) focuses on

aspects of fluid flow of the research effort.

1.2 Experimental Approach

Several conceptual models have been used to estimate hydraulic and

solute transport properties in a fractured rock setting. One can

visualize the fractured rock system as a continuum with a homogeneous

representative elementary volume (REV) and associated properties of an

equivalent porous medium. However, the definition of a large enough REV

is not guaranteed for a given rock mass. A statistically-based

continuum has been proposed as an alternative to the classical REV

concept (Neuman, 1987).

A fractured rock system has also been modeled as having randomly-

generated fracture networks, and simulation of flow and transport is

conducted in these networks. The model requires experimental data on

flow and transport within individual fracture segments. This research

focuses on obtaining transport data for such fracture segments.

Currently, two approaches are being examined to study flow within a

fracture segment. One involves in situ measurements, the other involves

studying blocks of rock containing natural fractures brought to the

laboratory. Previous experience in the laboratory and field indicates

the need to perform experiments under controlled conditions. Fluid flow

appears to be based on past wetting and drying history. The flow path

within the fracture is expected to be tortuous. The nature of solute
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transport is understandably expected to be complicated as well. Because

of the complexity of fracture flow and transport, a better understanding

of the hydraulic and transport properties, and experimental techniques,

can be achieved in the laboratory before pursuing in situ assessments.

This research adopts the second approach of studying blocks of rock

brought to the laboratory. The test block, also referred to as Rock no.

1, is slightly welded tuff from Superior, Arizona (see Figure 1.1 for

location), approximately 20 cm wide x 20 cm deep x 50 cm high. It has a

dominant fracture and several minor fractures. The main fracture is not

considered ideal because of its highly variable aperture. It also

curves at approximately 30 degrees from vertical four-fifths of the way

along the fracture. Rock no. 1 is used primarily to test the filter

paper/ion-selective electrode technique and procedures developed. Four

additional test blocks with more representative fractures are prepared

for future work. The test block was cut and shaped such that an

approximately equal volume of rock matrix is on either side of the

fracture. The test block matrix has an average dry bulk density of 2.12

g/cm3 , effective porosity of 17.7 percent, and saturated conductivity of

5x10 -3 m/day.

Experiments were conducted by suspending the test block from a

metal frame. Evaporation was minimized with a plastic canopy. To

assess solute transport in the fracture and rock matrix, sampling ports

were installed. Four sampling ports extending to the fracture plane

were drilled at two different longitudinal distances along the fracture.

Two sampling ports were also drilled which end in the rock matrix.



A1114.
4616.1

• 10.
,Ni_miai,4 101

Wm.= 
SUPER/OR

STUDY AREA•
TUCSON•

TON TO NATIONAL

FOREST

QUEEN CREEK
"I...." . 	ROAD TUNNEL

I
I

17

Figure 1.1: Location map of the test site at Superior, Arizona.
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Water in the unsaturated zone is generally under negative pressure

and does not flow into openings readily. Ceramic porous plates with air

entry values of 200 kPa were used to introduce tracer solutions. Only

the top rock surface was covered with plates for this phase of the

research. A narrow plate covered the fracture and adjacent rock matrix.

Two wider plates covered the rock matrix on either side of the fracture,

and were hydraulically separated from the center fracture plate. They

were also used to control pressure head at the upper boundary with

constant-head Mariotte reservoirs. The arrangement provided for a rapid

changeover of tracer solutions from the background solution of 10-3

Molar (M) calcium chloride (CaC12) to either 10-2 M, or 10 -1 M CaC12.

The behavior of the chloride tracer in the porous plates was also

assessed in order to distinguish between apparatus and rock matrix

transport.

Whatman no. 42 filter paper with a retention rating of 2.5 pm

(equivalent to an air entry value of 116 KPa at 20 °C using the capillary

rise equation) was used to collect samples in the fracture and matrix.

Because of small sample sizes, ion-selective electrodes capable of

measuring changes of potential differences by surface contact were used

to monitor chloride tracer breakthrough. The chloride electrode is of

the coated-wire type, and the reference electrode is a double-junction

electrode. Although the transport tests were conducted at near-

saturated conditions, independent tests showed the filter paper/ion-

selective electrode method to be promising for studying transport

behavior at suctions up to nearly 10 kPa (i.e., 100 cm of water).
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The discussion that follows is organized into four chapters and

four appendices. Theoretical considerations of ion-selective

electrodes, fluid flow and transport processes are discussed in Chapter

2. The methodologies of the computer model used to help interpret the

flow and transport processes, and the analysis of water penetration into

the sampling ports are also discussed in the chapter. The experimental

setup used, including the equipment, their calibration, and the

procedures developed to use them properly, are described in Chapter 3.

Characterization of the test block, and results of the transport tests

are presented in Chapter 4. A case study of an idealized test block

using the computer model is also discussed in the chapter. Future

studies and recommendations are addressed in Chapter 5. The appendices

contain more detailed discussions of the water penetration analysis, and

calibration and experimental procedures. The raw data of all

experiments performed are also included in the appendices.
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CHAPTER 2

THEORETICAL CONSIDERATIONS

The study of solute transport in fractured rock systems under

unsaturated conditions requires special considerations. Of interest is

the feasibility of coated-wire ion-selective electrodes to make reliable

potential measurements of tracer solutions under unsaturated conditions.

The electrodes have been used in diverse applications but apparently not

in a filter paper environment.

The theories developed to describe flow and transport in porous

media are extended to fractured rock systems. However, they may prove

to be inappropriate. Furthermore, flow and transport in fractured rock

systems are better understood under saturated conditions. Flow and

transport at variably saturated conditions present an added dimension of

complexity.

Use of a porous plate which covered part of the matrix to introduce

flow to the fracture is expected to result in controlled input

concentration boundary conditions at different moisture potentials or

suctions. However, the interaction of fracture and matrix flows may

require confining the interpretation of transport data to only a portion

of the fracture segment. At different suctions, that portion of

fracture segment is expected to vary.

Ports were drilled through the rock matrix to access the fracture

for sampling. Ports were also drilled which end in the matrix to sample

matrix waters. Without these ports, sampling at different points along
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the fracture and matrix would be impossible. However, they are also

expected to affect flow and transport.

The following sections review the current understanding of ion-

selective electrodes, and flow and transport in porous media. These

topics are then addressed as they apply to unsaturated flow and

transport in fractured rock systems, and in particular, to this

research. The influence of the porous plates, and fracture-matrix flow

interaction, on data interpretation is also discussed. An analysis of

rock water penetration into cavities is used to assess the effects of

the sampling ports on flow and transport.

2.1 Ion-Selective Electrodes 

Chloride ion-selective electrodes (ISEs) are being examined to

study the transport behavior of solutes in unsaturated fractured rock.

The measurement technique requires sensitivity and selectivity. Ion-

selective electrode potentiometry has been used successfully in many

applications ranging from copper activity measurements in soil

solutions, to stack gas measurements for nitrogen species, to

intracellular measurements of major cation species (Minnich and McBride,

1987; Freiser, 1978; Covington, 1979; Ammann, 1986). There is strong

indication that ISEs of the coated-wire type can be adapted for solute

transport studies in unsaturated fractured rock. These ISEs, which are

also minielectrodes, require minute sample sizes for measurements, with

surface contact often being sufficient. Sample sizes of 0.01 mL, and

depths of immersion of 0.1 mm, are typically measured by these

electrodes. Even with the small amounts of rock water available for
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sample collection, they enable measurements to be made of tracer

solution collected by filter paper.

2.1.1 Background

Ion-selective electrodes refer to a variety of membrane electrodes

which respond preferentially to certain ion(s) in the presence of other

ions in solution. There are numerous solid state and liquid membranes

currently available. The electrodes are classified and organized into

several types depending on membrane types, functions and number of

interfaces (Freiser, 1978; Covington, 1979). The ion-selective

electrodes (see Figure 2.1) being evaluated are electrodes of the

"second type" in which metal wires, such as copper or platinum, are

coated with low solubility salts of the appropriate ion species

(Cattrall and Hamilton, 1984; Cattrall and Freiser, 1971; James et al.,

1972). Construction of the electrodes involves first preparing the wire

surfaces and then dipping them into polymer solutions of the appropriate

salts, and often with several coatings of different solutions. These

coated-wire electrodes are operationally similar to conventional "liquid

membrane" electrodes but are novel arrangements from a thermodynamic

viewpoint.

Operationally, an electrical circuit is established when a

reference electrode and ISE come into contact with the sample solution.

The double-junction reference electrode used is constructed of two

compartments. The upper compartment consists of a silver wire coated

with silver chloride (AgC1), and immersed in a saturated solution of 3 M

potassium chloride (KC1) (see Figure 2.1). The KC1 filling solution
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A	 a

Ag/AgC1

KCI (3M)

K NO 3

AgCI SLIP-ON REFERENCE
JUNCTION

Figure 2.1: Minielectrodes used for experimentation: (A) chloride
ion-selective electrode coated with silver chloride (AgC1),
and (B) double-junction silver/silver chloride (Ag/AgC1)
reference electrode.
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provides a fixed activity of chloride, and therefore, constant

potential. The lower compartment consists of a potassium nitrate (KNO3)

bridge solution which separates the filling solution from the sample

solution. This is important especially when contamination of the sample

by the filling solution is undesirable.

The electrodes form part of an electrochemical cell and can be

analyzed as two half-cells. The conventional cell arrangement for

potentiometric measurements is:

internal
reference
element

internal
aqueous reference

solution

ion-
selective
membrane

sample
tracer
solution

external
reference
electrode

The two reference elements provide constant potentials. The potential

difference across the ion-selective membrane is a function of the

boundary potentials at the membrane/sample solution interfaces, and the

diffusion potential resulting from the differences in chloride ion

concentrations (Cattrall and Hamilton, 1984).

For coated-wire electrodes, the cell arrangement is:            

metal
ion-

selective
electrode 

sample
tracer
solution 

external
reference
electrode            

There is no internal reference solution, yet the metal/membrane junction

does maintain a constant potential. Current theories to explain this

anomaly focuses on the role of oxygen in determining the potential

difference measured at the membrane. The asymmetry of the coated-wire

electrode results in deviations from the behavior expected of

conventional ISEs. However, the concensus is the coated-wire electrode
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performs superior to more traditional electrodes in terms of selectivity

towards the ion of interest versus interfering ion(s), but are inferior

with respect to drift in potential measurements and reproducibility of

results (Cattrall and Hamilton, 1984; Cattrall and Freiser, 1971; James

et al., 1972).

The electronic transfer that occurs can be described as a

reduction-oxidation (redox) reaction. For the single electrode, the

redox potential is related to the activity of the ion species according

to the Peters-Nernst equation (Stumm and Morgan, 1981):

2.3kT	 Ili aox n i
E = E ° + 	  log [ 	 (2.1)

nF	 ni ared n i

where
redox potential, V;

E ° 	standard redox potential (ionic species
at standard states of unit activity), V;
universal gas constant, 8.314 J/mol°K;
absolute temperature, °K;
mole number of electrode ion (electrons);
Faraday's constant, 96,487 C/mol;

aox	 activity of oxidized species, M;
ared activity of reduced species, MT -

nioj mole number of species, product counter i and j.

Changes in tracer solutions are measured using calibration curves

plotting potential difference against solution concentration (see Figure

2.2). The electrodes actually measure changes in activity and not

concentration. Although the two terms are often used interchangeably,

as adopted here, they are only equivalent at very dilute concentrations.

The differences are explained below in Section 2.1.2.
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CHLORIDE CONCENTRATION (M)

Figure 2.2: Typical calibration curves for chloride electrode plotting
potential difference (mV) versus log chloride concentration
(M) in an "aqueous" environment and a "filter paper"
environment, with and without ionic strength buffer.
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Interferences by other ions are measured using the Nicolsky-

Eisenman equation to calculate the selectivity coefficients (Covington,

1979):

E = [2.3RT/(nF)]log[1 + Ki(ainizI)/a] 	(2.2)

where
K1	 selectivity coefficient, dimensionless;
al	 activity of interfering ion, M;
a	 activity of electrode ion, M;
z1	 mole number of the interfering ion.

The coated-wire electrodes generally exhibit favorable selectivity

towards the ions of interest as compared to conventional electrodes.

Major interferents of chloride electrodes are bromide, nitrate and

sulfate.

2.1.2 Application to Filter Paper Environment

Successful application of coated-wire ion-selective electrode

technology to transport studies in unsaturated fractured rock depends on

several considerations. Although normal use of the electrodes require

only small amounts of sample, no known applications have been extended

to a filter paper environment. An understanding of the operation of

ISEs in more conventional aqueous measurement environments is necessary

to gage the performance of the electrodes in a filter paper environment.

The term "aqueous" is used here to differentiate from measurements made

off filter paper.

Main advantages of ion-selective electrodes lie in their short

response times and sensitivity (Freiser, 1978).	 Depending on the type
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of electrode and concentration range, the response times vary from

seconds to minutes. Many electrode sensors are useful over a wide

dynamic operating range, in which linear response occurs over much of

the operating range. Their sensitivity to ionic activity requires the

use of "titrations" or "ionic strength buffering" to obtain useful

concentration data from potential difference measurements.

The sensitivity of the ISEs may be different in the two measurement

environments. Figure 2.2 shows typical calibration curves for chloride

in both environments. A CaCl2 solution of 10 -4 M appears to be the

lower limit of sensitivity for the chloride ISE in a filter paper

environment as compared to 10-5 M, or less, in an aqueous environment.

The range of linearity also decreases. A straight-line relationship

holds between certain ranges of concentration, usually between 10 -4 M

and 10 -1 M for chloride in an aqueous environment, but decreases to

approximately 10 -3 M and 10 -1 M in a filter paper environment.

Theoretically, at 25°C the slope of the line in equation 2.1 is equal to

59 mV per log activity for ionic species of valence -1, such as

chloride. These values are usually less for practical applications, and

certainly in a filter paper environment.

Another consideration is the possible effects of different ionic

strengths of the background and tracer solutions in the two

environments. In very dilute solutions, the potential difference can be

plotted against either the -log of the concentration or activity of a

specific ion without loss in accuracy. However, an increase in concen-

tration, and therefore ionic strength, of the tracer solutions results

in the departure of the thermodynamic activities of ionic species from
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their concentrations. The activity (ai) of ionic species i is its

effective concentration in solution and defined as:

di = 7ci

where
activity coefficient of species i, dimensionless;

ci	 concentration of species i, M.

The ionic strength (I) of a solution with N ionic specie is:

I = 0.5 E cini 2
i=1

(2.3)

(2.4)

where ci and ni are terms defined above for species i. For example, a

10 -3 M CaC12 solution, with no other significant ionic specie, has an I

= 0.0025, and 7c1 = 0.945, using the Debye-Huckel equation at 25 ° C

(Freeze and Cherry, 1979). A 10 -1 M solution has an I = 0.25, and 7C1

decreases to 0.860, using the Davis equation (Stumm and Morgan, 1981).

The increase in ionic strength leads to greater differences between the

activity and concentration of an ionic species.

Normally, ion concentration is measured when an appropriate ionic

buffer solution is added both to the sample and standard solutions.

This ensures that the ionic strength, and therefore activity

coefficient, is constant for all ionic species in the solution.

However, because filter paper is used to collect samples of the tracer

solution, the amount of sample volume, and therefore the proper volume

of buffer solution, cannot be determined easily. If the ionic strengths

of the tracer solutions, as compared to the standard solutions, do not
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change over the course of an experiment, the differences in solution

ionic strengths are reflected in the nonbuffered calibration curves.

This may not be the situation in the fractured rock if ion exchange, and

to a lesser extent, chemical reactions are significant. Calibration of

standard solutions (except the 0.5 M standard) adjusted to an I = 0.25 M

indicates the curve deviates from that of nonbuffered standards in the

filter paper environment (see Figure 2.2). The adjusted ionic strength

corresponds to 10 -1 M CaC12 solution. A decrease in time to

equilibration in the buffered solutions for the more dilute standards is

also observed. If a sample is not buffered during potential

measurement, its ionic strength is not known. From the calibration

curves, the errors associated with measurements at the more dilute

concentrations are expected to be larger if the ionic strengths change.

Although ion-selective electrodes have distinct advantages, direct

potentiometry using the electrodes are not considered to be a highly

precise analytical technique (Freiser, 1978; Cattrall and Hamilton,

1984). According to Freiser (1978), the analytical precision is seldom

better than one percent. Aside from the obvious instrumental problems,

the major sources of error include electrode interferences, reference

electrode instability, electrode drift, and poor calibration of

measurement system.

With the availability of solid-state pH/mV meters which are

equipped with extremely high input impedance, the errors associated with

voltage drops and drift caused by current flow through the cell, are

virtually eliminated. However, the resolution of the pH/mV meter used

for the study is relatively poor at ± 2 mV, or approximately ± 8% in
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concentration. Because of the instrument restrictions, the precision of

the calibration curves is expected to be poor, and experimental errors

are expected to be large. The error associated with individual

potential readings can vary. From the calibration data, it is not

unusual to experience as much as ± 3 mV, even in the aqueous environment

(refer to Section 3.2 for further detail). The associated concentration

range is ± 10 to 15 percent. The error is expected to be greater for

measurements off filter paper, often depending on how wet the sample is.

A pH/mV meter with greater resolution can easily rectify this problem.

The most common errors associated with the ion-selective electrode

are inhomogeneous distributions of ionic species in the sample solution,

presence of interferents in the sample solution, sensor poisoning, and

existence of "bound" water. Collection of samples using filter paper

can result in spatial variations in the measured concentrations due to

flow patterns in the rock at the sampling ports, and the wetting process

of the filter paper. A range of potential readings is expected unless

the filter paper collects a completely homogeneous sample.

With a double-junction reference electrode employing a KNO3 bridge

solution, diffusion of the bridge solution into the sample will

interfere with measurements. Because nitrate (NO3 - ) is a major

interferent of chloride, potential drift occurs with time in a confined

sample volume. The decrease in potential has been observed to be as

much as 10 mV in a 6-hour period for 30 mL of distilled water (< 10 -5 M

chloride). The corresponding apparent increase in chloride

concentration is one and a half times.
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It is also not uncommon for the electrode to experience fouling

and poisoning of the membrane leading to a general loss of membrane

integrity. Fouling and poisoning are generally due to water penetration

or irreversible reactions of solution ions with the membrane. A drastic

shift in potential is a good indication of the end of the electrode's

useful life.

Whatman no. 42 filter paper is made of cellulosic material from

cotton linter. As shown in Figure 2.2, "bound" water may be responsible

for the apparent increase of ionic activity or concentration as

indicated by the "filter paper" calibration curves. The filter paper

may have caused some water to be no longer "free" to act as a solvent.

The operation of the reference electrode can also be a factor. A

variety of problems, usually between the liquid junction of the

reference half-cell and the sample solution, can occur. These errors

are poorly understood. Use of a salt-bridge which does not contain

interfering ions should minimize their effects. The nitrate bridge

solution of the current reference electrode prevents contamination of

the KC1 filling solution, but is also an interferent of chloride.

Potential drift, the shift in potential difference values over time

(shift in calibration curve), and the associated problem of time to

equilibration, are also difficulties encountered. Under the best of

controlled laboratory conditions, potential drift occurs over time. The

reasons are numerous and varied, with the major cause the change in

temperature (Freiser, 1978). Time to equilibration presents the problem

of when to take a reading. Most researchers recommend a set time

period, or set minimum error such as ± 0.2 mV or even greater errors for
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ion-selective electrodes (Freiser, 1978; Covington, 1979). The drift

over prolonged periods are usually much worst, possibly in the range of

several millivolts. Depending on the type and severity of the drift,

correction may be difficult to impossible.

With the current reference electrode, especially in a filter paper

environment, nitrate interference with timely and accurate potential

measurements poses a substantial problem. For sampling reasons, a small

piece of filter paper is used. The problem of outward diffusion of KNO3

is exacerbated by the proximity of the electrode junctions.

Furthermore, depending on the moisture content of the filter paper

sample, the KNO3 may be drawn out by the filter paper. Potential

measurements are restricted within a short time period, and the

recommended placement of the electrodes is for as far apart as possible.

The use of a reference electrode with a bridge solution other than KNO3

will negate this problem.

The above discussion touches upon major considerations in ion-

selective electrochemistry as applied to this research. There are other

factors to be considered, many of which are discussed in Freiser (1978).

In order that the electrodes are used properly, the magnitude of

potential errors can be minimized with a superior pH/mV meter,

controlled experimental environment, regular calibration of electrodes,

and confirmation of standards. The judicious interpretation of data

should be accompanied with observations of the operational integrity of

the electrode, and the moisture content of the filter paper sample.
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2.2 Solute Transport 

Much of past and current research has concentrated on obtaining

relevant hydraulic and solute transport parameters of fluid flow through

saturated and unsaturated porous media. Estimates of transport

parameters have been obtained from large-scale field tests of fractured

rock systems (de Marsily, 1986) by visualizing the existence of

equivalent porous media. Research on solute transport through single

fracture segments has been confined to single phase flow (Neretnieks et

al., 1982; Moreno et al., 1985). Although conceptual models, such as

Wang and Narasimhan's (1985), explored the hydraulic behavior of

partially saturated fractures, no measurements of flow parameters, and

for that matter, transport parameters are available. To describe the

phenomenon where dissolved substances are carried along by fluid

displacement, the laws governing transport of miscible fluids must be

coupled with that of fluid movement. Fluid flow in fractured rock is

first explored below.

2.2.1 Fluid Flow

For laminar water flow through a saturated porous medium, the

volumetric flow of water per unit area, q (mis), can be expressed by:

q = Q/A = -(kpg/p)grad(H) 	 (2.5)

where
Q	 volumetric flow, m3/s;
A	 cross-sectional area normal to direction of flow, m 2 ;
k	 intrinsic permeability of medium, m 2 ;
u	 fluid dynamic viscosity, kg/ms;

P	 fluid density, kg/m3;
g	 gravitational acceleration constant, m/s2;
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grad differential operator, 1/m;
H	 total hydraulic head, m.

The terms kpg/p are often denoted as K (mis), the hydraulic

conductivity, which acqounts for both the intrinsic permeability of the

medium, as well as the fluid properties. Equation 2.5 is then

simplified to:

q = Q/A = -Kgrad(H).	 (2.6)

For saturated flow in the rock matrix, the intrinsic permeability

and the hydraulic conductivity are denoted as km and Km , respectively.

Both parameters incorporate the effects of tortuosity and other sources

of flow impedance. For the partially saturated rock matrix, Km is a

function of water content (e) or suction (T) where suction is an

expression of matric potential and the negative of pressure head.

Hydraulic conductivity of the partially saturated rock matrix can be

denoted as Km(e)

Laminar saturated fracture flow is often expressed as flow per unit

distance normal to the direction of flow:

qf = Q/df = -eKgrad(H).	 (2.7)

The cross-sectional area of the fracture is the product of the mean

fracture aperture, e (m), and the depth of the fracture normal to the

direction of flow, df (m). Depth is defined here as distance along the

x axis, width the y-axis, and height or longitudinal distance the z axis

(see Figure 2.3). The difficulty in estimating e, and the fracture

permeability or conductivity, is simplified by defining two new
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Figure 2.3: Axis assignment and definition of test block dimensions.
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parameters, fracture permeability, kf (m 3 ), and fracture transmissivity,

If (m2/s), where:

kf = ek	 (2.8)

and

Tf = eK = (pg/u)kf.	 (2.9)

Either parameter can be used to relate a driving force to the volumetric

flux. Both parameters incorporate the effects of tortuosity, variable

aperture and other sources of flow impedance, with If a function of the

fluid properties as well.

For a partially saturated fracture, transmissivity is a function

of e or ttl. If ef, the water content of the fracture, is defined as:

ef = 2bale	 (2.10)

where b a is the average thickness of a water film, then the

transmissivity for a partially saturated fracture, If(s), can be

written as:

If(e) = eK(e).	 (2.11)

The fracture transmissivity versus suction curve is critical to the

characterization of flow in a variably saturated fracture. Fracture

transmissivity is a better expression than the average thickness of a

water film in describing the fluid-conducting properties of a natural

fracture. Aperture and asperity variabilities within a fracture may

result in two-dimensional, channelized flow (Tsang and Tsang, 1987).
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These variabilities influence the water content, and therefore, the

transmissivity of a fracture.

Coupled fracture and matrix flow is dependent upon suction

gradients, and the transmissivity or conductivity versus suction

relationship for the fracture and rock matrix, respectively. The porous

plate experimental arrangement used in this study allows for vertical

water intake to be imposed by controlling the boundary suctions. By

maintaining constant boundary suctions, steady-state flow conditions

develop depending upon the total hydraulic head gradients imposed. If

the suction at the top and bottom are maintained the same, the overall

hydraulic head gradient for steady-state flow is unity, and for a

uniform fracture and a homogeneous matrix, the flux for the fracture and

matrix are equal to If and Km , respectively. Under these idealized

conditions, no fracture and matrix flow interaction exists. The total

flow (Qt) through the fracture and the rock matrix for any constant

imposed total hydraulic head gradient is additive and given by:

Qt = [dfTf(11)]grad(H) + [AK m(Wgrad(H). (2.12)

However, several additional factors require consideration, the

magnitude of Tf as compared to Km , the magnitude of plate hydraulic

conductivity (Kp) as compared to Km , and the use of filter paper as

contact between the plates and rock. Filter paper permeability is a

function of the compressive force applied by the plates against the

rock, and the suction at the top rock surface. These factors become

more important when only the top plates are used, as was the case for

the series of experiments conducted. When If is large enough, matrix
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flow is expected to be diverted into the fracture, especially when the

bottom plates are not used. The plate covering the top of the fracture

also comes in contact with the adjacent rock matrix. If Km is similar

to or greater than Kp , then flow from the fracture plate enters the

fracture via the matrix. However, if Km is less than Kp, the flow from

the fracture plate enters the fracture at the fracture opening. Use of

the filter paper as contact is expected to lead to the same result as a

small K. Equation 2.12 is still valid if only the flow from the

fracture plate exits through the fracture, regardless of whether all the

flow enters the fracture at the opening or not. Haldeman (1988)

considers these factors and others to obtain estimates of If and Km .

The significance of fracture-matrix flow interaction, and the

magnitudes of Tf, Kffl and Kp, to solute transport can be markedly

greater. Sections 2.3 and 4.2 discuss the effects of fracture-matrix

flow interaction, and use of a fracture plate also covering the matrix,

on the interpretation of solute breakthrough data in further detail.

2.2.2 Transport Processes

The transport of solutes through partially saturated rock fractures

and adjacent rock matrices involves several processes which are governed

by laws of transport, and laws of interaction between the transported

substances and the medium. The mechanisms of transport for nonreacting

species include advection, molecular diffusion, and mechanical

dispersion. Sorption due to ion exchange, and chemical and redox

reactions are also mechanisms to be considered for reacting species, as

is radioactive decay for radionuclides.
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Solute transport characterization in a fractured rock system is

complicated by the fracture-rock matrix interaction. The effects of

solute diffusion in the matrix can be considered in a manner

conceptually similar to 'double-porosity' or 'intra-aggregate' transport

models (Grisak and Pickens, 1980). Solute transport is a multi-

dimensional process because of solute concentration gradients from the

difference in rate of transport in the fracture compared to the

surrounding rock matrix. For partially saturated flow, the moisture

content or suction is also a factor.

Major Mechanisms

The advection-dispersion transport equation for reactive

constituents in both the fracture and porous media can be written as

(Bear, 1979):

a(ec)Iat = -div(qC) + div[8D.gradC] + S *8	 (2.13)

where
8	 effective porosity or water content, dimensionless;
C	 volumetric concentration, M;

cl	 Darcian velocity, m/s;
div	 differential operator, 1/m;
D	 combined diffusion-dispersion coefficient, m2 /s;
S* 	composite source-sink rate, M/s.

For saturated flow, e is the effective porosity, and for partially

saturated flow the water content. The composite source-sink rate term

is a catchall to account for solute-medium interactions, and is

discussed in the subsequent section. The advective flux of solutes is
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simply the product of q and C, in which q is a gross average of actual

velocities. The Darcian velocity is usually expressed as:

q = u s e	 (2.14)

where u s is the linear velocity of water.	 In partially saturated

fractures and rock matrices, q is strongly influenced by water content,

and therefore, suction.

Solute movement is not only influenced by advection but by

molecular diffusion and mechanical dispersion. Molecular diffusion is

described by Brownian motion theory, and mechanical dispersion occurs as

a result of nonuniformity in the flow velocity. Diffusion is caused by

molecular agitation, dispersion by differences in aperture and travel

distance from one pore to another, or one section of fracture to

another. The two processes cause spreading in all directions.

Diffusion and dispersion can be viewed as scale-dependent, but similar

to processes described by Fick's first law in which diffusion describes

small-scale effects and dispersion large-scale effects. The twin

processes are difficult to separate for large-scale problems, and a

composite diffusion-dispersion coefficient:

D ( 8 ) = p d ( 0,u s ) + Dm( 8 )
	

(2.15)

where

Dd
Dm

mechanical dispersion coefficient, m 2/s;
effective diffusion coefficient, m 2/s;

describes the phenomenon of hydrodynamic dispersion. Both processes are

functions of water content.
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The effective diffusion coefficient is related to the diffusion

coefficient in free water, d o , which is (de Marshy, 1986):

do = (RT/N)(1/67rpr) 	 (2.16)

where
Avogadro's number, 6.023 x 10 23 ;
mean radius of ion or diffusing molecular aggregate, m

(infinite solution only).

The effective diffusion coefficient is usually less than d o due to

tortuosity. The mechanical dispersion coefficient is often represented

by:

= a(8)05	 (2.17a)

where the dynamic dispersivity (m) is a charateristic property of the

rock medium and also a function of water content. For multi-dimensional

flow, longitudinal (aL) and transverse (aT) dispersivities are described

as:

DL =(21..(8)us 	 (2.17b)

and

DT = aT(e)u 5-
 (2.17c)

Walter (1985) showed Um to be a function of pore-size distribution of

the rock matrix. With increasing tortuosity and decreasing water

fluxes, hydrodynamic dispersion is expected to increase for both

fracture and matrix flows. The magnitude of Dd is expected to be larger

than Dm , but with decreasing water content (increasing suction) the
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relative importance of diffusion may increase with respect to mixing.

Nielsen and Biggar (1961, 1962), and Biggar and Nielsen (1962) showed

that diffusion becomes more important in soils with decreasing moisture

content.

Statistical theories describe molecular diffusion and mechanical

dispersion as random or stochastic processes (Fischer et al., 1979; de

Marsily, 1936). For diffusion, when a slug of tracer is introduced,

Fick's first law describes the velocity or displacement of a solute

particle as a function of time. The function may only be specified as a

probability distribution. If the probability distribution is not a

function of time, the process is known as a stationary process which is

described by statistical mean, variance, and an autocorrelation function

of the process. The rate of spreading is a constant after an initial

development period, and can be related to the diffusion coefficient:

aUar(x)/at = 2 0m 	(2.18)

and

Var(x) = f f f x 2C(x,y,z,t)dxdydz	 (2.19)
000

where Var(x) is the spatial variance of solute particles having

undergone a random walk process. The probability function is described

by the concentration distribution.

Mechanical dispersion is conceptually Fickian if the deviation of

velocity from the mean is treated as a diffusive process. G.I. Taylor

(Fischer et al., 1979) proposed that the velocity and concentration
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profiles which developed over the cross section of a pipe can be

described as such a process.	 This means equation 2.18 is valid for

mechanical dispersion as well.	 Therefore, hydrodynamic dispersion is

referred to as Fickian dispersion.	 Equation 2.18 can be written by

substituting Dm with D:

aVar(x)/at = 2 0 	(2.20)

However, Taylor's analysis is valid only if the solute is displaced

after a long enough period.

Subsequent extensions of the statistical approach to describe

dispersion (Mercado, 1967; Gelhar et al., 1979) indicate that the

process is a function of time. Taylor's mechanism is said to occur only

after a time corresponding to a travel distance much larger than the

lateral correlation scale. The statistical theories maintain the

classical advection-dispersion equation is not valid even when Taylor's

mechanism takes place. A dispersion coefficient fitting data obtained

at one observation point is invalid for data at another observation

point further away from the input source (de Marsily, 1986). This

suggests scale-dependency.

The concept of macrodi spersi on uses "mean" and "perturbation"

advection-dispersion equations to describe the spreading phenomenon.

But different parameters are of importance. Important parameters

include the mean (g) and variance (Var(K)) of hydraulic conductivity,

integral scale (0, and transverse dispersivity (ai) estimated from the

mean equation. The longitudinal macrodispersion coefficient is then

broken down into two regimes (Mercado, 1967; Gelhar et al., 1979):
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DL = Dar(K)/R 2 J7U,	 7 << t	 (2.21)

and

)/17 2 i(k2/aT)11,DL = 1/3[Var(K	 7 >> t	 (2.22)

where 7 and Ti are the mean displacement and velocity specified by the

mean equation formulations.

Mixing in the fracture is not only influenced by variations in

fluid velocity, but also velocity variations between channels in the

fissure (Neretnieks et al., 1982; Moreno et al., 1985). Tsang and

Witherspoon (1985) suggested a rough fracture can be envisioned as a

collection of voids defined in terms of an aperture density

distribution. Channeling dispersion assumes the existence of different

channel pathways with different aperture openings, ef (m), and fluid

velocities differ in each channel.	 However, each fracture channel is

still assumed to be of a parallel plate configuration.	 If the temporal

concentration distribution, or breakthrough curve, for each channel is

given as Cf(ef,t), then the concentration of the mixed effluent from all

the channels is (Neretnieks et al., 1982):

cf° f(ef)Q(ef)Cf(ef,t)def
C(t)	 0

(2.23)
C o	

f(ef)Q(ef)def
0

where f(ef) is the fissure frequency or density function.	 For

nonsorbing tracers, Moreno et al. (1985) found the results to be similar
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for both hydrodynamic dispersion and channeling dispersion. However,

for longer distances, the channeling dispersion model showed greater

dispersion and earlier arrival of the solute front than the hydrodynamic

dispersion model.

Diffusion into and out of the rock matrix contributes to the

retardation of solute transport within the fracture. Grisak et al.

(1980) indicated that diffusion into the low permeability pore spaces of

fractured clayey glacial till contributes significantly to the

retardation of solute movement in the fracture. The matrix hydraulic

conductivity of the till was estimated as 6 x 10 -11 m/s compared to 6 x

10 -8 m/s of the tuff used in this study. A theoretical diffusion

coefficient, Dm , for chloride of 5 x 10-11 m2/ s was estimated from model

results. The net result of the continued strong flux of solute from the

fracture into the matrix, caused by removal of ions from solution, is to

reduce the mean solute velocity in the fracture.

Neretnieks et al. (1982) also found matrix diffusion in granite

cores to be a significant process for solute transport in the fracture.

Expanding the work done by Neretnieks et al., Moreno et al. (1985)

compared their fracture tracer test data against two dispersion models,

one using hydrodynamic dispersion, the other channeling dispersion; the

experimental data for both models compared well only when diffusion into

the matrix and sorption were considered. The effects of sorption is

discussed in further detail below.
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Solute-Medium Interactions 

The third term on the right-hand side of Equation 2.13 is a

composite source-sink rate term, S*, which accounts for interactions

between the solute and medium. Sorption, and chemical and redox

reactions, and radioactive decay for radionuclides can retard transport

and attenuate solute concentration. Neretnieks et al. (1982) and Moreno

et al. (1985) found sorption onto the surface of the fracture, as well

as the intercrystalline microfissures of the matrix, of granite cores to

be significant. Sorption is especially important for transport of

cationic species, and probably radionuclides.

Sorption is caused by ion exchange. Ion exchange is expected to

occur between water flowing through the rock and the mineral surfaces.

Attraction between ions with opposite charge results in an electrical

(diffuse) double layer (Kemper, 1960). The mechanisms of ion exchange

usually fall into one of two categories (de Marsily, 1986): (1)

imperfections or ion substitutions in the crystal lattice of the mineral

causes electrical imbalance, and the creation of two electrical layers,

one stable, the other mobile; and (2) the specific adsorption of ions by

a mineral initially uncharged creates a stable electrical layer to which

other ions become attached. In general, divalent cations have stronger

affinities than monovalent ions, therefore greater selectivity in

preferential ion exchange.

The effects of sorption in the rock matrix, in which the matrix is

in local equilibrium with the fluid, can be described by (Freeze and

Cherry, 1979):
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R v = us/ut = 1 + ( 0b/s)Kd
	

(2.24)

where
R v
ut

Pb
Kd

retardation factor due to volume sorption;
mean velocity of the solute front, m/s;
rock matrix bulk density, kg/m 3 ;
distribution coefficient, mL/g.

The distribution coefficient quantifies the mass of solute sorbed on the

solid phase in relation to that in the liquid phase. For fracture flow,

a more appropriate expression is based on a per-unit-surface-area basis.

Retardation is then (Neretnieks et al., 1982):

Ra = 1 + e(e)Ka	 (2.25)

where
Ra
a

K a

retardation factor due to surface sorption;
specific surface (fracture surface per unit
volume of rock), m2/m3;
surface equilibrium constant, m.

Retardation in both the matrix and fracture is a function of water

content.

Compositionally, the rock matrix and fracture of the test block are

dominated by calcium; cationic exchange sites are also expected to be

calcium-dominated. The introduction of a dilute calcium chloride

solution into the rock matrix and fracture serves to saturate the

exchange sites over time as calcium ions preferentially replace other

common cations that may be present, such as magnesium (Mg) and sodium

(Na). The exchange of calcium from subsequent tracer solutions can

occur with no significant net change in its base concentration. If the

temperature, pH and redox conditions in the rock matrix and fracture

remain fairly stable, the ionic strength which affects electrode
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measurements also remains fairly constant. Ion exchange then becomes

less of a variable in solute transport.

Other geochemical and radiological mechanisms can attenuate solute

concentrations during transport. The extent of chemical reactions such

as precipitation and dissolution depends on factors such as the minerals

present in the fracture, and the kinetics of such reactions. Weber

(1986) found that fracture-filling minerals in tuff include not only

quartz and opalline silica but calcite and clay minerals as well. Acid-

base and redox reactions depend on the pH and redox potential,

respectively. Radioactive decay of radionuclides can result in the

disappearance of the original species and/or formation of daughter

products. The significance of radiological mechanisms is determined by

the parent material and decay rates of all chain members (Wilson and

Dudley, 1987). Such reactions are generally described by:

s* = ac/at -k sC (2.26)

if the process is linearly proportional to the concentration of the

solute species, and k s (1/s) is the decay constant. The equation is

applicable for both chemical loss and radioactive decay. Characterizing

only the transport behavior of the original solute species may be

inadequate as the transport properties of the new species are

potentially different from the original ones.

Selection of Tracer 

The proper choice of tracers is dictated by the objective of the

experiment. Experimental methods to characterize transport behavior of
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solutes in the unsaturated fractured rock environment is hampered by the

small quantities of water for sampling. Chloride is chosen initially

because it is relatively conservative, and it can be detected easily by

coated-wire electrode potentiometry. The development of techniques to

study conservative tracers provides insight into the more complicated

nature of radionuclide transport behavior in unsaturated fractured rock.

Chloride is considered conservative. However, chloride ions may

travel faster than the average water velocity, particularly if

significant amounts of negatively-charged exchange sites, such as

commonly found on clay, exist. Biggar and Nielsen (1962) found that

chloride breakthrough occurred ahead of the average water velocity even

in a glass bead medium without attempting to explain the phenomenon.

James and Rubin (1972) claimed the shift in breakthrough to be a result

of apparatus-induced dispersion. With these qualifications, chloride is

considered well-suited for initial solute transport assessments in

fractured rock systems.

Other suitable tracers available as coated-wire ion-selective

electrodes include bromide, sulfate, nitrate, calcium and magnesium.

The anions, with the possible exception of sulfate, can serve as

conservative tracers in tuff. Of course, when nitrate is the tracer

ion, the current double-junction reference electrode cannot be used. An

electrode with a different bridge solution, or a single-junction

electrode will have to be used. The use of cations, under the proper

conditions, can provide valuable information. They are most

appropriately used to study ion exchange and sorption to rock surfaces.
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A better understanding of the solute transport processes can be achieved

with the use of different tracers.

Effects on Breakthrough Curves 

Solute transport is the displacement of miscible fluids in time and

space.	 Breakthrough curves plot the change in concentration with

displacement. Estimates of transport parameters such as solute travel

time, dispersion coefficient and dispersivity can be obtained from these

curves. A tracer solution usually introduced as a slug or step input,

replaces the background solution flowing through the fracture and porous

matrix. The change in relative concentration, C * or (C-Ci)/(Co-Ci), is

measured over time or space, where Ci is the concentration of the

background solution, and C o is the concentration of the tracer solution.

If the background solution has a Ci = 0, the relative concentration

collapses to the commonly used ratio of C/C o . Both analytical solutions

and numerical schemes have been developed for various boundary

conditions to estimate solute transport parameters by finding the best

fits to the observed breakthrough curves.

The effect of different transport processes on the shape of the

breakthrough curve for both fracture and porous matrix transport is

illustrated in Figure 2.4. For simplicity, breakthrough plotting C*

versus time for a step input function is discussed. If neither

diffusion nor dispersion occurs, the displacement of two liquids results

in the classical case of piston flow. However, all fluids are miscible

and mixing occurs to some extent at the front between the two solutions.

The spread about the mean position of the front gives rise to the S
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shape (sigmoid) of the breakthrough curve. 	 Attenuation of the tracer

ions is manifested in the end-tail reaching a plateau at C * < 1.0.

Retardation due to sorption on rock surfaces results in a delay of

breakthrough, or a shift of the S-shaped curve to the right. Ideally,

the breakthrough curve is symmetrical about the advancing front with the

deflection at the mean relative concentration, or C * = 0.5. The spread

of the two tails are expected to increase dramatically with decreasing

water content (or increasing suction) due to the increase in tortuosity

of the flow path and the decrease of the rate of water percolation.

For fracture flow in which a concentration gradient exists between

the fracture and rock matrix, multi-dimensional transport occurs due to

slow matrix diffusion. This generally results in the flattening of the

end-tail of the S-shaped curve at less than C* = 1.0. Matrix diffusion

also retards the breakthrough of the tracer front. Additional insights

are provided by Grisak and Pickens (1980), who examined the effects of

several different variables on fracture transport including fracture

aperture size, fracture water velocity, dispersivity, and porosity and

distribution coefficient of the rock matrix.

The effects of the different solute transport processes on

breakthrough curves of slug or impulse inputs, in which a finite mass of

solute is introduced at a given time, are not as immediately evident at

a glance. In general, the solutions to the classical advection-

dispersion equation result in symmetrical bell-shaped concentration

profiles for spatial distributions, and skewed profiles for temporal

distributions.
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2.2.3 Estimation of Transport Parameters

Solute transport through fractured rock, especially under

unsaturated conditions, offer new challenges to interpretation.

Estimates of solute transport parameters are generally obtained by

fitting analytical or numerical solutions of the classic advection-

dispersion model to experimental data. Because of the expected spatial

variability of point sampling due to heterogeneities, the physically-

based classical approach with constant coefficients, and assumptions of

steady, homogeneous pore water velocity, appears inadequate. To

demonstrate the validity of the advection-dispersion model using such

parameters is difficult as they are dependent on the model assumptions

in the first place.

An alternative is to use stochastic models such as Gelhar and

Axness (1983), and Dagan (1984) for the interpretation of experimental

data. Stochastic models describe the experimental observations as

realizations, and estimates of transport parameters are expectations

over the ensemble of possible realizations. These models may be better

predictors of transport parameters, but inherent weighing of individual

observations still occurs with the model assumptions.

The use of porous plates in this research, especially a fracture

plate which covers the fracture and adjacent matrix, may result in

varying concentration boundary conditions at the top of the fracture

segment. A method of data analysis which is independent of the physical

or chemical behavior of transport, and does not require special

knowledge of the input function is required. That method may be found

in spatial or temporal moments analysis.
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Freyberg (1986) proposed the use of lower-order spatial moments of

the concentration distribution to characterize a solute plume and to

estimate transport parameters. The moments are defined independently of

the physical or chemical behavior of transport. The zeroth-, first-,

and second-order spatial moments of the concentration distributions are

calculated from point observations requiring few model assumptions.

The center of mass and the spread of a plume about its center of

mass can be estimated with first- and second-order spatial moments. The

two moments correspond to the mean and variance of the spatial

concentration distribution. Temporal moments are then directly used to

estimate the travel time and dispersion coefficient for temporal

concentration distributions. For one-dimensional vertical flow, the

mean and variance for the continuous case are:

E(t) = f tC(x,t)dt	 f C(x,t)dt	 (2.27)

and

Var(t) = f (t-E(t)) 2C(x,t)dt / f C(x,t)dt.	 (2.28)

For the discrete case, the mean and variance are:

tm = I tiCi / I Ci
i=1	 1=1

(2.29)

and



st2 
=-1
	 (tit) 2Ci /	 Ci.

=1	 ' i=1
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(2.30)

The travel time is simply the first moment of the temporal concentration

distribution. By assuming Fickian dispersion theory is valid, the

dispersion coefficient for the discrete case is described as:

ds x 2 /dt = 2 0	 (2.31)

Knowing the relationship between the second moments for the spatial and

temporal concentration distributons:

Asx2	 ut 2Ast 2
	

(2.32)

the dispersion coefficient is estimated by:

D = (ut 2/ 2 )[(st,2 2 - st,1 2 )/(tm,2 -tm,1)]
	

(2.33)

where tm ,1 and tm ,2 are the means, and st,1 2 and st-.,22 are the variances

calculated at two different observation points.

Estimates of fracture transport parameters are calculated in

Section 4.3, and a possible analytical solution is presented in Section

2.2.4 which assumes all the flow from the fracture plate enters the

fracture near the fracture opening with minimal rock matrix interaction.

The moments calculated can be interpreted using either the classic or

stochastic models, and the predictive ability of these models validated.

However, no attempt is made to fit the parameters to any models for this

research effort.
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2.2.4 Analytical Solution

With the porous plate controlling the input of tracer solution,

neither analytical solutions to a slug nor a step input are appropriate.

Input to the fracture and rock matrix is a function of chloride

breakthrough in the plate, which in turn is a function of time. If one

assumes the fracture and rock matrix to be homogeneous, then the input

function, for any point, can be written as:

0, t < 0
Mass input
	

(2.34)
f(t), t > 0

where f(t) is expressed in units of mass/time. At any time ti, if the

slug of mass (Mi) introduced is:

Mi = f(ti)At	 (2.35)

then the breakthrough of the plate can be treated as a series of slug

inputs, and the contribution for each time increment Ati is summed up.

Assuming the superposition principle holds, then for a one-dimensional

discrete case, the concentration at time t and position x, C l (x,t), is

(Fischer et al., 1979):

N	 f(ti)At1expE-(x-U5(t-ti))2/B]
C'(x,t) = i=1
	 pA(713)0.5
	 (2.36)

where B = 4D(t-ti).	 If f(t) is expressed as mg/s, then C l (x,t) has

units of mg of solute/Kg of water, or ppm (parts-per-million). 	 The

results can be converted to concentration units of M knowing the

molecular weight of chloride. For more in depth discussions on possible
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solutions, the reader is referred to texts such as Fischer et al.

(1979), Bear (1979), and de Marsily (1986).

2.3 Boundary Integral Method Computer Model 

There are several advantages to applying the experimental results

to a computer model. From a solute transport stand point, the

interpretation of the chloride breakthrough data is affected by

fracture-matrix flow interaction. Estimates of transport parameters are

also affected by the contribution of fracture plate flow entering the

fracture through the matrix. Strictly speaking, equation 2.36 is valid

if flow from the fracture plate enters the fracture at the opening.

However, the use of temporal moments analysis preempts the need to know

the exact input function, as long as the fracture segment of interest is

below the region where fracture-matrix flow interaction occurs. A model

can determine how far along the fracture the interaction essentially

ceases.

Calculation of the suctions imposed at the top of the test block

assumes a constant average value under the porous plates. However, the

variation in suction over the top boundary of the rock may be large

enough, especially under the fracture plate, such that the exact suction

over the fracture opening is different from that at the edges of the

plate. A model can calculate the pressure heads under the plates by

neglecting the presence of any material used as contact. Of course,

with filter paper between the plates and rock surface, the suction

distribution may be smaller, and more flow may be diverted to the

fracture near the opening.
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Estimates of the fracture transmissivity assumes one of two

scenarios: all the flow from the fracture plate, or only the flow

proportional to the aperture opening, enters the fracture (Haldeman,

1988). The second scenario subtracts the flow attributed to the matrix

by using an average matrix conductivity. Whether either value is

reasonable can be determined by varying the transmissivity, and fixing

all input parameters already determined experimentally by other means.

All the above reasons, and possibly more, argue for the use of a

computer model such as the one employing the boundary integral method

(BIM) developed by Rasmussen (1988). By dividing the test block and

plates into appropriate domains, experimentally determined data on flow

rates and imposed head gradients can be used in a case study. The model

can provide information not only on streamlines and travel times of

solute, but also the head distribution at the boundaries and within the

test block. The methodologies of BIM are described briefly below, and a

case study for an idealized test block system is presented in Section

4.2 with the experimental results.

Methodologies developed employ the boundary integral method to

calculate water flow and solute transport properties of unsaturated

fractured rock. The method discretizes the boundaries of two-

dimensional flow domains and solves the relationship between fluid flow

and head within them. Solutions are obtained by solving LaPlace's

equation using Gauss's formula, and the weighted residual statement

which minimizes error between true and estimated head and flux over a

domain. The method is capable of accounting for flow between the rock

matrix and fracture. Solute travel times and breakthrough curves are
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determined by integrating the inverse velocity along constant

streamlines. The stream function is equated with cumulative discharge.

The boundary integral method, unlike finite element and finite

difference methods, provides estimates of travel time by defining smooth

functions of velocity and streamline at points internal to the

discretized flow domain. The reader is encouraged to refer to Rasmussen

(1938) for greater detail of the methodologies developed.

2.4 Water Penetration into Test Block Sampling Ports 

Six circular cylindrical sampling ports were drilled in the test

block. The ports are expected to affect the flow and the study of

solute transport in the test block. However, they serve as obstacles to

flow, and the water pressure is expected to be greater over parts of the

cavity surface. Water entry into, or exclusion from, the ports from

steady downward unsaturated seepage was explored by Philip (1988). For

a given shape and size of the cavity, knowing the hydraulic conductivity

or seepage velocity, characteristic cavity length and two hydrologic

parameters of the porous medium, one can establish whether seepage water

enters the cavity. The analysis also offered maps of dimensionless

potential and stream functions, and velocity fields to aid in

understanding the flow into and around cavities such as the ports.

Philip (1988) solved for Pmax, a maximum dimensionless Kirchhoff

potential using a quasilinear form of the basic flow equation in

unsaturated porous medium (see Appendix A for details of the

formulation). Knowing vma x (see Table A.1), which is a function of the

dimensionless characteristic cavity length s, one can determine whether
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water enters the cavity for a given combination of unsaturated hydraulic

conductivity or seepage velocity Ko , characteristic cavity length 2,c,

saturated conductivity Km and sorptive number as . The seepage velocity

occurs at 110 , a water potential less than atmospheric pressure (11 0 < 0).

The tc for a circular-cylindrical cavity is its radius. The critical

seepage velocity Ko* is calculated as:

Ko* = Km[Pmax(s)] - 1 ,
	 (2.37)

with

s = 0.5as t c 	(2.38)

and as entering the exponential representation of KM,

K(10 = K0exp[25(LP-40)],
	 0 >	 >	 (2.39)

Water is defined to have entered the cavity for Ko > Ko*.

The applicability of this method is summarized in Table 2.1 which

presents the results using hydraulic conductivity values of several tuff

cores obtained from boreholes at the study site. The hydraulic

conductivities correspond to the saturated case and at T = 10kPa (1.0197

m). For a tc = 1.0 cm, which is the radius of the sampling ports, the

tuff cores have vmax values very close to 1.0 indicating Ko* is very

nearly the saturated conductivity with correspondingly low suction or

moisture potential values. Water is essentially excluded from the

sampling ports except at near-saturated flow conditions in the rock

matrix.
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Table 2.1: Results of sample critical seepage velocity calculations
using hydraulic conductivity values of borehole tuff core
samples found at Superior, Arizona.

Borehole	 I.D.
Core Sample	 I.D.

Saturated conductivity( 1 ),

X1
AA

X3
EP

X2
CH

Km x 10 10 (m/s) 143.1 50.5 375.9

Conductivity at	 Ill =	 10 kPa( 1 ),
K x 10 10 	(m/s) 32.62 5.27 10.02

Sorptive Number, a s x 102
(cm-1 ) 1.45 2.22 3.55

Dimensionless Characteristic
Cavity Length, s( 2 ) 0.0073 0.0111 0.0178

Maxium Dimensionless
Potential, vmax ( 3 ) 1.0145 1.0222 1.0355

Critical	 Seepage Velocity, 141.1 49.4 363.0
Ko* x 1010 (mis) (0.986Km ) (0.978Km) (0.966Km )

Critical	 moisture potential( 4 ),

41 0* x 10 2 	(Oa) 9.5 9.7 9.6

(1) Conductivity data from NRC project file.
(2) The value of s is calculated using tc = 0.01 m.
(3) At small s	 max approaches 1 + 2s.P
(4) Critical moisture potential, tile = [ln(Km/K0*)/as](0.0981 kPa/cm).
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There are several implications for studying transport behavior with

the sampling ports. From Philip's analysis, the greatest water

potential is at the apex of the circular cylindrical port where water

entry occurs under the appropriate conditions. A "dry" zone develops

under the port as flow lines are affected by the presence of the port.

The placement of ports should take this into consideration. The

downward flow velocity is smallest in the two regions, but greatest to

the sides of the port. As water entry occurs at the apex, a slower

solute travel time is expected. However, for estimates of the average

travel velocity in the matrix, the ports are not significantly different

from rock inclusions, and other structures that can obstruct flow.

Depending on the size and location of the port, water may not enter

at prevailing flow conditions. As for the tuff test block, water entry

into the port occurs at nearly saturated conditions for a tc = 1.0 cm.

Sample collection at higher suctions in the rock matrix may entail

placing the filter paper against the walls of the ports. An alternative

scheme may be the enlargement of the sampling port because a larger tc

corresponds to a larger s, and therefore smaller Ko*. An increase in

sampling time is necessary unless a larger port is installed. However,

at higher suctions, the possibility of contamination by matrix waters is

less of a problem when collecting samples in the fracture ports.
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CHAPTER 3

EXPERIMENTAL SETUP

The experimental setup used is described in this section. Equipment

such as the porous plates, electrodes, flow meter, pressure transducer,

displacement transducer, and tensiometer required special testing and

calibration.	 Procedures were developed to properly operate the

equipment.	 They are discussed briefly below, and addressed fully in

Appendix B.	 The reader is strongly encouraged to consult Haldeman

(1988) for additional information on rock preparation and the

experimental setup, as well as equipment testing, calibration and

experimental procedures pertaining to the flow system. Procedures 1 to

6 of Appendix B are extracted directly with Haldeman's permission.

3.1 Rock Preparation and Setup 

Rock no. 1 was shaped from a block loosened during construction of

the road to the field site at Superior, Arizona. Roughly a rectangular

prism, its original maximum field dimensions were 79 cm x 79 cm x 36 cm.

The main fracture measured 70 cm x 58 cm when laid in its largest plane.

It was then cut and shaped after being brought into the laboratory.

Four 9.5-mm (3/8-in.) diameter all-threaded rods and nuts held the rock

together. The final test block dimensions are approximately 20 cm wide

x 20 cm deep x 50 cm high. The main fracture approximately bisects the

test block.

The test block was mounted in a frame constructed of thick

galvanized angle-iron made to stand on a laboratory table top.	 The
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frame was attached to the protruding all-threaded rods. To minimize

evaporation, a transparent polyethylene canopy covered the block (Figure

3.1). Flaps were added to access the sampling ports, and faces 1 and 2

(Figure 3.2). The flaps were sealed whenever measurements were not

being made. Duct tape secured the canopy to the laboratory table top.

Six ports were drilled for sampling, of which four extended from

face 5 to the fracture plane, and two extended from face 4 part way into

the rock matrix (Figure 3.2). Four additional holes were also drilled

for the displacement transducer (LVDT) posts. The sampling ports and

LVDT post holes consisted of 2.0-cm diameter holes drilled using a

diamond-edged coring bit. The first set of sampling ports (5F- series)

was used for sampling in the fracture, and the second set (4M- series)

in the rock matrix. The fracture ports were positioned to study

transport variations in the direction lateral to flow. Upon breaking

the test block apart at the end of fracture transport test no. 3, port

5F-LC, unlike the other three, was found to have intersected a secondary

fracture, and not the main fracture. Both matrix ports were drilled to

approximately 4 cm into the matrix. Procedure 1 of Appendix B presents

a more detailed discussion of the preparation of the test block prior to

experimentation.

3.2 Flow System 

The flow system consisted of a test solution delivery system

(Figure 3.3), and porous plates which were fitted at the top surface of

the test block. Three plates, hydraulically separated, were used to

introduce tracer solutions, and to control the upper boundary pressure
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Figure 3.2: Sampling ports drilled in the test block of which four
extend to the fracture surface (5F-series), and two end in
the matrix (4M-series). The fracture extends from face 3
to face 6.
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heads. The equipment associated with the flow system, and the

procedures used to control head, as well as to measure flow rate, water

potential, and fracture displacement, are discussed below.

3.2.1 Porous Plates and Head Control

Ceramic porous plates with air-pore entry values of 200 kPa were

used. A narrower plate (20.2 cm long x 3.0 cm wide x 0.7 cm thick)

covered the fracture, and two wider plates (20.2 cm long x 8.6 cm wide x

0.7 cm thick) covered the adjacent rock matrix (Figure 3.4). Grooves in

the clear PVC backing allowed for solution to flow across the ceramic

plate. Constant-head Mariotte reservoirs supplied flow to the plates.

The reservoirs were constructed of 1000-mL Nalgene bottles fitted with

quick disconnect tube connectors at the bottom which in turn were

connected to three-way stopcocks with Tygon tubing. Air and solution

refill tubes were attached to the screw top caps. Head at the top of

the plates were monitored using manometers. Each plate was attached to

a different reservoir because of different plate permeabilities and flow

measurements.

The pressure head at the top boundary of the test block can be

controlled with the Mariotte reservoirs provided average pressure heads

are calculated at the bottom of the plates. Because each plate's

physical dimensions are constants, the plate's ability to conduct water

can be determined directly, and described by the term conductance, C p

( m2/ s ) :

C P = Q/AH = K P
A
P/

L
P

	
(3. 1)
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Figure 3.4: Ceramic porous plates with grooves in the PVC backing. The
dimensions of the narrower plates are 20.2 cm long x 3.0 cm
wide x 0.7 cm thick. The wider plates are 20.2 cm long
x 8.6 cm wide x 0.7 cm thick.
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where Ap (212 ) and L p (m) are the cross-sectional area and thickness of

the plate, respectively. By plotting the flow rate measured (Q) at

different head gradients (AH), the C p of each plate is simply the slope

of the curve (see Procedure 2 of Appendix 13). Table 3.1 lists the

conductance and apparent hydraulic conductivity for each plate. Plates

nos. 1 to 4 are the wider plates, and nos. 5 and 6 the narrower plates.

The average pressure heads at the bottom of the plates are calculated

as:

n p = Ht - (Q/C p) (3.2)

where h p (m) is the average head at the bottom of the plate, and Ht (m)

is the total head at the top of the plate. Elevational datum is

measured from the bottom of the plate. Head was controlled by raising

or lowering the reservoirs accordingly.

Table 3.1: Porous plate conductance and apparent hydraulic conductivity
values.

Hydraulic
Plate ( 1 )	 Conductance ,(2)	Conductivity,

No.	 C x 10 9 (m2/s)	 Kp x 109 (mis)

1 7.32 2.95
2 9.35 3.77
3 4.47 1.80
4 11.88 4.79
5 3.27 3.77
6 5.73 6.62

(1) Plate nos. 3, 4 and 5 were used for
experimentation on the present test block.

(2) Conductance values from Haldeman (1988).
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3.2.2 Flow Rate, Water Potential and Fracture Displacement Measurements

Flow rates were determined using two methods, an air-bubble flow

meter, and measuring the change in volume in the Mariotte reservoirs

(see Procedure 3 of Appendix B). The flow meter was constructed of a

1.0-mL graduated measuring pipet with an air bubble injection port at

one end, and an air bubble exit port at the other. The ports were made

from Nalgene or glass elbows, flexible tubing, and rubber septa. Flow

was measured by injecting air into the flow meter using a syringe, and

monitoring the rate of travel of the air bubble. After measurement, the

air bubble was released from the delivery system through the exit port.

A specially constructed microtensiometer measured the water

potential in the test block. The instrument consisted of a 1.1-cm

(7/16-in.) o.d. by 6.4-mm long porous ceramic cup which was connected to

a 3.2-mm (1/8-in.) o.d. stainless steel tube with a short aluminum rod.

The porous cup has an air entry value of 100 kPa. A cotton-cellulose

thimble was epoxied to the tip of the cup for use as contact in such a

way that a portion of both the cup and thimble was free of epoxy. A

MICRO SWITCH 142PC150 pressure transducer was connected to the end of

the tube after deaerated distilled water filled the assembly. Prior to

use, the pressure transducer was calibrated separately. A power supply

provided a direct current to the pressure transducer, and a Hewlett

Packard (HP) data acquisition unit measured the voltage output from the

pressure transducer. Procedures 4 and 5 of Appendix B provide detailed

descriptions of the equipment used, and calibration procedures.

The six sampling ports were also used for water potential

measurements.	 Water potential in the fracture and in the matrix were
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measured by placing the tensiometer tip against the fracture surface,

and against the end of the port in the matrix, respectively. Pressure

transducer output was monitored until a stable reading, or range of

readings, was obtained.

Fracture movement is of interest during experimentation.	 Linear

variable differential transformers (LVDTs) were used to measure

displacement perpendicular to the fracture plane (see Procedure 6 of

Appendix B). Two displacement transducers were installed, one on face

3, the other face 6. The LVDT consisted of a coil assembly with a

stainless steel core which fit through the coil. Axial displacement of

the core within the coil assembly produces a voltage change in the DC

output directly proportional to core displacement from the electrical

center of the coil. The maximum working range of the coil displacement

is ± 6.4 mm (1/4 in.), and the polarity of the output indicates the

direction of displacement.

3.3 Solute Transport Measurement 

A 10 -3 M CaC12 solution was used as the background solution for_

experimentation.	 Tracer solutions were either 10 -1 M CaCl2 for the_

fracture transport tests, or 10-2 M CaCl2 for the matrix transport test._

A three-way T shape glass stopcock was used to switch between CaCl2

solutions. Changeover from one concentration to another was ensured by

completely flushing the test solution delivery system and grooves above

the porous plates. The following section describes the preparation of

test solutions used, the calibration of the electrodes, the methods used
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to collect samples and to make electrode measurements, and the

procedures used to measure chloride breakthrough of the plates.

3.3.1 Preparation of Test Solutions and Calibration of Electrodes

Test solutions were prepared with calcium chloride (CaC12.H20, FW =

147.02, assay = 74.6%) and distilled water (see Procedure 7 of Appendix

B). Thymol was added to the solutions (0.1 g per 1000 mL solution) to

prevent biological growth, and deaerated by boiling to minimize air

bubble formation in the flow system (Klute and Dirksen, 1986). Test

solutions of 10 -2 M and 10 -3 M were prepared from 10 -1 M stock solution

using serial dilution to minimize error. Evaporation of water during

boiling was accounted for by adjusting the stock solution concentration.

No adjustment was made when 0.1 M solution was used directly as the

tracer solution.

The electrodes were calibrated in an "aqueous" and a "filter paper"

environment (see Procedure 8 of Appendix B). Eight standard solutions

of half-decade concentration from 10 -4 M to 0.5 M CaC12 were prepared

for calibration. Because of poor pH/mV meter resolution, the

calibration errors are relatively large. Without the use of more

sophisticated analytical methods, the concentration of the standard

solutions was verified independently with Hach kits. Titrations were

performed for both calcium and chloride concentrations.

The performance of the electrodes were also tested in both

environments with sodium nitrite (NaNO2, FW = 69.00, assay = 97.7%) as

an ionic buffer. A second set of standard solutions was buffered to a

common ionic strength of 0.25 M (corresponds to ionic strength of 10 -1 M
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CaC12 solution). The ionic strength of 0.5 M CaC12 (I = 1.25 LI) was

considered too high and the standard was not buffered further in both

sets of calibrations. The results are presented graphically in Figure

2.2 plotting potential difference (mV) against chloride concentration

(M). Table B.1 (Procedure 8 of Appendix B) summarizes the calibration

data, and presents the full range of values for all calibration runs.

Figure 2.2 shows only the best curves drawn for average potential

difference values of each standard solution.

The change in potential difference per decade concentration in the

aqueous environment is linear from approximately 1.00 x 10 -4 M to 1.00 x

10 -1 N at 58 mV/decade. In the filter paper environment, the

calibration curve is nonlinear except in the range between 1.00 x 10 -3 M

and 1.00 x 10 -1 M. In general, the change in potential difference per

decade in the aqueous environment is greater than the change in the

filter paper environment. This phenomenon may be due to "bound" water

resulting in an apparent increase in ionic activity or concentration.

The calibration curves are exactly the same in the aqueous environment

for both buffered and nonbuffered standards. However, the curve is

steeper for the buffered standards in the filter paper environment. The

buffer solution may have minimized the "bound" water effect. One

noteworthy difference between the nonbuffered and buffered standards is

the shorter time to equilibration for the latter set.

3.3.2 Sample Collection and Electrode Measurements

Sample collection in the fracture and matrix was made possible with

Whatman no. 42 filter paper (retention rating = 2.5 pm). According to
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the capillary rise equation (Hillel, 1980), the air entry value for a

2.5 pm pore is 116 kPa at 20°C. This suggests that the filter paper can

be a good absorber with the greatest efficiency in collecting samples

when dry. Samples were collected by inserting pieces of filter paper

with forceps into the sampling ports, and pressed against the exposed

fracture surface, or the end of the ports in the matrix (see Procedure 9

of Appendix 8). The optimum filter paper size was determined to be 1.0

cm by 0.5 cm, both for sampling in the 2.0-cm diameter ports, as well as

electrode measurement purposes.

Potential differences were measured using one of three chloride

ion-selective electrodes (LAZAR ISM-146CL), and a double-junction

Ag/AgC1 reference electrode (LAZAR 03M-146). A Corning 610A pH/mV

meter, with expanded scale for mV measurement, was used. For better

resolution, measurements were made with a HP-41CV calculator which was

connected to the HP data acquisition unit in turn connected to the

Corning meter. Calibration of the HP-41CV indicates the actual

potential difference is 70 times the value of the calculator.

Individual potential readings are usually rounded off to the nearest mV

because of the combined resolution of the pH/mV meter and calculator.

The nonbuffered calibration curve was used to convert potential readings

to concentrations. With calibration errors of ± 10 to 15 percent under

controlled conditions, the experimental error in concentration is

estimated to be ± 20 percent. Aside from instrument problems, the

single most important means of minimizing experimental error is to

ensure long enough sampling time so that the filter paper is

sufficiently wet.
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The optimum sampling period depends on the availability of water

for sampling. Under the near-saturated test conditions, most fracture

samples required no more than two minutes, and matrix samples almost

instantaneous because of water infiltation into the sampling ports. The

reliability of electrode measurements is expected to be affected

strongly by the moisture content of the filter paper.

Once the sample was collected, excess test solution was dabbed off

with Kimwipe, if necessary, to ensure the potential readings were for a

filter paper and not an aqueous environment. The electrodes were then

touched against the filter paper for approximately 5 seconds before a

reading was made. The chloride electrode was then moved to a different

spot on the filter paper, and the measurement repeated. The potential

reading, or range of readings, were recorded. The time to make

potential readings was limited as the spread of the KNO3 bridge solution

due to outward diffusion from the reference electrode would cause

erroneously low potential readings (high concentration) when the

chloride electrode came into contact with it. The electrodes were

placed as far apart as possible.

The tranport tests were conducted under near-saturated conditions.

Ample sample volumes were collected often within seconds to minutes of

sampling. However, the reliability of the electrode measurements at

higher suctions remains untried under test conditions. The performance

of the filter paper was assessed at greater suctions to confirm its

reliability under drier conditions using a separate apparatus.

Figure 3.5 shows the setup used to test the filter paper up to a

suction of 100 cm of water (see Procedure 10 of Appendix B). A Buchner
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funnel equipped with a ceramic porous plate (50-kPa air entry value) was

connected to a buret with Tygon tubing, setting up a water column filled

with CaC12 solution. An oven-dried slice of tuff core was placed on the

porous plate with filter paper acting as contact between the plate and

rock. A cover made of plastic and duct tape with two acrylic access

tubes for the electrodes was fitted over the mouth of the funnel. Two

small air holes in the cover were provided. The access tubes were

stoppered to minimize evaporation whenever they were not in use.

The water column was used to completely saturate the rock core, and

to apply the suctions. After equilibration periods commensurate to the

suction applied, measurements were made off filter paper pieces still

contacting the rock core, as well as ones removed to the external

environment. Two CaC12 solutions, 1.40 x 10 -3 M and 1.00 x 10 -1 M, at

four suctions, 10 cm, 20 cm, 50 cm, and 100 cm (90 cm for 1.00 x 10 -1

M), were examined. Separate rock cores were used for the two

solutions. The sampling period was 10 minutes for suctions up to and

including 50 cm, and 20 minutes for the highest suction. Figures 3.6

and 3.7 show the results by plotting suction (cm of water) against

choride concentration (11). The dotted lines show the range of possible

concentrations accounting for measurement errors.

In view of factors such as variability in rock properties and

evaporation of the CaC12 solutions at the surface, the results indicate

a certain degree of reliability up to 100 cm of suction. The scatter in

data is most likely due to samples not sufficiently wet despite their
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apparent appearances. In general, greater deviation from the expected

range of concentrations is seen for the more dilute solution. Coupled

with Philip's analysis of no water entry into the sampling port at these

higher suctions, a longer sampling period to collect matrix samples will

be necessary during experimentation. Of course, at suctions greater

than the critical suction, fracture flow is negigible and collection of

fracture samples is a moot point. However, at suctions close to, but

less than, the critical suction, when some fracture flow still exists,

sampling for a "pure" fracture sample may be difficult. The collection

of a fracture sample may in reality be one of the matrix adjacent to the

fracture surface. The limits of the technique may depend on the flow

condition in the fracture.

3.3.3 Chloride Breakthrough in the Porous Plates

The porous plates were used to impose suctions at the top of the

rock, and therefore, to control flow. However, the upper boundary

condition, in terms of concentration, depends on the transport

properties of the plates. The input of chloride is a function of its

breakthrough in the plates. The breakthrough of each plate was measured

experimentally using the setup shown in Figure 3.8. The setup basically

consisted of the experimental flow system, without the plate in contact

with rock. The plate was suspended with clamps attached to ring stands.

Changeover from one test solution to another was accomplished with the

three-way stopcock, and flushing of the solution delivery system and

plate grooves. A plastic cover equipped with two windows for electrode

measurements helped to minimize evaporation during testing. The plate



Porous Plate

Plastic Cover with	 j
2 windows for
electrode measurements 	.12====--- G2Z2Z2ZZZ=L-

4

LJ

to flowmeter

1

	  from
manometer

Figure 3.8: Experimental setup used to measure chloride breakthrough in
the porous plates. The plates are divided into four
quadrants to determine possible spatial differences.

83



84

was divided into four quadrants to account for any spatial variation,

and potential readings were reported as a range of values. Potential

measurements were made by touching the electrodes directly against the

ceramic surface. Because it is important to protect the sensor tip of

the chloride electrode, measurements made off filter paper placed on the

plate is recommended for future testing. Tests were conducted at

different head gradients, and for certain plates, different tracer and

background solutions (see Procedure 11 of Appendix B). Table C.1

(Appendix C) presents the breakthrough data, and Figures C.1 to C.3

(Appendix C) the breakthrough curves for plates no. 3, 4 and 5, the

matrix and fracture plates used for experimentation.

The breakthrough curves of the plates were obtained with constant

average head gradients imposed. The measured breakthrough curves are

intended to be reference curves for interpolation or extrapolation to

different breakthrough curves associated with different imposed head

gradients. The effective porosity (n e ) of each plate is also determined

from:

n e = Qt0.5/(LpAp) = q/v0.5 = Kpt0.5AH/Lp 2 (3.3)

where vo.5 (mis) is the average travel velocity of the solute, and equal

to Lp/t0.5. The travel time, to.5, is the time to C* = 0.5. Table C.2

of Appendix C presents data on the flow rate and travel time, and

effective porosities calculated. The results of plate no. 6 indicate

differences among tests, and the need to obtain an average n e from

several tests. Because of scheduling and availability of the plates,

single tests (including step-up and step-down portions) were conducted



85

for plate nos. 1 to 3, and two tests were conducted for plate nos. 4 and

5. Further testing is recommended to characterize the breakthrough of

chloride in the porous plates.
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CHAPTER 4

EXPERIMENTAL AND COMPUTER MODEL RESULTS

The experimental data and computer model case study are discussed

in this section. Physical and hydraulic properties of the test block

determined using cores taken from tuff pieces immediately adjacent to

Rock no. 1 are presented. For an idealized test block system, flow and

transport results from application of the boundary integral method

computer model are discussed. The model provides insights to the

possible effect of fracture-matrix interaction on transport data

interpretation. Results of three fracture transport tests, and one rock

matrix transport test conducted using only the top porous plates are

also presented. A spatial relative concentration distribution of the

fracture obtained immediately after the third fracture transport test

contributes to an understanding of fracture flow.

4.1 Characterization of Test Block 

Hydraulic and physical properties of the test block: matrix

hydraulic conductivity, effective porosity, and bulk density, were

determined. They are compared to those of tuff samples obtained from

boreholes at the Superior, Arizona study site (Table 4.1). Several

studies characterizing the tuff at the test site are available including

Evans (1988), Tidwell (1988), Vogt (1988), and Weber (1986).

Characterization of the test block involved the use of standard

procedures already developed and described in the above studies. Tests
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Table 4.1: Hydraulic and physical properties of test block and
borehole tuff core samples found at Superior, Arizona.

Properties Test Block
Borehole Çore

Samples( 1 )

Saturated hydraulic Laboratory Exp. Setup Laboratory
conductivity of Min: 4.15 Min: 28.5 Min: 1.00
rock matrix, Max: 9.22 Max: 133 Max: 376
Km x 10 9 	(mis) Mean: 7.02 Mean: 59.1 Mean: 16.9

Std( 2 ): 1.99 Std: 22.9 Std: 48.7

Effective	 Porosity( 3 ),
n e 	(percent)

Min:
Max:

16.6
19.3

Min:
Max:

14.5
25.8

Mean: 17.7 Mean: 17.7
Std: 0.8 Std: 2.1

Bulk	 density( 3 ), Min: 2.06 Min: 1.86
Pb	 (g/cm 3 ) Max: 2.17 Max: 2.20

Mean: 2.12 Mean: 2.10
Std: 0.027 Std: 0.063

(1) Properties of borehole tuff core samples at Superior, Arizona are
compiled from Evans (1988).

(2) Std - Standard deviation.
(3) For effective porosity and bulk density determinations, "large"

tuff cores (approximately 6 cm diameter x 5 cm length) are compared
to Rock no. 1 cores (approximately 5.7 cm diameter x 5 cm length).
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to determine pore-size distribution, and characteristic moisture release

curve of the test block were also performed.

Properties of the test block are found to be comparable to the rest

of the tuff found in Superior. The test block matrix has an average dry

bulk density of 2.12 g/cm3 , effective porosity of 17.7 percent, and

saturated conductivity of 5.91 x 10 -8 m/s (5.11 x 10 -3 m/day). Note the

average laboratory conductivity value is one order magnitude smaller.

The discrepancy cannot be explained easily, but the conductivity

obtained from experimental flow data of the two matrix plates (see

Haldeman, 1988 for detail) is considered more indicative of the test

block property. The larger average laboratory conductivity for all tuff

samples from Superior is due to the greater variability. Pore-size

distribution was determined for the low suction ranges only. Two major

peaks exist, one centered at 112 to 69 pm, the other at 4.59 to 1.34 pm.

These pore sizes correspond to suctions of 2.6 to 4.2 kPa, and 63.4 to

217 kPa at 20°C, respectively. Typical moisture release curves are

shown in Figure 4.1.

4.2 Computer Model Case Study of Test Block 

Valuable insights to fractured rock flow and transport processes

are provided by an application of the boundary integral method computer

model to the experimental test block. Of special interest is the

interaction of the rock matrix and the fracture. The test block is

conceptualized as being bisected by the fracture, the plane of symmetry.

It also possesses homogeneous properties in both the matrix and

fracture. The system is then divided into four domains: fracture,
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matrix, fracture plate and matrix plate, as shown in Figure 4.2. The

test block matrix and plates are treated as two-dimensional, and the

fracture one-dimensional, by assuming constant properties over their

respective depths, and lengths (x-direction). Steady-state flow is also

assumed. By assigning independently determined plate conductivities and

matrix conductivity, and actual total heads applied at the top of the

plates, fracture transmissivity can be varied to obtain total and

pressure heads at any point in the four domains. Ten stream tubes

(eleven streamlines) divide the total flux equally. The model results

reflect the attempted matching of the actual flows observed, and the

pressure heads measured in the fracture with the microtensiometer, as

well as average calculated pressure heads at the top of the test block.

However, the matching of the model and experimental results is

considered less important than the information on the effects of the

fracture-matrix interaction on flow and transport, and pressure head

distribution at the top boundary and in the fracture.

Table 4.2 summarizes the input parameters for the case study, and

compares them to experimentally determined values. Figures 4.2 and 4.3

show the streamlines obtained. Note the conductivity used in this

analysis is the larger value (see Table 4.1). The transmissivity

corresponds to the smaller of the two values determined by Haldeman

(1988). The left-most, or "zero-percent," streamline should correspond

to the left boundary of the matrix (y = 0 cm). The deviation is due to

the errors involved with the numerical scheme. Table 4.3 presents the

flows of each domain and pertinent pressure heads calculated, and

compares them to experimental data whenever available.
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Table 4.2: Case study of idealized test block system: a comparison of
computer model input parameters and experimental data( 1 ).

Input Parameters
	

Model	 Experimental

Average Matrix Hydraulic
Conductivity,	 50	 59.1
Km x 109 (mis)

Average Fracture
Transmissivity,
Tf X 10 9 (M2/S)

5 7.16(2)
5.12( 3 )

Fracture Half-Aperture,
ep (urn) 	100	 NA(4)

Average Matrix Plate
Conductivity,	 2	 1.80
Kn x 109 (mis)p

Applied Head above
Matrix Plate,	 28.3	 27.2 to 30.0( 5 )
Hmp (cm)

Average Fracture Plate
Conductivity,	 5	 3.77
Kf p (mis)

Applied Head above
Fracture Plate,	 36.3	 35.5 to 36.8( 5 )
Hfp (cm)

(1) Experimental data are from Haldeman (1988).
(2) Transmissivity is calculated assuming all the flow from fracture

plate and no flow from the matrix plate enter the fracture; mean --
7.16 x 10-9 m2 /s and Std = 1.68 x 10 -9 m2/s (Haldeman, 1988).

(3) Transmissivity is calculated assuming flow from fracture plate is
split between fracture and rock matrix; mean = 5.12 x 10 - m2/s and
Std = 1.54 x 10 -9 m2/s (Haldeman, 1988). Proportion of flow in
matrix is calculated using an average Km, and subtracted from the
total flow to determine Tf.

(4) NA - Not applicable.
(5) Period monitored is between 6-13-88 and 8-3-88.
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Table 4.3: A comparison of flow and pressure head data obtained from
using the computer model and those measured or calculated
from experimental data( 1 ).

Model	 Experimental

94

Matrix Plate Flow,
Qmp x 10 9 (m 2 /s)

Fracture Plate Flow,
Qfp X 10 9 (m2 /s)

Flow Exiting Fracture,
Qf X 10 9 (M2/S)

Flow Exiting Matrix,
Qm x 10 9 (m2/s)

Pressure Head under
Matrix Plate,
hmp (cm)

Pressure Head under
Fracture Plate,
hf p (cm)

	6.33	 6.65

	

3.77	 3.15(2)

	

5.06	 NDM(3)

	

5.15	NOM

+2.6 to +3.7	 -3.9 to +5 • 9(4)

(mean = +3.2)

-1.7 to +3.2( 5 )	 -12.6 to +7 • 4( 4 )

(mean = +0.1)

Pressure Head in
Fracture (cm)
at z = 10 cm
at z = 35 cm

Pressure Head in
Matrix (cm)
at x = 4 cm

and z = 5 cm
at x = 4 cm

and z = 30 cm

	+0.3
	

-1.8 to -5.6

	

+0.2
	

-3.1 to -8.4

	+1.7	 -0.4 to +1.0

	

+0.3	 +0.6 to +1.9

(1) Experimental data are from Haldeman (1988).
(2) Fracture plate flow is half the actual observed because the

model divides the test block into two identical halves with the
fracture as the plane of symmetry.

(3) NOM - not directly measured.
(4) Pressure head calculated using equation 3.2.
(5) The pressure head directly over the fracture opening is -1.7 cm

(suction of 1.7 cm).
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It is readily apparent from the streamlines that flow from the

fracture plate is diverted to the fracture through the matrix within the

first 3 cm. However, at a transmissivity of 5 x 10 -9 m2/s, part of the

matrix plate flow (Qmp) is also diverted to the fracture. Streamlines

in the matrix are affected most dramatically near the fracture opening.

Approximately 19 percent of Qmp , or 12 percent of the total flow (Qt)

reach the fracture within the top 20 cm, and exit through the fracture.

Insignificant exchange of fracture and matrix flows occur between z = 20

cm, and the fracture opening at z = 50 cm. A plot of the fracture flow

(calculated as fraction of Qt) as a function of distance is shown in

Figure 4.4.	 The model Qmp is slightly less, and fracture plate flow

(Qfp) slightly greater, than those measured experimentally.	 The

difference between the sums of Qmp and Qfp, and actual matrix (Qm ) and

fracture flows (Qf), is due to mass balance errors.

The simulated pressure heads under the porous plates match those

calculated, as a whole, but the pressure heads in the fracture are

greater than those measured with the tensiometer. The pressure heads in

the matrix compare well to those measured. Observations during testing

seemed to indicate the actual pressure heads under the plates were less

than atmospheric as "weeping" did not occur, with few exceptions. The

discrepancies between model and experimental pressure heads should be

viewed in light of the expected experimental variabilities. The flow

discrepancies are probably due in part to the differences in pressure

heads, as well as to heterogeneities of the test block. An examination

of the test block clearly showed the existence of inclusions and

microfractures. Another explanation may be the presence of filter paper
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between the plates and rock surface which is not taken into account by

the model. The possible effects of filter paper is explored in more

detail below.

Due to the fracture-matrix interaction near the fracture opening,

the concentration profile in the fracture is of interest as functions of

both time and longitudinal distance (in the z direction). At nodal

points close to the triple point (point at the upper right shared by the

fracture plate, matrix and fracture domains), the simulated travel times

of the streamlines become increasingly unstable. This is due to the

nature of numerical schemes such as ones used in the BIM. A simple

averaging is applied to calculate travel times of the streamlines.

Table 4.4 presents the travel times of selected streamlines entering the

fracture as calculated by assuming straight streamlines, and using the

average gradient between the end nodal points. Piston pump displacement

is also assumed for transport in the matrix by neglecting the effects of

diffusion into the matrix, and hydrodynamic dispersion. Matrix

diffusion will retard the breakthrough, and dispersion will spread out

the front. With 49 percent of Qt entering the fracture, the travel

times of five stream tubes, each representing ten percent of the flux,

except for stream tube no. 5, are calculated. The calculations are

performed for an "average" streamline representative of each stream

tube. They are arbitrarily chosen as the five-percent streamlines of

each stream tube (except 4.5-percent for stream tube no. 5), e.g., the

95 percent streamline is chosen to represent the properties of stream

tube no. 1. The time increments are chosen as the travel times of the

average streamlines for simplicity.
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Table 4.4: Travel time calculations of 
selected streamlines

contributing to fracture flow.

Stream	 Streamline( 1 )	Travel	 Average	 Average(2)	 Travel( 3 )

Tube	 (Percent	 z	 Distance Head Change 
Travel Velocity 	 Time

No.	 Qt)	 (cm)	 AZ (CM)	 AH (CM)
	 lit X 10 7 (mis) tt (hr)

1

2

3

4

5

NA(4)	 0.000

	

25.7	 0.238

	

18.6	 0.657

	

14.9	 1.302

	

12.6	 2.183

	

10.0	 3.910

	

8.35	 6.188

	

6.19	 12.70

	

4.47	 27.09

	

3.93	 51.88

	

7.31	 76.88

	

100	 0.00	 0.00	 0.0

	

{ 95
	 0.085	 0.22	 2.0

	

90	 0.22	 0.44	 2.9

	

{ 85

	 0.40	 0.70	 3.7

	

80	 0.64	 0.99	 4.4

{	
75	 0.99	 1.41	 5.0

	

70	 1.40	 1.86	 5.5

{	
65	 2.44	 2.83	 6.2

	

60	 3.94	 4.36	 6.9

	

{ 55.5	 6.90	 7.34	 9.6

	

51	 20.0	 20.2	 52.4

(1) The average streamline of each stream 
tube is chosen to represent

the properties of the stream tube, 
e.g., travel time and

concentration of 95-percent streamline represents those 
of stream

tube no. 1 bounded by 90- and 100-percent 
streamlines.

(2) Average travel velocity, ut = (K m/n e )(AH/Az).

(3) Travel time, tt = Az/ut.

(4) NA - Not applicable.
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The relative concentration profiles in the fracture over time, for

a step increase in concentration from Ci (= 0.01C 0 ) to Co in the

fracture plate only, are plotted in Figures 4.5 and 4.6.	 The

concentration in the matrix plate remains at C. A summary of the

concentration and C* calculations are included in Table 4.5. The first

plot shows the profiles for an instantaneous increase of concentration

through the plate, and the second takes into account the solute

breakthrough characteristic of the plate. For plotting purposes, the

midpoints of the stream tubes (along the z-direction) are connected.

The chloride breakthrough of plate no. 5 (see Figure C.3 of Appendix C)

is used for the second set of profiles, after adjusting for the proper

flow rate. The difference in the two cases is confined to the first two

time increments after which the background solution is displaced by the

tracer solution. At t3 = 3.910 hrs, note the tracer front is only at z

= 47 cm and has not reached the bottom of the fracture. The

breakthrough curve at any distance along the fracture can be constructed

by simply connecting the C* values for each time increment for that

distance.

There are several observations of importance to understanding the

results of the fracture transport tests discussed in the next section.

As shown in Figures 4.5 and 4.6, the concentration in the fracture is

attenuated initially because part of the fracture plate flow traversed

through the matrix. Furthermore, the steady-state C* value is not

expected to reach 1.0 as the matrix plate contributes flow at the lower

concentration of Ci. Both fracture flow and concentration are a

function of distance along the fracture. Data interpretation is
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Figure 4.5: Profile of relative concentration, C* , as a function of
longitudinal distance along the fracture, z (cm), with an
instantaneous increase through the fracture plate. The

time increments are t1 = 0.238 hrs, t2 = 1.302 hrs,
t3 = 3.910 hrs, t4 = 12.70 hrs, and t5 > 14.81 hrs.
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Table 4.5: Relative concentrations in the fracture as functions of time

and distance along the fracture.

Elapsed	 Stream(1) 	Concentration, C x 1/C 0 ( 2 ) Relative Conc., C * 
Time, tE	 Tube	 instant ,	plate	 instant.	 plate

(hr)	 No.	 z (cm)	 increase	 effect	 increase	 effect

0.238 1 0.11 1.000 0.069 1.000 0.060

2 0.43 0.010 0.010 0.000 0.000

3 1.02 0.010 0.010 0.000 0.000

4 2.67 0.010 0.010 0.000 0.000

5 11.97 0.010 0.010 0.000 0.000

50.00 0.010 0.010 0.000 0.000

1.302 1 0.11 1.000 0.208 1.000 0.200

2 0.43 1.000 0.208 1.000 0.200

3 1.02 0.670 0.142 0.667 0.133

4 2.67 0.505 0.109 0.500 0.100

5 11.97 0.431 0.091 0.425 0.082

50.00 0.010 0.010 0.000 0.000

3.910 1 0.11 1.000 1.000 1.000 1.000

2 0.43 1.000 1.000 1.000 1.000

3 1.02 1.000 1.000 1.000 1.000

4 2.67 0.753 0.753 0.750 0.750

5 11.97 0.616 0.616 0.612 0.612

46.94 0.431 0.431 0.425 0.425

50.00 0.010 0.010 0.000 0.000

12.70 1 0.11 1.000 1.000 1.000 1.000

2 0.43 1.000 1.000 1.000 1.000

3 1.02 1.000 1.000 1.000 1.000

4 2.67 0.943 0.943 0.942 0.942

5 11.97 0.771 0.771 0.769 0.769

50.00 0.616 0.616 0.612 0.612

>	 14.81 1 0.11 1.000 1.000 1.000 1.000

2 0.43 1.000 1.000 1.000 1.000

3 1.02 1.000 1.000 1.000 1.000

4 2.67 0.943 0.943 0.942 0.942

5 11.97 0.771 0.771 0.769 0.769

50.00 0.771 0.771 0.769 0.769

(1) The midpoint of each stream tube along the z-direction is

chosen for plotting, which is different from where the average

streamline enters the fracture.
(2) Concentrations are measured as fractions of the tracer solution

concentration, Co.
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necessarily confined to the bottom 30 to 40 cm, where Qf remains

constant, and C* reaches a steady-state value over time, in this case

after approximately 15 hours.

An omission in the case study is the use of filter paper as contact

between the porous plates and the rock.	 Perfect contact between the

plates and rock surface is assumed in the analysis.	 Results may be

different because if the permeability of the filter paper is greater

than those of the plates and rock matrix, flow from the fracture plate

may converge towards the fracture opening via the filter paper. For

this case, less flow will pass through the matrix resulting in a

decrease in travel time for a greater proportion of flux at the higher

concentration. The presence of the filter paper may act similarly to

the case of a plate which just covers the fracture. The C* profile will

approach steady state much faster, and analysis of data is then

applicable for a greater segment of fracture. However, the permeability

of the filter paper will depend on the compressive force applied against

it.	 Its permeability is expected to be smaller with greater applied

force.	 Additionally, the suction which develops under the plates is

also expected to affect filter paper permeability.	 The porous plates

and filter paper are just two factors affecting the transport of solute

in the fracture. An understanding of their effects in an ideal test

block provides background to interpreting experimental results.

4.3 Solute Transport in the Fracture 

Three fracture transport tests were performed, two slug input tests

of varying duration (nos. 1 and 2), and one step input test (no. 3). A
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"slug" test is defined here as one in which the tracer solution is

introduced at the top of the plate over a period of time, e.g., 12

hours, followed by the background solution. A "step" test is one in

which only the introduction of tracer solution occurs without subsequent

flushing with the background solution. Therefore, a "step" test is

simply the first part of a "slug" test. Information on the three tests

including test conditions are summarized in Table 4.6. Sampling

locations are shown in Figure 4.7.

During the fracture transport tests, a step input test in matrix

side 1-C (see Figure 4.8) was also conducted using a 1.25 (± 0.10) x 10 -

2 M CaC12 solution, while matrix side 1-A continued to receive the

background solution of 1.30 (± 0.20) x 10 -3 M CaC12. The flowing of two

CaC12 solutions, both more dilute than what the fracture receives,

through the matrix is expected to result in interesting two-dimensional

transport scenarios. The concentration gradient is away from the

fracture during the step-up portion of tests. However, on the step-down

portion, the gradient is towards both the fracture and the side

boundaries of the matrix. The tracer front moving down matrix side 1-C

complicates the scenario. For discussion of the matrix transport test

results, refer to Section 4.4 below. Results of the transport tests are

expected to be influenced by the concentration history in the fracture

and matrix.

Breakthrough curves plotting the temporal concentration

distributions for the three tests are presented in Figures 4.9 to 4.11.

Figure 4.12 plots the first 24 hours of test no. 2 (referred to as no. 2

- 24 hrs) for comparison against test no. 3, which was a 24-hour step
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Table 4.6: Pertinent information and test conditions of fracture
transport tests.

Test Number	 1	 2	 3

Test Performed
	

Slug: 12hrs	 Slug: 48hrs	 Step

Test Duration (hrs)	 28	 148	 24

Concentration,
Tracer,	 C o (Pi)
Background, Ci	 (fi)

pH	 (pH paper)

Average Flow Rate
Q x	 10 9 	(m3/s)( 1 )

0.105
0.0015

5.0 to	 5.5

0.105
0.00125

5.0 to 5.5

0.10
0.0015

5.0 to	 5.5

- Fracture Plate 1.41 1.36( 2 ) 0.99
- Matrix Plate:	 1-A 1.40 1.09 1.21

- Matrix Plate:	 1-C 0.63 0.51 0.61

Average Head Imposed
at Top of Plate	 (cm) 35.80 35.90 29.88

Average Calculated
Pressure Head( 3 )
over Fracture	 (cm)

-7.6 -6.2(4) -0.7

Measured Pressure Head( 5 )
(cm) at	 z = 10 cm
- Port 5F-US NM(6) NM -3.0 to -3.4

- Port 5F-UC NM NM -1.8 to -5.6

Measured Pressure Head( 5 )
(cm) at z = 35 cm
- Port 5F-LS NM NM -3.1 to -3.8
- Port 5F-LC NM NM -5.6 to -8.4

(1) Flow rate variation during tests was ± 3.0 x 10 -11 m3/s.
(2) Actual flow rate was probably less due to "weeping" observed from

the porous plate down test block face 6 during test.
(3) Values are estimated from flow rates and heads applied at the top

of the porous plate.
(4) Actual pressure head was probably greater due to "weeping" observed

from the porous plate down test block face 6 during test.
(5) Pressure heads were monitored during the following periods:

5F-US (8-3-88), 5F-UC (8-1-88 to 8-3-88), 5F-LS (7-26-88 to
7-28-88 and 8-1-88), and 5F-LC (7-27-88 to 8-1-88).

(6) NM - not measured.
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Figure 4.8: A complex solute concentration history in the test block is
expected to result from introduction of calcium chloride
solutions of different concentrations.
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Figure 4.9: Breakthrough curves plotting the average relative
concentration, C* , versus time elapsed (hr) for fracture

transport test no. 1 at three distances along the fracture
segment, z = 10 cm, z = 35 cm and z = 50 cm.



*
0

C
O 08.rt
.ii
0
L
4-3 0.6
C
0
o
C
o 0.4
C)

0
>
-.4 0.2
.o
0
.-1
0
cc

--

15050	 100

Time Elapsed (1 r)

z-50cm

-

-

109

e
O 0.8..,
4.,
0
L
-1-, 0.6
C
0
o
c
O 0.4
u

50	 100
	

150

Time Elapsed (hr)

50	 100
	

150

Time Elapsed (hr)

Figure 4.10: Breakthrough curves plotting the average relative
concentration, C* , versus time elapsed (hr) for fracture
transport test no. 2 at three distances along the fracture
segment, z = 10 cm, z = 35 cm and z = 50 cm.
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Figure 4.11: Breakthrough curves plotting the average relative
concentration, C* , versus time elapsed (hr) for fracture
transport test no. 3 at three distances along the fracture
segment, z = 10 cm, z = 35 cm and z = 50 cm.
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Figure 4.12: Breakthrough curves plotting the average relative
concentration, C* , versus time elapsed (hr) for the first
24 hours of fracture transport test no. 2 at three
distances along the fracture segment, z = 10 cm, z = 35 cm
and z = 50 cm.
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input test. For clarity, the graphs only plot the average C* values.

Figure 4.13 is a detailed graph of breakthrough at z = 10 cm for test

no. 1 showing the typical range of C* values encountered. The first and

second temporal moments of the average C* values are summarized in

Tables 4.7 and 4.8. Tables 0 .1 to 0 .4 (Appendix D) present experimental

data including time elapsed, potential difference measurements,

corresponding concentrations and relative concentrations. As an

example, Table 0 .1 provides additional data on the temporal moments

analysis performed.

The breakthrough curves and temporal moments analyses show

channeling flow in the fracture segment probably occurred with one or

more preferential flow path(s). Not only flow conditions and local

heterogeneities, but previous solute concentration history, are likely

to affect solute transport. Results of all three tests indicate earlier

arrival at sampling port 5F-UC (x = 10 cm) than 5F-US (x = 5 cm) even

though the ports are at the same distance along the fracture (z = 10

cm). The first two tests also show earlier arrival at the bottom of the

fracture segment (z = 50 cm) than at sampling ports 5F-LS and 5F-LC,

both at a distance of z = 35 cm. This seems to indicate the tracer

front bypassed the sampling ports at z = 35 cm probably due to

channeling. This discussion includes sampling port 5F-LC, even though

it apparently intercepted a secondary fracture, because data collected

at the port are not significantly different from those of port 5F-LS.

However, the third test shows the earlier arrival of the center of mass

at z = 35 cm than at z = 10 cm. The breakthrough curves at 5F-UC all

share a similar, but distinctive, decrease in C* after an initial steady
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Table 4.7: First and second temporal moments data using average
relative concentration values for fracture transport test
nos. 1 and 2.

Sampling
Port/Location

Test No. 	1 Test No. 	2
tm 	(hr) st Z 	(hr2 ) tm	 (hr) 	st Z 	(hr 2 )

5F-US 16.59 47.53 54.34 667.21

5F-UC 11.80 26.29 43.08 755.18

Average( 1 )
(z =	 10 cm) 12.91 35.26 48.24 745.88

5F-LS 17.04 49.24 53.98 745.71

5F-LC 16.20 69.09 60.22 668.10

Average( 1 )
(z	 = 35 cm) 16.79 55.19 57.48 720.04

6-B 15.69 37.99 50.50 778.22

6-M 14.56 32.97 48.31 682.67

3-M 15.27 35.80 50.01 718.71

3-F 15.86 35.86 51.01 768.17

Average( 1 )
(z = 50 cm) 15.19 35.80 49.82(2) 775.63(2)

(1) First and second temporal moments are average values for
each longitudinal distance, z.

(2) Average is calculated for sampling locations 6-M, 3-M and
3-F only.
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Table 4.8: First and second temporal moments data using average
relative concentration values for fracture transport test
no. 3 and the first twenty four hours of test no. 2.

Sampling
Port/Location

Test No. 	3 Test No. 2 - 24 Hrs
tm	 (hr)	 stz	 (hr2 ) tm (hr) st z 	(hr)

5F-US 16.67 34.91 16.11 36.54

5F-UC 14.05 38.71 14.34 29.18

Average( 1 )
(z	 = 10 cm) 14.68 39.05 14.87 31.72

5F-LS 13.94 52.93 14.58 35.24

5F-LC 10.99 56.61 17.14 36.41

Average( 1 )
(z	 = 35 cm) 12.47 56.93 15.67 37.35

6-B 15.19 40.91 14.54 38.57

6-M 14.26 40.46 15.24 36.81

3-M 14.73 38.47 15.31 50.39

3-F 13.53 41.22 15.04 36.30

Average( 1 )
(z = 50 cm) 14.41 40.66 15.20(2) 36.08(2)

(1) First and second temporal moments are average values for
each longitudinal distance, z.

(2) Average is calculated for sampling locations 6-M, 3-M and
3-F only.
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increase in C* to approximately 0.6. This phenomenon may have resulted

from the intrusion of a secondary front moving through. The first

moment data of test nos. 1 and 2 suggest a preferential flow path

connecting 5F-UC and 6-M, whereas first moment data of test no. 3

indicate an alternative flow path connecting 5F-UC and 3-F possibly.

The similarity of breakthrough curves of all four sampling locations at

z = 50 cm is likely due to a "smearing effect" as the tracer solution

front mixed at atmospheric pressure at the exit boundary.

The first two tests were slug input tests with apparently similar

flow conditions and average pressure heads over the top fracture opening

(see Table 4.6). A 12-hour slug of tracer solution was introduced for

the first test with a monitoring period of 28 hours, and 48-hour slug

for the second with a monitoring period of 148 hours. Major differences

resulting from the longer slug input is apparent in the breakthrough

curves at 5F-US, 5F-LS and 5F-LC (see Figure 4.10) for test no. 2. The

breakthrough curve at 5F-US is similar to that of 5F-UC but with a time

delay. Both breakthrough curves at z = 35 cm indicate a dramatic

increase in relative concentration occurred at 5F-LS (maximum C* =

0.45), and at 5F-LC (maximum C* = 0.60). The shorter slug of tracer

solution in test no. 1 may be the cause for the correspondingly flatter

breakthrough curves at the three sampling ports. This bolsters the

conjecture of an uneven tracer front due to channeling flow.

Results of the second test indicate a more slowly moving tracer

front.	 During the test, tracer solution was observed to be "weeping"

down face 6.	 The earlier increase in C* at sampling location 6-B

supports this contention.	 The test was not interrupted as the exact
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time the "weeping" started to occur was not known. The actual flow rate

in the fracture and pressure head over the fracture are expected to be

different from the apparent values presented in Table 4.6.

Although the exact flow conditions of the second test are not

known, the results of the first 24 hours of the test can be compared

with the third (see Table 4.8; Figures 4.11 and 4.12). The breakthrough

curves, with few exceptions, are remarkably similar. The first and

second moments at z = 10 cm and z = 50 cm compare well, but not at z =

35 cm. Results of the third test at z = 35 cm show a center of mass

which has a slower average velocity, but much less spread, than the

first 24 hours of the second test. The discrepancy at z = 35 cm may be

due to differences in flow conditions between the tests not manifested

at z = 10 cm or z = 50 cm.

It is interesting to note that at 48 hours into the second test,

the maximum C* is only 0.4 at the bottom fracture opening, which is

slightly greater than half of the value calculated in the case study.

This suggests several possibilities. A first guess is the effects of

dispersion and matrix diffusion, which were not included in the model,

cause the lower C* measured. The contribution of matrix flow may be

greater than anticipated. However, port 5F-UC at z = 10 cm shows

maximum values similar to the calculated C* of 0.769. Another is a

slower than anticipated travel velocity due to the tortuosity of

fracture flow. Estimates of travel velocity from the fracture tests, as

discussed below, show this not to be the case. Precipitation of calcium

chloride is ruled out from preliminary X-ray diffraction test results
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(Vickers, 1988). Without tests in which the step-up portion is

maintained for a longer period, the exact reason(s) may not be known.

Immediately at the end of the third test, the experimental setup

was disassembled, and the test block broken apart at the fracture. A

spatial concentration distribution of the fracture was measured of the

solution remaining on the fracture surface. A discussion of the

concentration distribution map of the fracture surface (Figure 4.14), in

addition to the breakthrough curves and temporal moments data, is

helpful in understanding the fracture solute transport parameter

estimates obtained in Table 4.9. Table D.5 (Appendix D) presents the

potential difference measurements, and corresponding concentrations and

relative concentrations. There appears to be two preferential flow

paths, with the primary one closer to face 6. Coupled with the

concentration measurements, darker coloration of the fracture surface,

and remnants of materials washed loose, seem to confirm this

observation. The ridge, due to a curving of the main fracture at

approximately four-fifths of the distance, probably controls the flow

path direction to a certain extent. The liberties taken on the exact

flow paths beyond the ridge are based partially on the first temporal

moments calculated for the three tests (see sampling locations 6-B to 3-

F, Tables 4.7 and 4.8).

Estimates of the average travel velocity (ut) are determined using

an apparent travel distance of 40 cm, from the 5F-series ports at z = 10

cm to the bottom of the fracture at z = 50 cm. From the computer model

results, the analysis is seen as best confined to approximately this

distance. The dispersion coefficient (D) and dispersivity (aL) are
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Figure 4.14: Spatial distribution map of relative concentrations of
solution remaining on fracture surface immediately after
fracture test no. 3. Two preferential flow paths are
likely to exist with the dominant one closer to face 6.
The fracture sampling areas are denoted with circles.
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Table 4.9: Estimates of average travel velocity, dispersion
coefficient and longitudinal dispersivity using temporal
moments analysis for fracture tranpsort tests.

Test Number 1 2 3 2 - 24 Hrs

Analysis	 Case( 1 ) [A] [8] [A] [B] [A] [C] [A]	 [B]

Average travel
velocity( 2 ),
ut x	 10 5 	(mis)

4.03 4.87 2.12 7.03 52.9 30.9 12.3	 33.7

Dispersion
Coefficient( 3 ), 7.06 1.01 NC(4) 168 4200 929 233	 2696
D x 106 	(m2 /s)

Dispersivity( 5 ),
aL x 10 2 	(m) 17.5 2.07 NC 239 794 301 188	 801

(1) Analysis Case [A]: sampling port 5F-UC (x = 5 cm; z = 10 cm) and
sampling location 6-M (x = 6 cm or x = 8 cm;
z = 50 cm).

Analysis Case [B]: sampling ports/locations corresponding to
longitudinal distances of z = 10 cm and
z = 50 cm.

Analysis Case [C]: sampling port 5F-UC (x = 5 cm; z = 10 cm) and
sampling locations corresponding to longitudinal
distance of z = 50 cm.

(2) Average travel velocity is calculated using an apparent distance of
40 cm, from z = 10 cm to z = 50 cm.

(3) Dispersion coefficient is calculated using equation 2.33.
(4) NC - not calculated.
(5) Longitudinal dispersivity is calculated using equation 2.170.
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determined using equations 2.33 and 2.17b. Based on the breakthrough

curves, temporal moments data and spatial concentration distribution

map, three cases are analyzed for solute transport in the fracture.

Analysis case 'A' assumes a major flow path connecting sampling port 5F-

UC and sampling location 6-M. Analysis case 'B' takes a laterally-

averaged approach (average for particular distance, z) and examines the

temporal moments at z = 10 cm and z = 50 cm. Analysis case 'C', which

examines the temporal moments between sampling port 5F-UC and the

laterally-averaged values at z = 50 cm, is adopted as the only possible

means of interpreting experimental data of the third test.

The average travel velocity ranges from 2.12 x 10 -5 m/s (7.6 cm/hr)

to 52.9 x 10-5 m/s (190 cm/hr), a one-order magnitude difference. The

dispersion coefficient and longitudinal dispersivity vary from 1.01 x

10 -6 m2/s to 4.2 x 10 -3 m2/s, and 2.07 x 10- 2 m to 8.01 m, respectively.

These values correspond to three-order and two-order magnitude

differences. The travel velocity of the third test, which is a step

input test, seems to have increased from the first two tests, which are

slug tests, with a corresponding increase in dispersion as well.

However, by isolating the first 24 hours of the second test, and

comparing the results to the third test, the travel velocities and

dispersion coefficients are much more similar. According to the

temporal moments analysis, parameter estimation is not dependent on the

type of test conducted. But without further testing, it appears the

results may be a function of the type of test conducted.

In the computer model case study of the previous section, for a Tf

= 5 x 10-9 m2/s, and a fracture half-aperture of 10 -4 m (10011m), the
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corresponding Kf is 5 x 10-5 m/s (18 cm/hr). If the fracture is assumed

to be fully saturated, then the travel velocity equals Kf, which matches

well with results of test nos. 1 and 2. Longitudinal dispersivity is

expected to be of a scale close to the length of the fracture segment,

0.5 in in this case. If these parameters have any validity to them, the

D is then 2.5 x 10 -5 m2/s, which is within the range of values

estimated. These values are the best estimates for the fracture

segment.

The results suggest large variations for the same fracture segment

among individual experiments, possibly due to fracture heterogeneities,

magnified even at apparently similar flow conditions, and previous

solute concentration histories. The results also suggest the importance

of channeling flow. Moreno et al. (1985) found their parameter

estimates to be similar assuming either hydrodynamic dispersion or

channeling dispersion (see section 2.2.2). However, they also concluded

that for longer fracture segments the channeling dispersion model would

show greater dispersion and earlier arrival of the solute front than the

hydrodynamic dispersion model. If channel flow dominates, estimates of

dispersion are then a function of the length of fracture segment.

4.4 Solute Transport in the Matrix 

While the fracture transport tests were conducted, a step input

test was also started in matrix side 1-C. A tracer solution of 1.20 (±

0.10) x 10 -2 M CaC12 was introduced beginning approximately one week

prior to fracture test no. 1. Monitoring continued for nearly 51 days.

However, insufficient data were collected at sampling port 4M-L up until
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fracture test no. 2. Data collected after fracture test no. 2 should be

viewed in light of prolonged periods of handling of the canopy flaps and

placement of the tensiometer in the sampling ports for pressure

readings.

Pertinent information including test conditions are presented in

Table 4.10.	 Once again, the breakthrough curves are plotted using

average C* values (see Figure 4.15). The curves for the two sampling

ports, 4M-U and 4M-L, are expected to reflect conditions in the

fracture. The periods corresponding to the three fracture transport

tests are also indicated in the figure. Table 0 .6 (Appendix D) present

test data including time elapsed, potential readings, corresponding

concentrations and relative concentration values.

From temporal moments analysis (see Tables 4.11 and 4.12), the

average travel velocity from z = 0 cm to z = 5 cm is 1.13 x 10-7 m/s

(0.97 cm/day), and from z = 5 cm to z = 30 cm is 2.86 x 10-7 m/s (2.47

cm/day). The first calculation assumes, at z = 0 cm, an input from

plate no. 4 as measured experimentally (see Figure C.2 of Appendix C,

and Table D.7 of Appendix D). The travel velocity appears to have

decreased from the first 5 cm to the next 25 cm. These values compare

with a travel velocity of 3.34 x 10-7 m/s (2.88 cm/day) assuming an

average Km 5.91 x 10-8 m/s, n e = 0.177 (see Table 4.1), and unit

hydraulic gradient. The difference between the travel velocities

calculated using the solute versus flow data may be attributed to the

effect of the sampling ports. However, the differences are small and

the effects, if any, of the ports should be assessed separately.



Table 4.10: Pertinent information and test conditions of matrix
transport test.
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Test Performed

Period Monitored (hrs)

Concentration,
Tracer, Co (0)
Background, tii (0)

pH (pH paper)

Flow Rate,
Q x 10 1U (m3/s)(1)

Head Imposed at
Top of Plate (cm)

Calculated Pressure
Head(2) at Top
of Matrix (cm)

Measured Pressure
Head( 3 ) (cm) at
- Port 4M-U (z . 5 cm)
- Port 4M-L (z = 30 cm)

Step

1222.25

0.0125 (± 0.0010)
0.0013 (± 0.0002)

5.0 to 5.5

1.79 to 3.18

4.30 to 5.95

-2.45 to +1.64

-0.4 to +1.0
+0.6 to +1.9

(1) Flow rate variation during tests was
± 5.0 x 10-12 m3/ s .

(2) Values are estimated from flow rates and
heads applied at the top of the porous
plate.

(3) Pressure heads were monitored on 8-4-88.
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Table 4.11: First and second temporal moments data using average
relative concentration values for matrix transport test.

Sampling Port
	

tm (hr)	 st2 (hr2)

Plate No. 4
Input (1) 475.54 139237.8

4M-U 598.83 107109.3

4M-L 841.40 44012.2

(1) Temporal moments analysis is performed
using the experimentally determined
breakthrough curve of plate no. 4 as
the input function at z = 0 cm.

Table 4.12: Estimates of average travel velocity using temporal moments
analysis for matrix transport test.

Plate to	 4M-U to
Case
	

4M-U	 4M-L

Average Travel
Velocity,	 1.13	 2.86
ut x 10/ (m/s)

Dispersion
Coefficient,
D (m2/ s )

NC(1) NC

Dispersivity,
aL (m)	 NC	 NC

(1) NC - not calculated because of insufficient
data and other data problems.
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The travel velocity calculations neglect the effects of matrix

diffusion. During fracture transport tests, the concentration gradients

are expected to result in lateral movement of chloride possibly

affecting the concentration observed at the matrix ports. Such multi-

dimensional transport due to fracture-matrix interactions, other than

matrix heterogeneities, may explain the higher concentrations observed

at the ports compared to a simple step input test. Figure 4.15

indicates the periods associated with the first two fracture tests,

especially immediately after the step-up portions, show anomalous

concentration increases. Additionally, the similarity in behavior at

both ports during fracture test no. 2 argues for lateral as opposed to

longitudinal influence of chloride movement. The period just prior to

the last fracture test also show remarkably similar behavior at the two

ports.	 These trends are believed to be more than experimental

variabilities.	 However, the average travel velocity estimates are

believed appropriate. 	 The lateral movement of chloride should affect

results at both ports, with a delay of several hours between the two

ports.

A dispersion coefficient, and therefore, longitudinal dispersivity

is not calculated because of the variance, or second moment, data.

Because of the lack of data points at port 4M-L, and possibly the

assumed input at z = 0 cm, the smallest variance is seen at z = 30 cm,

making it impossible to apply equations 2.33 and 2.17b. The dispersion

coefficient in the matrix is expected to be considerably greater than

the effective diffusion coefficient of 5 x 10 - 11 m2/ s reported by Grisak

et al. (1980), or 2 x 10-11 to 17 x 10-11 m2/s (for sodium halide salts)
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reported by Walter (1985). It is probably of the same magnitude as the

fracture dispersion coefficient, if not greater, because of the

tortuosity of flow paths. The quantification of the diffusion effect

using the current experimental setup is complicated by the different

fracture transport tests performed, each having different durations of

tracer and background test solutions flowing through the fracture.

Estimates of D and al_ in the matrix, and Dm can be made more

appropriately without fracture test interactions.
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CHAPTER 5

SUMMARY, CONCLUSIONS AND RECOMMENDATIONS

Flow and transport studies through single fracture segments have

been confined to single phase flow. Techniques are being developed to

obtain hydraulic and solute transport parameters in natural fractures at

variably saturated conditions. This research focused on developing

techniques to study transport behavior, testing them under near-

saturated conditions, and also evaluating them for further studies at

unsaturated conditions. Concurrent work which focused on developing

techniques to study flow behavior is addressed in Haldeman (1983).

5.1 Summary 

Preliminary transport tests were conducted on a partially welded

tuff test block with a natural fracture at near-saturated conditions.

Four additional test blocks with more representative fractures are being

prepared and instrumented for further studies. The current test block

was selected for convenience to test the techniques and procedures

developed, but its fracture may be more variable than the other test

blocks.

Coated-wire ion-selective electrodes were used to monitor the

breakthrough of chloride in the fracture and rock matrix. Measurements

were made off filter paper used to collect small amounts of tracer

solution prepared from calcium chloride. Special considerations were

necessary for the proper use of the electrodes in an unconventional

sampling environment such as filter paper. Calibration curves were
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prepared comparing potential difference measurements in a more

conventional "aqueous" environment versus a "filter paper" environment.

Independent tests using a porous cup/water column apparatus showed the

filter paper/ion-selective electrode technique is capable of measuring

concentration changes under unsaturated conditions, i.e., up to a

suction of 100 cm of water.

Sample collection at various points along the fracture and matrix

was made possible with six sampling ports. Four of the sampling ports

extend to the fracture plane, and two end in the matrix. The ports were

necessary to obtain data, but are expected to affect flow and transport.

Ceramic porous plates were used to control the upper boundary

pressure heads, and to introduce test solutions. The hydraulic and

transport properties of the plates were determined experimentally.

Plate conductance, a direct measurement of the plate's ability to

conduct water, and Mariotte reservoirs were used to control suction at

the top of the rock. Chloride breakthrough in the plate provided

information on the input function of chloride at the top of the rock.

Solute transport parameters were estimated from results of three

fracture transport tests and one matrix transport test using temporal

moments analysis. Large variations in the results were observed for the

same fracture segment among individual experiments. The average travel

velocity in the fracture ranges from 2.12 x 10-5 m/s (7.6 cm/hr) to 52.9

x 10 -5 m/s (190 cm/hr), the dispersion coefficient from 1.01 x 10 -6 m 2/s

to 4.2 x 10-3 m2/s, and longitudinal dispersivity from 2.07 x 10-2 m to

8.01 m. Interpretation of the data in the fracture was aided with a

computer model case study of the test block. The model showed fracture-
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matrix flow interaction occurs near the top fracture opening. The

implications of the model results include a steady-state relative

concentration of less than 1.0 in the fracture, and a constant

concentration for the bottom 30 to 40 cm of fracture if matrix diffusion

is neglected. A spatial concentration distribution map of the fracture

was also obtained at the end of the third fracture transport test

strongly suggesting the existence of preferential flow paths.

Parameter estimation in the matrix was hampered by insufficient

data, and the complex two-dimensional solute concentration history in

the test block. Monitoring of chloride breakthrough in the matrix

sampling ports clearly indicated the influence of the fracture through

matrix diffusion. The average travel velocity in the matrix ranges from

1.13 x 10 -7 m/s (0.97 cm/day) to 2.86 x 10 -7 m/s (2.47 cm/day). The

dispersion coefficient and longitudinal dispersivity in the matrix were

not calculated.

5.2 Conclusions 

Based upon the evaluation of the filter paper/ion-selective

electrode technique, and the transport tests, the major conclusions of

this study are:

o The filter paper/ion-selective electrode technique is a viable method

to study solute transport behavior under near-saturated conditions in

fractured rock systems. Although the combined experimental error for

the study can be as much as ± 20 percent, use of a superior pH/mV meter
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with greater resolution and accuracy can reduce the error to acceptable

values.

o The technique appears to be promising for studying unsaturated

fractured rock systems. Independent tests show acceptable experimental

errors up to suctions of 100 cm of water, a level probably greater than

the critical suction when flow in fractures of interest will have

drained.

o Large variations in solute transport parameter estimates are observed

for the same fracture segment. 	 The variations probably result from

fracture and matrix heterogeneities, differences in flow and pressure

conditions, and solute concentration history.	 Use of temporal moments

analysis to estimate the parameters appears appropriate, but may require

further confirmation.

o Channeling flow in the fracture is observed even for the relatively

small fracture segment. The implications for a longer fracture segment

may be greater dispersion and earlier arrival of the solute front.

o Under large concentration gradients, the effects of matrix diffusion

are clearly seen through monitoring of matrix sampling ports during

fracture transport tests.	 Matrix diffusion is expected to retard

breakthrough, and also to spread out the breakthrough curve.	 The

experimental data in the fracture appears to support this contention.
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o	 With the experimental arrangement employing only the top porous

plates, fracture-matrix flow interaction occurs.	 However, it is

confined to the region near the top fracture opening.	 Use of bottom

plates are expected to minimize the interaction.

o	 Water does enter the sampling ports at near-saturated flow

conditions. However, the ports are expected to interfere with flow, and

to influence the average travel velocity calculations. For 2.0-cm

diameter ports, water is expected to be excluded even at slightly

unsaturated flow conditions, requiring longer sampling periods than at

saturated flow conditions during sample collection in the matrix. The

problem of mixing with matrix waters during collection of fracture

samples is reduced under the same conditions.

5.3 Future Studies 

Four additional test blocks, three of which are slightly welded

tuff and one densely welded tuff, are being prepared for further

testing. Imbibition tests and preliminary monitoring of chloride

concentration are currently under way on a second slightly welded tuff

test block. Based upon experiences with the filter paper/ion-selective

electrode technique and ceramic porous plates, and transport test

results, the following recommendations are made:

o	 With the acquisition of a superior pH/mV meter with greater

resolution and accuracy, a top priority is the quantitative assessment

of individual sources of error of the pH/mV meter, ion-selective
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electrode, reference electrode, and electrode drift. New and more

accurate calibration curves can also be constructed.

o If experimentation is to continue with chloride tracers, a double-

junction reference electrode with a different bridge solution, i.e.,

other than KNO3, will be a necessary addition. A bridge solution that

is not a major interferent of chloride will improve the reliability of

the technique, and allows for a longer period to measure potential

differences.	 Otherwise, a single-junction (no bridge solution)

reference electrode is recommended.

o The reliability of the filter paper/ion-selective electrode technique

requires confirmation at higher suctions. It tested well with a porous

plate/water column apparatus, but needs to be evaluated in actual

transport tests.

o Chloride breakthrough in the porous plates requires further testing

at different flow conditions, and background and tracer concentrations.

More tests are necessary to obtain representative breakthrough behavior

of the plates.	 Use of filter paper placed on the plate during

measurements is highly recommended to prevent electrode wear.

o To ensure the porous plates are hydraulically separated, an

impermeable barrier to be placed between the plates, or a depression to

be cut into the rock along the entire length of the plates to physically
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separate them, is recommended. 	 This will allow for equalization of

pressure head under each plate.

o	 The study of transport behavior in the fracture and the matrix is

best accomplished with separate test blocks, or possibly different

tracers with the same test block. Several options are available. For

different test blocks:

- Conduct fracture tests, and monitor effects in the matrix at

different locations to account for spatial variability.

- Conduct tests in the matrix on one side of the fracture, and

monitor the effects in the fracture, as well as the other side of the

matrix.

- Conduct fracture tests for a densely welded tuff block with

negligible matrix permeability to isolate fracture transport behavior.

For the same test block:

- Conduct fracture and matrix tests simultaneously with different

tracer solutions, or by monitoring different tracer ions.	 Careful

selection of tracers is needed to take into account compatibility of the

different ionic specie, and also compatibility of the tracers with the

host rock environment.

o In addition to slug input tests, step input fracture transport tests

of longer duration are of interest to assess the long-term

concentrations in the fracture for a finite sized test block.
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o Evaluation of the temporal moments analysis method is recommended by

fitting the parameters to either the classical advection-dispersion

model, or statistical models, if enough data is available. Also compare

results of slug versus step input tests. The variation in parameter

estimates is believed to be independent of the tests conducted, but

confirmation is still needed.

o To account for spatial variability in the fracture and rock matrix,

drill sampling ports extending to the fracture and ending in the matrix

from both sides of the fracture plane. Additional sampling ports should

be drilled to obtain more data points for any transect at a given

longitudinal distance.

o For studying matrix transport properties, place the sampling ports in

a staggered fashion to minimize the "dry shadow" effect directly below

the ports. This is especially important under more unsaturated

conditions. Figure 5.1 shows the placement of the ports as drilled for

a second test block.
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Figure 5.1: Location of sampling ports in the matrix for the second
test block is staggered to minimize the "dry shadow" effect
under the ports.
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APPENDIX A

ANALYSIS OF WATER PENETRATION INTO CAVITIES

This section presents more detailed mathematical formulations of
Philip's (1988) analysis of water penetration into circular-cylindrical
cavities.	 In addition to potential functions, dimensionless flow
velocities and stream functions are also discussed.	 A table of exact
and asymptotic maxium dimensionless Kirchhoff potentials (Pmax values)
is included.
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Philips (1988) defined "water entry" to occur "... [w]hen the
Gaussian curvature of air-water interfaces at the mouths of at least
some surface pores debouching into the cavity is positive." The suction
or moisture potential 111 is then < O. The nonlinear equation of steady
flow in unsaturated porous medium is:

17*(I<V4) = aK/az*	 (A.1)

where the suffixed asterisks denote differentiation with respect to the
physical space coordinates. The quasilinear form of equation A.1 is
used instead:

V*2ep = asaop/az*	 (A.2)

and two special values of ep, the Kirchhoff potential, are defined as:

To	 0
op, 0 = f	 ,	 op,m = f KmdT	 (A.3)

The sorptive number, as , enters the exponential representation of K(IP)
as:

K(40 = K0exp[ 25(T -T0)],
	 0 > [11 >	 (A.4)

with Ko the conductivity associated with J 0. The seepage velocity, Ko ,
can be any unsaturated conductivity or the saturated conductivity.
Equation A.2 is expressed in dimensionless form as:

V2 v= 2sav/az	 (A.5)

where P= ep/op, o , with the following two boundary conditions:

(1) lim P= 1 < Op,m/8p,o = Pm	 (A.6)

corresponding to a Ko far from the cavity; and (2) for no water entry at
the cavity surface A, the flow velocity normal to A is zero and o p <
op,m. Other dimensionless quantities are defined as:

x/x* = y/y*	 z/z*	 r/r* = 1/tc; s = 0 . 5as 2 c.	 (A.7)

For circular cylindrical cavities, the dimensionless radius is
with physical radius of 1.	 Centered at (x,z) = (0,0), in terms of
cylindrical polar coordinates (r,0):

x = rsin0, z = rcos0; 	 < 0 < n.	 (A.8)

The exact solution to equation A.8 is:
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e jIi(s)
P= 1 + 4exp[srcos0] j Z ------ K 3 (sr) +

j=1 Kj(s)
œ	 nIn(s)	 .	 jIi(s)
Z (-1)nKn (sr)cos(nO) [— + 2 E — ]	 (A.9)
n=1	 Km(s)	 j=n+1 Ki(s)

where I n and Kn are the modified Bessel functions of order n of the
first and second kinds, respectively. Asymptotic results give:

( 1 0 ) 	Pmax = 2s + 2 - 1/s + 2/s 2 - •.	 (A.10)

For small s values, vmax is just 1 + 2s.

The horizontal and vertical flow velocities, u* and v*, are
normalized with respect to Ko :

u = u*/K0 = -(1/2s)ap/ax 	 (A.11)

and

v = v*/K0 = p— (1/2s)aviaz. 	 (A.12)

The dimensionless stream functions (1) are then defined by:

u = -4/az	 ,	 v =
	

(A.13)

Dimensionless potential and stream functions, and velocity maps can then
be plotted for different porous media with different s values.



Table A.1: Exact and asymptotic values of vmax for seepage about
circular-cylindrical cavities (after Philip, 1988).

Emax
s	 Exact	 Asymptotic

0	 1.0000
0.05	 1.1126
0.1	 1.2361
0.15	 1.3636
0.25	 1.6205
0.5	 2.244
0.75	 2.835
1	 3.403	 3.000
1.5	 4.500	 4.333
2	 5.566	 5.500
3	 7.653	 7.667
4	 9.709	 9.750
6	 13.78	 13.83
8	 17.82	 17.88

10	 21.85	 21.90
12	 25.87	 25.92
14	 29.83	 29.93
16	 33.90	 33.94
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APPENDIX B

PREPARATION, CALIBRATION AND EXPERIMENTAL PROCEDURES

This section includes eleven detailed writeups of procedures and
protocols used in rock preparation and setup, equipment calibration and
use, test solution preparation, and general experimentation. The first
six procedures are transcribed directly from Haldeman (1988).
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PROCEDURE 1
PREPARATION OF TEST BLOCK FOR EXPERIMENTATION

Equipment 

1. Drill press.
2. Rotating drill assembly, with hose connection to water source.

3. Longyear diamond-edged coring bit, 1.91 cm (3/4-in.) outside

diameter (o.d.).
4. Level(s).
5. Wood blocks, planks, shims or similar support and wedging

implements.
6. Large clamps, 30 cm.
7. Flashlight.
8. Tygon tubing, 3.2-mm (1/8-inch) inside diameter (i.d.), 6.4-mm

(1/4-inch) o.d.
9. Suction pump, hand-held.
10. Syringe.
11. Metal wire.
12. Squirt bottle.
13. Chisel.
14. Hammer.
15. Test tube brush.
16. Rock Frame A (frame lying against rock surface), made of 1.59-cm

(5/8-inch) thick steel, with vertical rib.
17. Rock Frame B (frame holding rock above table), made of 3.2-mm

(1/8-inch) thick angle iron containing pre-drilled holes or

equivalent, with footing welded on each post.

18. Aluminum U-tubing, 3.2-mm (1/8-inch) thick, appropriately sized
to fit around rock frame A and instrumentation.

19. Galvanized steel, 2.54-cm (1-inch) wide, long enough to connect

rock frame B corner posts, with bolts to connect on aluminum U-

tubing.
20. Evaporation canopy frame, 6.4-mm (1/4-inch) diameter galvanized

steel, canopy dimensions large enough to contain test block and

instrumentation. Clear vinyl 0.36 mm (0.014-inches) thick to
cover frame.

21. Clear PVC tubing, 1.59-cm (5/8-inch) i.d., 1.91-cm (3/4-inch)
o.d., enough to reach each sampling port from the evaporation

canopy frame. Stoppers to fit tubing, caulking, light-weight

washers to fit over PVC tubing.
22. Approximately 2.75 meters (9 feet) of 6.4-mm (1/4-inch) i.d.

tygon tubing, series R-3603 per porous plate.

23. One 6.4-mm (1/4-inch) o.d. glass "T" per porous plate.

24. One 6.4-mm (1/4-inch) o.d. Nalgene "T" per porous plate.

25. One 6.4-mm (1/4-inch) o.d. Nalgene "Y" per porous plate.
26. Two 6.4-mm (1/4-inch) o.d. Nalgene quick connects per porous

plate.
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PROCEDURE 1 (continued)

27. One 1-liter Nalgene, wide-mouth bottle with screw lid or buret
with stopper and needle entry per porous plate.

28. One 3.2-mm (1/8-inch) o.d. hard plastic tube per porous plate.
29. One 1-ml graduated pipet (100 graduations) per porous plate.
30. One ringstand per porous plate.
31. One ring and one ringstand clamp per ringstand.
32. One meter stick with mm graduations per two porous plates.
33. Three to four plastic hose clamps per porous plate.
34. One rubber 9 mm septum.
35. Epoxy.
36. Whatman 42 filter paper, 2.5 pm retention rating.
37. Custom-built porous ceramic plates, appropriate size and number

to perform the desired experiment.
38. Thin all-threaded rod and couplings for holding porous plate to

test block.

Solutions 

1. CaC12, 0.001 M, deaerated, with 0.1 g/L thymol.

Procedure 

1. Attach rock frame A to the rock using the all-threaded rods and
nuts. The preferred method is to attach the frame while the rock
is lying with the fracture parallel to the table. To ensure that
the frame load is evenly distributed across the rock face, use
brass shim or other non-corroding material to build up low spots
on the rock surface. This procedure may require standing the
rock up.

2. Using a torque wrench, tighten bolts to a torque not exceeding
the initial testing torque. Be sure that the torque is enough to
prevent the rock from separating or moving along the fracture.

3. Drill the ports which extend to the fracture surface:
a. Attach the coring bit to the rotating drill assembly and then

attach both to the drill press. Connect the hose to the
water source.

b. Position the rock so the coring bit is directly over the
intended port. Level the rock such that the port is
perpendicular to the face parallel with the fracture plane.
(Note: This is important because the port should not be
sloping. Such sloping may result in preferential flow to one
end of the circular cylindrical port should the test solution
flow into the cavity during flow and transport tests.) Use
wood blocks, planks, shims or other similar implements to
accomplish this.



145

PROCEDURE 1 (continued)

c. Measure the exposed fracture plane to approximate the
required depth of drilling. Plan to drill to a "safe" depth,
up to 1.0 cm to 1.5 cm shy of the required depth at faster
speeds, e.g., 5 to 7 on the speed dial. Mark the length
corresponding to the "safe" depth and required depth on the
coring bit with a waterproof marker.

d. Clamp the rock down to avoid movement during drilling.
e. Drill, with the water on, until the "safe" depth while

constantly watching for any unusual change in the amount of
water flushing cuttings out of the port. A sudden decrease
of the water flow usually means the fracture plane has been
reached and drilling should cease immediately. Raise the
coring bit and observe any drop in water level in the port
for several minutes, e.g., 5 minutes.

f. Beyond the "safe" depth, drill slowly and at no more than
two-tenths of a centimeter at a time at first, and then one-
tenth of a centimeter as the required depth is approached.
Raise the coring bit and repeat the water-level check in the
port each time.

g. Check that the required depth is reached by draining the port
of the drilling water which may be laden with cuttings with
the tygon tubing and the syringe. Fill the port back up with
water and watch for changes in the water level. Also check
the port visually with a flashlight, as well as by feel, with
a metal wire down the walls of the port for the fracture
plane. Examine the rock core drilled for evidence that the
fracture plane is reached.

h. After drilling, move the rock to a well-lit area to clean the
port. Use a chisel to chip out any rock pieces still
attached to the end of the port which may obstruct flow and
impede sampling. Flush the port repeatedly with the test
solution in a squirt bottle and bail with the test tube brush
cleaner to remove cuttings. Turn the rock as necessary to
ensure the rock bits and cuttings are flushed out completely.
Watch for wetting of the fracture trace. If several ports
are drilled, observe the influence of the
ports on each other by filling the ports in appropriate
patterns.

4. Drill the ports which end in the rock matrix:
a. Repeat Section 3, Steps a and b above. Mark the length

corresponding to the required depth of the port on the coring
bit with a waterproof marker.

b. Repeat Section 3, Step d above and drill at faster speeds,
slowing down when the required depth is approached.

C. Move the rock to a well-lit area to clean the port by
chiselling and flushing with the test solution.
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5. Drill the holes in which the LVDT posts will be glued as in
section 4.

6. Clean test block using test solution and a soft bristle brush,
removing any silt or clay accumulated in the shaping and port
drilling.

7. Install the LVDT posts:
a. Use Depend Adhesive only, allowing the posts to be removed at

a later date.
b. Apply the activator to the aluminum post set to be placed in

the rock. One male and one female post constitute a set.
Squeeze in enough adhesive to fill the volume of hole not to
be occupied by the post.

c. Quickly position both posts in the holes, and place both the
LUDT core and coil into their respective posts, checking the
fit of the entire setup.

d. Allow to dry at least 48 hours. The curing time of the glue
varies with how much is used and how the posts are installed.
Be sure the glue is dry before obtaining an initial LVDT
reading.

8. Install the test block and frame A in frame B. This is best
accomplished by standing the block in its testing position on top
of blocks of wood. Stand it such that it is at its testing
elevation. Stand up the corner posts of frame B. Cut the
aluminum U-tube into short lengths (about 5 cm long), and drill
holes in them to accept the bolts. Assemble the galvanized cross
pieces and U-tube pieces, and slide them under the bolts holding
together frame A. Bolt the crossmembers onto the cornerposts.
Ensure that there is no slack beneath the frame A bolts. The wood
blocks may then be pulled out from underneath the rock.

9. Position the entire setup in its testing location.
10. Attach the vinyl to the evaporation canopy frame. Use Weld On

1909 vinyl adhesive to seal the seams. Leave off the top until
the plates have been put on and are operating smoothly.

11. Cut the sampling port PVC tubing to fit each port, and epoxy a
rim on the front end of the tube to hold against the port.
Position the PVC tubing in the sampling port and through the
canopy. Caulk the tubing-canopy interface, using the washers to
provide permanent support. Always keep a stopper in the end of
the sampling port access tube.

12. Connect the LVDTs, and tape the bottom of the vinyl canopy to the
table, sealing off the airspace inside of the evaporation canopy.

13. Start taking LVDT readings.
14. See Figures 1.1, 4.5, and 4.6 for setup.
15. Make sufficient test solution to start experiment.
16. Set up the Mariotte (constant head) reservoirs:
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a. Drill holes on the bottom and top of the reservoir if a
nalgene bottle is used and epoxy quick connect fittings,
nipple side out. Mark graduations on side of reservoir.

b. Drill hole for air entry tube, insert tube through hole, and
epoxy, if necessary, in place.

c. Position Mariotte reservoir on ringstand or on pegboard.
d. Attach 6.4-mm (1/4-inch) i.d. tygon tubing, at least one

meter in length, from the bottom nipple of the reservoir,
fill reservoir, and clamp off.

17. Set up the flow tube:
a. Break off small end of pipet using a file.
b. Trim one arm and one leg of the nalgene "Y" so that tygon

tubing will just fit over it. Connect leg of "Y" to the
uncut end of the pipet. Attach a nipple over the cut arm of
the "Y", using a small piece of tygon tubing if necessary.
Be sure that a syringe with a bent needle can be inserted
through the needle into the pipet. Attach the free end of
tygon from the reservoir to the free arm of the "Y".

c. Attach a short piece of tygon tubing from the free end of the
pipet to the leg of the "T". Attach a 20-cm length of tygon
tubing to the upper arm of the "T", clamping off the free
end, and connect a long (at least one meter) piece of 6.4-mm
(1/-inch) i.d. tygon tubing to the remaining arm.

d. Wire the flow tube assembly to a white backing on the
pegboard, with both the nipple and the bubble trap facing up.

18. Set up the porous plate:
a. Cut a piece of Whatman 42 filter paper to fit the ceramic

side of the plate.
b. Soak the filter paper in test solution, and then position the

filter paper on the bottom of the plate.
c. Place the plate on rock in desired location.
d. Elevating reservoir, fill tubing with test solution. Clamp

off tubing, and then connect the free end up to the plate.
Use a short piece of tubing and a clamp to clamp off the
other end of the plate.

e. Take off clamps blocking flow through tubing and allow test
solution to displace the air in the plate backing. Carefully
observe the base of each nipple for air bubbles that might be
caught. A flashlight is helpful for this. This procedure
could also be carried out before the plate is positioned on
the test block.

f. Once all of the air is out of the plate backing, reclamp the
exit tube from the plate.

g. Using thin all-threaded rod and corresponding threaded
couplings, tighten the plate to the rock. Use galvanized
steel bolted to the top of frame B as a reaction for the
tightening rod.
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h. Temporarily tape vinyl over the top of the evaporation
canopy. Leave no air passages around the edges.

i. Make sure there is good contact between the porous plate
(including the filter paper) and the top of the rock. Extra
strips of filter paper should be used to fill in low spots on
the rock surface.

j. Keep track of all volumes of test solution flowing through
the plate. This is especially difficult at the beginning of
an experiment due to adjustments that need to be made to
flush out bubbles.

k. Begin experiment measurements.
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PROCEDURE 2
POROUS PLATE CONDUCTANCE MEASUREMENT

Equipment 

1. Approximately 2.7 meters (9 feet) of 6.4-mm (1/4-inch) inside
diameter (i.d.) tygon tubing, series R-3603.

2. One 6.4-mm (1/4-inch) outside diameter (o.d.) glass "T".
3. One 6.4-mm (1/4-inch) o.d. nalgene "T".
4. One 6.4-mm (1/4-inch) o.d. nalgene "Y".
5. Two 6.4-mm (1/4-inch) o.d. nalgene quick connects.
6. One 1-liter nalgene, wide-mouth bottle with screw lid.
7. One 3.2-mm (1/8-inch) o.d. hard plastic tube.
8. One 1-ml graduated pipet (100 graduations).
9. One ringstand.
10. One ring and one ringstand clamp.
11. One meter stick with mm graduations.
12. Three to four plastic hose clamps.
13. Small level.
14. One 3-ml disposable syringe.
15. One calibrated stopwatch.
16. Laboratory recording book and pen.
18. One rubber, 9 mm septum.
19. Epoxy.

Solution 

1. CaC12, 0.001M, with 0.1 g/L thymol.

Procedure 

1. Set up the porous plate, tubing, pipet flow tube, manometer, and
Mariotte bottle as described in the procedure for setting up the
rock and supporting equipment. Instead of placing the porous
plate on a rock block, place it in the plastic tub, ceramic side
down. Support the plate off of the bottom of the tub with
washers or stoppers, and use rock cores to hold the plate down.
Make sure that the plate is level. Install a second manometer to
the tub, allowing measurement of the pressure head on the bottom
of the plate. Add enough solution to the tub to cover the plate.

2. Fill the system with solution, and work out any air bubbles. A
flashlight may be helpful in determining if any air is caught in
the plate nipples.
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3. Set the Mariotte bottle such that the manometer recording the
pressure head on the top of the plate is 5 cm above the manometer
recording the pressure head on the bottom of the plate, that is,
Ah is 5 cm. Allow the flow system to equilibrate. This may be
hastened by using the syringe to extract solution through the
septum until a bubble is forced from the air entry tube in the
Mariotte bottle.

4. Set up an appropriate recording table in the lab book.
5. Record the manometer level(s) prior to injection of the test

bubble.
6. Inject a bubble through the septum into the nalgene "Y". Inject

enough air to create a bubble about 1 to 2 ml in the pipet.
7. When the test bubble has passed beyond the injection arm of the

nalgene "Y", extract enough air and solution to force an air
bubble through the air inlet tube of the Mariotte bottle. This
ensures that the pressure in the system is not overly elevated
due to the injection of the test bubble. Be sure the test bubble
has not been sucked into the injection arm of the nalgene "Y".

8. Start the stopwatch when either the front or the back of the test
bubble has crossed the first graduation. Make sure that the
entire test bubble is in the pipet when a measurement is being
made.

9. Record the times at which the test bubble crosses the 0.2, 0.4,
0.6, 0.8, and 1.0 ml graduations and the manometer heads at these
times. This allows analysis of the bubble movement if desired
and the ability to calculate a time-weighted average Ah p .

10. Repeat the above procedure at least once at the same Ahp after
the test bubble has passed into the trap. Variation will occur
from reading to reading.

11. After two to three runs have been performed at the lowest Ahp,
raise the Mariotte bottle about 5 cm to 10 cm and repeat the
test. This process should be repeated through a Ahp of about 50
cm.

Calculations 

1. Average flow rate over 1 mL = 1.0 mL divided by the 1.0 mL time
in minutes. Flow rate is then in cm3 /min.

2. Average head at the bottom of the plate is calculated by:

Hbp = AH	 (Q/C),

where	 Fipp = average head at the bottom of the plate in
CM

AH = total head drop across the plate in cm, which can
also be expressed as Ahp + 0.7 cm, also in cm,

Q = flow rate in cm3/min, and
C = plate conductance in cm2/min.
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PROCEDURE 3
FLOW MEASUREMENT AND HEAD CONTROL

Equipment 

1. Small level.
2. One 3-ml disposable syringe.
3. One calibrated stopwatch.
4. Laboratory recording book and pen.

Solution 

1. CaC12, either 0.001M or 0.1M, saturated with thymol.

Procedure 

Note:	 See Procedure 1 for setup of test block and instrumentation.

1. Flow measurement using a pipet flow tube:
a. Set up an appropriate recording table in the lab book.
b. Record the manometer level(s) prior to injection of the test

bubble. Measure the manometer from the bottom of the plate;
it will then read total head at the top of the plate.

c. Inject a bubble through the septum into the nalgene "Y".
Inject enough air to create a bubble about 1 to 2 ml in the
pipet.

4	 When the test bubble has passed beyond the injection arm of
the nalgene "Y", extract enough air and solution to force an
air bubble through the air inlet tube of the Mariotte
bottle. This ensures that the pressure in the system is not
overly elevated due to the injection of the test bubble. Be
sure the test bubble has not been sucked into the injection
arm of the nalgene "Y".

e. Start the stopwatch when either the front or the back of the
test bubble has crossed the first graduation. Choose the
front or the back of the test bubble to measure such that
the test bubble will always be in the pipet when a
measurement is being made. Record the time and date when
the test was started, that is when the bubble passes the
first graduation.

f. Record the times at which the test bubble crosses the 0.2,
0.4, 0.6, 0.8, and 1.0 ml graduations. This allows analysis
of the bubble movement if desired.

g. Also record the variations in manometer levels during the
test and a rough time-weighted average level.

h. If one desires to obtain another flow reading, repeat the
above procedure once the test bubble has passed into the
trap. Variation will occur from reading to reading.

2. Flow measurement using Mariotte reservoir:
a. Set up an appropriate recording table in the lab book.
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b. Record the manometer level(s).
c. Measure the test solution level in the Mariotte reservoir.
d. Record the time and date when the above measurements were

taken.
3. Head control:

a. Adjust the Mariotte reservoir up or down according to the
desired head to be maintained at the top of the test block.

b. When additional test solution is added to the reservoir,
first record the test solution level, clamp off the exit
tube from the reservoir, fill the bottle or buret, unclamp
the exit tube, and reestablish equilibrium by extracting
solution through the septum until an air bubble enters the
reservoir through the air entry tube. Make sure to record
the amount of solution extracted and take it into account
when using the second method of flow rate measurement.

Calculations 

1. Flow measurement when pipet flow tube is used:
a. Average flow rate over 1 mL = 1.0 mL divided by the 1.0 mL

time in minutes. Flow rate is then in cm3/min.
b. Average pressure head at the bottom of the plate is

calculated by:

hp = Ht - (Q/C),

where	 hp = average head at the bottom of the plate
in cm;

Ht = average total head at the top of the plate in
cm, if measured from the bottom of the plate;

Q = flow rate in cm3/min;
C = plate conductance in cm2/min.

2. Flow measurement when Mariotte reservoir is used:
a. Average flow rate in the time period since the previous

Mariotte reservoir level was taken is just the drop in
reservoir level in cm3 divided by the time between readings
in minutes.

b. Calculate the average head at the bottom of the plate as in
section lb above.

c. Use an average of the Ht's measured at the two measuring
times used in the calculation.



153

PROCEDURE 4
PRESSURE TRANSDUCER CALIBRATION

Equipment 

1. MICRO SWITCH 140PC series or 160PC series pressure transducer.
2. Water manometer and mercury manometer.
3. Vacuum pump.
4. About 2.7 meters (9 feet) of 6.4-mm (1/4-inch) inside diameter

(i.d.) tygon, or similar, tubing.
5. About 1.22 meters (4 feet) of 4.8-mm (3/16-inch) i.d. tygon, or

similar tubing.
6. One 6.4-mm (1/4-inch) outside diameter (o.d.) nalgene "T".
7. Three 6.4- mm (1/4-inch) i.d. hose clamps.
8. One 6.4-mm (1/4-inch) i.d. quick-connect.
9. One 8-volt regulated power supply.
10. One voltmeter.
11. One ribbed tygon tubing connector (the type used to connect tygon

tubing to swagelock fittings).

Procedure 

1. Divide the 6.4-mm (1/4-inch) i.d. tubing into two pieces, and
connect each piece onto an arm of the nalgene "T" with a hose
clamp. Using the quick-connect, attach the remaining end of one
of the pieces of tubing to the vacuum pump. Fit the free end of
the second section of tubing onto the water manometer, preferably
with a water trap in the line.

2. Connect the 4.8-mm (3/16-inch) i.d. tubing onto the remaining arm
of the nalgene "T" with a hose clamp. Fit the other end of the
4.8-mm (3/16-inch) i.d. tubing into the swagelock connector and
then over one of the two pressure ports. Attach the tubing to
the port designated to be the low pressure side of the chip. See
the instruction sheet enclosed with the transducer or the MICRO
SWITCH catalog A15, issue 2.

3. Hook up the regulated power supply and the voltmeter to the
pressure transducer in the configuration specified in the
instruction sheet. Note: If correct input and output
connections are not made, the unit may be damaged. It is
recommended that any connecting wires not be soldered directly to
the leads protruding from the transducer, but that they be
soldered to a removable multi-prong plate that can be held onto
the transducer with a rubber band.
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4. Prior to applying a partial vacuum to the transducer, turn on the
power supply and voltmeter. Verify that the input to the
transducer is 8 volts dc. Measure the voltage output with no
pressure differential across the chip, that is, between the two
pressure ports. This reading should be stable to at least two or
three decimal points. Since this reading is very important, take
it a number of times during the calibration.

5. Using the vacuum pump, carefully apply a small suction to the
transducer, and measure the output when stable. Increase the
suction slightly, and measure the output again. Continue this
process until the limit of either the manometer or the transducer
has been reached. The upper limit of the linear output of the
162PCO1D transducer is 27.68 inches of water pressure across the
chip. Under no circumstances should greater than 5 psi
differential pressure be applied across the chip. Therefore,
only the water manometer should be used with this unit. The
upper limit of the linear output of the 142PC15D unit is 15 psi
differential pressure. Twenty psi differential pressure should
never be exceeded using this transducer. Once the limit of the
water manometer has been reached with the 142PC15D transducer,
the mercury manometer should be used to apply differential
pressures up to 15 psi.

6. Repeat step 5 at least once.

Calculations 

1. Determine a mean (arithmetic) zero-pressure voltage (zpv) for
readings taken when no partial vacuum was applied across the
chip, i.e., P1 - P2 = O.

2. Determine a "corrected" output voltage by subtracting this value
from each of the output voltages obtained when suctions were
applied to the transducer.

3. Calculate a mean (arithmetic) pressure/corrected output voltage
ratio (ply).

4. To determine the pressure represented by a given output voltage:

Pressure (cm H2O) = (ov - zpv)(p/v),

where	 ov = measured output, volts,
zpv = mean zero-pressure voltage,
p/v = mean corrected pressure/voltage

ratio, cm H20/volt.
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PROCEDURE 5
MICROTENSIOMETER CONSTRUCTION, ASSEMBLY, AND USE

Equipment 

1. One Soilmoisture Equipment 1-bar porous ceramic cup, 10.2 cm (4

inches) in length, 11.1-mm (7/16-inch) outside diameter (o.d.),
and 7.1-mm (9/32-inch) inside diameter (i.d.).

2. One Whatman pure cotton cellulose extraction thimble, 10 mm i.d.,

either single-wall or double-wall thickness.
3. One two foot length of 3.2-mm (1/8-inch) o.d. stainless steel

tubing.
4. One 6.4-mm (1/4-inch) length piece of 12.7-mm (1/2-inch) diameter

solid aluminum rod.
5. One Al solid rubber stopper with a 3.2-mm (1/8-inch) diameter

hole drilled through the center of the stopper, lengthwise (1/8-
inch diameter drill bit used).

6. Short length of A22 copper wire.
7. Epoxy.
8. One connection assembly, consisting of a 2.9-cm (1-1/8-inch)

length of 6.4-mm (1/4-inch) i.d. vacuum hose, two small hose
clamps, one 7.9-mm (5/16-inch) i.d. ribbed, swagelock tubing
coupling, and various short lengths of 2.4-mm (3/32-inch) i.d.
and 3.2-mm (1/8-inch) i.d. tygon tubing.

9. One calibrated MICRO SWITCH 140PC series or 160PC series pressure

transducer.
10. One saturation assembly, consisting of a saturation chamber,

pressure gauge, vacuum pump and delivery hoses.
11. One disposable 3 mm syringe.
12. 8-volt regulated power supply with attached, precise voltage

regulator.
13. Hewlett Packard (HP) 41CV calculator, with ROMPAC, HPIL, and time

modules or sensitive voltmeter.
14. HP 3421 Data Aquisition unit or sensitive voltmeter.

15. Appropriate lengths of shielded A18-A22 wire.

16. One constant head reservoir/flow tube setup (see Procedure 1).

17. One plywood evaporation control box, large enough to contain one

20.2 cm by 8.6 cm porous ceramic plate. Two access tubes placed

10 cm apart.
18. One porous ceramic plate, 8.6 cm by 20.2 cm, saturated with test

solution.
If the pressure transducer requires that the high side of the 

chip be the wet side, the following will also be needed: 

19. Water manometer and mercury manometer.
20. Hand-operated vacuum pump.
21. About 2.7 meters (9 feet) of 6.4-mm (1/4-inch) inside diameter

(i.d.) tygon, or similar, tubing.
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22. About 1.22 meters (4 feet) of 4.8-mm (3/16-inch) i.d. tygon, or
similar tubing.

23. One 6.4-mm (1/4-inch) outside diameter (o.d.) nalgene "T H .
24. Three 6.4- mm (1/4-inch) i.d. hose clamps.
25. One 6.4-mm (1/4-inch) i.d. quick-connect.
26. One ribbed tygon tubing connector (the type used to connect tygon

tubing to swagelock fittings).

Reagents 

1. Sufficient amount of deaerated, distilled water to cover the
porous cup in the saturation chamber.

2. Test solution: 10 -3 M CaC12, with 0.1 g/L thymol.

Procedure 

1. Microtensiometer construction and assembly:
a. Cut enough of the stainless steel tubing to allow the

tensiometer to reach the fracture from the outside of the
evaporation canopy.

b. Drill a 3.2-mm (1/8-inch) diameter hole through the center
of the flat edge of the aluminum rod.

c. Epoxy the stainless steel tube through the hole in the
aluminum rod with one end of the steel tube flush with edge
of the aluminum rod.

d. Cut the rounded, 6.4-mm (1/4-inch) end of the porous ceramic
cup off with a hacksaw and epoxy the remaining cup onto the
flush edge of the aluminum rod.

e. Fit the Al stopper over the open end of the stainless steel
tubing.

f. Cut the cotton cellulose extraction thimble to fit snugly
over the porous cup, and tie the thimble onto the cup with a
small piece of A22 copper wire.

g. Assemble the vacuum tubing connector that will join the
stainless steel tube to the pressure transducer by inserting
the ribbed, swagelock tubing connector into the vacuum
tubing and sliding this end of the connector over the
pressure transducer. Insert hose clamps over the free end
of the vacuum tubing.

h. Place the tensiometer into the saturation chamber, and
evacuate the chamber for at least 24 hours.

i. Turn off the vacuum pump, and introduce the deaerated,
distilled water into the chamber. Cover at least the entire
cup and aluminum rod of the tensiometer. Let the
tensiometer fill with the distilled water for at least 8
hours.
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j. If the tensiometer was not completely covered by distilled
water in the saturation chamber, fill the remainder of the
tensiometer stem by applying a suction with a hand vacuum
pump to the open end of the stainless steel tubing.

1. Using a syringe, fill the pressure transducer port and
vacuum tubing connector with deaerated, distilled water.

m. Gently join the vacuum tubing connector and the open end of
the stainless steel tubing. Tighten the hose clamps on both
ends of the vacuum tubing connector.

n. Store the assembled tensiometer under deaerated, distilled
water or in the rock, against the fracture.

2. Microtensiometer calibration:
a. Assemble the porous ceramic plate in the evaporation control

box with the ceramic side of the plate facing the access
tubes.

b. Fill the Mariotte reservoir and tubing, connecting up the
plate to the tubing. Bleed all air from the system as
described in Procedure 1.

c. Use the microtensiometer in the access ports as described in
sections 3 and 4 below. Take readings from both the upper
and lower ports at various applied heads.

d. Prepare a calibration curve or develop a correction factor
to allow use of the microtensiometer in the test blocks.

3. To use the microtensiometer if the low pressure side of the
transducer chip is the wet side:
a. Hook up the regulated power supply and the voltmeter to the

pressure transducer in the configuration specified in the
instruction sheet. Note: If correct input and output
connections are not made, the unit may be damaged. If the
HP system is used, be sure to turn off the calculator when
the data aquisition unit is being hooked up. The system is
rather delicate. It is recommended that any connecting
wires not be soldered directly to the leads protruding from
the transducer, but that they be soldered to a removable
multi-prong plate that can be held onto the transducer with
a rubber band.

b. Place the tensiometer assembly in the access tube leading to
the sampling port in which a reading is desired. Adjust the
stopper such that the tip of the tensiometer lies against
the back end of the sampling port.

c. Monitor the pressure transducer output until a stable
reading is obtained. The microtensiometer may take a while
to equilibrate, especially if much water is moving in or out
through the porous cup. Apply the correction factor or
calibration curve obtained in section 2 to obtain the
suction in the sampling port.

d. Repeat steps a through d for additional sampling ports.
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4. To use the microtensiometer if the low pressure side of the
transducer chip is the dry side:
a. Divide the 6.4-mm (1/4-inch) i.d. tubing into two pieces,

and connect each piece onto an arm of the nalgene "T" with a
hose clamp. Using the quick-connect, attach the remaining
end of one of the pieces of tubing to the vacuum pump. Fit
the free end of the second section of tubing onto the water
manometer, preferably with a water trap in the line.

b. Connect the 4.8-mm (3/16-inch) i.d. tubing onto the
remaining arm of the nalgene "T" with a hose clamp. Fit the
other end of the 4.8-mm (3/16-inch) i.d. tubing into the
swagelock connector and then over one of the two pressure
ports. Attach the tubing to the port designated to be the
low pressure side of the chip. See the instruction sheet
enclosed with the transducer or the MICRO SWITCH catalog
number 15, issue 2.

c. Using the vacuum pump apply a partial vacuum to the
transducer, and proceed as described in section 3a through
3e. Remember, the upper limit of the linear output of the
162PCO1D transducer is 27.68 inches of water pressure across
the chip. Under no circumstances should greater than 5 psi
differential pressure be applied across the chip.
Therefore, only the water manometer should be used with this
unit. The upper limit of the linear output of the 142PC15D
unit is 15 psi differential pressure. Twenty psi
differential pressure should never be exceeded using this
transducer. Once the limit of the water manometer has been
reached with the 142PC15D transducer, the mercury manometer
should be used to apply differential pressures up to 15 psi.
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PROCEDURE 6
LVDT CALIBRATION

Equipment 

1. TRANS.TEK 0242-0000 linear variable differential transformer
(LVDT).

2. 15-volt regulated power supply with attached, precise voltage
regulator.

3. Hewlett Packard (HP) 41CV calculator, with ROMPAC, HPIL, and time
modules or sensitive voltmeter.

4. HP 3421 Data Aquisition unit or sensitive voltmeter.
5. Appropriate lengths of shielded A18-A22 wire.
6. Partially welded or welded tuff sample with two 1.91 cm (3/4-

inch) holes drilled 7.62cm (3 inches) apart and about 5.08 cm
deep.

7. Mitutoyo 0-25 mm micrometer with hole tapped in end to receive
the threaded end of the LVDT core.

8. Two aluminum LVDT holders with female heads.
9. One 1.91 cm (3/4-inch) outside diameter (o.d.) aluminum ring.

Inside diameter (i.d.) should be 1.20 cm (0.473 inches) to fit
over the front end of the micrometer.

10. Loctite brand Depend Adhesive.
11. Blowtorch if aluminum LVDT holders are to be removed from rock.

Procedure 

1. At least two days prior to calibration, glue the LVDT holders
into the rock. Ensure that the LVDT coil will line up in the
holders.

2. Slip the aluminum ring over the front end of the micrometer, and
screw the LVDT core into the micrometer.

3. Slip the ring and micrometer into one of the LVDT holders, and
tighten the screws to secure the assembly. Advance the
micrometer to about half of its length.

4. Place the LVDT coil into the other LVDT holder, making sure that
the core slides freely inside of the coil. Do not yet tighten
the screws on the coil holder.

5. Connect the electronics according the TRANS*TEK instruction sheet
and the instruction sheets to the HP system or the voltmeter. If
the HP system is used to measure voltage, be sure that the
calculator is off prior to hooking up the calculator to the data
aquisition unit. The system is rather delicate.

6. Connect the power supply according to the TRANS*TEK instructions.
7. Find the zero point (the point at which the core is evenly spaced

between the two output coils of the coil assembly, giving a zero
output) by gently sliding the coil towards or away from the
micrometer. Once this point has been found, tighten the screws
holding the coil.



160

PROCEDURE 6 (continued)

8. Record the exact voltage reading at the zero point.
9. Since the TRANS*TEK 0242-0000 has a working range of 0.635 cm

(0.25 inches) on either side of the zero point, take 6 readings
on each side of the zero point, each reading 1 mm farther out
from the last. Advance the micrometer, take a reading, and
record the exact values of both the voltage and the micrometer
distance. Occasionally, check the input voltage to ensure
stability of the input.

Calculations 

1. Prepare a graph of the results by plotting the micrometer
readings (y-axis) versus the output voltage (x-axis). The output
should fall along a straight line if the LVDT is working
correctly. Using the least squares method, determine the slope
of the line.

2. Use the slope, in mm/volt or micrometers/mvolt, to interpret the
relative movement of the LVDT during actual use.
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PROCEDURE 7
PREPARATION OF CALCIUM CHLORIDE TEST SOLUTIONS

Equipment/Material 

1. Weighing Scale, with accuracy to thousandths (minimum hundredths)
2. Weighing paper
3. Spatula
4. Volumetric flask, 2000 mL
5. Beaker, 2000 mL
6. Graduated cylinder, 100 mL
7. Watch glass, 7 in.
8. Stirring plate
9. Stir bar
10. Hot plate
11. Saran Wrap
12. Rubber band

Reagents/Cnemicals 

1. Calcium chloride, CaC12•2H20, reagent grade
2. Thymol chips

Procedure 

1. If trie 0.1 M calcium chloride (CaC12-2H20, FW=147.02) solution is
used as stock solution, prepare 2000 mL by weighing out 29.110 g of
the chemical, and transfer to a 2000-mL volumetric flask. Fill the
flask up to the mark with distilled water. Stir to dissolve
crystals completely. Transfer and store in an appropriately
labelled container. Proceed to Step 5 below.

2. If the 0.1 M calcium chloride solution is used as test solution,
prepare 2000mL by weighing out 28.228 g of the chemical, and
transfer to a 2000-mL volumetric flask. Fill the flask up to the
mark with distilled water. Stir to dissolve crystals completely.

3. Transfer the solution to a 2000-mL beaker, and add 0.2 g of thymol
to the solution. Cover the beaker with a watch glass and heat the
solution to a boil. Continue to boil the solution for an additional
two minutes to allow for sufficient deaeration. Watch that the
solution does not boil over by lifting the watch glass occasionally.
(Note: During boiling, approximately three percent of the water will
be lost due to evaporation.)

4. Remove the beaker from the hot plate, and replace the watch glass
with plastic Saran wrap. Secure the Saran wrap cover with a rubber
band. Allow the solution to cool sufficiently, e.g. overnight,
before transferring to an appropriately labelled container.
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PROCEDURE 7 (continued)

Note: 0.01 M and 0.001 M calcium chloride test solutions are
prepared using the "serial dilution" method to minimize
error.

5. Prepare 2000 mL of 0.01 M calcium chloride solution by measuring out
197.0 mL of 0.1 M solution, and transfer to a 2000-mL volumetric
flask. Fill with distilled water, and transfer the solution to a
2000-mL beaker. Add 0.2 g of thymol to the solution, and follow the
procedures detailed in Steps 3 and 4 above.

6. Prepare 2000 mL of 0.001 M calcium chloride solution by measuring
out 197.0 mL of 0.01 M sorution, and transfer to a 2000-mL
volumetric flask. Fir' with distilled water, and transfer the
solution to a 2000-mL beaker. Add 0.2 g of thymol to the solution,
and follow the procedures detailed in Steps 3 and 4 above.
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PROCEDURE 8
CALIBRATION OF CHLORIDE ION-SELECTIVE ELECTRODE

Equipment/Material 

1. Weighing Scale, with accuracy to thousandths (minimum hundredths)
2. Weighing paper
3. Spatula
4. Volumetric flask, 250 mL
5. Volumetric flask, 50 mL
6. Graduated cylinder, 25 mL or 50 mL
7. Erlenmeyer flasks (2), 125 mL and 250 mL
8. Measuring pipet, 5 x 1/10 mL
9. Beakers, 50 mL (8) and 100 mL (6)
10. Glass bottles, 250 mL (8) and 30 mL (2)
11. Stirring plate
12. Stir bar
13. Hach Kit titrator
14. HP-41CV calculator
15. pH/mV meter, with expanded scale for mV measurement
16. Ion-selective electrode, chloride
17. Reference electrode, Ag/AgC1, double-junction
18. Forcep, 8 in.
19. Parafilm, flexible thermoplastic material, 4 in.
20. Kimwipe tissue
21. Whatman filter paper, no. 42
22. Semi-log paper, 4 cycles x 10 to the inch
23. French Curve

Reagents/Chemicals 

1. Calcium chloride, CaC12.2H20, reagent grade
2. Sodium nitrite, NaNO2, reagent grade
3. Hach Kit titrants, 0.0800 M or 0.800 M EDTA for total hardness (or

calcium), and 0.2256 N or 2:256 N Hg(TI03)2 for chloride
4. Hardness indicator, 17 g/L CaCO3
5. Potassium hydroxide, KOH, standard solution
6. CalVer 2 calcium-indicator powder pillow
7. Diphenylcarbazone reagent powder pillow
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PROCEDURE 8 (continued)

Procedure 

A. Preparation of Standard Solutions 

1. Prepare 250 mL of 0.5 M calcium chloride (CaC12.2H20, FW=147.02,
assay = 74.6%) solution by weighing out 18.5975 g of the
chemical, and transfer to a 250-mL volumetric flask. Fill the flask
up to the mark with previously deaerated distilled water saturated
with thymol. Stir until the crystals are completely dissolved.
(Note: potential difference measurements are not affected by degree
of aeraton of distilled water.)

2. Dilute the 0.5 M solution to 0.0001 M, in serial fashion, to obtain
eight standard solutions of half-decade concentration difference,
i.e., 0.5 M, 0.1 M, 0.05 M, 0.01 M, 0.005M, 0.001 M, 0.0005 M, and
0.0001 M. (Note: the dilution faaor is 4:1 from 0.5 M to 0.1 M,
and 1:1 from 0.1 M to 0.05 M, and so on to 0.0001 M.). The dilution
can also be done by first making 0.1 M solution from the 0.5 M
solution, then dilute to obtain the whole- versus half-decade —
standard solutions separately. (Note: the dilution factor is 9:1
from 0.5 M to 0.05 M, as is 0.1 M to 0.01 M.) Store the standard
solutions in separately labelled glass 250-ML bottles.

3. Check independently the concentration of the standard solutions by
titrating with the appropriate Hach Kit titrants, 0.0800 M or
0.800 M EDTA for total hardness (or calcium), and 0.2256 Tor
0.256 5- Hg(NO3)2 for chloride. Confirm the concentration of the
standard solutions with more sophisticated analytical techniques if
possible.

B. Preparation of Ionic Strength Buffer Solution 

1. Prepare 50 mL of 5 M sodium nitrite (NaNO2, FW=69.00, assay = 97.7%)
by weighing out 17.E6 g of the chemical, and transfer to a 50-mL
volumetric flask. Fill the flask to the mark with distilled water.
Stir until the crystals dissolve completely.

2. Transfer the ionic strength buffer solution to two 30-mL glass
bottles.

C. Calibration Without Ionic Strength Buffer Solution 

1. Pour out 30 mL to 35 mL of each of the eight standard solutions into
the 50-mL beakers, and cover with Parafilm to minimize evaporation.
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PROCEDURE 8 (continued)

2. First calibrate the electrodes in an "aqueous" environment by
immersing them in the standard solutions always starting from the
least to the most concentrated, i.e., 10 -4 M to 0.5 M. Agitate the
beaker containing standard solution slightly, and wail for the
reading to stabilize before recording the potential value (in mV),
or range of values. Record readings from both the pH/mV meter on
expanded scale, and the HP-41CV. Keep the electrodes approximately
one centimeter apart. (Note: the potential values read off of the
HP is 1/70-th that of the actual values. The more dilute the
standard solution, the longer the time to stabilization: up to
30 seconds and more for 10 -4 M, yet almost instantaneously for
0.1 M and 0.5 M.) Rinse off Toth electrodes with distilled water,
and Wipe dry with a Kimwipe before proceeding to the next standard
solution.

3. Soak the reference and chloride electrodes in distilled water after
the 0.5 M measurement for a minimum of 15 to 30 minutes or until the
potential reading in distilled water stabilizes at approximately 315
mV to 325 mV.

4. Then calibrate the electrodes in a "filter paper" environment by
wetting a precut piece of Whatman no. 42 filter paper (approximately
1.0 cm x 0.5 cm) by dipping it in the standard solution with a
forcep. Partially dry the filter paper with a paper towel until no
solution can stream down either face. Touch the electrodes to the
filter paper, and record the potential reading after approximately 5
to 10 seconds. Move the chloride electrode to a different spot on
the filter paper, and repeat the measurement. Record the range of
potential readings observed. (Note: the spread of the potassium
nitrate bridge solution due to outward diffusion from the reference
electrode will cause erroneously low potential, i.e., high
concentration, readings when the chloride electrode comes into
contact with the potassium nitrate. Therefore, place the electrodes
as far apart as possible over the filter paper as the time to make
potential readings is limited.)

5. Plot the potential difference against the concentration on semi-log
paper, with concentration on the log scale. (Note: The change in
potential difference per decade concentration in the "aqueous"
environment is linear from approximately 1.00 x 10-4 M to 1.00
x 10 -1 M at 58 mV/decade. The calibration curve exhibits
nonlineTrity at concentrations greater than approximately 1.00
x 10-1 M. In the "filter paper" environment, the calibration curve
is nonlinear except in the range between 1.00 x 10 -2 M to 1.00
x 10 -1 M. In general, the change in potential difference in the
aqueous environmentis greater than the change in the filter paper
environment. In other words the calibration curve is flatter for
filter paper.)
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PROCEDURE 8 (continued)

D. Calibration With Ionic Strength Buffer Solution 

1. Measure out 50.0 mL of each of the six most dilute standard
solutions, i.e., all except the 0.1 M and 0.5 M solutions, and pour
into the 100-mL beakers. Cover the beakers with Parafilm to
minimize evaporation.

2. Measure out the specified volumes of buffer solution as detailed
below, and add to the six standard solutions:

Standard	 Volume of
	

Adjusted
	

Adjusted
Solution	 Ionic	 Buffer
	

Stand. Sol 'n
	

Ionic
Conc. (M) Strength (M) Solution (mL)
	

Conc. (M)
	

Strength (M)

0.00010 0.00025 2.50 0.000095 0.25
0.00050 0.00125 2.49 0.00048 0.25
0.0010 0.0025 2.48 0.00095 0.25
0.0050 0.0125 2.38 0.0048 0.25
0.010 0.025 2.26 0.0096 0.25
0.050 0.125 1.28 0.049 0.25
0.10 0.25 O 0.10 0.25
0.50 1.25 O 0.50 1.25

Ionic strength, I, for N specie is calculated as follows:

I = 0.5 E z i 2c i
i=1

	

where zi	 charge of species i, dimensionless;
	Cl

	

concentration of species i, M.

Because the test solution concentrations are 0.001 M and 0.1 M, the
standard solutions are adjusted to the ionic strength of the more
concentrated solution of the two.

3. Calibrate both in the "aqueous," and "filter paper" environments as
specified above in Section C, Steps 2, 3 and 4. (Note: With buffer
solution added, the time to achieve a stable potential reading
decreases for the more dilute standard solutions.)
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PROCDDURE 8 (continued)

4. Plot the potential difference against the concentration as in
Section C, Step 5. (Note: The calibration curve is exactly the same
in the "aqueous" environment. However, the potential readings in
the "filter paper" environment increases at more dilute
concentrations, i.e., from approximately 0.05 M to 0.0001 M, with
the remainder of the curve the same.)

The calibration data are presented in Table B.1 below.



Table 8.1: Calibration data for chloride ion-selective electrodes
measuring potential difference (mV) versus chloride
concentration (M).

-	 Standard
Electrode	 Solution

Number	 Conc.	 Of

Without	 Ionic Strength

Chloride Potential 	(mV)
PaperAqueous Filter

Maximum	 Minimum

Buffer Solution

Maximum Minimum

CL-1	 0.000095 255 247 203 200
0.00050 213 207 180 180
0.00095 205 196 175 168
0.0050 153 147 148 145
0.0095 138 135 133 138
0.050 95 95 100 100
0.095 83 79 83 83
0.50 53 51 48 48

CL-2	 0.000095 255 245 198 200
0.00050 213 210 185 183
0.00095 200 198 178 178
0.0050 153 150 143 143
0.0095 140 136 135 133
0.050 97 95 95 95
0.095 82 77 78 78
0.50 52 51 53 53

CL-3	 0.000095 258 247 209 202
0.00050 207 202 190 182
0.00095 198 189 182 175
0.0050 149 144 145 134
0.0095 139 133 136 123
0.050 96 91 95 86
0.095 80 77 80 71
0.50 53 47 50 43

With	 Ionic Strength Buffer Solution( 1 )

CL-3	 0.000095 247 244 215 207
0.00050 207 203 196 195
0.00095 196 193 186 185
0.0050 147 146 144 141
0.0095 137 136 133 132
0.050 92 89 87 86
0.095 80 77 80 71
0.50 53 47 50 43

(1) Electrodes CL-1 and CL-2 were not calibrated with ionic strength
buffer solution because they have exceeded their useful life.

168



169

PROCEDURE 9
MEASUREMENT OF POTENTIAL DIFFERENCES

AND SAMPLE COLLECTION USING FILTER PAPER

Equipment/Material 

1. Ion-selective electrode, chloride
2. Reference electrode, Ag/AgC1, double-junction
3. Bridge solution syringe dispenser, potassium nitrate
4. Reference junction, slip-on
5. pH/mV meter, with expanded scale for mV measurement
6. HP-41CV calculator
7. Beaker, 30 mL
8. Forcep, 8 in.
9. Parafilm, flexible thermoplastic material, 4 in.
10. Kimwipe tissue
11. Whatman filter paper, no. 42

Procedure 

A. Operating the Reference and Ion-Selective Electrodes 

NOTE: Ensure the microelectrodes are operating normally before
making potential difference measurements. Refer to the
operations manual.

1. Prior to testing, soak both the reference and chloride electrodes in
distilled water for 15 minutes. Soak the reference electrode such
that the whole blue "slip-on" reference junction is completely
immersed. Check that no air bubbles are trapped in the narrow
teflon tubing. If air bubbles are present, tap the tubing to purge
the bubbles into the bottom compartment containing potassium
nitrate (KNO3) bridge solution. Keep the bottom compartment filled
with bridge solution. If the reference junction appears fouled,
replace it with a new junction. Soak the junction in distilled
water for 15 minutes before use.

2. During testing, always soak both the reference and chloride
electrodes in distilled water when measurements are not being made,
even between measurements. Change the beaker of distilled water
periodically as the potential reading decreases, i.e., indicating an
apparent increase in chloride concentration. This occurs due to
outward diffusion of the bridge solution into the beaker of
distilled water. (Note: This drifting is natural but check, as
necessary, the operation of the electrodes by calibrating against
standard solutions and comparing the potential readings with the
calibration curves.)
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PROCEDURE 9 (continued)

3. After each potential measurement, rinse off both electrode tips with
distilled water and wipe dry with a Kimwipe before attempting the
next measurement.

4. After testing, soak the reference electrode in distilled water.
Leave the chloride electrode to air-dry. Store the electrodes in
their shipping boxes if testing is not done on a regular basis.

B. Sampling with and Measuring Potential Differences off Filter Paper 

1. Cut the filter paper, Whatman no. 42, into pieces approximately
1.0 cm x 0.5 cm. (Note: If handling is not hampered, wear gloves.
Otherwise, ensure hands are washed before handling and minimize the
handling time.)

2. Crimp the filter paper into halves, and then quarters. Affix to the
end of the forcep, and clamp down on the filter paper with the aid
of a wire wrapped around the perimeter of the forcep.

3. Insert the forcep into the sampling port, and press against the
exposed fracture face, or the rock matrix. Sample until the filter
paper is sufficiently wet for a reliable potential difference
measurement. (Note: The length of sampling time varies depending on
the moisture content of the sampling surface. At near-saturated
conditions in the fracture, the optimum sampling time is in the
order of two minutes. Sampling time in the rock matrix ports varies
from two minutes to instantaneous.)

4. Remove the filter paper, and place it on a piece of Parafilm. Dab
off any excess test solution from the filter paper if necessary.
(Note: This ensures that the potential readings are for a "filter
paper" environment, and not an "aqueous" environment.)

5. Touch the electrodes to the filter paper, and note the potential
reading(s) after approximately 5 to 10 seconds. Move the chloride
electrode to a different spot on the filter paper, and repeat the
measurement. Record the range of potential readings observed.
(Note: the spread of the potassium nitrate bridge solution due to
outward diffusion from the reference electrode will cause
erroneously low potential, i.e., high concentration, readings when
the chloride electrode comes into contact with the potassium
nitrate. Therefore, place the electrodes as far apart as possible.
The time to make potential readings is limited.)
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PROCEDURE 10
DETERMINATION OF EFFECT OF SUCTION
ON POTENTIAL DIFFERENCE MEASUREMENTS

Equipment 

1. Buchner funnel with 50 KPa ceramic porous plate, 150 mL
2. Buret, straight teflon stopcock, 25 mL
3. Ringstands (2)
4. Iron ring, 3-in , with support clamp
5. Buret clamp holder
6. Level
7. Flat top bolts (2)
8. Tygon tubing, 1/8-in. ID x 1/4-in. OD
9. Acrylic tubing, 5/8-in. ID x 3/4-in. 08
10. Stoppers, no. 00 (1), no. 2 (2)
11. Duct tape
12. Whatman filter paper, no. 42
13. pH/mV meter, with expanded scale for mV measurement
14. HP-41CV calculator
15. Ion-selective electrode, chloride
16. Reference electrode, Ag/AgC1, double-junction
17. Plastic beaker, 250 mL
18. Kimwipe tissue
19. Forcep, 8 in.

Reagent 

1. CaCl2 solutions, 0.001 M and 0.1 M, deaerated, saturated with
thymol (see Procedure 7-On preparation of test solution).

2. Distilled water

Procedure 

1. Set up the apparatus as shown in Figure 3.5 by first filling the
Tygon tubing and buret with 0.001 M CaC12 solution. Then fill the
funnel portion below the porous plate before connecting the Tygon
tubing to the funnel. Ensure no air bubbles are present in the
entire column of solution.

2. Measure and record the potential of the CaCl2 solution in the
column.

3. Place the oven-dried rock core (preferrably as thin a slice of core
as possible, e.g., 5 mm thick) against the plate with previously
saturated filter paper as contact.

4. Attach the access tubes, cut to approximately 3.8 cm (1.5 in.) in
length, to the duct tape cover, and poke two air holes in the cover.
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PROCEDURE 10 (continued)

5. Place the cover over the mouth of the funnel, secure the cover with
rubber bands, and stopper the access tubes to minimize evaporation.

6. Saturate the rock core by raising the water column step-wise over
several hours. Leave the rock immersed in the solution for 12
hours.

7. Desaturate to the first suction value, e.g., 10 cm, and let
equilibrate for a minimum of 2 hours. Record the initial and final
suction values at each step.

8. Place two filter paper pieces down the access ports and sample for
10 minutes with the bolts pressing on the filter paper to provide
contact. Remove the samples one at a time and measure the potential
difference.

9. Sample with another piece of filter paper for 10 minutes. Take a
potential reading by inserting the electrodes down the access ports.
Take another measurement with the same sample outside the funnel if
a reliable reading is possible.

10. Rotate the whole cover so the access ports are over different parts
of the rock core. Stopper the ports to minimize evaporation when
not testing.

11. Repeat for a different suction level starting at step 7 again.
Increase the sampling period to 15 or 20 minutes if necessary.
(Note: at a suction of 100 cm and above, the minimum sampling period
should be 20 minutes or more.)

12. Repeat by resaturating the rock core to the different suctions
starting at step 7 so the wetting, as well as the drying, effects
can be studied.

13. Measure the potential difference of the test solution in the funnel,
and the filter paper used as contact at the end of the test as
checks on the concentrations.

14. Use a different rock core when testing with the 0.1 M CaCl2
solution.
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PROCEDURE 11
DETERMINATION OF SOLUTE BREAKTHROUGH IN POROUS PLATES

Equipment 

1. Test solution delivery system
2. Ringstands (2)
3. Utility clamps, 3-prong large (2), 3-prong medium (2)
4. Clamp holder (4), V-jaw large
5. Iron rings (2), 3-in , with support clamps
6. Porous plate
7. Plastic cover with access flaps
8. Level(s), small single-bubble and larger
9. Duct Tape
10. pH/mV meter, with expanded scale for mV
11. HP-41CV calculator
12. Ion-selective electrode, chloride
13. Reference electrode, Ag/AgC1, double-junction
14. Plastic beaker, 250 mL
15. Kimwipe tissue
16. Squirt bottle
17. Calibration curves

Reagent 

1. CaCl2 solutions, 0.001 M, 0.01 M and 0.1 M, deaerated, saturated
with thymol (see Procedure 7 on Preparation of Test Solution).

2. Distilled water

Procedure 

1. Vaccuum saturate the porous plate with deaerated CaCl2 solution.
The determination of solute breakthrough involves displacing the
CaC12 used to saturate the plate with a solution of different
concentration, i.e., saturate the plate with 0.001 M solution,
displace with 0.1 M solution.

2. Fill the flow system with the test solution by first filling the
Mariotte reservoir (refer to Procedure 3 on flow measurement and
head control for a better understanding of the operation of the
system). Connect the plate to the flow system as shown in Figure
3.8, then purge the system completely of air bubbles. Inspect the
plate flow channels for entrapped air carefully before finally
clamping onto the ring-stand setup.
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PROCEDURE 11 (continued)

3. Clamp the plate with the ceramic side up using the medium utility
clamps. Position the plastic cover over the plate, and tape
the wire support to the bottom side of the plate. Tape the rest of
the plastic cover around the plate, and utility clamps to provide a
tight seal. Level the four sides of the plate so that the test
solution does not flow towards any one side during the test. At no
time should the plastic or tape touch the ceramic plate. (Note:
During setup, flow some test solution to ensure that the plate does
not dry out. Record the total time of flow during this initial
period.)

4. Set the desired head difference by adjusting the height of the
Mariotte reservoir. The head difference should be measured from the
water manometer to the plate surface.

5. Before starting the test, make sure the electrodes are functioning
properly. Measure the potential difference of the test solutions by
taking samples from the Mariotte bottle, and from the plate
channels. If the plate was soaked in test solution in a vessel,
measure the potential difference of that solution.

6. Divide the plate into four quadrants, i.e., a one-by-four matrix. A
range of values can be obtained for each plate. Measure with the
reference and chloride electrodes, and record the potential values
(in mV) from both the pH/mV meter, and the HP-41CV. As a check of
the two potential measurements, the pH/mV meter values are 70
times that of the HP values.

7. Touch the reference and chloride electrodes to the plate surface by
finding the wettest spot(s) of each quadrant, making sure the
reference electrode tip is flush against the surface of the plate.
Keep the distance separating the two electrodes to no more than a
centimeter, preferrably within one-half of a centimeter. The two
sampling windows should be open only as long as necessary for the
measurements. After each set of measurements, wipe off the plate
initially with a paper towel, and dab the excess solution with a
Kimwipe.

8. Measure the potential difference every one-half hour to one hour
depending on the flow rate, and the amount of solution displaced.
The measurements are most meaningful when a minimum of 1 mm of
solution covers the plate. Continue to measure the potential
difference until the relative concentration, C* = (C - Ci)/(C0 - Ci)
= 1.0 on a step-up test, and C* = 0.0 on a step-down test, or until
the C* levels off. The background concentration is Ci, and tracer
concentration is Co.
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PROCEDURE 11 (continued)

9. During the test, measure the flow rate of the system periodically to
ensure steady flow. Compare the flow rates to previously determined
rates as a check against possible leaks in the Mariotte reservoir,
or other flow system components.

10. Plot C* versus time elapsed to obtain the breakthrough curve. The
effective porosity (n e ) of the plate can be determined from the
curve.

Calculations 

The effective porosity (n e ) of each plate is calculated as:

n e = qt0.5/L o

and

q = WA

where Q	 flow rate, m3/s;
t0.5	 travel time, or time when C* = (C-Ci)/(Co -Ci) = 0.5, s;
A	 cross-sectional area of plate, m2 ;
L	 thickness of plate, m.P
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APPENDIX C

CHLORIDE BREAKTHROUGH DATA OF POROUS PLATES

This section presents the chloride breakthrough data of porous
plates nos. I to 6. Information on test conditions such as flow rate,
head gradient imposed, background and tracer concentrations are
included. The effective porosities of the plates are also determined.



Table 0 .1: Chloride breakthrough data of porous plate nos. 1 to 6.

Plate Number: 1
Date: 6-02-88
Flow Rate: 3.03 x 10-9 m3/s
Head Gradient: 0.50 m
Adjusted Head Gradient: 0.414 m

Ei	 184 mV
Ci	 0.00140 M
E0 = 127 mV
Co = 0.0130 M

Test Type:	 step-up

Elapsed	 Potential
Time,	 Difference

tE	 (hr)	 E	 (mV)

Conc.,
- min

(LI )

Conc.,
- max
(M)

0.50	 180-170 0.0016 0.0024
1.33	 180-165 0.0016 0.0030
2.00	 175-160 0.0020 0.0036
2.75	 150-145 0.0054 0.0066
3.50	 150-130 0.0054 0.0120
4.25	 137-130 0.0090 0.0120
5.00	 140-128 0.0080 0.0125
6.00	 135-127 0.0096 0.0130
6.92	 128-127 0.0125 0.0130

Plate Number:	 1
Date:	 6-03-88 Ei = 184 mV
Flow Rate:	 3.15 x	 10-9 m3 /s Ci	 0.00140 M
Head Gradient:	 0.50 m -E 0 = 127 mV 
Adjusted Head Gradient:	 0.430 m C 0 = 0.0130 M
Test Type:	 step-down

Elapsed	 Potential
Time,	 Difference

tE 	(hr) 	E	 (mV)

Conc.,
- min

(LI)

Conc.,
- max

(ILI)

0.75 130-125 0.0120 0.0143
1.50 128-125 0.0125 0.0143
2.25 135-128 0.0096 0.0125
3.00 140-135 0.0080 0.0096
3.75 150-140 0.0054 0.0080
4.50 155-145 0.0054 0.0066
5.25 160-155 0.0036 0.0054
6.00 170-160 0.0024 0.0036
7.50 170 0.0024 0.0024
8.50 175-170 0.0020 0.0024

177



Plate Number: 2
Date: 6-01-88
Flow Rate: 4.08 x 10 -9 m3/s
Head Gradient: 0.50 m
Adjusted Head Gradient: 0.437 in

Ei = 185mV
Ci = 0.00135 M
E0 = 128 mV -
C0 = 0.0125 M
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Test Type:	 step-up

Elapsed	 Potential
Time,	 Difference

tE	 (hr)	 E	 (mV)

Conc.,
- min

( 1_1)

Conc.,
- max

(r.1.)

0.50	 175-172 0.0020 0.0023
1.00	 175-165 0.0020 0.0030
1.50	 155-150 0.0044 0.0054
2.00	 140 0.0080 0.0080
2.50	 135-130 0.0096 0.0120
3.00	 135-130 0.0096 0.0120
3.50	 130 0.0120 0.0120

Plate Number:	 2
Date:	 6-01-88 Ei = 185mV
Flow Rate:	 4.08 x 10 -9 m 3/s
Head Gradient:	 0.50 m

Ci	 = 0.00135 M
-E0 = 128 mV

Adjusted Head Gradient:	 0.437 in Co = 0.0125 M
Test Type:	 step-down

Elapsed	 Potential Conc., Conc.,
Time,	 Difference - min - max

tE	 (hr)	 E	 (mV) (Lip (t)

0.25 128 0.0125 0.0125
0.83 132-128 0.0110 0.0125
1.50 135-128 0.0096 0.0125
2.25 145-135 0.0065 0.0096
3.00 145-140 0.0065 0.0080
4.25 155-145 0.0044 0.0065
4.75 165-160 0.0030 0.0036
5.25 170-165 0.0024 0.0030
5.75 172-170 0.0023 0.0024
6.25 175-170 0.0020 0.0024
6.75 185-180 0.0014 0.0016



Plate Number: 3
Date: 5-13-88
Flow Rate: 2.30 x 10 -9 m 3/s
Head Gradient: 0.50 m
Adjusted Head Gradient: 0.515 m
Test Type: step-up

Ei = 180 mV
Ci = 0.00160 M
E 0 = 128 mV -
C0 = 0.0125 M

179

Elapsed
Time,

tE	 (hr)

Potential *
Difference

E	 (mV)

Conc.,
- min

(LI)

Conc.,
- max

(Li)

0.67 180 0.0016 0.0016
1.42 170 0.0024 0.0024
2.42 160-155 0.0036 0.0044
3.42 150-145 0.0054 0.0066
4.42 140 0.0080 0.0080
5.17 137-135 0.0090 0.0096
5.67 135-130 0.0096 0.0120
6.17 135-130 0.0096 0.0120
6.67 130-128 0.0120 0.0125

* Shift in calibration curve observed.

Plate Number: 3
Date: 5-13-88
Flow Rate: 2.33 x 10 -9 m3/s
Head Gradient: 0.50 m
Adjusted Head Gradient: 0.515 m

Ei = 180 mV
Ci = 0.00160 M
E 0 = 128 mV
C o = 0.0125 M

Test Type:	 step-down

Elapsed	 Potential * 	Conc.,
Time,	 Difference	 - min

tE	 (hr)	 E	 (mV)	 (LI) 

Conc.,
- max

(L/D

0.25 135-125 0.0096 0.0140
0.83 135 0.0096 0.0096
1.50 140-135 0.0080 0.0096
2.25 145-140 0.0066 0.0080
3.00 150-140 0.0054 0.0080
4.25 150 0.0054 0.0054
4.75 155-150 0.0044 0.0054
5.25 155 0.0044 0.0044
5.75 160-155 0.0036 0.0044
6.25 165-155 0.0030 0.0044
6.75 165-160 0.0030 0.0036
7.25 168-165 0.0026 0.0030
7.75 175-170 0.0020 0.0025
8.25 175-170 0.0020 0.0025

* Shift in calibration curve observed.
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Plate Number: 4
Date: 5-20-88
Flow Rate: 6.00 x 10 -9 m3/s
Head Gradient: 0.50 m
Adjusted Head Gradient: 0.505 m

Ei = 185 mV
Ci = 0.00133 M

-E 0 = 125 mV 
C0 = 0.0143 M

181

Test Type:	 step-up

Elapsed	 Potential
Time,	 Difference

tE	 (hr)	 E	 (mV)

Conc.,
- min

(ILI)

Conc.,
- max
(tip

0.67	 185-175 0.0013 0.0020
1.50	 155-150 0.0044 0.0054
2.00	 140-130 0.0080 0.0120
2.50	 125 0.0143 0.0143
3.00	 125 0.0143 0.0143

Plate Number:	 4
Date:	 5-20-88 Ei = 185 mV
Flow Rate:	 6.00 x 10 -9 m3/s Ci	 = 0.00133 M
Head Gradient:	 0.50 m E 0 = 125 mV	 -
Adjusted Head Gradient:	 0.505 m C 0 = 0.0143 M
Test Type: step-down

Elapsed
Time,

tE	 (hr)

Potential
Difference

E	 (mV)

Conc.,
- min

(LI)

Conc.,
- max
(LI)

0.33 125 0.0143 0.0143
1.00 125-120 0.0143 0.0170
1.50 140-125 0.0080 0.0143
2.00 150-135 0.0054 0.0096
2.50 165-155 0.0036 0.0044
3.00 170-165 0.0024 0.0036
3.50 170 0.0024 0.0024
4.00 180-175 0.0016 0.0020
4.42 175-170 0.0020 0.0024



Ei = 183 mV
Ci = 0.00145 M
E0 = 128 mV -
C0 = 0.0125 M

Conc.,
- max

(1)

0.0020
0.0036
0.0054
0.0080
0.0085
0.0120
0.0125
0.0125

Plate Number: 4
Date: 5-29-88
Flow Rate: 5.83 x 10 -9 m3/s
Head Gradient: 0.50 m
Adjusted Head Gradient: 0.491 m
Test Type:	 step-up

Elapsed
Time,

tE	 (hr)

Potential
Difference

E	 (mV)

Conc.,
- min

(M)

0.50 185-175 0.0013
1.00 173-165 0.0022
1.33 165-150 0.0022
1.67 150-140 0.0054
2.00 143-138 0.0070
2.50 135-130 0.0096
3.00 130-128 0.0120
3.50 128 0.0125

Plate Number:	 4
Date:	 5-29-88
Flow Rate: 5.83 x 10-9 m3/s
Head Gradient: 0.50 m
Adjusted Head Gradient: 0.491 m

182

Ei = 183 mV
Ci = 0.00145 !:i.
E0 = 128 mV
Co = 0.0125 Li.

Test Type:	 step-down

Elapsed	 Potential
Time,	 Difference

tE	 (hr)	 E	 (mV)

Conc.,
- min

(if

Conc.,
- max

(1'11)

0.50 128-125 0.0125 0.0143
1.00 128-125 0.0125 0.0143
1.50 135-128 0.0096 0.0125
2.00 145-140 0.0066 0.0080
2.33 157-140 0.0041 0.0080
2.67 170-160 0.0024 0.0036
3.17 172-160 0.0023 0.0036
3.67 182-165 0.0016 0.0022
4.17 180-170 0.0016 0.0024
4.67 185-176 0.0013 0.0020
5.17 180 0.0016 0.0016
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Plate Number: 5
Date: 5-23-88
Flow Rate: 1.83 x 10 -9 m3/s
Head Gradient: 0.50 m
Adjusted Head Gradient: 0.561 m
Test Type: step-up

Elapsed Potential * Conc.,	 Conc.,
Time,	 Difference - min	 - max

tE (hr)	 E (mV)	 (LID	 (ti)

0.25 175-170 0.0020 0.0024
1.00 170-155 0.0024 0.0044
1.50 150-140 0.0054 0.0080
2.00 135-125 0.0096 0.0143
2.50 130-125 0.0120 0.0143
3.00 125 0.0143 0.0143

* Shift in calibration curve observed.

184

Ei = 183 mV
Ci = 0.00145 M
E 0 = 125 mV -
C0 = 0.0143 M

Plate Number: 5
Date: 5-23-88
Flow Rate: 1.83 x 10 -9 m3 /s
Head Gradient: 0.50 m
Adjusted Head Gradient: 0.561 m

Ei = 183 mV
Ci = 0.00145 M
E 0 = 125 mV -
Co = 0.0143 M

Test Type:	 step-down

Elapsed	 Potential *
Time,	 Difference

tE	 (hr)	 E	 (mV)

Conc.,
- min

OW

Conc.,
- max

(LID

0.25 130-125 0.0120 0.0143
0.75 125 0.0143 0.0143
1.25 130-125 0.0120 0.0143
2.25 150-140 0.0054 0.0080
2.50 150-145 0.0054 0.0065
2.75 165-150 0.0030 0.0054
3.00 160-150 0.0036 0.0054
3.50 165-160 0.0030 0.0036
4.00 165-160 0.0030 0.0036
4.50 170-165 0.0024 0.0030
5.00 175-170 0.0020 0.0024

* Shift in calibration curve observed.



Plate Number: 5
Date: 5-26-88
Flow Rate: 0.92 x 10-9 m3 /s
Head Gradient: 0.25 in
Adjusted Head Gradient: 0.280 in
Test Type: step-up

Ei = 185 mV
Ci = 0.00135 M
E0 = 128 mV
Co = 0.0125 M

185

Elapsed
Time,

tE 	(hr)

Potential
Difference

E	 (mV)

Conc.,
- min

Conc.,
- max
(tID

0.25 180-175 0.0016 0.0020
0. 50 180-175 0.0016 0.0020
0.75 180-175 0.0016 0.0020
1.00 185-170 0.0014 0.0024
1.50 185-170 0.0014 0.0024
2.00 170-160 0.0024 0.0036
2.50 155-145 0.0044 0.0065
3.00 150-145 0.0054 0.0065
3.50 145-135 0.0065 0.0096
4.00 140-135 0.0080 0.0096
4.50 140-135 0.0080 0.0096
5.08 135-130 0.0096 0.0120
5.58 130 0.0120 0.0120
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Plate Number: 5
Date: 5-27-88
Flow Rate: 1.00 x 10 -9 m3/s
Head Gradient: 0.25 in
Adjusted Head Gradient: 0.306 in

Ei = 182 mV
Ci = 0.00150 M

-E0 = 128 mV 
C0 = 0.0125 M

137

Test Type:	 step-down

Elapsed	 Potential
Time,	 Difference

tE	 (hr)	 E	 (mV)

Conc.,
- min
(t1)

Conc.,
- max
(t)

0.50 130 0.0120 0.0120
1.00 135-130 0.0096 0.0120
1.50 130 0.0120 0.0120
2.00 130 0.0120 0.0120
2.50 135-130 0.0096 0.0120
3.08 135 0.0096 0.0096
3.50 145 0.0065 0.0065
4.00 150 0.0054 0.0054
4.50 155-153 0.0044 0.0047
5.00 155 0.0044 0.0044
5.50 163 0.0032 0.0032
6.00 165 0.0030 0.0030
6.50 172-165 0.0023 0.0030
7.25 170-165 0.0024 0.0030
8.00 172 0.0023 0.0023
9.00 180 0.0016 0.0016



Plate Number: 6
Date: 6-07-88
Flow Rate: 2.25 x 10-9 m3/s
Head Gradient: 0.50 m
Adjusted Head Gradient: 0.393 m

Ei = 183 mV
Ci = 0.00145 M

-E0 = 128 mV 
C0 = 0.0125 M

188

Test Type:	 step-up

Elapsed	 Potential
Time,	 Difference

tE	 (hr)	 E	 (mV)

Conc.,
- min

(Lip

Conc.,
- max

(11)

0.50	 180-175 0.0016 0.0020
1.00	 168-160 0.0027 0.0036
1.50	 145-135 0.0066 0.0096
2.00	 133-130 0.0105 0.0120
2.50	 128 0.0125 0.0125
3.00	 127 0.0133 0.0133

Plate Number:	 6
Date:	 6-07-88 Ei	 = 186 mV
Flow Rate:	 2.42 x 10 -9 m3 /s Ci	 = 0.00130 M
Head Gradient:	 0.50 m E0 = 128 mV	 -
Adjusted Head Gradient: 0.422 m C0 = 0.0125 M
Test Type: step-down

Elapsed
Time,

tE	 (hr)

Potential
Difference

E	 (mV)

Conc.,
- min

(LI)

Conc.,
- max

(11)

0.50 128-127 0.0125 0.0133
1.00 138-130 0.0085 0.0120
1.75 155-150 0.0044 0.0096
2.25 180-170 0.0016 0.0025
2.75 183-180 0.0015 0.0016
3.25 180 0.0016 0.0016
3.75 180 0.0016 0.0016



Plate Number: 6
Date: 6-09-88
Flow Rate: 1.00 x 10 -9 m 3/s
Head Gradient: 0.25 in
Adjusted Head Gradient: 0.175 in
Test Type: step-up

Ei = 185 mV
Ci = 0.00135 M
E 0 = 127 mV -
C0 = 0.0133 M

189

Elapsed Potential	 Conc.,	 Conc.,
Time,	 Difference - min	 - max

tE (hr)	 E (mV)	 (t9	 (Li)

0.50	 178-175	 0.0018 0.0020
1.00	 180-170 0.0016 0.0025
1.50	 170 0.0025 0.0025
2.00	 165-160 0.0030 0.0036
2.50	 145-140 0.0066 0.0080
3.00	 140-135 0.0080 0.0096
3.50	 138-130 0.0085 0.0120
4.00	 130 0.0120 0.0120
4.50	 126 0.0135 0.0135
5.00	 126 0.0135 0.0135

Plate Number:	 6
Date:	 6-10-88 Ei	 = 178 mV
Flow Rate:	 1.18 x 10 -9 m3/s Ci	 = 0.00135 M
Head Gradient:	 0.25 in E0 = 120 mV	 -
Adjusted Head Gradient: 0.206 m C0 = 0.0130 M
Test Type:	 step-down

Elapsed	 Potential * Conc., Conc.,
Time,	 Difference - min - max

tE	 (hr)	 E	 (mV) (LI) (tI)

0.50 127-120 0.0097 0.0130
1.00 130-120 0.0086 0.0130
1.75 125-120 0.0104 0.0130
2.50 135-130 0.0070 0.0086
3.25 145-140 0.0047 0.0016
4.00 160-150 0.0027 0.0039
4.75 170-160 0.0018 0.0027
5.50 170-165 0.0018 0.0022
6.25 170-165 0.0018 0.0022
7.00 175-170 0.0014 0.0016
7.75 175 0.0014 0.0014
8.50 175 0.0014 0.0014

* Shift in calibration curve observed.



Plate Number: 6
Date: 6-09-88
Flow Rate: 2.38 x 10 -9 m3/s
Head Gradient: 0.50 m
Adjusted Head Gradient: 0.415 m

Ei = 127 mV
Ci = 0.0130 M
E 0 = 80 mV -
C0 = 0.086 M

190

Test Type:	 step-up

Elapsed	 Potential
Time,	 Difference

tE 	(hr)	 E	 (mV)

Conc.,
- min

(11)

Conc.,
- max
(LI)

0.50	 127 0.0130 0.0130
1.00	 120 0.0175 0.0175
1.50	 100-90 0.0385 0.0570
2.00	 85-80 0.0695 0.0860
2.50	 80-78 0.0860 0.0930
3.00	 80-78 0.0860 0.0930

Plate Number:	 6
Date:	 6-09-88 Ei	 = 130 mV
Flow Rate:	 2.25 x 10 -9 m3/s Ci	 = 0.0120 M
Head Gradient:	 0.50 m E 0 = 80 mV	 -
Adjusted Head Gradient:	 0.393 m C0 = 0.086 M
Test Type: step-down

Elapsed
Time,

tE 	(hr)

Potential
Difference

E	 (mV)

Conc.,
- min

(LI)

Conc.,
- max
(LI)

0.50 80-78 0.0860 0.0930
1.00 80 0.0860 0.0860
1.50 95-88 0.0470 0.0620
2.00 110-100 0.0260 0.0385
2.50 115-110 0.0210 0.0260
3.00 120-115 0.0170 0.0210
3.50 120 0.0170 0.0170

4.00 125-120 0.0140 0.0170
4.50 128-125 0.0125 0.0140



Ei = 238 mV
Ci = 0.00016 M
E 0 = 180 mV -
C 0 = 0.0016 M

Conc.,
- max

(LI)

0.0003
0.0008
0.0017
0.0017
0.0017
0.0018
0.0018

Plate Number: 6
Date: 6-12-88
Flow Rate: 2.38 x 10 -9 m3 /s
Head Gradient: 0.50 m
Adjusted Head Gradient: 0.415 m
Test Type:	 step-up

Elapsed
Time,

tE	 (hr)

Potential
Difference

E	 (mV)

Conc.,
- min

(LI)

0.50 220 0.0003
1.00 220-200 0.0003
1.50 200-180 0.0008
2.00 195-180 0.0009
2.50 185-180 0.0014
3.00 185-178 0.0014
3.50 185-178 0.0014

Plate Number:	 6
Date:	 6-12-88
Flow Rate: 2.17 x 10 -9 m3/s
Head Gradient: 0.50 m
Adjusted Head Gradient: 0.379 m

191

Ei = 238 mV
Ci = 0.00016 M
E 0 = 180 mV -
Co = 0.0016 M

Test Type:	 step-down

Elapsed	 Potential
Time,	 Difference

tE	 (hr)	 E	 (mV)

Conc.,
- min

(11)

Conc.,
- max

(1'2.)

0.50 178 0.0018 0.0018
1.00 180-178 0.0016 0.0018
1.50 195-180 0.0009 0.0016
2.00 200 0.0008 0.0008
2.50 220-215 0.0003 0.0004
3.00 230-215 0.0002 0.0004
3.50 225-220 0.0003 0.0003
4.00 230 0.0002 0.0002
4.50 235-230 0.0002 0.0002
5.00 235-230 0.0002 0.0002



Plate Number: 6
Date: 6-25-88
Flow Rate: 1.67 x 10-9 m3/s
Head Gradient: 0.36 in
Adjusted Head Gradient: 0.291 in
Test Type: step-up

Ei = 178 mV
Ci = 0.0015 M
E 0 = 73 mV
Co = 0.100 M

192

Elapsed Potential	 Conc.,	 Conc.,
Time,	 Difference - min	 - max

tE (hr)	 E (mV)	 (t9	 (1)

0.50	 168-165 0.0024 0.0025
1.00	 160-145 0.0031 0.0066
1.50	 125-110 0.0123 0.0230
2.00	 100-90 0.0340 0.0500
2.50	 85-78 0.0620 0.0810
3.00	 86-75 0.0600 0.0930
3.50	 77-70 0.0860 0.1150
4.00	 78-75 0.0810 0.0930

Plate Number:	 6
Date:	 6-25-88 Ei	 = 178 mV
Flow Rate:	 1.90 x 10 -9 m3 /s Ci	 = 0.0015 M
Head Gradient:	 0.36 in E 0 = 73 mV	 -
Adjusted Head Gradient:	 0.332 m C0 = 0.100 M
Test Type:	 step-down

Elapsed	 Potential
Time,	 Difference

tE	 (hr)	 E	 (mV)

0.50 75-70
1.00 75-72
1.50 80-75
2.12 100-90
2.50 110-100
3.00 137-115
3.50 148-132
4.00 160-140
4.50 160-140
5.00 170-150
5.50 172-163

Conc.,	 Conc.,
- min	 - max

(t9	 (0.)

0.0930	 0.1150
0.0930	 0.1100
0.0760	 0.0930
0.0340	 0.0500
0.0230	 0.0340
0.0078	 0.0190
0.0050	 0.0096
0.0030	 0.0068
0.0030	 0.0068
0.0020	 0.0046
0.0019	 0.0028



Table C.2: Porous plate effective porosity estimates from chloride
breakthrough data.

Plate
No.

Test
type

Flow Rate,
Q x 10 9 m3/s

Travel	 Time,
tt	 (hr)

Effective
Porosity,

ne	 (percent)

1 step-up 3.03 3.07 0.275
step-down 3.15 3.56 0.332

2 step-up 4.08 1.80 0.217
step-down 4.08 3.23 0.390

3 step-up 2.30 3.90 0.266
step-down 2.33 2.58 0.178

4 step-up 6.00 1.77 0.314
step-down 6.00 2.06 0.366
step-up 5.83 1.75 0.302

step-down 5.83 2.10 0.362

5 step-up 1.83 1.59 0.247
step-down 1.83 2.06 0.320
step-up 0.92 3.20 0.250

step-down 1.00 3.43 0.291

6 step-up 2.25 1.37 0.262
step-down 2.42 1.75 0.359
step-up 1.00 2.45 0.208

step-down 1.18 2.57 0.257
step-up 2.38 1.51 0.305

step-down 2.25 1.60 0.306
step-up 2.38 1.20 0.242

step-down 2.17 1.86 0.343
step-up 1.67 2.11 0.299

step-down 1.90 2.00 0.322
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APPENDIX D

SOLUTE TRANSPORT TEST DATA

This section includes all the fracture and matrix transport test
data. Table D.1 also presents the results of temporal moments analysis
for test no. 1 at sampling port 5F-US as an example. The raw data of
the spatial distribution of relative concentrations of the fracture
surface immediately after fracture transport test no. 3 is presented in
Table 0.5 and Figure 0.1.



Table D.1: Fracture solute transport test data, and temporal moments
analysis data for test no. 1, sampling port 5F-US.

Sampling Port: 5F-US
Location: x = 5 cm; z = 10 cm	 Face: 5

Date: 6-21-88 to 6-22-88	 Ei = 168 mV
Flow Rate: 1.41 x 10 -9 m3 /s	 Ci = 0.00150 M
Head Imposed at Top of Plate: 35.80 cm	 E0 = 73 mV	 -
Test Performed: Slug - 12 hrs	 Co = 0.105 M
Test Duration: 28 hrs	 Plate no.: -5

195

Elapsed Potential Conc.,
Time, Difference - min

tE	 (hr) E	 (mV) (!)

0.25 145 0.0050
0.75 145 0.0050
1.25 145 0.0050
1.75 145 0.0050
2.25 147-145 0.0046
2.75 145 0.0050
3.25 150-145 0.0040
3.75 145-140 0.0050
4.25 145 0.0050
4.75 145 0.0050
5.25 145 0.0050
5.75 148-135 0.0044
6.25 145 0.0050
6.75 145 0.0050
7.25 138-136 0.0068
7.75 145 0.0050
8.25 145 0.0050
8.75 128 0.0110
9.25 135-130 0.0080
9.75 137-133 0.0073
10.25 135-130 0.0080
10.75 138-135 0.0068
11.25 134-132 0.0084
11.75 128 0.0110
12.25 120-115 0.0152
12.75 120-117 0.0152
13.25 123-118 0.0137
13.75 120 0.0152
14.25 120-115 0.0152
14.75 115-110 0.0187
15.25 120-118 0.0152
15.75 116 0.0183
16.25 120 0.0152

Conc.,	 Relative Relative
- max	 Conc.	 Conc.

(tD	 - min	 - max

0.0050 0.034 0.034
0.0050 0.034 0.034
0.0050 0.034 0.034
0.0050 0.034 0.034
0.0050 0.030 0.034
0.0050 0.034 0.034
0.0050 0.024 0.034
0.0063 0.034 0.046
0.0050 0.034 0.034
0.0050 0.034 0.034
0.0050 0.034 0.034
0.0080 0.028 0.063
0.0050 0.034 0.034
0.0050 0.034 0.034
0.0077 0.051 0.060
0.0050 0.034 0.034
0.0050 0.034 0.034
0.0110 0.092 0.092
0.0100 0.063 0.082
0.0088 0.056 0.071
0.0100 0.063 0.082
0.0080 0.051 0.063
0.0092 0.067 0.074
0.0110 0.092 0.092
0.0187 0.132 0.166
0.0175 0.132 0.155
0.0165 0.118 0.145
0.0152 0.132 0.132
0.0187 0.132 0.166
0.0227 0.166 0.205
0.0165 0.132 0.145
0.0183 0.162 0.162
0.0152 0.132 0.132



Conc.,	 Relative Relative
- max	 Conc.	 Conc.
(t9	 - min	 - max

0.0187 0.155 0.166
0.0260 0.237 0.237
0.0280 0.256 0.256
0.0227 0.166 0.205
0.0227 0.205 0.205
0.0193 0.172 0.172
0.0260 0.179 0.237
0.0200 0.179 0.179
0.0152 0.132 0.132
0.0227 0.205 0.205
0.0200 0.179 0.179
0.0227 0.205 0.205
0.0200 0.179 0.179

Table D.1: Fracture solute transport test data, and temporal moments
analysis data for test no. 1 (continued).
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Elapsed
Time,

tE	 (hr)

Potential
Difference

E	 (mV)

Conc.,
- min
(t!)

16.75 117-115 0.0175
17.25 107 0.0260
18.25 105 0.0280
19.25 115-110 0.0187
20.25 110 0.0227
21.25 114 0.0193
22.25 113-107 0.0200
23.25 113 0.0200
24.25 120 0.0152
25.25 110 0.0227
26.25 113 0.0200
27.25 110 0.0227
28.25 113 0.0200

Results of Temporal Moments Analysis:

0.25 0.0050 0.00 1.25
0.75 0.0050 0.00 1.17
1.25 0.0050 0.01 1.10
1.75 0.0050 0.01 1.03
2.25 0.0048 0.01 0.92
2.75 0.0050 0.01 0.89
3.25 0.0045 0.01 0.74
3.75 0.0057 0.02 0.86
4.25 0.0050 0.02 0.70
4.75 0.0050 0.02 0.64
5.25 0.0050 0.03 0.59
5.75 0.0062 0.04 0.66
6.25 0.0050 0.03 0.48
6.75 0.0050 0.03 0.43
7.25 0.0073 0.05 0.56
7.75 0.0050 0.04 0.35
8.25 0.0050 0.04 0.31
8.75 0.0110 0.10 0.59
9.25 0.0090 0.08 0.42

Average
Relative

Conc.

tE x	 (tE-tm)2 x
Average	 Average

Rel.	 Conc.	 Rel.	 Conc.

0.034 0.01 9.03
0.034 0.03 8.49
0.034 0.04 7.96
0.034 0.06 7.45
0.032 0.07 6.56
0.034 0.09 6.48
0.029 0.09 5.16
0.040 0.15 6.61
0.034 0.14 5.15
0.034 0.16 4.74
0.034 0.18 4.35
0.045 0.26 5.34
0.034 0.21 3.62
0.034 0.23 3.28
0.056 0.40 4.85
0.034 0.26 2.64
0.034 0.28 2.35
0.092 0.80 5.65
0.072 0.67 3.91

Elapsed Average tE x (tE-tm ) 2 x
Time, Conc. Average Average

tE	 (hr) ( 1) Conc. Conc.
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Table 0 .1: Fracture solute transport test data, and temporal moments
analysis data for test no. 1 (continued).

Results of Temporal Moments Analysis (continued):

Elapsed
Time,

tE	 (hr)

Average
Conc.
(M)

tE x
Average
Conc.

(tE-tm ) 2 x
Average
Conc.

Average
Relative

Conc.

tE x	 (tE-tm)2 x
Average	 Average

Rel.	 Conc.	 Rel.	 Conc.

9.75 0.0081 0.08 0.32 0.063 0.62 2.96
10.25 0.0090 0.09 0.31 0.072 0.74 2.92
10.75 0.0074 0.08 0.21 0.057 0.61 1.95
11.25 0.0088 0.10 0.20 0.071 0.79 2.01
11.75 0.0110 0.13 0.21 0.092 1.08 2.15
12.25 0.0170 0.21 0.25 0.149 1.83 2.82
12.75 0.0164 0.21 0.18 0.143 1.83 2.12
13.25 0.0151 0.20 0.12 0.131 1.74 1.47
13.75 0.0152 0.21 0.08 0.132 1.82 1.07
14.25 0.0170 0.24 0.06 0.149 2.13 0.82
14.75 0.0207 0.31 0.04 0.186 2.74 0.63
15.25 0.0159 0.24 0.01 0.139 2.11 0.25
15.75 0.0183 0.29 0.00 0.162 2.56 0.12
16.25 0.0152 0.25 0.00 0.132 2.15 0.02
16.75 0.0181 0.30 0.01 0.160 2.69 0.00
17.25 0.0260 0.45 0.04 0.237 4.08 0.10
18.25 0.0280 0.51 0.13 0.256 4.67 0.70
19.25 0.0207 0.40 0.21 0.186 3.57 1.31
20.25 0.0227 0.46 0.40 0.205 4.15 2.74
21.25 0.0193 0.41 0.52 0.172 3.65 3.73
22.25 0.0230 0.51 0.88 0.208 4.62 6.65
23.25 0.0200 0.47 1.03 0.179 4.16 7.92
24.25 0.0152 0.37 1.02 0.132 3.21 7.76
25.25 0.0227 0.57 1.91 0.205 5.17 15.35
26.25 0.0200 0.53 2.07 0.179 4.69 16.67
27.25 0.0227 0.62 2.83 0.205 5.58 23.26
28.25 0.0200 0.57 2.96 0.179 5.05 24.28



Table 0 .1: Fracture solute transport test data, and temporal moments
analysis data for test no. 1 (continued).

Summary of Temporal Moments Analysis:

o Average Concentration

Sum Average Conc. =	 0.5817
Sum [tE x Average Conc.] =	 9.35
Sum [(tE-tm ) 2 x Average Conc.] = 29.67

First Moment, tm 	16.07 hr
Second Moment, t var = 51.02 hr 2

o Average Relative Concentration

Sum Average Rel. Conc. =	 4.953
Sum [tE x Average Rel. Conc.] =	 82.19
Sum [(tE-tm ) 2 x Average Rel. Conc.] = 235.41

First Moment, tm =	 16.59 hr
Second Moment, t var = 47.53 hr 2

198
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Table D.2: Fracture solute transport test data for rest of test no. 1.

Sampling Port: 5F-UC
Location: x = 10 cm; z = 10 cm 	 Face: 5

Date: 6-21-88 to 6-22-88	 Ei = 168 mV
Flow Rate: 1.41 x 10 -9 m3/s	 Ci = 0.00150 M
Head Imposed at Top of Plate: 35.80 cm	 E0 = 73 mV	 -
Test Performed: Slug - 12 hrs	 Co = 0.105 M
Test Duration: 28 hrs	 Plate no.: -t

Elapsed
Time,

tE	 (hr)

Potential
Difference

E	 (mV)

Conc.,
- min

(LI)

Conc.,
- max
(M)

Relative
Conc.

- min

Relative
Conc.
- max

0.25 155-145 0.0031 0.0050 0.015 0.034
0.75 145 0.0050 0.0050 0.034 0.034
1.25 150-140 0.0040 0.0063 0.024 0.046
1.75 150 0.0040 0.0040 0.024 0.024
2.25 145-140 0.0050 0.0063 0.034 0.046
2.75 135-127 0.0080 0.0117 0.063 0.099
3.25 118-115 0.0165 0.0187 0.145 0.166
3.75 125-118 0.0125 0.0165 0.106 0.145
4.25 130-125 0.0107 0.0125 0.089 0.106
4.75 110-100 0.0227 0.0340 0.205 0.314
5.25 85 0.0620 0.0620 0.585 0.585
5.75 93-87 0.0445 0.0570 0.415 0.536
6.25 85-83 0.0620 0.0660 0.585 0.623
6.75 85-83 0.0620 0.0660 0.585 0.623
7.25 85-83 0.0620 0.0660 0.585 0.623
7.75 90-87 0.0505 0.0570 0.473 0.536
8.25 100-95 0.0340 0.0415 0.314 0.386
8.75 85 0.0620 0.0620 0.585 0.585
9.25 90-87 0.0505 0.0570 0.473 0.536
9.75 83-80 0.0660 0.0755 0.623 0.715

10.25 85-83 0.0620 0.0660 0.585 0.623
10.75 88-86 0.0550 0.0600 0.517 0.565
11.25 83-78 0.0660 0.0810 0.623 0.768
11.75 82-78 0.0700 0.0810 0.662 0.768
12.25 77 0.0840 0.0840 0.797 0.797
12.75 78 0.0810 0.0810 0.768 0.768
13.25 83 0.0660 0.0660 0.623 0.623
13.75 85-83 0.0620 0.0660 0.585 0.623
14.25 83 0.0660 0.0660 0.623 0.623
14.75 87-85 0.0570 0.0620 0.536 0.585
15.25 92 0.0470 0.0470 0.440 0.440
15.75 94 0.0425 0.0425 0.396 0.396
16.25 95 0.0415 0.0415 0.386 0.386
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Table D.2: Fracture solute transport test data for rest of test no. 1.

Sampling Port: 5F-UC (continued)

Elapsed
Time,

tE	 (hr)

Potential
Difference

E	 (mV)

Conc.,
- min
01)

Conc.,
- max
(LI)

Relative
Conc.

- min

Relative
Conc.

- max

16.75 96 0.0405 0.0405 0.377 0.377
17.25 100-95 0.0340 0.0415 0.314 0.386
18.25 113-110 0.0200 0.0227 0.179 0.205
19.25 110-105 0.0227 0.0280 0.205 0.256
20.25 114-106 0.0193 0.0270 0.172 0.246
21.25 110 0.0227 0.0227 0.205 0.205
22.25 117 0.0175 0.0175 0.155 0.155
23.25 123-117 0.0137 0.0175 0.118 0.155
24.25 128-125 0.0110 0.0125 0.092 0.106
25.25 115 0.0187 0.0187 0.166 0.166
26.25 124 0.0127 0.0127 0.108 0.108
27.25 124 0.0127 0.0127 0.108 0.108
28.25 135-125 0.0080 0.0125 0.063 0.106



Elapsed Potential	 Conc.,
Time,	 Difference - min
tE (hr)	 E (mV)	 (tO

0.33 140 0.0063
1.33 145 0.0050
1.83 148 0.0044
2.33 152-148 0.0036
2.83 150-140 0.0040
3.33 148-145 0.0044
3.83 135-125 0.0080
4.33 145 0.0050
4.83 145 0.0050
5.33 145 0.0050
5.83 145-135 0.0050
6.33 145 0.0050
6.83 155-150 0.0031
7.33 145-140 0.0050
7.83 145-140 0.0050
8.33 145-140 0.0050
8.83 147-145 0.0046
9.33 137 0.0073
9.83 135 0.0080

10.33 126 0.0120
10.83 126 0.0120
11.33 133-128 0.0088
11.83 125 0.0125
12.33 125 0.0125
12.83 123 0.0137
13.33 126 0.0120
13.83 125 0.0125
14.33 116 0.0183
14.83 125 0.0125
15.33 117-115 0.0175
15.83 120 0.0152
16.33 120-115 0.0152
16.83 110-107 0.0227
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Table D.2: Fracture solute transport test data for rest of test no. 1.

Sampling Port: 5F-LS
Location: x = 5 cm; z = 35 cm	 Face: 5

Date: 6-21-88 to 6-22-88	 Ei = 168 mV
Flow Rate: 1.41 x 10 -9 m3/s	 Ci = 0.00150 M
Head Imposed at Top of Plate: 35.80 cm	 E0 = 73 mV	 -
Test Performed: Slug - 12 hrs	 Co = 0.105 M
Test Duration: 28 hrs	 Plate no.:

Conc.,
- max

Relative
Conc.

Relative
Conc.

(!i) - min - max

0.0063 0.046 0.046
0.0050 0.034 0.034
0.0044 0.028 0.023
0.0044 0.020 0.028
0.0063 0.024 0.046
0.0050 0.028 0.034
0.0125 0.063 0.106
0.0050 0.034 0.034
0.0050 0.034 0.034
0.0050 0.034 0.034
0.0080 0.034 0.063
0.0050 0.034 0.034
0.0040 0.015 0.024
0.0063 0.034 0.046
0.0063 0.034 0.046
0.0063 0.034 0.046
0.0050 0.030 0.034
0.0073 0.056 0.056
0.0080 0.063 0.063
0.0120 0.101 0.101
0.0120 0.101 0.101
0.0110 0.071 0.092
0.0125 0.106 0.106
0.0125 0.106 0.106
0.0137 0.118 0.118
0.0120 0.101 0.101
0.0125 0.106 0.106
0.0183 0.162 0.162
0.0125 0.106 0.106
0.0187 0.155 0.166
0.0152 0.132 0.132
0.0187 0.132 0.166
0.0260 0.205 0.237
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Table D.2: Fracture solute transport test data for rest of test no. 1.

Sampling Port: 5F-LS (continued)

Elapsed
Time,

tE 	(hr)

Potential
Difference

E	 (mV)

Conc.,
- min
(t)

Conc.,
- max

(11.1)

Relative
Conc.

- min

Relative
Conc.

- max

17.33 115 0.0187 0.0187 0.166 0.166
18.33 120-115 0.0152 0.0187 0.132 0.166
19.33 125-117 0.0125 0.0175 0.106 0.155
20.33 112 0.0210 0.0210 0.188 0.188
21.33 106 0.0270 0.0270 0.246 0.246
22.33 108 0.0245 0.0245 0.222 0.222
23.33 110-105 0.0227 0.0280 0.205 0.256
24.33 115 0.0287 0.0187 0.263 0.166
25.33 110 0.0227 0.0227 0.205 0.205
26.33 110-107 0.0227 0.0260 0.205 0.237
27.33 115-110 0.0187 0.0227 0.166 0.205
28.33 115 0.0187 0.0187 0.166 0.166
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Table D.2: Fracture solute transport test data for rest of test no. 1.

Sampling Port: 5F-LC
Location: x = 10 cm; z = 35 cm	 Face: 5

Date: 6-21-88 to 6-22-88	 Ei = 168 mV
Flow Rate: 1.41 x 10-9 m3/s	 Ci = 0.00150 M
Head Imposed at Top of Plate: 35.80 cm	 E0 = 73 mV	 -
Test Performed: Slug - 12 hrs	 Co = 0.105 M
Test Duration: 28 hrs	 Plate no.: -5

Elapsed Potential	 Conc.,	 Conc.,	 Relative Relative
Time,	 Difference - min	 - max	 Conc.	 Conc.

tE (hr)	 E (mV)	 ft9	 (LI)	 - min	 - max

0.33 145 0.0050 0.0050 0.034 0.034
1.33 150-145 0.0040 0.0050 0.024 0.034
1.83 155-150 0.0031 0.0040 0.015 0.024
2.33 145 0.0050 0.0050 0.034 0.034
2.83 150-145 0.0040 0.0050 0.024 0.034
3.33 155-150 0.0031 0.0040 0.015 0.024
3.83 155-152 0.0031 0.0036 0.015 0.020
4.33 150 0.0040 0.0040 0.024 0.024
4.83 150-145 0.0040 0.0050 0.024 0.034
5.33 145 0.0050 0.0050 0.034 0.034
5.83 145-140 0.0050 0.0063 0.034 0.046
6.33 145 0.0050 0.0050 0.034 0.034
6.83 150-148 0.0040 0.0044 0.024 0.028
7.33 150-145 0.0040 0.0050 0.024 0.034
7.83 155-150 0.0031 0.0040 0.015 0.024
8.33 150-140 0.0040 0.0063 0.024 0.046
8.83 146 0.0049 0.0049 0.033 0.033
9.33 153-148 0.0034 0.0044 0.018 0.028
9.83 150-147 0.0040 0.0046 0.024 0.030

10.33 150-145 0.0040 0.0050 0.024 0.034
10.83 145 0.0050 0.0050 0.034 0.034
11.33 145-140 0.0050 0.0063 0.034 0.046
11.83 145 0.0050 0.0050 0.034 0.034
12.33 150-145 0.0040 0.0050 0.024 0.034
12.83 145 0.0050 0.0050 0.034 0.034
13.33 152-148 0.0036 0.0044 0.020 0.028
13.83 152-148 0.0036 0.0044 0.020 0.028
14.33 145 0.0050 0.0050 0.034 0.034
14.83 135-133 0.0080 0.0088 0.063 0.071
15.33 143-135 0.0055 0.0080 0.039 0.063
15.83 145 0.0050 0.0050 0.034 0.034
16.33 145-140 0.0050 0.0063 0.034 0.046
16.83 145-140 0.0050 0.0063 0.034 0.046
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Table D.2: Fracture solute transport test data for rest of test no. 1.

Sampling Port: 5F-LC (continued)

Elapsed
Time,

tE (hr)

Potential
Difference

E	 (mV)

Conc.,
- min

(LI)

Conc.,
- max

(t1)

Relative
Conc.

- min

Relative
Conc.

- max

17.33 145-140 0.0050 0.0063 0.034 0.046
18.33 135-130 0.0080 0.0107 0.063 0.089
19.33 140-135 0.0063 0.0080 0.046 0.063
20.33 140 0.0063 0.0063 0.046 0.046
21.33 135 0.0080 0.0080 0.063 0.063
22.33 135 0.0080 0.0080 0.063 0.063
23.33 135-130 0.0080 0.0107 0.063 0.089
24.33 132-128 0.0092 0.0110 0.074 0.092
25.33 130-125 0.0107 0.0125 0.089 0.106
26.33 125-120 0.0125 0.0152 0.106 0.132
27.33 125 0.0125 0.0125 0.106 0.106
28.33 125 0.0125 0.0125 0.106 0.106
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Table D.2: Fracture solute transport test data for rest of test no. 1.

Sampling Location: 6-B
Location: x = 2 cm; z = 50 cm	 Face: 2

Date: 6-21-88 to 6-22-88	 Ei = 168 mV
Flow Rate: 1.41 x 10 -9 m 3/s	 Ci = 0.00150 M
Head Imposed at Top of Plate: 35.80 cm	 E0 = 73 mV	 -
Test Performed: Slug - 12 hrs	 Co = 0.105 M
Test Duration: 28 hrs	 Plate no.:

Elapsed
Time,

tE	 (hr)

Potential
Difference

E	 (mV)

Conc.,
- min

(Lip

Conc.,
- max
(t)

Relative
Conc.

- min

Relative
Conc.
- max

0.42 155 0.0031 0.0031 0.015 0.015
1.42 147-145 0.0046 0.0050 0.030 0.034
2.42 150-145 0.0040 0.0050 0.024 0.034
2.92 147-145 0.0046 0.0050 0.030 0.034
3.42 150-145 0.0040 0.0050 0.024 0.034
3.92 147-145 0.0046 0.0050 0.030 0.034
4.42 146 0.0049 0.0049 0.033 0.033
4.92 145-140 0.0050 0.0063 0.034 0.046
5.42 145-140 0.0050 0.0063 0.034 0.046
5.92 133-130 0.0088 0.0107 0.071 0.089
6.42 135-130 0.0080 0.0107 0.063 0.089
6.92 133-128 0.0088 0.0110 0.071 0.092
7.42 127 0.0117 0.0117 0.099 0.099
7.92 125 0.0125 0.0125 0.106 0.106
8.42 125 0.0125 0.0125 0.106 0.106
8.92 120-117 0.0152 0.0175 0.132 0.155
9.42 115 0.0187 0.0187 0.166 0.166
9.92 115 0.0187 0.0187 0.166 0.166

10.42 115 0.0187 0.0187 0.166 0.166
10.92 112 0.0210 0.0210 0.188 0.188
11.42 110 0.0227 0.0227 0.205 0.205
11.92 108 0.0245 0.0245 0.222 0.222
12.42 107 0.0260 0.0260 0.237 0.237
12.92 107 0.0260 0.0260 0.237 0.237
13.42 105 0.0280 0.0280 0.256 0.256
13.92 105 0.0280 0.0280 0.256 0.256
14.42 106 0.0270 0.0270 0.246 0.246
14.92 107-104 0.0260 0.0285 0.237 0.261
15.42 105 0.0280 0.0280 0.256 0.256
15.92 112-108 0.0210 0.0245 0.188 0.222
16.42 104-98 0.0285 0.0365 0.261 0.338
16.92 100 0.0340 0.0340 0.314 0.314
17.42 108-105 0.0245 0.0280 0.222 0.256
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Table D.2: Fracture solute transport test data for rest of test no. 1.

Sampling Location: 6-B (continued)

Elapsed Potential	 Conc.,	 Conc.,	 Relative Relative
Time,	 Difference - min	 - max	 Conc.	 Conc.

tE (hr)	 E (mV)	 (111)	 (t9	 - min	 - max

18.42 110-105 0.0227 0.0280 0.205 0.256
19.42 110 0.0227 0.0227 0.205 0.205
20.42 107 0.0260 0.0260 0.237 0.237
21.42 105 0.0280 0.0280 0.256 0.256
22.42 115 0.0187 0.0187 0.166 0.166
23.42 114-110 0.0193 0.0227 0.172 0.205
24.42 115 0.0187 0.0187 0.166 0.166
25.42 115 0.0187 0.0187 0.166 0.166
26.42 107 0.0260 0.0260 0.237 0.237
27.42 110 0.0227 0.0227 0.205 0.205
28.42 120-115 0.0152 0.0187 0.132 0.166
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Table D.2: Fracture solute transport test data for rest of test no. 1.

Sampling Location: 6-M
Location: x = 6 cm; z = 50 cm	 Face: 2

Date: 6-21-88 to 6-22-88	 Ei = 168 mV
Flow Rate: 1.41 x 10 -9 m3/s	 Ci = 0.00150 M
Head Imposed at Top of Plate: 35.80 cm	 E0 = 73 mV
Test Performed: Slug - 12 hrs	 Co = 0.105 M
Test Duration: 28 hrs	 Plate no.: -5

Elapsed
Time,

tE	 (hr)

Potential
Difference

E	 (mV)

Conc.,
- min
(t1)

Conc.,
- max
(M)

Relative
Conc.

- min

Relative
Conc.

- max

0.42 153 0.0034 0.0034 0.018 0.018
1.42 152 0.0036 0.0036 0.020 0.020
2.42 152-147 0.0036 0.0046 0.020 0.030
2.92 153 0.0034 0.0034 0.018 0.018
3.42 150 0.0040 0.0040 0.024 0.024
3.92 148 0.0044 0.0044 0.028 0.028
4.42 145 0.0050 0.0050 0.034 0.034
4.92 140-135 0.0063 0.0080 0.046 0.063
5.42 135-130 0.0080 0.0107 0.063 0.089
5.92 130-128 0.0107 0.0110 0.089 0.092
6.42 125 0.0125 0.0125 0.106 0.106
6.92 125-122 0.0125 0.0143 0.106 0.124
7.42 120 0.0152 0.0152 0.132 0.132
7.92 117 0.0175 0.0175 0.155 0.155
8.42 115 0.0187 0.0187 0.166 0.166
8.92 112 0.0210 0.0210 0.188 0.188
9.42 111 0.0220 0.0220 0.198 0.198
9.92 110 0.0227 0.0227 0.205 0.205
10.42 107 0.0260 0.0260 0.237 0.237
10.92 107 0.0260 0.0260 0.237 0.237
11.42 107 0.0260 0.0260 0.237 0.237
11.92 105 0.0280 0.0280 0.256 0.256
12.42 105 0.0280 0.0280 0.256 0.256
12.92 105 0.0280 0.0280 0.256 0.256
13.42 105 0.0280 0.0280 0.256 0.256
13.92 105-103 0.0280 0.0300 0.256 0.275
14.42 96 0.0405 0.0405 0.377 0.377
14.92 105-103 0.0280 0.0300 0.256 0.275
15.42 105 0.0280 0.0280 0.256 0.256
15.92 105 0.0280 0.0280 0.256 0.256
16.42 100-97 0.0340 0.0385 0.314 0.357
16.92 105 0.0280 0.0280 0.256 0.256
17.42 110 0.0227 0.0227 0.205 0.205
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Table D.2: Fracture solute transport test data for rest of test no. 1.

Sampling Location:

Elapsed	 Potential
Time,	 Difference

tE	 (hr)	 E	 (mV)

6-M (continued)

Conc.,	 Conc.,
- min	 - max

(LI)	 010

Relative
Conc.

- min

Relative
Conc.

- max

18.42 106 0.0270 0.0270 0.246 0.246
19.42 110 0.0227 0.0227 0.205 0.205
20.42 120 0.0152 0.0152 0.132 0.132
21.42 115 0.0187 0.0187 0.166 0.166
22.42 115 0.0187 0.0187 0.166 0.166
23.42 116 0.0183 0.0183 0.162 0.162
24.42 125-120 0.0125 0.0152 0.106 0.132
25.42 118 0.0165 0.0165 0.145 0.145
26.42 120 0.0152 0.0152 0.132 0.132
27.42 122 0.0143 0.0143 0.124 0.124
28.42 125 0.0125 0.0125 0.106 0.106
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Table D.2: Fracture solute transport test data for rest of test no. 1.

Sampling Location: 3-M
Location: x = 12 cm; z = 50 cm	 Face: 2

Date: 6-21-88 to 6-22-88	 Ei = 168 mV
Flow Rate: 1.41 x 10 -9 m3/s	 Ci = 0.00150 M
Head Imposed at Top of Plate: 35.80 cm	 E0 = 73 mV	 -
Test Performed: Slug - 12 hrs	 Co = 0.105 M
Test Duration: 28 hrs	 Plate no.: -5

Elapsed
Time,

tE	 (hr)

Potential
Difference

E	 (mV)

Conc.,
- min
(LI)

Conc.,
- max
Of

Relative
Conc.

- min

Relative
Conc.

- max

0.42 150 0.0040 0.0040 0.024 0.024
1.42 153-150 0.0034 0.0040 0.018 0.024
2.42 155 0.0031 0.0031 0.015 0.015
2.92 152-150 0.0036 0.0040 0.020 0.024
3.42 155 0.0031 0.0031 0.015 0.015
3.92 150 0.0040 0.0040 0.024 0.024
4.42 150 0.0040 0.0040 0.024 0.024
4.92 145 0.0050 0.0050 0.034 0.034
5.42 135 0.0080 0.0080 0.063 0.063
5.92 135 0.0080 0.0080 0.063 0.063
6.42 130-128 0.0107 0.0110 0.089 0.092
6.92 125 0.0125 0.0125 0.106 0.106
7.42 122 0.0143 0.0143 0.124 0.124
7.92 125-123 0.0125 0.0137 0.106 0.118
8.42 120 0.0152 0.0152 0.132 0.132
8.92 117 0.0175 0.0175 0.155 0.155
9.42 116-113 0.0183 0.0200 0.162 0.179
9.92 117 0.0175 0.0175 0.155 0.155

10.42 114 0.0193 0.0193 0.172 0.172
10.92 108 0.0245 0.0245 0.222 0.222
11.42 110 0.0227 0.0227 0.205 0.205
11.92 108 0.0245 0.0245 0.222 0.222
12.42 107 0.0260 0.0260 0.237 0.237
12.92 105 0.0280 0.0280 0.256 0.256
13.42 105 0.0280 0.0280 0.256 0.256
13.92 105 0.0280 0.0280 0.256 0.256
14.42 107-105 0.0260 0.0280 0.237 0.256
14.92 105 0.0280 0.0280 0.256 0.256
15.42 105 0.0280 0.0280 0.256 0.256
15.92 110-107 0.0227 0.0260 0.205 0.237
16.42 105 0.0280 0.0280 0.256 0.256
16.92 104 0.0285 0.0285 0.261 0.261
17.42 105 0.0280 0.0280 0.256 0.256
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Table D.2: Fracture solute transport test data for rest of test no. 1.

Sampling Location:

Elapsed	 Potential
Time,	 Difference

tE	 (hr)	 E	 (mV)

3-M	 (continued)

Conc.,	 Conc.,
- min	 - max
(M)	 (fj)

Relative
Conc.

- min

Relative
Conc.

- max

18.42 105 0.0280 0.0280 0.256 0.256
19.42 112-108 0.0210 0.0245 0.188 0.222
20.42 113 0.0200 0.0200 0.179 0.179
21.42 115 0.0187 0.0187 0.166 0.166
22.42 115 0.0137 0.0187 0.166 0.166
23.42 115 0.0187 0.0187 0.166 0.166
24.42 117-112 0.0175 0.0210 0.155 0.188
25.42 117 0.0175 0.0175 0.155 0.155
26.42 115 0.0187 0.0187 0.166 0.166
27.42 115 0.0187 0.0187 0.166 0.166
28.42 120 0.0152 0.0152 0.132 0.132



211

Table D.2: Fracture solute transport test data for rest of test no. 1.

Sampling Location: 3-F
Location: x = 18 cm; z = 50 cm	 Face: 2

Date: 6-21-88 to 6-22-88	 Ei = 168 mV
Flow Rate: 1.41 x 10 -9 m3/s	 Ci = 0.00150 M
Head Imposed at Top of Plate: 35.80 cm	 E0 = 73 mV	 -
Test Performed: Slug - 12 hrs	 Co = 0.105 M
Test Duration: 28 hrs	 Plate no.: -5

Elapsed
Time,

tE	 (hr)

Potential
Difference

E	 (mV)

Conc.,
- min
(LI)

Conc.,
- max
(LI)

Relative
Conc.

- min

Relative
Conc.

- max

0.42 147 0.0046 0.0046 0.030 0.030
1.42 150-147 0.0040 0.0046 0.024 0.030
2.42 152 0.0036 0.0036 0.020 0.020
2.92 155-152 0.0031 0.0036 0.015 0.020
3.42 153 0.0034 0.0034 0.018 0.018
3.92 150-148 0.0040 0.0044 0.024 0.028
4.42 145 0.0050 0.0050 0.034 0.034
4.92 140 0.0063 0.0063 0.046 0.046
5.42 135 0.0080 0.0080 0.063 0.063
5.92 130 0.0100 0.0100 0.082 0.082
6.42 130-127 0.0100 0.0117 0.082 0.099
6.92 125 0.0125 0.0125 0.106 0.106
7.42 125 0.0125 0.0125 0.106 0.106
7.92 125 0.0125 0.0125 0.106 0.106
8.42 120 0.0152 0.0152 0.132 0.132
8.92 118 0.0165 0.0165 0.145 0.145
9.42 125-120 0.0125 0.0152 0.106 0.132
9.92 118 0.0165 0.0165 0.145 0.145

10.42 117-115 0.0175 0.0187 0.155 0.166
10.92 110 0.0227 0.0227 0.205 0.205
11.42 110 0.0227 0.0227 0.205 0.205
11.92 112 0.0210 0.0210 0.188 0.188
12.42 110 0.0227 0.0227 0.205 0.205
12.92 107 0.0260 0.0260 0.237 0.237
13.42 110-105 0.0227 0.0280 0.205 0.256
13.92 105 0.0280 0.0280 0.256 0.256
14.42 105-103 0.0280 0.0300 0.256 0.275
14.92 105 0.0280 0.0280 0.256 0.256
15.42 103 0.0300 0.0300 0.275 0.275
15.92 105 0.0280 0.0280 0.256 0.256
16.42 107-105 0.0260 0.0280 0.237 0.256
16.92 103 0.0300 0.0300 0.275 0.275
17.42 105-103 0.0280 0.0300 0.256 0.275
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Table D.2: Fracture solute transport test data for rest of test no. 1.

Sampling Location:

Elapsed	 Potential
Time,	 Difference

tE	 (hr)	 E	 (mV)

3-F	 (continued)

Conc.,	 Conc.,
- min	 - max
(LID	 (t)

Relative
Conc.

- min

Relative
Conc.

- max

18.42 105 0.0280 0.0280 0.256 0.256
19.42 110 0.0227 0.0227 0.205 0.205
20.42 112 0.0210 0.0210 0.188 0.188
21.42 113 0.0200 0.0200 0.179 0.179
22.42 113 0.0200 0.0200 0.179 0.179
23.42 120-115 0.0152 0.0187 0.132 0.166
24.42 115 0.0187 0.0187 0.166 0.166
25.42 123 0.0137 0.0137 0.118 0.118
26.42 115 0.0187 0.0187 0.166 0.166
27.42 115 0.0187 0.0187 0.166 0.166
28.42 125-120 0.0125 0.0152 0.106 0.132



Table D.3: Fracture solute transport test data for test no. 2.

Sampling Port: 5F-US
Location: x = 5 cm; z = 10 cm	 Face: 5

Date: 7-12-88 to 7-18-88	 Ei = 173 mV
Flow Rate: 1.36 x 10-9 m3/s	 Ci = 0.00125 M
Head Imposed at Top of Plate: 35.90 cm	 E0 = 73 mV	 -
Test Performed: Slug - 48 hrs	 Co = 0.105 M
Test Duration: 150 hrs	 Plate no.:

Elapsed
Time,

tE	 (hr)

Potential
Difference

E	 (mV)

Conc.,
- min
(t)

Conc.,
- max
(1!)

Relative
Conc.

- min

Relative
Conc.

- max

0.25 157-154 0.0028 0.0032 0.015 0.019
1.00 160 0.0025 0.0025 0.012 0.012
2.00 159-158 0.0026 0.0027 0.013 0.014
3.00 165-158 0.0019 0.0027 0.006 0.014
4.00 156-150 0.0030 0.0040 0.017 0.026
5.00 153-146 0.0034 0.0049 0.020 0.035
6.00 133-130 0.0088 0.0107 0.072 0.090
7.00 140-137 0.0063 0.0073 0.048 0.058
8.00 137-129 0.0073 0.0105 0.058 0.088
9.00 127-125 0.0117 0.0125 0.100 0.107
10.00 126-120 0.0120 0.0152 0.102 0.133
11.00 126-119 0.0120 0.0157 0.102 0.138
12.00 116-112 0.0183 0.0210 0.162 0.188
13.00 118-113 0.0165 0.0200 0.145 0.179
14.00 123-118 0.0137 0.0165 0.119 0.145
16.00 106-105 0.0270 0.0280 0.245 0.255
18.00 114-111 0.0193 0.0220 0.172 0.198
20.00 104-99 0.0285 0.0350 0.260 0.321
22.00 96-93 0.0405 0.0445 0.374 0.412
24.00 95 0.0415 0.0415 0.383 0.383
26.00 93 0.0445 0.0445 0.412 0.412
28.00 95 0.0415 0.0415 0.383 0.383
30.00 101 0.0325 0.0325 0.298 0.298
33.50 93-91 0.0445 0.0495 0.412 0.460
43.75 89-88 0.0520 0.0550 0.483 0.512
47.50 94-84 0.0425 0.0640 0.393 0.598
49.00 91-89 0.0495 0.0520 0.460 0.483
50.00 89-85 0.0520 0.0620 0.483 0.579
51.00 92-88 0.0470 0.0550 0.436 0.512
52.00 91-87 0.0495 0.0570 0.460 0.531
53.00 89-87 0.0520 0.0570 0.483 0.531
54.00 88-87 0.0550 0.0570 0.512 0.531
55.00 86-85 0.0600 0.0620 0.560 0.579
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Table D.3: Fracture solute transport test data for test no. 2.

Sampling Port: 5F-US (continued)

Elapsed
Time,

tE	 (hr)

Potential
Difference

E	 (mV)

Conc.,
- min
(LI)

Conc.,
- max
01)

Relative
Conc.

- min

Relative
Conc.

- max

56.00 88-86 0.0550 0.0600 0.512 0.560
57.00 88 0.0550 0.0550 0.512 0.512
58.00 91-90 0.0495 0.0505 0.460 0.469
59.00 85-84 0.0620 0.0640 0.579 0.598
60.00 86-85 0.0600 0.0620 0.560 0.579
62.00 91-89 0.0495 0.0520 0.460 0.483
64.00 94-92 0.0425 0.0470 0.393 0.436
66.00 95-92 0.0415 0.0470 0.383 0.436
68.00 95-91 0.0415 0.0495 0.383 0.460
70.08 94-92 0.0425 0.0470 0.393 0.436
72.00 92-90 0.0470 0.0505 0.436 0.469
74.00 95-92 0.0415 0.0470 0.383 0.436
76.00 98 0.0365 0.0365 0.336 0.336
78.00 98-95 0.0365 0.0415 0.336 0.383
80.67 102-99 0.0315 0.0350 0.288 0.321
92.75 105-104 0.0280 0.0285 0.255 0.260
96.00 107 0.0260 0.0260 0.236 0.236
100.00 107-104 0.0260 0.0285 0.236 0.260
104.00 109-106 0.0235 0.0270 0.212 0.245
120.00 112-111 0.0210 0.0220 0.188 0.198
141.75 120-117 0.0152 0.0175 0.133 0.155
147.58 120-118 0.0152 0.0165 0.133 0.145
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Table D.3: Fracture solute transport test data for test no. 2.

Sampling Port: 5F-UC
Location: x = 10 cm; z = 10 cm	 Face: 5

Date: 7-12-88 to 7-18-88	 Ei = 173 mV
Flow Rate: 1.36 x 10 -9 m3/s	 Ci = 0.00125 M
Head Imposed at Top of Plate: 35.90 cm	 E0 = 73 mV	 -
Test Performed: Slug - 48 hrs	 Co = 0.105 M
Test Duration: 150 hrs	 Plate no.: -S

Elapsed Potential	 Conc.,	 Conc.,	 Relative Relative
Time,	 Difference - min	 - max	 Conc.	 Conc.

tE (hr)	 E (mV)	 (W	 OW	 - min	 - max

0.25 162-155 0.0023 0.0031 0.010 0.018
1.00 167-154 0.0018 0.0032 0.005 0.019
2.00 157-151 0.0028 0.0038 0.015 0.024
3.00 153-147 0.0034 0.0046 0.020 0.032
5.00 140 0.0063 0.0063 0.048 0.048
6.00 108-107 0.0245 0.0260 0.221 0.236
7.00 110-104 0.0227 0.0285 0.204 0.260
8.00 102-95 0.0315 0.0415 0.288 0.383
9.00 107-99 0.0260 0.0355 0.236 0.326
10.00 92-88 0.0470 0.0550 0.436 0.512
11.00 91-88 0.0495 0.0550 0.460 0.512
12.00 83-82 0.0660 0.0700 0.617 0.655
13.00 86-83 0.0600 0.0660 0.560 0.617
14.00 84-81 0.0640 0.0730 0.598 0.683
16.00 88 0.0550 0.0550 0.512 0.512
18.00 97-91 0.0385 0.0495 0.355 0.460
20.00 90-87 0.0505 0.0570 0.469 0.531
22.00 88-83 0.0550 0.0660 0.512 0.617
24.00 88-85 0.0550 0.0620 0.512 0.579
26.00 86 0.0600 0.0600 0.560 0.560
28.00 87-85 0.0570 0.0620 0.531 0.579
30.00 85-82 0.0620 0.0700 0.579 0.655
33.50 80-79 0.0755 0.0780 0.707 0.731
43.75 83-82 0.0660 0.0700 0.617 0.655
47.50 81-79 0.0730 0.0780 0.683 0.731
49.00 84-82 0.0640 0.0700 0.598 0.655
50.00 84 0.0640 0.0640 0.598 0.598
51.00 84-81 0.0640 0.0730 0.598 0.683
52.00 87-82 0.0570 0.0700 0.531 0.655
53.00 91-89 0.0495 0.0520 0.460 0.483
54.00 89-87 0.0520 0.0570 0.483 0.531
55.00 90-88 0.0505 0.0550 0.469 0.512
56.00 91-89 0.0495 0.0520 0.460 0.483
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Table D.3: Fracture solute transport test data for test no. 2.

Sampling Port: 5F-UC (continued)

Elapsed
Time,

tE (hr)

Potential
Difference

E	 (mV)

Conc.,
- min
019

Conc.,
- max
(LI)

Relative
Conc.

- min

Relative
Conc.

- max

57.00 95-91 0.0415 0.0495 0.383 0.460
58.00 93-90 0.0445 0.0505 0.412 0.469
59.00 95-91 0.0415 0.0495 0.383 0.460
60.00 102-97 0.0315 0.0385 0.288 0.355
62.00 102-98 0.0315 0.0365 0.288 0.336
64.00 97-94 0.0385 0.0425 0.355 0.393
66.00 113-111 0.0200 0.0220 0.179 0.198
68.00 99-96 0.0350 0.0405 0.321 0.374
70.08 101-100 0.0325 0.0340 0.298 0.312
72.00 105-104 0.0280 0.0285 0.255 0.260
74.00 118-113 0.0165 0.0200 0.145 0.179
76.00 105-104 0.0280 0.0285 0.255 0.260
78.00 115-113 0.0187 0.0200 0.166 0.179
80.67 117-115 0.0175 0.0187 0.155 0.166
92.75 118-115 0.0165 0.0187 0.145 0.166
96.00 116-112 0.0183 0.0210 0.162 0.188
100.00 115-113 0.0187 0.0200 0.166 0.179
104.00 110-105 0.0227 0.0280 0.204 0.255
120.00 116-113 0.0183 0.0200 0.162 0.179
141.75 119-118 0.0157 0.0165 0.138 0.145
147.58 117-115 0.0175 0.0187 0.155 0.166
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Table D.3: Fracture solute transport test data for test no. 2.

Sampling Port: 5F-LS
Location: x = 5 cm; z = 35 cm	 Face: 5

Date: 7-12-88 to 7-18-88	 Ei = 173 mV
Flow Rate: 1.36 x 10-9 m3/s	 Ci = 0.00125 M
Head Imposed at Top of Plate: 35.90 cm	 E0 = 73 mV	 -
Test Performed: Slug - 48 hrs	 Co = 0.105 M
Test Duration:	 150 hrs	 Plate no.: --

Elapsed
Time,

tE	 (hr)

Potential
Difference

E	 (mV)

Conc.,
- min

(LI )

Conc.,
- max

(NI)

Relative
Conc.

- min

Relative
Conc.

- max

0.33 155-151 0.0031 0.0033 0.018 0.024
1.08 159-155 0.0026 0.0031 0.013 0.018
2.08 154-150 0.0032 0.0040 0.019 0.026
3.08 161-154 0.0024 0.0032 0.011 0.019
4.08 161-154 0.0024 0.0032 0.011 0.019
5.08 151-140 0.0038 0.0063 0.024 0.048
6.08 140-137 0.0063 0.0073 0.048 0.058
7.08 140-134 0.0063 0.0084 0.048 0.068
8.08 126-125 0.0120 0.0125 0.102 0.107
9.08 120-117 0.0152 0.0175 0.133 0.155

10.08 136-134 0.0077 0.0084 0.061 0.068
11.08 123-118 0.0137 0.0165 0.119 0.145
12.08 128-118 0.0110 0.0165 0.093 0.145
13.08 121-118 0.0147 0.0165 0.128 0.145
14.08 121-111 0.0147 0.0220 0.128 0.198
16.08 119-112 0.0157 0.0210 0.138 0.188
18.08 116-109 0.0183 0.0235 0.162 0.212
20.08 104-101 0.0285 0.0325 0.260 0.298
22.08 122-117 0.0143 0.0175 0.124 0.155
24.08 119-109 0.0157 0.0235 0.138 0.212
26.08 91 0.0495 0.0495 0.460 0.460
28.08 97 0.0385 0.0385 0.355 0.355
30.08 101-99 0.0325 0.0350 0.298 0.321
33.58 106-98 0.0270 0.0365 0.245 0.336
43.83 98-93 0.0365 0.0445 0.336 0.412
47.58 93-92 0.0445 0.0470 0.412 0.436
49.08 100-99 0.0340 0.0355 0.312 0.326
50.08 96-94 0.0405 0.0465 0.374 0.431
51.08 91-88 0.0495 0.0550 0.460 0.512
52.08 92-88 0.0470 0.0550 0.436 0.512
53.08 96-93 0.0405 0.0445 0.374 0.412
54.08 97-91 0.0385 0.0495 0.355 0.460
55.08 98-97 0.0365 0.0385 0.336 0.355
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Table D.3: Fracture solute transport test data for test no. 2.

Sampling Port: 5F-LS (continued)

Elapsed Potential	 Conc.,	 Conc.,	 Relative Relative
Time,	 Difference - min	 - max	 Conc.	 Conc.

tE (hr)	 E (mV)	 (t1)	 (tO	 - min	 - max

56.08 98-95 0.0365 0.0415 0.336 0.383
57.08 93-92 0.0445 0.0470 0.412 0.436
58.08 99-92 0.0350 0.0470 0.321 0.436
59.08 96-91 0.0405 0.0495 0.374 0.460
60.08 101-97 0.0325 0.0385 0.298 0.355
62.08 106-99 0.0270 0.0350 0.245 0.321
64.08 107-102 0.0260 0.0315 0.236 0.288
66.08 105-102 0.0280 0.0315 0.255 0.288
68.08 108-103 0.0245 0.0300 0.221 0.274
70.17 104-101 0.0285 0.0325 0.260 0.298
72.08 104-99 0.0285 0.0350 0.260 0.321
74.08 102-100 0.0315 0.0340 0.288 0.312
76.08 99-96 0.0350 0.0405 0.321 0.374
78.08 101 0.0325 0.0325 0.298 0.298
80.75 110-106 0.0227 0.0270 0.204 0.245
92.83 109-106 0.0235 0.0270 0.212 0.245
96.08 111-109 0.0220 0.0235 0.198 0.212
100.08 111 0.0220 0.0220 0.198 0.198
104.08 114-113 0.0193 0.0200 0.172 0.179
120.08 116-110 0.0183 0.0227 0.162 0.204
141.83 121-118 0.0147 0.0165 0.128 0.145
147.67 122-120 0.0143 0.0152 0.124 0.133
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Table D.3: Fracture solute transport test data for test no. 2.

Sampling Port: 5F-LC
Location: x = 10 cm; z = 35 cm	 Face: 5

Date: 7-12-88 to 7-18-88	 Ei = 173 mV
Flow Rate: 1.36 x 10 -9 m3/s	 Ci = 0.00125 M
Head Imposed at Top of Plate: 35.90 cm	 E0 = 73 mV	 -
Test Performed: Slug - 48 hrs	 Co = 0.105 M
Test Duration: 150 hrs	 Plate no.: -.5

Elapsed Potential 	 Conc.,	 Conc.,	 Relative Relative
Time,	 Difference - min	 - max	 Conc.	 Conc.

tE (hr)	 E (mV)	 (LID	 (LI )	 - min	 - max

0.33 155-151 0.0031 0.0038 0.018 0.024
1.08 159-155 0.0026 0.0031 0.013 0.018
2.08 154-150 0.0032 0.0040 0.019 0.026
3.08 161-154 0.0024 0.0032 0.011 0.019
4.08 161-154 0.0024 0.0032 0.011 0.019
5.08 151-140 0.0038 0.0063 0.024 0.048
6.08 140-137 0.0063 0.0073 0.048 0.058
7.08 140-134 0.0063 0.0084 0.048 0.068
8.08 126-125 0.0120 0.0125 0.102 0.107
9.08 120-117 0.0152 0.0175 0.133 0.155

10.08 136-134 0.0077 0.0084 0.061 0.068
11.08 123-118 0.0137 0.0165 0.119 0.145
12.08 128-118 0.0110 0.0165 0.093 0.145
13.08 121-118 0.0147 0.0165 0.128 0.145
14.08 121-111 0.0147 0.0220 0.128 0.198
16.08 119-112 0.0157 0.0210 0.138 0.188
18.08 116-109 0.0183 0.0235 0.162 0.212
20.08 104-101 0.0285 0.0325 0.260 0.298
22.08 122-117 0.0143 0.0175 0.124 0.155
24.08 119-109 0.0157 0.0235 0.138 0.212
26.08 91 0.0495 0.0495 0.460 0.460
28.08 97 0.0385 0.0385 0.355 0.355
30.08 101-99 0.0325 0.0350 0.298 0.321
33.58 106-98 0.0270 0.0365 0.245 0.336
43.83 98-93 0.0365 0.0445 0.336 0.412
47.58 93-92 0.0445 0.0470 0.412 0.436
49.08 100-99 0.0340 0.0355 0.312 0.326
50.08 96-94 0.0405 0.0465 0.374 0.431
51.08 91-88 0.0495 0.0550 0.460 0.512
52.08 92-88 0.0470 0.0550 0.436 0.512
53.08 96-93 0.0405 0.0445 0.374 0.412
54.08 97-91 0.0385 0.0495 0.355 0.460
55.08 98-97 0.0365 0.0385 0.336 0.355
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Table D.3: Fracture solute transport test data for test no. 2.

Sampling Port: 5F-LC (continued)

Elapsed Potential	 Conc.,	 Conc.,	 Relative Relative
Time,	 Difference - min	 - max	 Conc.	 Conc.

tE (hr)	 E (mV)	 (Li)	 (tU	 - min	 - max

56.08 98-95 0.0365 0.0415 0.336 0.383
57.08 93-92 0.0445 0.0470 0.412 0.436
58.08 99-92 0.0350 0.0470 0.321 0.436
59.08 96-91 0.0405 0.0495 0.374 0.460
60.08 101-97 0.0325 0.0385 0.298 0.355
62.08 106-99 0.0270 0.0350 0.245 0.321
64.08 107-102 0.0260 0.0315 0.236 0.288
66.08 105-102 0.0280 0.0315 0.255 0.288
68.08 108-103 0.0245 0.0300 0.221 0.274
70.17 104-101 0.0285 0.0325 0.260 0.298
72.08 104-99 0.0285 0.0350 0.260 0.321
74.08 102-100 0.0315 0.0340 0.288 0.312
76.08 99-96 0.0350 0.0405 0.321 0.374
78.08 101 0.0325 0.0325 0.298 0.298
80.75 110-106 0.0227 0.0270 0.204 0.245
92.83 109-106 0.0235 0.0270 0.212 0.245
96.08 111-109 0.0220 0.0235 0.198 0.212
100.08 111 0.0220 0.0220 0.198 0.198
104.08 114-113 0.0193 0.0200 0.172 0.179
120.08 116-110 0.0183 0.0227 0.162 0.204
141.83 121-118 0.0147 0.0165 0.128 0.145
147.67 122-120 0.0143 0.0152 0.124 0.133
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Table 0 .3: Fracture solute transport test data for test no. 2.

Sampling Location: 6-B
Location: x = 2 cm; z = 50 cm	 Face: 2

Date: 7-12-88 to 7-18-88	 Ei = 173 mV
Flow Rate: 1.36 x 10 -9 m3/s	 Ci = 0.00125 M
Head Imposed at Top of Plate: 35.90 cm	 E0 = 73 mV	 -
Test Performed: Slug - 48 hrs	 Co = 0.105 M
Test Duration: 150 hrs	 Plate no.: -E

Elapsed
Time,

tE	 (hr)

Potential
Difference

E	 (mV)

Conc.,
- min
(M)

Conc.,
- max
(ri)

Relative
Conc.

- min

Relative
Conc.

- max

0.42 151-144 0.0038 0.0052 0.024 0.038
1.17 158-155 0.0027 0.0031 0.014 0.018
2.17 139 0.0065 0.0065 0.050 0.050
3.17 159 0.0026 0.0026 0.013 0.013
4.17 153-145 0.0034 0.0051 0.020 0.037
5.17 151 0.0038 0.0038 0.024 0.024
6.17 133-130 0.0088 0.0107 0.072 0.090
7.17 140-134 0.0063 0.0084 0.048 0.068
8.17 140-134 0.0063 0.0084 0.048 0.068
9.17 126 0.0120 0.0120 0.102 0.102

10.17 121-118 0.0147 0.0165 0.128 0.145
11.17 115-112 0.0187 0.0210 0.166 0.188
12.17 126-123 0.0120 0.0137 0.102 0.119
13.17 118-115 0.0165 0.0187 0.145 0.166
14.17 125-119 0.0125 0.0157 0.107 0.138
16.17 114-113 0.0193 0.0200 0.172 0.179
18.17 113-111 0.0200 0.0220 0.179 0.198
20.17 116-106 0.0183 0.0270 0.162 0.245
22.17 106-105 0.0270 0.0280 0.245 0.255
24.17 118-111 0.0165 0.0220 0.145 0.198
26.17 115-111 0.0187 0.0220 0.166 0.198
28.17 107-101 0.0260 0.0325 0.236 0.298
30.17 116-114 0.0183 0.0193 0.162 0.172
33.17 106-103 0.0270 0.0300 0.245 0.274
43.92 106-104 0.0270 0.0285 0.245 0.260
47.67 99-95 0.0350 0.0415 0.321 0.383
49.17 120-106 0.0152 0.0270 0.133 0.245
50.17 123 0.0137 0.0137 0.119 0.119
51.17 107-103 0.0260 0.0300 0.236 0.274
52.17 119-108 0.0157 0.0260 0.138 0.236
53.17 104-101 0.0285 0.0325 0.260 0.298
54.17 103-101 0.0300 0.0325 0.274 0.298
55.17 107-99 0.0260 0.0350 0.236 0.321
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Table 0 .3: Fracture solute transport test data for test no. 2.

Sampling Location:

Elapsed	 Potential
Time,	 Difference

tE	 (hr)	 E	 (mV)

6-B	 (continued)

Conc.,	 Conc.,
- min	 - max
(LI)	 (tD

Relative
Conc.

- min

Relative
Conc.

- max

56.17 99-98 0.0350 0.0365 0.321 0.336
57.17 102-101 0.0315 0.0325 0.288 0.298
58.17 120-119 0.0152 0.0157 0.133 0.138
59.17 112-108 0.0210 0.0260 0.188 0.236
60.17 105-102 0.0280 0.0315 0.255 0.288
62.17 112-105 0.0210 0.0280 0.188 0.255
64.17 108-107 0.0260 0.0260 0.236 0.236
66.17 108-106 0.0260 0.0270 0.236 0.245
68.17 109-107 0.0235 0.0260 0.212 0.236
70.25 102-101 0.0315 0.0325 0.288 0.298
72.17 110-106 0.0227 0.0270 0.204 0.245
74.17 112-110 0.0210 0.0227 0.188 0.204
76.17 118-114 0.0165 0.0193 0.145 0.172
78.17 117-113 0.0175 0.0200 0.155 0.179
80.83 122-119 0.0143 0.0157 0.124 0.138
92.92 125-121 0.0125 0.0147 0.107 0.128
96.17 122-120 0.0143 0.0152 0.124 0.133

100.17 125-122 0.0125 0.0143 0.107 0.124
104.17 125-123 0.0125 0.0137 0.107 0.119
120.17 130-129 0.0107 0.0105 0.090 0.088
141.92 134-131 0.0084 0.0097 0.068 0.080
147.75 132-126 0.0092 0.0120 0.076 0.102
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Table D.3: Fracture solute transport test data for test no. 2.

Sampling Location: 6-M
Location: x = 8 cm; z = 50 cm	 Face: 2

Head	 Imposed at Top of Plate:
Test Performed:	 Slug - 48 hrs
Test Duration:	 150 hrs

35.90 cm -E0 = 73 mV
Co = 0.105 M
Plate no.:	 -5

Elapsed Potential Conc., Conc., Relative Relative
Time, Difference - min - max Conc. Conc.

tE	 (hr) E	 (mV) () - min - max

0.42 158-155 0.0027 0.0031 0.014 0.018
1.17 156-155 0.0030 0.0031 0.017 0.018
2.17 156-150 0.0030 0.0040 0.017 0.026
3.17 155-151 0.0031 0.0038 0.018 0.024
4.17 158-155 0.0027 0.0031 0.014 0.018
5.17 148-146 0.0044 0.0049 0.030 0.035
6.17 134 0.0084 0.0084 0.068 0.068
7.17 130-120 0.0100 0.0152 0.083 0.133
8.17 126-123 0.0120 0.0137 0.102 0.119
9.17 123-122 0.0137 0.0143 0.119 0.124

10.17 120-117 0.0152 0.0175 0.133 0.155
11.17 117-115 0.0175 0.0187 0.155 0.166
12.17 114-111 0.0193 0.0220 0.172 0.198
13.17 114-111 0.0193 0.0220 0.172 0.198
14.17 111 0.0220 0.0220 0.198 0.198
16.17 110 0.0227 0.0227 0.204 0.204
18.17 111-109 0.0220 0.0235 0.198 0.212
20.17 105-103 0.0280 0.0300 0.255 0.274
22.17 102 0.0315 0.0315 0.288 0.288
24.17 100-97 0.0340 0.0385 0.312 0.355
26.17 111 0.0220 0.0220 0.198 0.198
28.17 107-103 0.0260 0.0300 0.236 0.274
30.17 104-102 0.0285 0.0315 0.260 0.288
33.17 101-99 0.0325 0.0350 0.298 0.321
43.92 99-97 0.0350 0.0385 0.321 0.355
47.67 95-93 0.0415 0.0445 0.383 0.412
49.17 98-95 0.0365 0.0415 0.336 0.383
50.17 100-97 0.0340 0.0385 0.312 0.355
51.17 102-98 0.0315 0.0365 0.288 0.336
52.17 99 0.0350 0.0350 0.321 0.321
53.17 99-98 0.0350 0.0365 0.321 0.336
54.17 99-98 0.0350 0.0365 0.321 0.336
55.17 101-99 0.0325 0.0350 0.298 0.321
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Table 0 .3: Fracture solute transport test data for test no. 2.

Sampling Location:

Elapsed	 Potential
Time,	 Difference

tE	 (hr)	 E	 (mV)

6-M	 (continued)

Conc.,	 Conc.,
- min	 - max
(NI)	 (LI )

Relative
Conc.

- min

Relative
Conc.

- max

56.17 105-100 0.0280 0.0340 0.255 0.312
57.17 100-99 0.0340 0.0350 0.312 0.321
58.17 99 0.0350 0.0350 0.321 0.321
59.17 102-100 0.0315 0.0340 0.288 0.312
60.17 103-102 0.0300 0.0315 0.274 0.288
62.17 109-106 0.0235 0.0270 0.212 0.245
64.17 106-104 0.0270 0.0285 0.245 0.260
66.17 108-106 0.0260 0.0270 0.236 0.245
68.17 107-106 0.0260 0.0270 0.236 0.245
70.25 112-109 0.0210 0.0235 0.188 0.212
72.17 110-109 0.0227 0.0235 0.204 0.212
74.17 113-111 0.0200 0.0220 0.179 0.198
76.17 116-113 0.0183 0.0200 0.162 0.179
78.17 118-115 0.0165 0.0187 0.145 0.166
80.83 121-119 0.0147 0.0157 0.128 0.138
92.92 121-119 0.0147 0.0157 0.128 0.138
96.17 123-121 0.0137 0.0147 0.119 0.128

100.17 125-122 0.0125 0.0143 0.107 0.124
104.17 127-125 0.0117 0.0125 0.100 0.107
120.17 130-128 0.0100 0.0110 0.083 0.093
141.92 138-137 0.0069 0.0073 0.054 0.058
147.75 133-132 0.0088 0.0092 0.072 0.076
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Table D.3: Fracture solute transport test data for test no. 2.

Sampling Location: 3-M
Location: x = 12 cm; z = 50 cm	 Face: 2

Date: 7-12-88 to 7-18-88	 Ei = 173 mV
Flow Rate: 1.36 x 10 -9 m3/s	 Ci = 0.00125 M
Head Imposed at Top of Plate: 35.90 cm	 E0 = 73 mV	 -
Test Performed: Slug - 48 hrs	 Co = 0.105 M
Test Duration: 150 hrs	 Plate no.: -E

Elapsed Potential Conc., Conc., Relative Relative
Time, Difference - min - max Conc. Conc.

tE	 (hr) E	 (mV) (t1) (f'J.) - min - max

0.42 156-154 0.0030 0.0032 0.017 0.019
1.17 160 0.0025 0.0025 0.012 0.012
2.17 156 0.0030 0.0030 0.017 0.017
3.17 154-151 0.0032 0.0038 0.019 0.024
4.17 157-155 0.0028 0.0031 0.015 0.018
5.17 147-146 0.0046 0.0049 0.032 0.035
6.17 140-137 0.0063 0.0073 0.048 0.058
7.17 134-131 0.0084 0.0097 0.068 0.080
8.17 127-123 0.0117 0.0137 0.100 0.119
9.17 121-120 0.0147 0.0152 0.128 0.133

10.17 119-118 0.0157 0.0165 0.138 0.145
11.17 116-114 0.0183 0.0193 0.162 0.172
12.17 116 0.0183 0.0183 0.162 0.162
13.17 111 0.0220 0.0220 0.198 0.198
14.17 113-112 0.0200 0.0210 0.179 0.188
16.17 109 0.0235 0.0235 0.212 0.212
18.17 110-107 0.0227 0.0260 0.204 0.236
20.17 105-103 0.0280 0.0300 0.255 0.274
22.17 102 0.0315 0.0315 0.288 0.288
24.17 102-101 0.0315 0.0325 0.288 0.298
26.17 105 0.0280 0.0280 0.255 0.255
28.17 106-104 0.0270 0.0285 0.245 0.260
30.17 105-102 0.0280 0.0315 0.255 0.288
33.17 101 0.0325 0.0325 0.298 0.298
43.92 99-97 0.0350 0.0385 0.321 0.355
47.67 98-95 0.0365 0.0415 0.336 0.383
49.17 100-98 0.0340 0.0365 0.312 0.336
50.17 102-98 0.0315 0.0365 0.288 0.336
51.17 103-98 0.0300 0.0365 0.274 0.336
52.17 99-97 0.0350 0.0385 0.321 0.355
53.17 101-97 0.0325 0.0385 0.298 0.355
54.17 98-95 0.0365 0.0415 0.336 0.383
55.17 102-98 0.0315 0.0365 0.288 0.336
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Table D.3: Fracture solute transport test data for test No. 2.

Sampling Location 3-M (continued)

Elapsed Potential Conc., Conc., Relative Relative
Time, Difference - min - max Conc. Conc.

tE	 (hr) E	 (mV) (L9 (t!) - min - max

56.17 97-95 0.0385 0.0415 0.355 0.383
57.17 98-96 0.0365 0.0405 0.336 0.374
58.17 100-99 0.0340 0.0350 0.312 0.321
59.17 102-99 0.0315 0.0350 0.288 0.321
60.17 102-99 0.0315 0.0350 0.288 0.321
62.17 106-104 0.0270 0.0285 0.245 0.260
64.17 105 0.0280 0.0280 0.255 0.255
66.17 107-106 0.0260 0.0270 0.236 0.245
68.17 107-106 0.0260 0.0270 0.236 0.245
70.25 109-106 0.0235 0.0270 0.212 0.245
72.17 111-109 0.0220 0.0235 0.198 0.212
74.17 112-110 0.0210 0.0227 0.188 0.204
76.17 112-111 0.0210 0.0220 0.188 0.198
78.17 112-111 0.0210 0.0220 0.188 0.198
80.83 116-115 0.0183 0.0187 0.162 0.166
92.92 118-116 0.0165 0.0183 0.145 0.162
96.17 109-108 0.0235 0.0260 0.212 0.236

100.17 118 0.0165 0.0165 0.145 0.145
104.17 121 0.0147 0.0147 0.128 0.128
120.17 125-123 0.0125 0.0137 0.107 0.119
141.92 131 0.0097 0.0097 0.080 0.080
147.75 135-134 0.0080 0.0084 0.064 0.068
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Table 0.3: Fracture solute transport test data for test no. 2.

Sampling Location: 3-F
Location: x = 18 cm; z = 50 cm	 Face: 2

Date: 7-12-88 to 7-18-88	 Ei = 173 mV
Flow Rate: 1.36 x 10-9 m3/s	 Ci = 0.00125 M
Head Imposed at Top of Plate: 35.90 cm	 E0 = 73 mV	 -
Test Performed: Slug - 48 hrs	 Co = 0.105 M
Test Duration: 150 hrs	 Plate no.: -E

Elapsed
Time,

tE	 (hr)

Potential
Difference

E	 (mV)

Conc.,
- min
(M)

Conc.,
- max
0!)

Relative
Conc.

- min

Relative
Conc.

- max

0.42 154-151 0.0032 0.0038 0.019 0.024
1.17 154 0.0032 0.0032 0.019 0.019
2.17 151-147 0.0038 0.0046 0.024 0.032
3.17 154-147 0.0032 0.0046 0.019 0.032
4.17 156-150 0.0030 0.0040 0.017 0.026
5.17 144 0.0052 0.0052 0.038 0.038
6.17 144-138 0.0052 0.0069 0.038 0.054
7.17 131-128 0.0097 0.0110 0.080 0.093
8.17 125 0.0125 0.0125 0.107 0.107
9.17 122-119 0.0143 0.0157 0.124 0.138

10.17 120-118 0.0152 0.0165 0.133 0.145
11.17 117-114 0.0175 0.0193 0.155 0.172
12.17 114-111 0.0193 0.0220 0.172 0.198
13.17 113-112 0.0200 0.0210 0.179 0.188
14.17 111-109 0.0220 0.0235 0.198 0.212
16.17 112-110 0.0210 0.0227 0.188 0.204
18.17 107-106 0.0260 0.0270 0.236 0.245
20.17 105-104 0.0280 0.0285 0.255 0.260
22.17 105-103 0.0280 0.0300 0.255 0.274
24.17 102 0.0315 0.0315 0.288 0.288
26.17 107-104 0.0260 0.0285 0.236 0.260
28.17 106-102 0.0270 0.0315 0.245 0.288
30.17 102 0.0315 0.0315 0.288 0.288
33.17 98-97 0.0365 0.0385 0.336 0.355
43.92 99-93 0.0350 0.0445 0.321 0.412
47.67 98-95 0.0365 0.0415 0.336 0.383
49.17 99-97 0.0365 0.0385 0.336 0.355
50.17 97-95 0.0385 0.0415 0.355 0.383
51.17 98-95 0.0365 0.0415 0.336 0.383
52.17 99-97 0.0365 0.0385 0.336 0.355
53.17 99-97 0.0365 0.0385 0.336 0.355
54.17 95-94 0.0415 0.0425 0.383 0.393
55.17 101-97 0.0325 0.0385 0.298 0.355
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Table D.3: Fracture solute transport test data for test no. 2.

Sampling Location:

Elapsed	 Potential
Time,	 Difference

tE	 (hr)	 E	 (mV)

3-F	 (continued)

Conc.,	 Conc.,
- min	 - max
(t)	 (M)

Relative
Conc.

- min

Relative
Conc.

- max

56.17 98-95 0.0365 0.0415 0.336 0.383
57.17 97-96 0.0385 0.0405 0.355 0.374
58.17 101-99 0.0325 0.0365 0.298 0.336
59.17 100-97 0.0340 0.0385 0.312 0.355
60.17 101-99 0.0325 0.0365 0.298 0.336
62.17 103-102 0.0300 0.0315 0.274 0.288
64.17 106-104 0.0270 0.0285 0.245 0.260
66.17 107-106 0.0260 0.0270 0.236 0.245
68.17 109-102 0.0235 0.0315 0.212 0.288
70.25 106-105 0.0270 0.0280 0.245 0.255
72.17 108-106 0.0260 0.0270 0.236 0.245
74.17 109-106 0.0235 0.0270 0.212 0.245
76.17 111-104 0.0220 0.0285 0.198 0.260
78.17 110-109 0.0227 0.0235 0.204 0.212
80.83 109-105 0.0235 0.0280 0.212 0.255
92.92 117-115 0.0175 0.0187 0.155 0.166
96.17 118-116 0.0165 0.0183 0.145 0.162
100.17 120-118 0.0152 0.0165 0.133 0.145
104.17 119-115 0.0157 0.0187 0.138 0.166
120.17 117-115 0.0175 0.0187 0.155 0.166
141.92 124-123 0.0130 0.0137 0.112 0.119
147.75 125 0.0125 0.0125 0.107 0.107
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Table D.4: Fracture solute transport test data for test no. 3.

Sampling Port: 5F-US
Location: x = 5 cm; z = 10 cm	 Face: 5

Date: 8-04-88 to 8-05-88
Flow Rate: 0.99 x 10 -9 m3/s
Head Imposed at top of Plate: 29.88 cm
Test Performed: Step - Ci to Co
Test Duration: 24 hrs

Ei = 163 mV
Ci = 0.00150 M
E 0 = 63 mV -
C0 = 0.100 M
Plate no.: -5

Elapsed
Time,

tE	 (hr)

Potential *
Difference

E	 (mV)

Conc.,
- min
()

Conc.,
- max
01)

Relative
Conc.

- min

Relative
Conc.

- max

0.25 145-144 0.0032 0.0033 0.017 0.018
1.00 148-146 0.0028 0.0031 0.013 0.016
2.00 148-147 0.0028 0.0030 0.013 0.015
3.00 153-151 0.0025 0.0025 0.010 0.010
4.00 149-147 0.0027 0.0030 0.012 0.015
5.00 149-143 0.0027 0.0035 0.012 0.020
6.00 147-139 0.0030 0.0041 0.015 0.026
7.00 134-131 0.0051 0.0058 0.036 0.043
8.00 133-132 0.0053 0.0056 0.038 0.041
9.00 131-127 0.0058 0.0068 0.043 0.053

10.00 120-118 0.0092 0.0097 0.077 0.082
11.00 116-112 0.0107 0.0127 0.092 0.112
12.00 114-113 0.0115 0.0120 0.100 0.105
14.00 105-103 0.0170 0.0185 0.155 0.170
16.00 104-102 0.0175 0.0195 0.160 0.180
18.00 97-96 0.0245 0.0255 0.230 0.240
20.00 94-93 0.0270 0.0280 0.255 0.265
22.00 97-94 0.0245 0.0270 0.230 0.255
24.00 92-89 0.0295 0.0330 0.280 0.315

* Calibration curve has shifted since tests conducted on
6-21-88 (no. 1), and 7-12-88 (no. 2).
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Table D.4: Fracture solute transport test data for test no. 3.

Sampling Port: 5F-UC
Location: x = 10 cm; z = 10 cm	 Face: 5

Date: 8-04-88 to 8-05-88
Flow Rate: 0.99 x 10-9 m3/s
Head Imposed at Top of Plate: 29.88 cm
Test Performed: Step - Ci to Co
Test Duration: 24 hrs

Ei = 163 mV
Ci = 0.00150 M
E 0 = 63 mV -
Co = 0.100 M
Plate no.: -t

Elapsed Potential * Conc.,	 Conc.,	 Relative Relative
Time,	 Difference - min	 - max	 Conc.	 Conc.

tE (hr)	 E (mV)	 (t9	 (LI)	 - min	 - max

0.25 153-149 0.0025 0.0027 0.010 0.012
1.00 142-140 0.0036 0.0040 0.021 0.025
2.00 147 0.0030 0.0030 0.015 0.015
3.00 143-142 0.0035 0.0036 0.020 0.021
4.00 139-134 0.0041 0.0051 0.026 0.036
5.00 129-127 0.0061 0.0068 0.046 0.053
6.00 84-82 0.0410 0.0450 0.395 0.435
7.00 83-80 0.0425 0.0490 0.410 0.475
8.00 77-74 0.0560 0.0620 0.545 0.605
9.00 100-99 0.0210 0.0220 0.195 0.205

10.00 94-90 0.0270 0.0320 0.255 0.305
11.00 79-77 0.0500 0.0560 0.485 0.545
12.00 83-79 0.0425 0.0500 0.410 0.485
14.00 85-81 0.0395 0.0470 0.380 0.455
16.00 88-85 0.0350 0.0395 0.335 0.380
18.00 85-83 0.0395 0.0425 0.380 0.410
20.00 80-78 0.0490 0.0530 0.475 0.515
22.00 75-73 0.0600 0.0630 0.585 0.615
24.00 75-72 0.0600 0.0680 0.585 0.665

* Calibration curve has shifted since tests conducted on
6-21-88 (no. 1), and 7-12-88 (no. 2).
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Table D.4: Fracture solute transport test data for test no. 3.

Sampling Port: 5F-LS
Location: x = 5 cm; z = 35 cm	 Face: 5

Date: 8-04-88 to 8-05-88
Flow Rate: 0.99 x 10 -9 m3 /s
Head Imposed at Top of Plate: 29.88 cm
Test Performed: Step - Ci to Co
Test Duration: 24 hrs

Ei = 163 mV
Ci = 0.00150 M
E0 = 63 mV -
C 0 = 0.100 M
Plate no.: -5

Elapsed
Time,

tE	 (hr)

Potential *
Difference

E	 (mV)

Conc.,
- min

(LI )

Conc.,
- max

(LI)

Relative
Conc.

- min

Relative
Conc.

- max

0.33 146-145 0.0031 0.0032 0.016 0.017
1.08 138-134 0.0043 0.0051 0.028 0.036
2.08 140-139 0.0040 0.0041 0.025 0.026
3.08 137-134 0.0045 0.0051 0.030 0.036
4.08 136-134 0.0047 0.0051 0.032 0.036
5.08 143-142 0.0035 0.0036 0.020 0.021
6.08 146-143 0.0031 0.0035 0.016 0.020
7.08 135-134 0.0049 0.0051 0.034 0.036
8.08 136-131 0.0047 0.0058 0.032 0.043
9.08 135-129 0.0049 0.0061 0.034 0.046
10.08 136-134 0.0047 0.0051 0.032 0.036
11.08 130-128 0.0060 0.0065 0.045 0.050
12.08 127-125 0.0068 0.0074 0.053 0.059
14.08 133-120 0.0053 0.0092 0.038 0.077
16.08 121-118 0.0088 0.0097 0.073 0.082
18.08 118-116 0.0097 0.0107 0.082 0.092
20.08 116-114 0.0107 0.0115 0.092 0.100
22.08 123-121 0.0079 0.0088 0.064 0.073
24.08 110-109 0.0140 0.0145 0.125 0.130

* Calibration curve has shifted since tests conducted on
6-21-88 (no. 1), and 7-12-88 (no. 2).
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Table D.4: Fracture solute transport test data for test no. 3.

Sampling Port: 5F-LC
Location: x = 10 cm; z = 35 cm 	 Face: 5

Date: 8-04-88 to 8-05-88
Flow Rate: 0.99 x 10 -9 m3/s
Head Imposed at Top of Plate: 29.88 cm
Test Performed: Step - Ci to Co
Test Duration: 24 hrs

Ei = 163 mV
Ci = 0.00150 M
E0 = 63 mV -
C0 = 0.100 M
Plate no.: -E

Elapsed
Time,

tE	 (hr)

Potential *
Difference

E	 (mV)

Conc.,
- min

(LI)

Conc.,
- max

0143

Relative
Conc.

- min

Relative
Conc.

- max

0.33 122 0.0084 0.0084 0.069 0.069
1.08 132-130 0.0056 0.0060 0.041 0.045
2.08 133-130 0.0053 0.0060 0.038 0.045
3.08 134-130 0.0051 0.0060 0.036 0.045
4.08 134-132 0.0051 0.0056 0.036 0.041
5.08 132-127 0.0056 0.0068 0.041 0.053
6.08 130-128 0.0060 0.0065 0.045 0.050
7.08 131 0.0058 0.0058 0.043 0.043
8.08 131-128 0.0058 0.0065 0.043 0.050
9.08 135-134 0.0049 0.0051 0.034 0.036
10.08 135-133 0.0049 0.0053 0.034 0.038
11.08 130-129 0.0060 0.0061 0.045 0.046
12.08 127-123 0.0068 0.0080 0.053 0.065
14.08 129-127 0.0061 0.0068 0.046 0.053
16.08 130-128 0.0060 0.0065 0.045 0.050
18.08 125-122 0.0074 0.0084 0.059 0.069
20.08 129-127 0.0061 0.0068 0.046 0.053
22.08 125-122 0.0074 0.0084 0.059 0.069
24.08 122-120 0.0084 0.0092 0.069 0.077

* Calibration curve has shifted since tests conducted on
6-21-88 (no. 1), and 7-12-88 (no. 2).
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Table D.4: Fracture solute transport test data for test no. 3.

Sampling Location: 6-B
Location: x = 2 cm; z = 50 cm	 Face: 2

Date: 8-04-88 to 8-05-88	 Ei = 163 mV
Flow Rate: 0.99 x 10-9 m3/s	 Ci = 0.00150 M
Head Imposed at Top of Plate: 29.88 cm	 E0 = 63 mV	 -
Test Performed: Step - Ci to C o 	Co = 0.100 M
Test Duration: 24 hrs	 Plate no.: -5

Elapsed
Time,

tE	 (hr)

Potential * 	Conc.,
Difference '- min

E	 (mV)	 (LID

Conc.,
- max

(111)

Relative
Conc.

- min

Relative
Conc.

- max

0.42 149-147 0.0027 0.0030 0.012 0.015
1.17 136-132 0.0047 0.0056 0.032 0.041
2.17 141-139 0.0038 0.0041 0.023 0.026
3.17 150-148 0.0026 0.0028 0.011 0.013
4.17 147-144 0.0030 0.0033 0.015 0.018
5.17 141-136 0.0038 0.0047 0.023 0.032
6.17 133-131 0.0053 0.0058 0.038 0.043
7.17 124-123 0.0076 0.0080 0.061 0.065
8.17 119-118 0.0094 0.0097 0.079 0.082
9.17 117-114 0.0103 0.0115 0.088 0.100

10.17 112-111 0.0127 0.0135 0.112 0.120
11.17 111-110 0.0135 0.0140 0.120 0.125
12.17 110-106 0.0140 0.0165 0.125 0.150
14.17 106-102 0.0165 0.0195 0.150 0.180
16.17 105-100 0.0170 0.0210 0.155 0.195
18.17 105-104 0.0170 0.0175 0.155 0.160
20.17 103-100 0.0185 0.0210 0.170 0.195
22.17 100-99 0.0210 0.0220 0.195 0.205
24.17 95-92 0.0260 0.0295 0.245 0.280

* Calibration curve has shifted since tests conducted on
6-21-88 (no. 1), and 7-12-88 (no. 2).
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Table D.4: Fracture solute transport test data for test no. 3.

Sampling Location: 6-M
Location: x = 8 cm; z = 50 cm	 Face: 2

Date: 8-04-88 to 8-05-88
Flow Rate: 0.99 x 10 -9 m3/s
Head Imposed at Top of Plate: 29.88 cm
Test Performed: Step - Ci to Co
Test Duration: 24 hrs

Ei = 163 mV
Ci = 0.00150 M
E0 = 63 mV
Co = 0.100 M
Plate no.: -1

Elapsed
Time,

tE	 (hr)

Potential *
Difference

E	 (mV)

Conc.,
- min

(LI)

Conc.,
- max

(ti)

Relative
Conc.

- min

Relative
Conc.

- max

0.42 142-140 0.0036 0.0040 0.021 0.025
1.17 143-139 0.0035 0.0041 0.020 0.026
2.17 143 0.0035 0.0035 0.020 0.020
3.17 144 0.0033 0.0033 0.018 0.018
4.17 147-139 0.0030 0.0041 0.015 0.026
5.17 140-137 0.0040 0.0045 0.025 0.030
6.17 129-126 0.0061 0.0071 0.046 0.056
7.17 121-119 0.0088 0.0094 0.073 0.079
8.17 119-117 0.0094 0.0103 0.079 0.088
9.17 119-115 0.0094 0.0110 0.079 0.095

10.17 115-113 0.0110 0.0120 0.095 0.105
11.17 114-113 0.0115 0.0120 0.100 0.105
12.17 112-109 0.0127 0.0145 0.112 0.130
14.17 113-111 0.0120 0.0135 0.105 0.120
16.17 104-102 0.0175 0.0195 0.160 0.180
18.17 110-108 0.0140 0.0150 0.125 0.135
20.17 104-103 0.0175 0.0185 0.160 0.170
22.17 109-107 0.0145 0.0155 0.130 0.140
24.17 106-104 0.0165 0.0175 0.150 0.160

* Calibration curve has shifted since tests conducted on
6-21-88 (no. 1), and 7-12-88 (no. 2).
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Table D.4: Fracture solute transport test data for test no. 3.

Sampling Location: 3-M
Location: x = 12 cm; z = 50 cm	 Face: 2

Date: 8-04-88 to 8-05-88
Flow Rate: 0.99 x 10 -9 m3/s
Head Imposed at Top of Plate: 29.88 cm
Test Performed: Step - Ci to Co
Test Duration: 24 hrs

Ei = 163 mV
Ci = 0.00150 M
E0 = 63 mV -
C0 = 0.100 M
Plate no.: -5

Elapsed
Time,

tE	 (hr)

Potential *
Difference

E	 (mV)

Conc.,
- min
(!)

Conc.,
- max
(LI)

Relative
Conc.

- min

Relative
Conc.

- max

0.42 143-142 0.0035 0.0036 0.020 0.021
1.17 139-137 0.0041 0.0045 0.026 0.030
2.17 141-139 0.0038 0.0041 0.023 0.026
3.17 147-144 0.0030 0.0033 0.015 0.018
4.17 144-141 0.0033 0.0038 0.018 0.023
5.17 140-139 0.0040 0.0041 0.025 0.026
6.17 127-123 0.0068 0.0080 0.053 0.065
7.17 120-119 0.0092 0.0094 0.077 0.079
8.17 118-117 0.0097 0.0103 0.082 0.088
9.17 119-116 0.0094 0.0107 0.079 0.092

10.17 115-113 0.0110 0.0120 0.095 0.105
11.17 109-106 0.0145 0.0165 0.130 0.150
12.17 102-100 0.0195 0.0210 0.180 0.195
14.17 103-101 0.0185 0.0205 0.170 0.190
16.17 102-101 0.0195 0.0205 0.180 0.190
18.17 100-99 0.0210 0.0220 0.195 0.205
20.17 102-100 0.0195 0.0210 0.180 0.195
22.17 104-102 0.0175 0.0195 0.160 0.180
24.17 99-97 0.0220 0.0245 0.205 0.230

* Calibration curve has shifted since tests conducted on
6-21-88 (no. 1), and 7-12-88 (no. 2).
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Table D.4: Fracture solute transport test data for test no. 3.

Sampling Location: 3-F
Location: x = 18 cm; z = 50 cm	 Face: 2

Date: 8-04-88 to 8-05-88	 Ei = 163 mV
Flow Rate: 0.99 x 10 -9 m3/s	 Ci = 0.00150 M
Head Imposed at Top of Plate: 29.88 cm	 E0 = 63 mV	 -
Test Performed: Step - Ci to C o 	Co = 0.100 M
Test Duration: 24 hrs	 Plate no.: -5

Elapsed
Time,

tE	 (hr)

Potential *
Difference

E	 (mV)

Conc.,
- min
(t)

Conc.,
- max

(LI)

Relative
Conc.

- min

Relative
Conc.

- max

0.42 134-133 0.0051 0.0053 0.036 0.038
1.17 135-134 0.0049 0.0051 0.034 0.036
2.17 1 31-130 0.0058 0.0060 0.043 0.045
3.17 137-136 0.0045 0.0047 0.030 0.032
4.17 132 0.0056 0.0056 0.041 0.041
5.17 132-129 0.0056 0.0061 0.041 0.046
6.17 122-118 0.0084 0.0097 0.069 0.082
7.17 114-113 0.0115 0.0120 0.100 0.105
8.17 116-113 0.0107 0.0120 0.092 0.105
9.17 115-112 0.0110 0.0127 0.095 0.112

10.17 110-106 0.0140 0.0165 0.125 0.150
11.17 108-106 0.0150 0.0165 0.135 0.150
12.17 103-102 0.0185 0.0195 0.170 0.180
14.17 102-99 0.0195 0.0220 0.180 0.205
16.17 104-102 0.0175 0.0195 0.160 0.180
18.17 103-100 0.0185 0.0210 0.170 0.195
20.17 104-102 0.0175 0.0195 0.160 0.180
22.17 107-105 0.0155 0.0170 0.140 0.155
24.17 104-100 0.0175 0.0210 0.160 0.195

* Calibration curve has shifted since tests conducted on
6-21-88 (no. 1), and 7-12-88 (no. 2).
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Table D.5: Spatial distribution of relative concentrations of fracture
surface immediately after 24-hour step input fracture
transport test (no. 3).

Lateral Longitudinal Potential	 Chloride	 Relative Concentration 
Distance,	 Distance, Difference Concentration	 At	 Laterally
x (cm)	 z (cm)	 (mV)	 0'11)	 Location	 -Averaged

13 4 100 0.0210 0.198
17 4 70 0.0730 0.726 0.462

4 9 90 0.0320 0.310
7 9 70 0.0730 0.726

10 9 95 0.0260 0.249
13 9 85 0.0400 0.390
15 8 85 0.0400 0.390 0.413

3 16 83 0.0420 0.411
7 16 90 0.0320 0.310

11 16 90 0.0320 0.310
14 16 87 0.0370 0.360
17 16 87 0.0370 0.360 0.350

3 24 125 0.0074 0.060
6 24 80 0.0490 0.482

10 24 87 0.0370 0.360
12 24 110 0.0140 0.127
15 24 105 0.0170 0.157 0.237

5 35 100 0.0210 0.198
8 35 120 0.0092 0.078

10 35 125 0.0074 0.060
14 35 123 0.0080 0.066
18 35 115 0.0113 0.099 0.100

2 42(1) 95 0.0260 0.249
5 42 95 0.0260 0.249
8 42 90 0.0320 0.310

10 42 90 0.0320 0.310
13 42 100 0.0210 0.198
15 42 100 0.0210 0.198 0.252

3 48 95 0.0260 0.249
6 48 115 0.0113 0.099

10 48 97 0.0240 0.228
13 48 87 0.0370 0.360
18 48 113 0.0120 0.107 0.209

(1) Longitudinal distance of z = 42 cm actually ranged between z = 39
cm at x = 2 cm to z = 44 cm at x = 15 cm.
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Figure D.1: Location and concentration of samples taken of solution
remaining on fracture surface immediately after fracture
test no. 3.



Table D.6: Matrix solute transport test data.

Sampling port: 4M-U
Location: x = 5 cm; z = 5 cm

Date: 6-14-88 to 8-05-88
Flow Rate: 0.60 x 10 -9 m3/s
Head Imposed at Top of Plate: 5.0 m
Test Performed: Step - Ci to Co

Face: 4

Ei = 172 mV
Ci = 0.00130 M
E 0 = 125 mV -
C0 = 0.0125 M

	Test Duration:	 1222.25 hrs

Elapsed	 Potential	 Conc.,
Time,	 Difference	 - min

tE	 (hr)	 E	 (mV)	 (L9

Conc.,
- max
(0.)

Plate	 no.:

Relative	 Relative
Conc.	 Conc.

- min	 - max

7.00 160 0.0025 0.0025 0.096 0.096
25.33 165-155 0.0019 0.0031 0.048 0.144
31.83 165-160 0.0019 0.0025 0.048 0.096
55.58 170-165 0.0015 0.0040 0.016 0.216
72.33 165 0.0019 0.0019 0.048 0.048
79.83 160-155 0.0025 0.0031 0.096 0.144
101.17 163-155 0.0021 0.0031 0.064 0.144
119.58 150-145 0.0040 0.0050 0.216 0.296
129.75 145 0.0050 0.0050 0.296 0.296
143.17 145 0.0050 0.0050 0.296 0.296
154.92 145 0.0050 0.0050 0.296 0.296
169.58 145-130 0.0050 0.0100 0.296 0.696 *(1)
177.58 140 0.0063 0.0063 0.400 0.400 *
190.42 135 0.0080 0.0080 0.536 0.536 *
200.92 140-138 0.0063 0.0069 0.400 0.448 *
218.33 130 0.0100 0.0100 0.696 0.696
225.17 128 0.0110 0.0110 0.776 0.776
240.83 126-118 0.0120 0.0165 0.856 1.216
249.67 122-118 0.0140 0.0165 1.016 1.216
264.17 130 0.0100 0.0100 0.696 0.696
276.67 127-122 0.0117 0.0140 0.832 1.016
289.42 125 0.0125 0.0125 0.896 0.896
365.50 116 0.0183 0.0183 1.360 1.360
406.42 118 0.0165 0.0165 1.216 1.216
664.33 118 0.0165 0.0165 1.216 1.216 *(2)
675.33 116-111 0.0183 0.0220 1.360 1.656 *
684.83 121-119 0.0147 0.0157 1.072 1.152 *
695.08 117-113 0.0175 0.0200 1.296 1.496 *
713.33 120-119 0.0152 0.0157 1.112 1.152 *
723.33 120-118 0.0152 0.0165 1.112 1.216 *
732.00 121 0.0147 0.0147 1.072 1.072 *
744.08 120-118 0.0152 0.0165 1.112 1.216 *

(1) Period corresponding to fracture transport test no. 1.
(2) Period corresponding to fracture transport test no. 2.
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Table D.6: Matrix solute transport test data.

Sampling Port: 4M-U (continued)

Elapsed Potential	 Conc.,	 Conc.,	 Relative Relative
Time,	 Difference - min	 - max	 Conc.	 Conc.

tE (hr)	 E (mV)	 (tp	 (tO	 - min	 - max

754.92 117-116 0.0175 0.0183 1.296 1.360 *
771.25 119-116 0.0157 0.0183 1.152 1.360 *
793.08 119-118 0.0157 0.0165 1.152 1.216 *(2)

1012.75 110-109 0.0140 0.0145 1.016 1.056
1057.25 118-117 0.0098 0.0105 0.680 0.736
1142.25 118 0.0098 0.0098 0.680 0.680
1191.75 116 0.0110 0.0110 0.776 0.776
1209.50 113-111 0.0120 0.0135 0.856 0.976 *( 3 )
1222.25 114 0.0117 0.0117 0.832 0.832 *

(2) Period corresponding to fracture transport test no. 2.
(3) Period corresponding to fracture transport test no. 3.

240



Table D.6: Matrix solute transport test data.

Sampling Port: 4M-L
Location: x = 5 cm; z = 30 cm

Date: 6-14-88 to 8-05-88
Flow Rate: 0.60 x 10 -9 m3/s
Head Imposed at Top of Plate: 5.0 cm
Test Performed: Step - Ci to Co
Test Duration: 1222.25 hrs

Face: 4

Ei = 172 mV
Ci = 0.00130 M
E0 = 125 mV -
C0 = 0.0125 M
Plate no.: T

Elapsed
Time,

tE	 (hr)

Potential
Difference

E	 (mV)

Conc.,
- min

(ILI)

Conc.,
- max

Relative
Conc.

- min

Relative
Conc.

- max

406.50 140 0.0063 0.0063 0.400 0.400
664.33 129-122 0.0105 0.0143 0.736 1.040 *(2)
675.33 132-120 0.0092 0.0152 0.632 1.112 *
684.83 133-127 0.0088 0.0117 0.600 0.832 *
695.08 135-126 0.0080 0.0120 0.536 0.856 *
713.33 139-134 0.0065 0.0084 0.416 0.568 *
723.33 137-129 0.0073 0.0105 0.480 0.736 *
732.00 135-130 0.0080 0.0107 0.536 0.752 *
744.08 130-127 0.0107 0.0117 0.752 0.832 *
754.92 130-129 0.0107 0.0105 0.752 0.736 *
771.25 133-129 0.0088 0.0105 0.600 0.736 *
793.08 136-134 0.0077 0.0084 0.512 0.568 *

1012.75 110-109 0.0140 0.0145 1.016 1.056
1057.25 118-116 0.0093 0.0110 0.680 0.776
1142.25 118-116 0.0098 0.0110 0.680 0.776
1191.75 118-117 0.0098 0.0103 0.680 0.720
1209.50 114-113 0.0117 0.0120 0.832 0.856 *( 3 )

(2) Period corresponding to fracture transport test no. 2.
(3) Period corresponding to fracture transport test no. 3.
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Table 0.7: Assumed input function for porous plate no. 4 - temporal
moments analysis.

Time,
tE	 (hr)

Relative
Conc., C*

tE x	 (tE-tm)2
Rel.Conc.	 Rel.Conc.

7.00 0.068 0.48 14927.9
25.33 0.827 20.95 167622.1
31.83 1.000 31.83 196876.5
55.58 1.000 55.58 176364.4
72.33 1.000 72.33 162576.4
79.83 1.000 79.83 156584.5
101.17 1.000 101.17 140151.1
119.58 1.000 119.58 126705.8
129.75 1.000 129.75 119569.1
143.17 1.000 143.17 110468.2
154.92 1.000 154.92 102795.7
169.58 1.000 169.58 93610.1
177.58 1.000 177.58 88778.8
190.42 1.000 190.42 81292.1
200.92 1.000 200.92 75414.8
218.33 1.000 218.33 66155.8
225.17 1.000 225.17 62684.0
240.83 1.000 240.83 55087.7
249.67 1.000 249.67 51016.2
264.17 1.000 264.17 44676.3
276.67 1.000 276.67 39548.3
289.42 1.000 289.42 34639.8
365.50 1.000 365.50 12108.3
406.42 1.000 406.42 4777.2
664.33 1.000 664.33 35642.6
675.33 1.000 675.33 39917.0
684.83 1.000 684.83 43803.3
695.08 1.000 695.08 48198.9
713.33 1.000 713.33 56545.2
723.33 1.000 723.33 61401.1
732.00 1.000 732.00 65772.9
744.08 1.000 744.08 72115.0
754.92 1.000 754.92 78054.5
771.25 1.000 771.25 87445.8
793.08 1.000 793.08 100833.2

1012.75 1.000 1012.75 288597.1
1057.25 1.000 1057.25 338389.3
1142.25 1.000 1142.25 444505.4
1191.75 1.000 1191.75 512960.2
1209.50 1.000 1209.50 538700.8
1222.25 1.000 1222.25 557579.4

Sum = 39.895 18971.57 5554892.4

Statistics: tm 	475.54 hr; tvar = 139237.8 hr2 .
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