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ABSTRACT

Contaminants can enter groundwater through the unsaturated zone as dis-

solved solutes. To predict the location and extent of these contaminants, transport

parameters such as pore water velocity y and dispersion coefficient D are required.

These parameters are often obtained through transport experiments. The goal of this

study is to determine y and D using time domain reflectometry (TDR) technique.

Using TDR for transport experiments under unsaturated conditions, we investigated

the effects of volumetric water content Ov , distance of flow path, and draining-wetting

history on D.

TDR was used to measure 0.„ and salt concentration in twenty-one unsaturated

column experiments. The 105 cm-long column was homogeneously packed with silica

sand (particle size: 53 to 425 pm). Ten TDR probes at ten depths were used to obtain

in situ breakthrough curves and a chloride electrode was used to measure effluent

breakthrough curves at the bottom of the column. A 35 mM NaC1 (sodium chloride)

was used as the tracer with 20 mM NaC1 as background solution.

We developed a three-parameter expression relating 19, to measured dielectric

constant Ka : 0, = + b. This calibration expression fits as closely or better

than the "universal polynomial" and is also consistent with the well-known mixing

model. For an isotropic soil with homogeneous water distribution, this expression is

further simplified to two parameters by taking a = 0.5. The effects of temperature,

porosity, soil solid and bound water can be taken into account by varying a and b of

the two-parameter expression. TDR measurements have been shown to be sensitive

to bound water and not particular sensitive to the other factors.

To calculate y and D from breakthrough curves of step-input experiments,
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a new moment analysis method has been developed. The transport parameters

obtained from this new method show a little difference from the parameters deter-

mined from the convection-dispersion equation using the CXTFIT model (a published

computer program for estimating solute transport parameters from observed break-

through curves). Our results demonstrated that D is dependent on measurement

methods and concentrations of experimental solutions.
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CHAPTER 1

INTRODUCTION

1.1 Motivation for Research

Many industrial areas have been contaminated by volatile organic compounds

(VO Cs) due to spills on the surface or leakage of subsurface storage tanks. These

VOCs typically come from petroleum products and chlorinated solvents. As we

know, some VOCs are highly toxic even at very low concentrations. For example,

the maximum contaminant level of tetrachloroethene (P CE) for drinking water is 5

ygIL and the maximum contaminant-level goal for PCE is 0 ygIL promulgated by

the U.S. Environmental Protection Agency [Fetter, 1993]. These contaminants can

migrate to the groundwater through the vadose zone, including the unsaturated zone

between the surface and the water table. As a hydrogeologist, I want to contribute

an effort on protecting groundwater from contamination. To protect ground water,

hydrogeologists need to predict the location and extent of contaminants so that an

effective clean-up system can be designed. My goal is to provide techniques to aid

in study of processes that control the transport of VOCs through the vadose zone.

The transport of VOCs through the vadose zone can be influenced by a large

number of physical, chemical, and biological factors and processes. In order to elu-

cidate the relative importance of each controlling factor on transport process, my

Ph.D. research focused on but is not limited to designing column, developing de-

tection systems, conducting column experiments and analyzing experimental results.
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The column experiments were mainly designed to investigate dispersion. The ques-

tions investigated are 1) is there a relationship between the dispersion coefficient

and soil water content; 2) is dispersion coefficient scale-dependent; and 3) does the

wetting and drying process affect dispersion?

1.2 Time Domain Reflectometry (TDR)

TDR is a technique that can be used not only to measure soil moisture content

but also to detect the salt transport through a soil column simultaneously. TDR can

be used for soil columns in the laboratory and for soil profiles in the field.

1.2.1 Measuring Soil Water Content

Though TDR has been studied for soil moisture measurement since the 1970s,

some scientists are still reluctant to use it due to an incomplete understanding of this

technology. For instance, questions like the followings have not been answered:

• Is calibration necessary?

• Which model should be used for calibration?

• Do soil temperature, texture and heterogeneity have any effect on soil moisture

measurement?

• How do these factors affect soil moisture determination?

• Why the "universal equation" developed by Topp et al. [1980] cannot be used

for a fine-textured soil?

• Is there any limitation for using TDR for soil moisture measurements?
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Since TDR is a very important instrument for this research, it is necessary to

conduct a thorough examination so that the above questions can be answered. The

contribution from this part of the study is:

• Provided an optimal TDR calibration model and calibration method

• Analyzed the effects of soil porosity and temperature on TDR relationship

• Elucidated the calibration difference between coarse and fine particles

• Clarified the influences of soil solid on TDR calibration

1.2.2 Monitoring Solute Transport Process

TDR, sensitive to impedance change, is a relatively new method for measuring

soil solution concentrations. However, an accurate measure of impedance depends

on interpretation of the waveform received by TDR. The protocol for application is

not fully developed and the following questions are still under discussion:

• What is the accurate method to associate a waveform with concentration?

• Does water content have any effect on impedance measurement?

As a result of this research, an improved method of interpreting TDR waveforms to

in situ resident concentration will be presented in this dissertation.

1.3 Dispersion Analyses for Unsaturated Flows

A groundwater flow can carry dissolved substances known as solute. The

process by which solutes are transported by the bulk motion of the flow (can be a
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saturated or unsaturated flow) is know as advection. Advection transports nonreac-

tive solutes at an average rate equal to average linear velocity of the water. However,

there is a tendency for the solute to spread out along the flow path, causing dilution

of solute in the direction of the flow. This spreading phenomenon is called dispersion,

or more specifically, hydraulic dispersion.

From microscopic processes, the cause of dispersion can be easily explained.

But, the dispersion that can be observed from tracer experiments is at the macro-

scopic scale. The observed breakthrough curves from laboratory and field exper-

iments are often skewed from ideality, exhibiting asymmetrical breakthrough and

tailing. Many computer models [e.g. Brusseau, 1994; Armstrong et al., 1994] have

been developed even though observed behavior is still not mechanistically under-

stood.

No doubt, the use of complex models can easily fit most experimental results,

but requires longer computation times and more parameters which are unknown

or uncertain. The values of these unknown parameters must be determined from

experimental data plus model fitting. It often happens that the same breakthrough

curve could be obtained through different combination of parameters, thus, a unique

solution cannot be assured.

This research presents dispersion analyses for unsaturated flows based on ex-

perimental results. Simple models such as moment analysis and convection-dispersion

equation are applied. A new experimental moment method for step input has been

developed from this study. This analysis method is not only simple, but as accurate

as analytical solution from convection-dispersion equation using the model CXTFIT

[Tonde et al., 1995].



CHAPTER 2

BACKGROUND

2.1 Soil Moisture Measurement

An accurate, rapid and repeatable measurement of soil water content is impor-

tant because soil water content is a key variable in agricultural water management,

civil engineering and contaminant transport processes.

2.1.1 Available Methods for Determination of Soil Moisture Content

The gravimetric soil moisture content, Om , is a ratio of the weight of water to

the weight of solid particles in a soil mass while the volumetric water content, 0„ is a

ratio of the volume of water to the total volume of bulk soil. The five basic labora-

tory methods for soil moisture content are: thermo-gravimetric, chemical extraction,

mechanical extraction, immersion and penetration [Morrison, 1983]. Laboratory

methods for determining the moisture content of a soil can serve as verification to

the field methods. Devices that have been used to monitor temporal and spatial

changes in soil water status are tensiometers [Richards, 1928], electrical resistance

block [Bouyoucos, 1953], neutron moderation meter [van Bavel et al, 1956], vapor

pressure psychrometers [Richards and Ogata, 1958], heat dissipation sensors [Phene

et al., 1971], dual gamma radiation attenuation units [Gardner and Calissendorff,

1967], pulsed nuclear magnetic resonance [Paetzold et al., 1985], fiber optics [Alessi

20
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and Prunty, 1986] and electromagnetic induction [Sheets and Hendrickx, 1995]. The

analyses on advantage and disadvantage of above techniques can be found from Ha-

gen [1968]. A relatively new approach using TDR technique, pioneered by Birchak

et al. [1974] and Topp et al. [1980], has become a routine method for soil moisture

measurement.

2.1.2 The Use of TDR to Determine Soil Water Content

Principle

TDR technology itself is not new. Cable testers have been used for decades

by the communication industry to test transmission lines or cables for their weak

or broken spots. TDR for determining soil water content, based on dielectric mea-

surements of a soil, relies on the large dielectric constant contrast of water to the

air, soil minerals and organics (about 80 for water, 1 for air and 5 for minerals and

organics). The dielectric constant of a given soil changes as water saturation varys.

The experimental results from Dalton et al. [1990] show that salinity has no signif-

icant effect on TDR determination of soil water content. Thus, TDR, which can be

used for measuring soil dielectric constant, is a very useful tool for water content

measurement.

TDR measures voltages as a function of time. The voltage pulse is decreased

in higher dielectric materials, such as water. For moisture measurement, we are only

interested the amount of time elapsed from the voltage pulse entering the soil at

the beginning of the probe to its arriving at the end of the probe. The detailed

information on the choice of TDR probe (or transmission line) can be found from

Whalley [1993], Knight et al. [1994] and Zegelin et al. [1989]. The unbalanced
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three-wire probe is easy to fabricate. The main advantages of this design is that

this design enables TDR to receive "a clear reflectance trace" which is free from

spurious reflectances caused by the impedance matching transformer [ Whalley, 1993].

Therefore, this kind of probes is becoming very popular [Topp et al., 1994].

The propagation velocity of a wave in a medium, V, is [Cassel et al., 1994]:

V = 	
K0 ' 5

where C represents speed of light and K is dielectric constant of the medium (no

units). A TDR cable tester, such as Tektronix model 1502B, is designed to measure

cable distance due to its prime use. The distance is found by comparing the measured

wave velocity to that for the wave traveling in a vacuum. In a vacuum K = 1 and

V = C, applying Equation (2.1) for velocity:

Vm	
C / K° -5 	1

= 	  = 	
C /1	 Kr;5

(2.2)

where Km is dielectric constant of the cable to be measured. If Km is known, Vm can

be calculated from Equation (2.2). Thus, the reading of the true cable length can

be obtained directly if the knobs called Vp (Velocity of Propagation) are set to the

value of Vm . Vp knobs are located on the front panel of the cable tester.

Soil water determination measurement, however, is the inverse problem of

measuring cable length. We want to measure the bulk soil dielectric constant based

on the known length of TDR probe, Lprobel which has been embedded in the measured

soil. Since the displayed apparent length, L a , on TDR window is proportional to Vp ,

i.e.

Vi Lai
---  

Vp2	 La2

(2.1)

(2.3)
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If we assign Lp2 to be equal to Lprobe , then, Vp2 is equivalent to V, for the bulk

soil (the ratio of the propagation velocity through the bulk soil to the velocity in a

vacuum):

Vpl

v7,
Vra can be expressed by the dielectric constant of a bulk soil, Ka ; applying Equation

(2.2):

Lai
= 	

Lprobe
(2.4)

V 1 K. 5 =
Lai (2.5)

Lprobe

or

Ka = 
La ]2

	Vp 12	
(2.6)

L probe 

Therefore, Ka can be obtained from the known length ',probe, measured length La

from TDR and reading Vp . Vp can be adjusted to any value for the best measure of

La .

Relationship Between Measured Ka and 61,

Two different approaches have been used to relate soil water content and

dielectric constant for the calibration of the TDR method. One approach is to find

a functional relationship by fitting the experimental data points. According to Topp

et al. [1980], once Ka has been completed, soil water content, 0, (cm 3 /cm3 ), can be

calculated from following empirical equation:

0, = —5.3 x 10 -2 + 2.92 x 10 -2 Ka — 5.5 x 10 -4 /(a2 + 4.3 x 10 -6 Ka3 	(2.7)

This equation was developed experimentally from numerous porous materials at dif-

ferent water content. Many researchers [Patterson and Smith, 1981; Dalton and van

Genuchten, 1986; Zegelin et al., 1989 and 1992; Heimovaara and Bouten, 1990] have
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found this relationship holds for most mineral soils. Therefore, this equation earned

its name: "universal equation."

Another approach is to determine 0, from Ka through mixing models. Birchak

et al. [1974] first introduced the two-phase (water and particles) mixing model for

moisture measurement. Roth et al. [1990] used three-phase mixing model and their

expression for this equation is:

= (0,KZater + (1 — O)J L /id + (0 — 0,)/Qr ) 1/a (2.8)

where Ksolid, Kwat, and Ka, are the dielectric coefficients for soil solid, water and

air in a bulk soil medium; ç5 (cm3 /cm 3 ) is soil porosity, and 1 — 0 and 0— 0, are the

volume fractions for solids and air, respectively. The a is a geometric shape factor

related to the isotropic property of medium. For an isotropic soil, the best-fitting

value of a is 0.46 (close to 0.5) [Roth et al., 1990 ] . A theoretical explanation of why a

was approximately equal to 0.5 was given by Whalley [1993]. However, fine-textured

soils were found to have lower dielectric values than coarse-textured soils at the same

water content. It was hypothesized that water molecules close to clay surfaces (bound

water) are less mobile than free water and have dielectric properties similar to ice

[Dasberg and Hopmans, 1992]. To account for this, a four-phase mixing model was

developed [Dobson et al., 1985; Dasberg and Hopmans, 1992]:

Ka = [(0, — 0b,,)KZ +ater • Obwiqw + (1 — solid + (0— 0,)K1,1 11a (2.9)

The water itself was divided into two phases -- free water, O f w , with dielectric

constant Kipater and bound water, Obw , with dielectric constant Kb„.
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The Advantage of Using TDR for Moisture Content

TDR offers many advantage over conventional methods for soil water measure-

ment. One of theses advantage is that TDR has "the capability to rapidly measure

water content in the surface 10 to 15 cm of soil, a zone where previous method-

ology has severe limitations" [Cassel et al., 1994]. Within surface layer soil water

content fluctuates widely. The most common method of measuring O, is the ther-

mogravimetric method which requires a soil sample to be in oven at 105°C for 24

hours and then, O, is determined from either the measured or estimated soil bulk

density. This method is time consuming and it is impossible to give repetitive mea-

surements at exactly the same location. On the contrary, the TDR technique permits

on-site, nondestructive, non-expensive, fast, accurate and continuous measurements.

In addition, soil bulk density and temperature have no significant effects on TDR

measurements. Also, the method permits zones with different moisture contents to

be distinguished [Jedieu et al., 1986]. Therefore, this technique can be used to mon-

itor the advance of a wetting front in crop fields during irrigation so that water can

be effectively managed. Although after the initial installation of access tubes, the

neutron moderation and the gamma attenuation techniques can also provide in situ

repeatable measurements, both method involve radiation hazards and thus require

special protection.
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2.2 Soil Solute Measurement

2.2.1 Soil Salinity

The soluble salt concentration of a soil can be a valuable pollution indica-

tor. Most laboratory and field techniques which measure soil salinity rely upon the

relationship between electrical conductivity and salt content. Techniques using this

principle include measurement of pore water conductivity after the laboratory extrac-

tion from a soil sample, or analysis of liquid sample from field pore water collection.

The techniques which can be used for field application are:

A salinity sensor, a porous insulator buried in the soil, provides an indirect

method of expressing soil salinity in terms of electrical conductance [Wood, 1978].

A conductivity measurement of the pore water in the insulator is therefore used to

determine the soil salinity in the immediate vicinity of the sensor.

Four-electrode method relies upon the conductance or resistance measured

for a known current [Halvorson and Rhoades, 1976]. The four-electrode method, pro-

viding excellent correlation between soil salinity and electrical conductivity, measures

an average bulk salinity value for a large area.

Electrical conductivity probes, either portable or buried, measures the

conductivity of the soil pore water [Nadler et al., 1982]. An electrical conductivity

probe accurately measures soil salinity for a small soil area.

Inductive electromagnetic methods rely upon the creation of a magnetic

field which passes through the measured soil to obtain a bulk electrical conductivity

[Morrison, 1983]. Electromagnetic induction is a quick method of surveying a large

area at a prescribed depth.
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Since 1980's, a new TDR-based technique has been successfully used for de-

termination of soil salinity [Dalton et al., 1984; Topp et al., 1988]. TDR measures

bulk soil electrical conductivity, EC„. For a given water content, a linear relationship

exists between EC, and solution concentration, C [Kachanoski et al., 1992]:

C = a + bEC, (2.10)

where, a and b are calibration coefficients.

2.2.2 Monitoring Soil Solute Movement

The Use of Soil Core and Solution Sampler

The movement of a tracer such as bromide (Br- ) and chloride (C1 - ) through

unsaturated field soils can be measured by soil coring. Soil pore water samples are

obtained by extraction of a soil sample from a soil core. The pore water can be with-

drawn by one of the following methods: displacement, compaction, centrifugation,

molecular adsorption and suction. Soil coring gives mass distribution of the tracer

with depth. However, this method is time-consuming and labor-intensive. Moreover,

this method is very destructive because it makes experimental sites useless for future

work after lager numbers of sampling. In addition, it is not possible to obtain solute

distribution along the flow path at different time.

To study solute distribution with time, in situ solution samplers were invented

in 1970's. This technique relys upon creating a vacuum to induce soil pore water

flow into a collection vessel. Sampling devices developed for this purpose include

vacuum pressure lysimeters, vacuum plates and tubes, membrane filter samplers,

and absorbent devices [Morrison, 1983]. The most common kind of solution sampler
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is vacuum pressure lysimeters which collect soil pore water by creating a vacuum

within the sampling bottles so that soil pore water moves toward the sampler and

enters the bottle through a porous section of the lysimeter. The problems with

using solution samplers include representative uncertainty of the solution samples,

the disruption of normal flow patterns caused by suction applied for sampler, failure

of collecting solution dut to clogging in porous materials and the potential sample

contamination from materials used in lysimeters. In addition, the question of whether

the solution sample concentration represents the flux or resident concentration is

still under discussion. The physical disturbance caused by installing the samplers is

less than that caused by soil coring, but still significant. Both the soil coring and

solution sampler methods result in large sample numbers for subsequent laboratory

determination of the tracer concentration.

The Use of TDR

The principle of using TDR is that the attenuation of the electromagnetic

wave, which is propagated along the TDR probe in the soil is related to the bulk

electrical conductivity of soil, and the bulk electrical conductivity of soil is directly

associated with solute resident concentration. TDR measurements requires less soil

disturbance than solution samplers. Monitoring of in situ solute breakthrough curves

using TDR was first reported by Elrick et al. [1992] and Kachanoski et al. [1992], who

installed TDR probes vertically under steady flow conditions. However, vertical in-

stalled probes, measuring the averaged conductivity over the entire length of probes,

are not appropriate for measuring the dispersivity parameters [ Vogeler et al., 1996].

Wraith et al. [1993] and Mallants et al. [1994] began to use horizontally installed



29

probes, exploring the validity of using automated TDR for determining solute break-

through curves. The field TDR procedure is fast, non-destructive and inexpensive

compared to either solution sampler or soil core methods in that it requires less labor.

In addition, TDR method can yield high-quality solute transport data which can be

used to estimate the needed parameters for model predictions. Therefore, TDR is

becoming a popular method for monitoring solute transport processes Vogeler et al.,

1996].

From the study of TDR waveform that appears on the screen, soil conductivity

can be obtained by making use of the amplitude of TDR waves traveling along a

transmission line [Dalton and van Genuchten, 1986; Topp et al., 1988;]. Since TDR

measures the total resistance or impedance of a soil to the flow of electromagnetic

energy, solute concentrations can be inferred from impedance readings if a particular

value of the impedance can be related to known value of the concentration. According

to Mallants et al. [1996], there are three most commonly used methods to calibrate

TDR for solute concentration:

1. Continuous Solute Application: By applying a sufficient long pulse of

tracer solution, the impedance, Z,, can be immediately related to the input

solute concentration, C,, if the solution concentration in soil becomes equal to

the input solution. This method requires to give a long time solution pulse until

the input solution completely displaces the original pore water throughout the

soil profile. This method was previously used by Rhoades [1981] and Rhoades

et al. [1989]

2. Convolution Method: Similar to method one, after steady-state flow is es-

tablished from continuously applying background solution, C i , (concentration
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can be varied), a continuous tracer solution at the same flow rate is switched

to replace the background solution supply. In this method, the concentration

TDR probes measured can be less than tracer solution concentration because

method two applies mass conservation of a solute pulse passing through the

TDR probes.

3. Experimentally Determined Relationship: By doing an independent cal-

ibration for a soil, the relationship between the bulk soil electric conductivity,

ECa , and the electric conductivity of the soil liquid phase, EC, can be es-

tablished as a function of soil water content. For a given water content, ECa

can be linearly related to EC. The details of this method can be found from

Vogeler et al. [1996].

TDR measures resident concentration, which may be different from the solu-

tion concentration due to effects of ions exchange and diffusion double layers. Vogeler

et al. [1996] compared the difference between measured soil pore water conductivity

and the input solution conductivity, showing 63 to 82% decrease in soil pore water

solution. Thus, the pore water solution was not the same as that of the added solu-

tion. Therefore, the first method may not be appropriate to use. The second method

is based on mass balance: the convolution of the TDR-measured impedance equals

total solute mass added. A TDR probe, however, may only measure partial of the

solute flow paths due to unstable flow front. The solute mass detected by TDR may

be different locally from the entire cross-sectional area. The third method, using an

independently calibrated relationship, gave a relatively poor result [Mallants et al.,

1996].
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To avoid errors involved in conversions from impedance to ECa , from EC.

to EC„, from EC„ to resident concentration of TDR, relative solute concentrations

can be used for determining breakthrough curves. Consider the column experiments

where a tracer solution of concentration C, is added to soil column with a background

concentration Ci . The concentration C(z, t) for a given location z becomes a function

of time. Relative solute concentration, c(z, t), can be expressed as

C (z, t) —

c(z, t) =
Co —Cl

By applying Equation (2.10), the c(z, t) can also be expressed as

c(z,t) = 	
ECa (z,t) — ECai

ECao — ECai

(2.11)

(2.12)

In addition, ECa is linearly related to the electrical conductivity of the soil solution,

EC„ [Vogeler et al., 1996]. According to Wraith et al. [1993], value change in Y

axis (vertical gain) can be used directly for salt concentration change as long as the

amplitude of TDR waveform is determined using the same scale. If relative solute

concentration is used for generating solute breakthrough curve, it is not necessary to

assume that the concentration of pore water solution is equal to the concentration of

added solution. Under steady flow conditions (which ensures constant water content

at each location where TDR probe is installed), the impedance measured by TDR

is linearly related to ECa [Mallants et al., 1994]. The relative solute concentration

at a particular depth, z, and time, t, can be derived from the measured impedance

For example, if initial impedance is Zi, and the responsing impedance to tracer

concentration, CO3 is Z,, c(z,t) can be obtained from the following equation:

Z(z,t) -1 —
c(z,t) =  	 (2.13)

Zo-1 —
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where Zi and Z, are impedance load readings associated with initial and tracer ECa,

respectively. Therefore, solute-concentration calibration is not necessary [Mallants

et al. 1994; Mallants et al. 1996].

2.3 Contaminant Transport

2.3.1 Advective Transport and Dispersive Transport

Not all fluid particles travel at the same rate of movement along a flow regime,

nor all the particles have the same path in a porous medium. As a consequence, some

solute particles may move faster or slower than the average velocity of the water.

Advective transport only deals with the averaged movement of particles while the

dispersive transport is to describe the spreading out of solute from the advective

transport.

An advective transport equation, which predict the averaged movement of con-

servative tracer, can be easily derived from mass balance consideration and Darcy's

law. If no source or sink is involved, the general expression for one dimension flow

is:

3(qc)3(OC)
az at 

( 2.14)

where q is Darcy's velocity; z is distance; C is solute concentration; t is the time and

8,„ is volumetric water content. Since the average pore-water velocity (linear velocity)

is defined as

v= 

0 v
	 (2.15)

Converting the Darcy velocity to linear velocity, y, the alternative form is (assume



O, is a constant):

a(vc) 	ac
az	 at
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(2.16)

Similar results follow for two or three dimensional flows.

Breakthrough curves in nature are never perfectly sharp. There is always a

certain amount of spreading, or dispersion, associated with natural velocity variation.

The velocity variation can be caused by the following processes:

• Chemical diffusion: the driving force is the concentration gradient. Diffusion

effect can be significant only if flow velocities are extremely low.

• Individual pathway in the flow regime: individual pathway has different length

associated with different tortuous route and the pore structure.

• Velocity distribution in a single pore profile: the velocity varies from a maxi-

mum along the centerline of the pore to essentially zero along the pore walls.

• Macroscopic dispersion: dispersion is caused primarily by spatial distribution

of macroscopic heterogeneities, rather than by pore-scale heterogeneity.

In calculations of groundwater flow, the focus is not on these microscopic veloci-

ties, but on macroscopic velocity or averaged velocity. For instance, Darcy velocity

actually represents bulk quantities of a porous medium.

Diffusion causes a solute to spread away from the place where it is intro-

duced into a porous medium, even in the absence of ground-water flow. The solute

concentration follows a normal distribution and can be described by two statistical

properties, the mean and variance. Both dispersion and diffusion represent random

motion in the presence of a concentration gradient, Fick's Law of diffusion, thus, is
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often utilized to develop a general understanding of the dispersive transport concept.

Fick's first law in one dimension is:

dC
FD = —D

dz
(2.17)

where, dC/dz is the concentration gradient (ML -4 ). FD represents the mass of

solute per unit area per unit time (ML -2 T -1 ). The negative sign indicates that

transport is in the direction of decreasing concentration. The coefficient, D, in Fick's

equation is defined as diffusion coefficient (L 2 T -1 ). The analogy between diffusion

and dispersive transport can be carried a step further by assuming diffusive transport

is superimposed on the transport arising from the fluid velocity [Zhang and Bennett,

1995]. For system where the concentrations are changing with time, Fick's second

law applies:

aCa2C
= D 

 0at	 z2
(2.18)

2.3.2 Advection-Dispersion Equations

It is often assumed that the porous medium is homogeneous, isotropic, and

mass transfer is instantaneous. The equation for one-dimensional, non-volatile, and

miscible transport is the convection-dispersion equation:

a (9,c)	 a(pbs) _ a ( 0 Dac ,C	
2

)

(.19)
at	 ai	 az

where C is the concentration in the liquid phase; S is the adsorbed concentration in

the solid phase; pb is the soil's bulk density.

The dispersion coefficient, D, describes the effects of molecular diffusion and

hydrodynamic dispersion. D is defined by:

D = D * 7	 av	 (2.20)
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where a is dynamic dispersivity (or dispersion length), D* is molecular diffusion and

T is a factor accounting for the tortuosity of the porous medium. y is the average

pore-water velocity. If mechanical dispersion can be described by Fick's law for

diffusion and the amount of mechanical dispersion is a function of the average linear

velocity, then the coefficient of mechanical dispersion can be expressed as

D = av (2.21)

For the relative homogeneous system, D is approximately linearly related to the

pore-water velocity assuming molecular diffusion is negligible, a may increase with

distance from the source due to variance in the hydraulic conductivity [ Wierenga and

van Genuchten, 1989].

If a linear isotherm can be assumed and Kd is the equilibrium distribution

coefficient, then, S is the adsorbed concentration:

S = KaCu, (2.22)

The first and second terms on the left-hand side of Equation (2.19) represent the

changes in contaminant mass stored in the dissolved phase and sorbed phase, respec-

tively. Substitution of Equation (2.22) into Equation (2.19) yields:

R a(O , c) 
at (0,,07,_acz _ ,c) (2.23)

where R is the retardation factor, accounting for the solute interaction between the

liquid phase and the soil matrix (the soil organic matter and the soil surface). R is

given by:

I?	 1 + Vd
ev

(2.24)
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If there is no interaction between the solute and soil, Kd becomes zero and R reduces

to one.

The transport of solute in the unsaturated flow is related to the soil moisture

content and the flow of water through the soil. The flux term in Equation (2.19) is

obtained by simultaneously solving the basic water flow equation:

Doi,	 aq

at =
(2.25)

az

where q is given by Darcy's law:

q , —K(0,)
,9H
az (2.26)

where K(0) is the hydraulic conductivity as a function of the soil moisture content,

and H is the hydraulic head. If soil moisture content and pore-water velocity are

constant, i.e., steady state flow condition, then Equation (2.23) becomes:

	R.--C = D
a2 C 	ac

at	 az2	 y az (2.27)

The term on the left-hand side of Equation (2.27) represents the change in

contaminant mass occurring at a specified location in response to time. The first

term on the right-hand side represents dispersive transport, the spreading of solute

about the center of solute; while the second term represents advective transport,

transport of solute by the movement of a fluid.

Analytical and numerical solutions of Equation (2.27) are available to esti-

mate solute concentration as a function of time and soil depth. These solutions

have been analyzed against laboratory and field breakthrough curves. In fact, these

breakthrough curves from laboratory and field experiments are often skewed from

ideality, exhibiting asymmetrical, early breakthrough and tailing. According to most
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observers, the discrepancies are commonly caused by nonlinear sorption, rate-limited

sorption-desorption and volatilization-dissolution. The nonideal behavior of trans-

port are also assumed from multicomponent solutions and apparent solubility, hetero-

geneous porous media and spatially variable hydraulic conductivity, and preferential

flow (Brusseau, 1994; and Wierenga and van Genuchten, 1989).

One way to model the tailing of non-volatile chemicals in unsaturated flow is

to divide the soil liquid phase into mobile and immobile regions (two region model,

Wierenga and van Genuchten, 1989):

	

e

nio ac

	

	 ac,m 	a2cm	 acm	
(2.28)rn M 	

,	
929721cm	 = Om Dm 	Omvm 		at	 at	 az2	 az

	

(92mRim acim	 o(cm - cim)	 (2.29)at
where Om and Oim are the mobile and immobile water contents, i.e., Om + 9im = O v .

Cm and C,m are the solute concentrations in the mobile and immobile liquid phases,

vm is the average mobile phase pore-water velocity (vm = q19,), Dm is the mobile

phase dispersion coefficient, and is a mass transfer coefficient between mobile and

immobile phases. The retardation factors Rm and Rim account for adsorption in the

mobile and immobile regions, respectively.

2.3.3 Moment Analysis

An alternate approaches to analyze breakthrough curves for solute transport

parameters is time moment analysis. For linear transport problems, the breakthrough

curve can be conveniently analyzed to obtain the total amount of solute, the mean

breakthrough time, and the degree of spreading. An advantage of moment method is

that transport parameters can be calculated directly from experimental breakthrough

curves without using any transport models.
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To visualize experimental results, we will use relative concentration and di-

mensional time for the moment analysis. Consider a conservative tracer solution flow

through a packed sand column. If the input signal is a delta function, the nth time

moment of concentration C is

03
mn = I tnC(t)dt

o

The normalized moment is

mn 	Jr tnC(t)dt 
Mn = — =

mo 	fo" C(t)dt

the nth central moment is defined as:

fo" (t — MirC(t)dt
Yn --	 = M2 — .111?

fr C(t)dt

(2.30)

(2.31)

(2.32)

The expected arrival time (or mean breakthrough time), -r, can be directly calculated

from first moment:

T(z)	 M1 _ rtC(t)dt

Lc° C (t)dt

The variance /2 2 or second central moment, which is directly related to dispersion

coefficient D [Wakao and Kaguei, 1982; Kreft and Zuber, 1978; Leij and Dane, 1991],

can be determined:

fo"(t — 7- ) 2 C(t)dt
11, 2 —	 00

fo C(t)di
(2.34)

The moment analysis is related to advection-dispersion equation through [Jury and

Roth, 1994

(2.33)
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Mathematically, this method is only appropriate for a delta input. However, even if

a tracer is injected instantaneously, some diffusion may occurred before entering the

porous medium. To overcome the error involved in delta input, Wakao and Kaguei

[1982] suggested measuring two breakthrough curves at two points along the flow

path: the first one as input signal and the second as the measured breakthrough

curve. Then the responding moment can be obtained by determining the difference

between the moments at two points.

The time moment of Equation (2.30) can be considered as multiplication of

the distribution C(t) by a weight tn integrated under the area of breakthrough curve

from delta input. It is easy to see that when t is large the weight tn also becomes large.

The weighting factor tn , however, puts a large weight on the tailing part where the

relative experimental error is the greatest, especially for the higher moments. Also,

the errors in the early breakthrough part are magnified in evaluating the central

moments.

To overcome the errors of weighting the tails too much, Ostergaard and

Michelsen [1969], Anderssen and White [1971] and Wolff et al. [1979] modified the

weighting factor tn as tn e, which is zero at both t = 0 and at t oo. Thus, the

n — th weighted moment m weight i s:

rnnweight	 jo'cc in e — st C (t)dt

the mean breakthrough time is:

weight
7, 4-weight	 77/1 

T	 1V-/ 1	 weight
n10

and the n — th weighted central moment is:

(2.37)

(2.38)

weight
foco ( t weighty e—st (t)di

weightrno
(2.39)
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This method offers some advantages. However, the weighting method introduces

one more parameter to the analysis: What are the optimal values of .s to use? The

problem with the weighting method is that the cannot be a constant, because the

same .s value would give weight on different portions of curves for different order of

moments. Also, travel time loses its physical significants.



CHAPTER 3

METHODS

3.1 Materials and Equipment

3.1.1 Materials

The sand used in this study ranges from 53 pm to 425 ,um in size obtained

by wet sieving silica sand (California Silica 60, San Juan Capistrano, California).

To eliminate both clay and silt particles, sand was washed and dried at 103°C for

24 hours. Figure 3.1 shows the particle size and distribution of the prepared sand.

This sand has only 0.009% organic carbon. Hanging water column experiments were

conducted for this sand (see Figure 3.2). The resulting retentions are given on Figure

3.3 and the data are listed in Table 3.1.

This sand has a surface area of 0.7375 rn 2g-1 , including micropore area 0.1123

rn2g -1 measured using BET (Brunauer Emmett Teller) method (Coors Ceramics

Analytical Laboratory). Using the same method, the micropore volume is 0.000042

cm3g-1 with an average pore size of 9 urn. Although the micropore area is a large

fraction of the total surface area (15.2%), the micropore volume is only one to two

percent of the total pore volume (total pore volume is 0.002 to 0.003 g cm -3). There-

fore, micropore effects can be neglected for a conservative trace such as NaCl. The

information from micropore analyses can be used to estimate the ratio of immobile

phase to mobile phase. However, micropores may not be the only source accounted

for immobile phase fraction. The saturation status can also affect immobile phase

fraction according to Bond and Wierenga [1990]. They claimed that the fraction of

41
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Figure 3.1: Particle size distribution of the silica sand used for experiments. Three
measurements were conducted and each line represents each measurement.
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Figure 3.2: The digram of hanging water column.
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Figure 3.3: The results of five hanging water column experiments for sand.



Table 3.1. Water Retention Curves from Hanging Water Columns

Cup No.
Drying process Wetting process

Suction head
(cm 112 0)

Water content
(cm3 cm -3 )

Suction head
(cm 112 0)

Water content
(cm3 cm -3 )

0.00 38.40 130.64 7.27
9.58 38.13 110.53 7.20
19.26 37.93 90.64 7.27
26.29 36.07 70.96 7.47
30.25 32.27 51.70 7.93
32.49 28.33 33.23 8.90

No. 1 35.20 22.80 31.54 15.07
41.73 14.33 22.62 27.47
54.14 9.47 20.57 32.47
72.55 8.47 13.22 36.13
92.02 8.13 9.36 38.00
111.27 7.67 -0.64 38.33
130.64 7.27 -0.64 38.33
0.00 40.87 127.41 7.70
9.68 40.67 107.35 7.67
19.47 40.53 87.67 7.87
25.12 37.80 68.41 8.33
28.64 33.72 49.84 9.23
30.92 28.87 34.98 12.47

No. 2 33.29 24.07 31.29 16.43
39.61 15.47 26.75 19.87
51.80 10.47 23.43 24.07
70.11 9.40 17.24 39.13
89.10 8.77 9.68 40.67
108.20 8.20 6.47 40.93
127.41 7.70 6.47 40.93
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Wetting processDrying process

38.73
38.80
38.07
35.13
31.00
26.53
21.27
14.53
6.80
5.80
4.93
4.33
3.80

No. 3

124.60
104.38
84.54
64.91
46.19
33.08
28.89
25.37
22.61
16.50
11.17
1.17
1.17

3.80
3.67
3.77
4.00
4.80
9.13
13.17
16.87
21.42
36.53
38.73
38.73
38.73

0.00
10.11
18.94
24.28
27.70
30.00
32.23
41.52
49.37
67.78
86.40
105.44
124.60

No. 4

6.47
6.40
6.47
6.70
7.47
11.77
15.13
19.00
23.49
37.13
38.67
38.67
38.67

0.00
10.00
19.05
27.56
30.99
34.22
37.00
43.22
53.92
72.02
90.74
109.79
128.94

38.67
38.67
38.07
37.13
33.00
28.87
24.20
15.53
9.60
8.40
7.60
7.00
6.47

128.94
108.84
88.94
69.31
50.53
37.37
32.52
28.87
26.00
17.56
12.23
2.33
2.33

Suction head
(cm H2 0)

Water content
(cm3 CM -3 )

Suction head
(cm H2 0)

Water content
(cm3 CM -3 )

Cup No.

Table 3.1. Water Retention Curves from Hanging Water Columns (continued)
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Table 3.1. Water Retention Curves from Hanging Water Columns (continued)

Cup No.
Drying process Wetting process

Suction head
(cm H2 0)

Water content
(cm3 cm -3 )

Suction head
(CM H20)

Water content
(CM3 CM-3 )

0.00 39.67 128.20 7.00
9.58 39.40 108.04 6.90
19.26 39.20 88.20 7.00
26.08 37.20 68.47 7.17
29.72 33.20 49.52 7.83
32.51 28.67 33.77 10.50

No. 5 34.88 23.87 30.71 14.87
41.73 15.60 26.75 18.67
53.61 10.40 23.96 23.20
71.80 9.27 17.35 37.40
90.32 8.33 11.06 39.67

109.26 7.67 1.70 39.67
128.20 7.00 1.70 39.67
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immobile phase increases with decreasing soil water content. Even so, immobile

phase is still a small fraction in our experiments because the lowest water content

for transport experiments is 0.21, nearly 50% of saturation water content (0.43).

NaC1 was chosen as a conservative tracer as well as the background solute

because CaSO4 has be observed to cause clogging if the concentration is high (15

mM) or it is used over a long time (30 days, unpublished laboratory results). The

problem is caused by the deposition and accumulation of CaCO3 from the chemical

reaction between ion CO+ in CaSO4 water solution and gas CO 2 dissolved into the

solution.

3.1.2 Equipment

A TDR cable tester (model 1502B, Tektronix, Beaverton, Oregon) is used

for both measuring water-content change and detecting tracer-breakthrough pro-

cess. This TDR cable tester equipped with 10 identical TDR probes, each having

three 1 mm-diameter stainless steel wires, 5 cm in length, with a spacing of 6 mm.

Along with TDR cable tester, a relay board (model P10-12, Omega Engineering, Inc.,

Stamford, Connecticut) and two coaxial switches (model 50S-608, JFW Industries,

Indianapolis, Indiana) are used to link TDR probes.

A data acquisition system is built up for monitoring experiments, controlling

instruments and collecting data. This system includes data acquisition hardware

(an instrumentation chassis, model SCXL-1001; five high voltage terminal block,

model SCXL-1320; National Instruments, Austin, Texas), and data acquisition soft-

ware (LabVIEW for Windows) installed in a computer (World Computer, 486-DX2-

66MHz). In addition, this data system includes some other related hardware such as

multifunction I/O board (AT-MIO-16x high resolution, 16 bit), 4-channel isolation

amp with excitation (model SCXI-1121), cable assembly (SCXI-1340 MI0-16 series,

1.0 m), front fill panel (model SCXI-1360) and rear fill panel (model SCXI-1361).

Two balances named as Industrial Electronic Weight Indicator (model DO,
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Ohaus Corporation, Florham, New Jersey) with a connector (RS232 8 pin DIN) are

used for monitoring weight of the column. Two balances have capacities of 45.5 kg

and 27.3 kg, respectively.

A sample collector (model FOXY 200, ISCO, Inc. Lincoln, Nebraska) is used

to collecting out-of-the-column solution. The breakthrough of NaC1 at the end of

the column, then, is measured by a conductivity meter with a chloride electrode.

Two HPLC pumps (model Series II, Fisher Scientific, Pittsburgh, Pennsylva-

nia), one with 10 ml head and the other with 40 ml head, are used alternately for

maintaining constant flow during experimental period (four months).

3.2 Column Design

3.2.1 Column

The column is 104.5 cm long and 9.83 cm for inside diameter (see Figure 3.4).

This column has ten planes in which sampling and monitoring ports are installed.

The ten planes are located at 4, 9, 15, 25, 37, 49, 61, 73, 85, and 97 cm, respectively,

from bottom to top. As Figure 3.5 shows, each plane of the column consists of one

gas sampling probe, one water sampling probe, one tensiometer, one gas port and

one TDR probe. All the probes are made of stainless steel. The body of the column

is made of stainless steel tube and the two ends were made of stainless steel plate.

The body of the column was drilled first and then welded with stainless steel female

NPT connectors (American Standard Pipe Thread) for the placement of monitoring

probes and sampling ports. To minimize flow disturbances, the probe or port in one

plane is arranged at an angle with the same probe or port in the neighbor plane (or

planes), i.e., the same kind of probes or ports are not overlapped if viewing from

either the top or the bottom of the column.

Stainless steel porous plates (Mott Metallurgical Corp, Farminto, Connecti-

cut) are embedded inside of plates for two ends. The porous plates can be easily

changed from one pore size to another depending on the need of each experiment.



Figure 3.4: The digram of column. The five black dots in each ring represent the

water sampler, tensiometer, gas port, TDR probe and gas sampler.
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Figure 3.5: Cross profile of the column.
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The large pore size plates (40 pm) on both ends are required for natural infiltration

and drainage, and the small pore size plate (0.5 or 2 pm) is used for applying suction

(boundary condition) if it is necessary.

3.2.2 Sampling Ports

The gas sampler consists of a 100 ,um porous cup, welded to a 100 pm porous

bushing, welded to a male NPT connector, which is screwed into a septum injector

nut (see Figure 3.6). The gas sampler is screwed horizontally into a female NPT

connector which was welded in the wall of the column. The gas port is so designed

that a special syringe (Figure 3.7) called SPME (Solid Phase Micro-Extraction) can

be used to collect the gas sample (Figures 3.8) and the sample collected represents

the gas concentration at that plane for that specific time.

The SPME syringe, manufactured from Supelco Inc. (Bellefonte, Pennsyl-

vania), has a specially coated fiber that absorbs analytes directly from the sample.

While the fiber is inserted into the probe, the analytes partition into the stationary

phase until equilibrium is reached (3 minutes in room temperature). The fiber is

then inserted into a Gas Chromatograph (GC), which heats the fiber, and the ana-

lytes are desorbed into the capillary column for analysis. The experimental results

demonstrated that if sampling time is consistent, the required time for sampling can

be less than the equilibrium time. This syringe can be used to sample both gas and

liquid phases.

The water sampler consists of a 0.5 pm porous cup, welded to a 0.5 pm

porous bushing, welded to a male run tee (Figure 3.9). The water sampler is also

screwed to the female connector on the column. The porous bushing was added to

the porous cup to increase the surface area, which increased the sampling rate based

on preliminary studies of water samplers. The water sampler is installed horizontally,

and the sample collected represents the concentration of solution at that height at

that time when the sample is drawn. Suction is applied to the water sampler from
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A. 100 gm porous cup
B. 100 1J111 porous bushing
C. SS - 200 - 1 - 2 connects

tube to female NPT thread
D. Septum injector nut with support

Figure 3.6: The design of a gas sampler.
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(b)

;

Hub-Viewing
Window Adjustable Needle

Guide/Depth
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Septum
Pi rcing Needle

Coated SPME
Fused Silica Fiber

Figure 3.7: SPME (Solid phase micro-extraction) syringe. (a) SPMS syringe holder
and (b) SPME syringe needle.



Gas Sampler with SPME Syringe
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A. 100 pm porous cup
B. 100 pm porous bushing
C. SS - 200 - 1 - 2 - connects

tube to female NPT thread
D. Septum injector nut with support
E. SPME syringe
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Figure 3.8: Sampling a gas phase for VOC with a SPME syringe.
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A. 0.5 lim metal porous cup
B. 0.5 p.m metal porous bushing
C. Male run tee SS - 200 - 3TMT

Figure 3.9: The design for a water sampler.
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the top of the male run tee, and the SPME syringe is inserted horizontally from one

end of the run tee through another end all the way into the inside of the porous cup

(Figure 3.10).

3.2.3 Monitoring Ports

The tensiometer consists of a 0.5 pm porous cup, welded to a 0.25 inch stain-

less tubing, welded to a hex reducing nipple, screwed to a hex coupling, screwed

to a stainless steel transducer (Figure 3.11). The purpose of the hex coupling is to

increase the volume of water inside the tensiometer, which is required for the trans-

ducer to work properly. The tensiometer is screwed into the female NPT nut welded

on the column. The tensiometer measures the soil water potential if the air pressure

is zero, and the water potential plus air pressure if the air pressure is non-zero.

The gas port consists of a 100 pm porous cup, welded to a 100 pm porous

bushing, welded to a reducing adapter to match the threads of the pressure sensor

made of stainless steel (Figure 3.12). The gas port was also installed to the column

by an NPT nut. It measures the gas pressure inside the column for a given plane at

a given time.

The TDR transmission line we used is an unbalanced three-wire probe. In

this probe, the central wire is connected to the central wire of coaxial output and the

other two wires are connected to the shielding of the coaxial cable. In order to get

rid of fluctuation impedance measurements from the end of probe reflection [Zegelin

et al., 1989], we spaced the center wire to shield wire by the distance of 6 min. All

TDR probes are installed in horizontal planes through the wall of the column (see

Figure 3.5). TDR offers rapid and repeatable measurements without soil disturbance

if TDR probes are installed at the same time when the column is packed.



Water Sampler with SPME Syringe

To Suction Pump
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D

A. 0.5 pm metal porous cup
B. 0.5 pm metal porous bushing
C. Male run tee SS - 200 - 3TMT
D. SPME Syringe

Figure 3.10: Sampling a liquid phase for VOC with a SPME syringe.
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Tensiometer

A. 0.5 p.m porous cup
B. SS 1/4 inch tubing
C. SS - 4 - HRN - 2 hex reducing nipple
D. SS - 4 - HCG hex coupling
E. Pressure sensor
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Figure 3.11: The design for a tensiometer.



Gas Port

A. 100 p.m porous cup
B. 100 i.tm porous bushing
C. SS - 4 - RA - 2 reducing adapter
D. Pressure Sensor
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Figure 3.12: The design for a gas port.
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3.3 Data System

As mentioned in earlier (Section 3.1.2), the data system in this research is

mainly supported by the hardware and software from National Instruments. The

data collection from a balance and all monitoring probes such as tensiometer, gas

pressure and TDR are fully automated. In addition, the experimental data related

to soil physical properties can be visually displayed on the monitor of computer

throughout the entire process of the experiment. The software developed by using

Lab VIEW for this research is the kernel of the data system.

LabVIEW is a computer program, similar to C or BASIC program system.

However, one important respect that LabVIEW is different from those applications

is: "other programming systems use text-based languages to create lines of code,

while Lab VIEW uses a graphical programming language, G, to create programs in

block diagram form" (LabVIEW for Windows, 1993 Edition, National Instruments).

Lab VIEW is the key to virtual instruments. For example, TDR cable tester

is self-contained, with signal input/output and display capabilities as well as fixed

user interface such as knobs, switches, and other features. However, the application

of LabVIEW empowers us with the tools necessary to build virtual instruments and

expand the functionality of TDR by connecting and combining a relay board and

two coaxial switches. The diagram showing the connection among equipments for

this research is enclosed in Appendix A.1.

3.4 TDR Testing

3.4.1 TDR Calibration for Soil Water content

The TDR instrument uses radar principles to determine the electrical char-

acteristics of metallic cables. The 1502B TDR sends an electrical pulse down the

cable and detects any reflections made by discontinuities, such as from the cable to

the TDR probe, and from the TDR probe to an open end. The 1502B is sensitive to
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impedance changes. Discontinuities down the cable can be detected and displayed

as changes in impedance along the cable. These will be displayed as hills and valleys

in the reflected pulse. To calibrate TDR, the main concern in this testing is focused

on the relationship between 0, and oscilloscope trace length Ltrace• because TDR

cable tester gives Lirace directly. My preliminary results indicates that 0„ is linearly

related to Ltracel which makes it possible to calibrate TDR by using the column (in

situ calibration).

TDR experiments was conducted by using natural silica sand packed in the

column. The homogeneous packing was achieved by delivering air-dried sand down-

ward through a funnel and a piece of Tygon tubing so that the sand was always

deposited from a height less than 1.0 cm to prevent heap formation. After every 5

cm deposition of sand, the sand was compacted by vibration using a rubber hammer

to tap the column. The TDR calibration starts from saturation and then the column

is gradually drained. The average 0, for the column is continuously calculated for

each time interval based on a balance underlying the column (see the diagram on

Figure 3.13). The averaged Ltrace of the 10 probes at 10 locations, responsing to

the same time interval, also determined by the Lab VIEW program. The calibration

is made between the average Ltrace and average 0, because an averaged function of

linear functions is also linear.

The advantages of the TDR over the tensiometer for monitoring water content

are:

• A TDR measures the volumetric water content while a tensiometer give the

moisture content of a point;

• Measured water content by TDR is only a function of moisture content while

the measurement by a tensiometer is affected by water flow conditions (static or

flow) and dissolved VOC concentrations (due to surface tension change) [Topp

et al., 1967];
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mass of water

For calibration:

data acquisition

• TDR cable tester
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• labview view
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• average 10 values
of TDR trace length
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• average volume
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V•
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Figure 3.13: The diagram of the TDR experimental system and data analysis.
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• A TDR responses the change of water content simultaneously while a ten-

siometer reflects water-content change is retarded due to a long equilibrium

time required for unsaturated flow.

3.4.2 TDR Calibration for Solute Transport

The principle that TDR can be used to detect solute transport is that TDR

can measure the change of total impedance (resistance plus reactance). However, the

preliminary experimental results indicate that for unsaturated flows, the impedance

measured by TDR is not only the function of the salt concentration but also a

function of the moisture content. Also, the accuracy of this method depends on how

to interpret TDR waveforms. The range of concentration and the conductivity of a

soil can affect the measurement, too.

The variable of saturation can be eliminated by conducting steady-state trans-

port experiments. Thus, TDR calibration responsing to different concentration of

sodium chloride (Na Cl) solutions was conducted under steady-state flow conditions

(19.5 cm' min -1 from top to bottom) so that the change of impedance is only the

function of solute concentration. The column and porous medium are the same as

those used for TDR calibration for water content. Six concentrations, 8, 15, 20, 25,

30 and 35 mM which are similar to natural soil pore water conductivity, were used

to simultaneously calibrate ten probes at ten different depths by constantly pumping

a very long tracer pulse (can be treated as step input) for each concentration.

Installed inside porous medium, TDR, thus, measures resident concentra-

tion of solute, which, generally speaking, different from flux concentrations deter-

mined from solution samples. Calibration method and procedure are very critical

for accurate measurement of solute breakthrough curve. The limitation to measure

impedance is that energy is lost going through a fault. This will cause the reading of

a point father down the cable to be less accurate than points nearer the instrument.
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Since TDR measures the total resistance or impedance of an electrical pulse down the

cable and the soil, solute concentration is determined from the change of impedance

associated with the background impedance. All these impedance are obtained from

the interpretation of waveforms.

3.5 Column Transport Experiments

Transport experiments were conducted in an air-conditioned room (20 ± 4°C).

The experimental NaC1 solution (either tracer solution or background solution) are

prepared ahead of the time and stored in a five-gallon bucket with a lid. The sup-

plying solutions (tracer and background) are connected through a three-way switch

to the inlet port of the pump. One of solution bucket where the solution is been

withdrawing by the pump is placed on the top of a balance, and the other solution,

placed near by. The column is placed on another digital balance to monitor the water

content inside the column at any time.

Ten TDR probes are linked by 50 ohm cable lines to coaxial switches which

connected to the TDR cable tester. Controlled by the computer LabVIEW program

and the relay board, TDR cable tester can collect data either by a loop from one to

ten or by any individual location.

Ten tensiometers and ten gas ports are connected to data acquisition assembly.

The data acquisition system is connected to the computer and controlled by computer

LabVIEW program.



CHAPTER 4

TWO- AND THREE-PARAMETER CALIBRATION OF TDR FOR

SOIL MOISTURE MEASUREMENT

4.1 Abstract

Time domain reflectometry (TDR) is widely used to measure and monitor

soil water. The commonly-used calibration curve is the third degree "universal poly-

nomial" of Topp and associates. The most common refinement is calibration to a

specific soil, but still using four parameters (coefficients) from fitting a third-degree

polynomial. Here we demonstrate that a three-parameter expression O, = aKaa + b

fits as closely or better than the four parameter polynomial (where the three param-

eters a, b and a are determined by fitting water content 0, to the dielectric coefficient

Ka ). This form is consistent with the well-known mixing model. For an isotropic

soil with homogeneous water distribution, this expression is further simplified to two

parameters by taking a = 0.5. When a is 0.5, its calibration is equivalent to the

linear calibration between O, and the travel time along the wave guide. In addition,

the simple three-parameter expression can be easily inverted without losing accuracy

with regard to the original calibration. The TDR calibration expressed in a three-

parameter form not only achieves a good fit but also conveys a physical connotation.
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4.2 Introduction

The application of time domain reflectometry (TDR) has been popularized for

determination of volumetric soil water content (0,, cm 3 1cm3 ) since Topp et al. [1980]

demonstrated that the apparent dielectric constant (Ka ) was strongly dependent on

soil 0,. Furthermore, Ka has been shown to be almost independent of soil density,

texture, salt content, and temperature. As a result, a "universal equation" was

developed empirically between Ka and 0, from numerous experiments [Topp et al.,

1980

7-,-a20 e, = —5.3 x 10 -2 + 2.92 x 10 -2 Ka — 5.5 x 10 -4 n + 4.3 x 10 -6 Ka3 (4.1)

Originally, the inverse of Ka as a cubic function of 0„ was found:

Ka = 3.03 + 9.3 0, + 146.00  — 76.7O  (4.2)

The usual refinement made to Equation (4.1) is to best fit four coefficients to a par-

ticular set of experimental data in the same cubic polynomial form. These equations

are the cornerstone for TDR application to soil moisture measurements. They make

TDR a powerful tool for measuring soil water content rapidly and reliably.

As an alternative to the cubic relationships (1) and (2), Ledieu et al. [1986]

presented a linear relationship between the transit time of the generated wave (t)

and 0,

0, = 5.69 t — 17.58 (4.3)

an approach which implies that 0„ is linearly related to Kr since Ka is a function

of t 2 . Similarly, Herkelrath et al. [1991] also used the linear relationship between

0„ and the reciprocal of apparent velocity. In addition, some researchers [Roth et
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al., 1990; Whalley, 1993] derived a linear relation between 0, and Ka°. 5 through the

"mixing law model" analysis. White et al. [1994] presented calibration curves for

sand-graphite-water systems, which showed remarkable linearity of 0, against Ka',

even though the slopes of the calibration curves could change with differing graphite

concentrations. Alharthi and Lange [1987] found a very simple relation for sandy

soils at 23°C:

= 0.128Ka°-5 — 0.204 (4.4)

Furthermore, Ferre et al. [1996] demonstrated an equivalent function for the "uni-

versal polynomial" as

= 0.1181K 5 — 0.1841 (4.5)

Recently, a linear relation between 0, and tltair (the ratio of travel time in soil to that

in air) has been published (Hook and Livingston [1996]; Pepin et al. [1995]). Another

approach to the determination of water content by TDR in porous materials is to

apply theoretical and semi-empirical models. These models are considerably more

complicated than the "universal equation" and often they are not very practical due

to the requirement of quantitative material properties that are difficult to measure

in advance [Zegelin and White, 1994]. Among these models, the one derived from

dielectric mixing model has been used by several researchers [Roth et al., 1990 ] :

Ka = (0,KL, + (1 — 0)KL iid + (0 — (4.6)

where is porosity of soil, and 1 — 0 and 0 — 0„ are the volume fractions for solids

and air, respectively. The "(sail , K--water and Kair are the dielectric coefficients for

each individual phase of the bulk soil medium and a is a parameter related to the

isotropic property of medium. For example, a = 1 if the electric field is parallel to
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the layering and a = -1 if the field is perpendicular to the layers. For an isotropic

soil, the best-fit value of a is 0.46 [Roth et al., 1990].

Re-arrangement of Equation (4.6), gives,

= (K,L,„ — KI)O, + (1 — 0)Kl id OKI	 (4.7)

For a given medium, the sum of the second and third terms is a constant, as is the

coefficient of the first term, KZ'ater K, since the dependence of K„aater of a soil to

the temperature is small. Equation (4.7) then can be reduced to the following:

Ka = C1 O + C2
	 (4.8)

Or

O„ = aK":	 b	 (4.9)

where C 1 , C2, a and b are constants.

The objective of this study is to demonstrate that the preferred method of

TDR calibration is to use the three-parameter model [Equation (4.9)], or the two-

parameter calibration if the medium is isotropic where a = 0.5. Two approaches will

be used to demonstrate this. First, the regression relationships presented by Topp et

al. [1980] will be analyzed and compared to the two-parameter calibration. These

regressions include the universal Equations (4.1) and (4.2) as well as regressions for

specific soils and granular materials. This is followed by experimental calibrations

from two different experimental setups and three different soils. For the calibration

analyses, an AIC (Akaike Information Criterion) will be applied to show that the

two-parameter calibration is preferable to the cubic polynomial model for a medium

of isotropic dielectric property. Also, the three-parameter model will be used for the

experimental data and the comparisons will be made among these models to give the
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conclusion of this study. Attention will not be focused on interpreting the wave form

for individual measurements.

4.3 Empirical Analyses of Existing Calibration

Topp et al. [1980] established an empirical relationship between Ka and 0,

for a variety of soils and other materials. The relationship is expressed with Ka , a

cubic polynomial of 0, [Equation (4.2)]. The coefficients of polynomials from Topp

et al. [1980] are listed in Table 4.1.

In order to demonstrate that these cubic polynomials are not significantly

different from their linear regressions between K a' and 0,, we applied these cubic

polynomials individually to calculate Ka from a given range of 0, values (see Table

4.2). For each polynomial, 101 points were calculated at equal increments of 0,;

then, the linear fit with Ka°. 5 versus 0, was regressed for these points. The regression

results are listed in Table 4.2, where r 2 is the coefficient of determination between

the calculated data from Topp's polynomial and the two-parameter calibration. To

illustrate visually, Figure 4.1 exhibits the cubic polynomial for Rubicon sandy loam

and its linear regression between 0, and K .5 . Though the calculation of correlation

coefficient depends on the range of 0, used, the most likely range of 0, for the natural

soils is between 0.04 and 0.5 cm3 /cm3 . Within this range, the calculated linear

correlation coefficients are around 0.999 and the curves essentially are the same.

Similar coefficients were also found by Ferre et al. [1996] for Equations (4.1) and

(4.2) between 0.05 and 0.4 water content.
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Table 4.1. Coefficients for Ka as a Cubic Polynomial of 0, (Topp et al., 1980)

Medium
Coefficients of Ka = A + B 0, + C O 	D 9,3,

A B C D
Rubicon SL 2.59 21.9 102.0 44.8

Rubicon H20 and Rubicon NaC1 2.65 16.5 123.0 61.0
all mineral soils, eq. (2) 3.03 9.3 146.0 76.7

glass, 30 pm 3.79 41.3 63.4 27.0
glass, 450 pm 3.57 31.7 114.0 68.2

glass, 30 pm and 450 pm 3.55 38.0 84.1 44.1
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Table 4.2. Two-parameter Regressions for the Cubic Polynomials in Table 1

Medium 2-parameter regression Range of 0, r 2

Rubicon sandy loam 0, = 0.117K -5 — 0.183 0.04 - 0.50 0.9998
Rubicon H 2 0 and Rubicon NaC1 0„ = 0•114K .5 — 0.168 0.04 - 0.50 0.9998

all mineral soils, eq. (2)
glass, 30 pm
glass, 450 pm

glass, 30 pm and 450 pm

0,
0,
0,
0,

,----
=
=
=

0.112K .5

0.125K .5

0.113K -5

0.118K .5

— 0.160
— 0.268
— 0.218
— 0.241

0.04
0.05
0.04
0.04

- 0.53
- 0.50
- 0.50
- 0.50

0.9995
0.9984
0.9991
0.9986

Universal Equation, eq. (1) 0, = 0.116K -5 — 0.177 0.03 - 0.43 0.9991
Universal Equation, eq. (1) 0, = 0.105K -5 — 0.139 0.04 - 0.53 0.9926



dashed line: two-parameter regression

solid line: cubic polynomial from Topp
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Figure 4.1: The two-parameter calibration for the data generated from the cubic
polynomial, Ka = 2.59 + 21.90, 102.00, — 44. 8O „ for Rubicon SL [Topp et al.,
1980]. The fitted result is 0, = 0•117AV — 0.183 with r2 = 0.9998.
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Similarly, Equation (4.2) was plotted on Figure 4.2 with its two-parameter

calibration. Equations (4.1) and (4.2) were originally generated from the same set

of data [Topp et al., 1980]. However, they are somewhat different when plotted in

the same figure (see Figure 4.2). The discrepancy between Equation (4.2) and the

two-parameter calibration for (4.2) is smaller than the difference between Equations

(4.1) and (4.2).

4.4 Experimental Calibration and Analyses

TDR experiments were carried out individually in two different laboratories

by applying different calibration methods. Three different porous media were used

for this study.

One of these experiments was conducted by using natural silica sands with

particle sizes ranging from 50 ,um to 425 pm. For this calibration, ten identical

TDR probes with three 1 mm diameter stainless steel wires, 5 cm in length, with

a spacing of 6 mm were used. These TDR probes were connected to a TDR cable

tester (Model 1502B, Tektronix, Beaverton, OR) through a relay board (Model PIO-

12, Omega Engineering, Inc, Stamford, CT) and co-axial switches (Model 50S-608,

JFW Industries, Indianapolis, IN) to a personal computer, which accommodates

10 TDR probes at 10 locations using a single TDR cable tester. All probes were

installed in horizontal planes through the wall of the column (1 m in length and 0.1

m in diameter) containing uniformly packed sand. The TDR calibration started from

saturation and then the column was gradually drained. O, was determined based on

a balance underlying the column.
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Figure 4.2: Comparison between equation (1) and equation (2) along with the
two-parameter calibration for equation (2).



The Ka is calculated through:

Ka = 
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[  2'-'trace  1 
L b Vpro e p

(4.10)

where, Ltrace (cm) is the distance between initial and final reflections on the TDR

screen. L pr obe (CM) is the length of TDR probe. The vp is a fraction velocity of the

signal down the cable expressed as a fraction of the speed of the signal in free space,

the value of which can be chosen and controlled by adjusting the front panel knob

of the cable tester [Cassel et al., 1994]. When there is a linear relationship between

0, and 1C -5 , 19,„ is a linear function of Ltrace• Therefore, the calibration was made

between averaged 0, of the column and the averaged Ltrace of the 10 probes because

an averaged function of linear functions is also linear. The calibration curve for

silica sand from 1311 readings is shown in Figure 4.3. It can be seen that the linear

calibration result is good with a correlation coefficient of 0.9985. Figure 4.3b shows

as a function of Kr. The inverse expression, K .5 = 8.750, + 1.25 is not plotted.

Here, vp was taken as 0.68. The linear relationship makes the TDR calibration much

more convenient if in -situ calibration is required to improve the precision of the O,

determination.

The other TDR calibration data were collected by using upward infiltration.

The details of this method are described in Young et al. [1997]. The soils used were

Casa Grande sandy loam (Fine-loamy, Mixed Hyperthermic Typic Natrargid) and

Pima silt loam (Fine-silty, Mixed Thermic Typic Torrifluent).

To illustrate the three-parameter model [Equation (4.9)], all the TDR cali-

bration data obtained for the silica sand, Pima and Casa Grande soils were used.

The similarity among the cubic polynomial, two-parameter and three-parameter re-

gressions were compared and plotted for Pima silt loam (Figure 4.4) and for Casa
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• The regression results are listed in Tables 3 and 4.
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Grande sandy loam (Figure 4.5). By fitting Equation (4.9), the a value obtained

for the sand is 0.47 which is very similar to the optimized value, 0.46, from Roth

et al. [1990]. Tables 4.3 and 4.4 summarize the regression results from the cubic,

two-parameter and three-parameter models. The MSE in Table 4.4 is abbreviation

for mean square error expressed as

MSE E711(°.'
n

— Ov)2

 
(4.11)

Where, O„ is measured, d, is predicted from the regressional model and n is sample

size. It is very interesting to observe that even though the number of parameters

in Equation (4.9) is one less than that in the cubic regression, the MSE is lower for

both the sand and Pima soil. No significant difference in the MSE was observed for

Casa Grande soil.

In general, the agreement of a regression model with experimental data can

increase at the expense of increasing the number of fitting parameters. However, the

increase of the number of parameters might also be accompanied by an overfitting of

the model. To compare the three-parameter model with the cubic polynomial, the

Akaike Information Criterion (AIC) is applied to the TDR calibration [Sakamoto et

al., 1986]. This criterion is expressed as:

AI C (k) = —2 l( k) + 2k (4.12)

where, /(9k) is the maximum log likelihood of the model and k the number of free

parameters of the model. A model which minimizes the AIC is considered to be the

most appropriate. This implies that if several models are available and their values

of maximum likelihood are at about the same level, we should choose the one with

the smallest number of free parameters. For the normal distribution, the maximum
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Table 4.3. TDR Calibration for Three soils

Pima
Cubic polynomial 9, = 2.74 x 10 -5 /-q — 1.75 x 10 -3 /11,2 + 4.81 x 10 -2 Ka — 0.117
Two-parameter 0, = 0.122K .5 — 0.180
Three-parameter 0, = 0.894K,,°.158 — 1.07

Casa Grande
Cubic polynomial 19, = 3.34 x 10 -5 K — 1.97 x 10 -3 Ka2 + 4.99 x 10 2 Ka — 0.140
Two-parameter 0, = 0.122K .5 — 0.200
Three-parameter 0, = 1.04K2 .139 — 1.23

Sand
Cubic polynomial 0, = 3.08 x 10 -5 /-q, — 1.52 x 10 -3 /q, + 3.91 x 10 -2 /fa — 0.0493
Two-parameter 61, = 0.114/C .5 — 0.142
Three-parameter 0, = 0.130K . ' — 0.164
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Table 4.4 Fitting Comparison Among Cubic polynomial, Two-parameter and
and Three-parameter Models

Medium Regression index
Regression type

Cubic polynomial 2-parameter 3-parameter
sample size 428 428 428

Pima MSE 5.31 x 10 -5 1.31 x 10 -4 4.95 x 10 -5

AIC -2988.5 -2606.4 -3020.2
r2 0.9957 0.9894 0.9960

sample size 372 372 372
Casa Grande MSE 5.06 x 10 -5 1.08 x 10 5.23 x 10'

AIC -2614.3 -2337.1 -2603.5
r 2 0.9945 0.9882 0.9943

sample size 1311 1311 1311
Sand MSE 1.99 x 10 -5 1.84 x 10 -5 1.80 x 10 -5

AIC -10458 -10565 -10591
r2 0.9984 0.9985 0.9985
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log likelihood of the model is

/(k) = — 721 /n[27/3-2] — 71 (4.13)

where, n is sample size and 6-2 is the residual variance which is equivalent to the

mean square error (MSE). The calculated AIC values are presented in Table 4.4.

Upon evaluating a model, according to Sakamoto, [1986], it is the difference between

AIC values that matters and not the actual values themselves. Therefore, for each

medium, the numbers of AIC value in the front of the decimal point were all included

in Table 4.4 for comparison among two-parameter, three-parameter and cubic poly-

nomial regressions. The k value in Equation (4.12) was chosen as 3, 4 and 5 for

the two-parameter, three-parameter models and third order polynomial, respectively

(regression coefficients plus the variance as free parameters). For the Casa Grande

soil, the AIC values from the cubic and three-parameter models are less than that

of the two-parameter model, indicating an improved fit. Slight differences are ob-

served between the cubic and three-parameter models, leaving a marginal argument

for further study. However, for the sand, the two-parameter form is superior to the

cubic polynomial, but the three-parameter model is the best. Also, for Pima soil,

the three-parameter model was proved to be the most appropriate.

4.5 Conclusions

The experimental observations from different TDR calibration methods

demonstrated that the three-parameter model is optimal. For the sand, the TDR

probes were horizontally installed in horizontal planes, and an a was close to 0.5. For

the Pima and Casa Grande soils, the TDR probes were vertically positioned and the
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a values were about 0.15. This result is consistent with the model description that

a is 0.5 only for an isotropic medium [Birchak et al., 1974; Roth et al., 1990]. When

the TDR probe is vertically inserted into the column, even though the soil itself is

homogeneous and isotropic, the electric field can be perpendicular to soil layers with

different water contents. In such cases, it can be anticipated that the fitted a value

should be less than 0.5. Therefore, Equation (4.8) is the best choice for the TDR

calibration where a medium is not isotropic or a gradient of water content exists

along TDR probes. Otherwise, a two-parameter calibration between Ov and /C. 5 is

preferable with the assumptions that both the soil and the moisture distribution are

isotropic.

The "universal polynomial" approaches a straight line when the curve is plot-

ted with 0, versus Ka°.5 and the third-order polynomial regression is not necessary.

Therefore, the popular "universal equation" can be replaced by a two-parameter

calibration between O, and Kr. For a specific instrument and wave guide, this is

equivalent to 0, as a linear function of travel time.
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CHAPTER 5

DERIVED FUNCTIONS OF TDR FOR SOIL MOISTURE

MEASUREMENT

5.1 Abstract

This paper gives a systematic framework for evaluating time domain reflec-

tometry (TDR) response of soil. TDR measures the soil composite dielectric constant

(Ka ); thus, any factor that has an influence on Ka measurement can affect soil mois-

ture determination. Based on known dielectric constants of air, soil, water and ice,

as well as volumetric fraction of each phase in a bulk soil, functional relationships

between volumetric water content (0,, crr 3/cm 3 ) and Ka are derived in the form of

= a/f,r + b. In general, the TDR functions derived from this study are in good

agreement with the "universal equation" developed through experiments by Topp et

al. [1980] and other available TDR calibration data. This paper demonstrates that

(1) soil solid and porosity have little effect on dielectric constant measurement; (2)

temperature has a minor influence except for very wet soils; and (3) surface area is

an important factor affecting the water content measurement.

5.2 Introduction

85

In order to determine soil water content from the measured dielectric constant

(Ka ) by time domain reflectometry (TDR), scientists have tried to establish a physical
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model to reveal the relationship between the composite dielectric constant of a soil

and the individual phase dielectric constant of the bulk soil medium. Soils are very

complicated mixtures. Accordingly, the theoretical models for calculating Ka have

become very sophisticated. These include the effective medium theory [Alharthi and

Lange, 1987], the Maxwell-De Loor model [Bohl and Roth, 1994; Dobson et al., 1985;

Dirksen and Dasberg, 1993], and the self-similar model [Sen et al., 1981].

To calculate the dielectric constant (K) of a mixture of two or more sub-

stances, the dielectric mixing law was developed. The K of a mixture depends on

not only the volume fraction and the dielectric constant of each substance in the

mixture, but also geometric distribution and relative direction of each substance. In

fact, particle shapes and orientations in a mixture are very critical in controlling

effective dielectric constant. As a consequence, rigorous solutions can be obtained

only for certain specific cases: regularly shaped particles in an oriented pattern. For

example, in a mixture of two substances, the composite K can be calculated from

the known dielectric constants (K1 and K2 ) of two substances in the following form:

Ka = pK + (1 — p)/q (5.1)

where p and 1 — p are volume fractions for components 1 and 2. For the case where

the component particles are plates with their interfaces parallel to the direction of

the applied electric field a = 1. The value changes to a = —1 for the case where their

interfaces are perpendicular to the direction of the electric field. For a mixture of

irregular shaped particles, an exact theoretical solution becomes impossible because

the geometry of a mixture is very complicated with relation to the direction of an

electric field. As a result, a variety of methods have been proposed for calculating

the effective K, including a = 0.5 for Equation (5.1) [Sherman, 1968; Brown, 1956].
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Birchak et al. [1974] first introduced the two-phase (water and particles)

mixing model into soils for moisture determination and derived a = 0.5 based on

the optical path length of a single electromagnetic ray. They named it the index

of refraction mixing model. Rau and Wharton [1982] obtained the same value of a

through a different approach. Alharthi and Lange [1987] extended Equation (5.1)

with a = 0.5 for three components (soil, water and air) and referred to it as the

square-root equation (SRE).

Roth et al. [1990] emphasized the physical meaning of a in mixing models.

They expressed the three-phase mixing model as

Ka = (OvK:ater + OWL/id + °OKI ) 1/a

 
(5.2)

where 0 (cm3 /cm3 ) is soil porosity, and 1 — 0 and q5 — O, are the volume fractions for

solids and air, respectively. K50ld , K„ater and Ka ir are the dielectric coefficients for

soil solid, water and air in a bulk soil medium. a is a geometric shape factor related

to the isotropic property of the medium. For an isotropic soil, the best-fitting value

of a is 0.46 (close to 0.5) [Roth et al., 1990]. The refractive index model [Whalley,

1993] is actually a special case of the three-phase mixing model where a is equal to

0.5, i.e.

= 0,(K:c5, i„ — 1) + 12±(K:311 —1) + 1
Ps

(5.3)

where (1 — 0) in Equation (5.2) is replaced by Nip s (the ratio of soil bulk density to

soil particle density) and the value of K, is taken as 1.0.

However, it has been observed that, at the same water content, lower dielectric

values were found for fine-textured soils, suggesting that water molecules close to

clay surfaces (bound water) are less mobile than free water. To account for this, a
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four-phase mixing model was developed [Dobson et al., 1985; Dasberg and Hopmans,

1992]. The water is divided into two phases -- free water, Of,„ with dielectric constant

Kwater and bound water, Ob„, with dielectric constant Kb:

Ka = — Ob„)K:at„ Obv,Kgi, + (1— 0) 1(Lud + (4) — 9)K 11 /a (5.4)

Topp et al. [1980] chose another approach to interpret TDR measurement

-- experimentally determine the relationship between O, and TDR response. They

demonstrated that Ka is strongly dependent on O. Furthermore, they showed Ka

to be almost independent of soil density, texture, salt content and temperature.

Therefore, they experimentally developed a "universal equation"

0, = —5.3 x 10 -2 + 2.92 x 10 -2 k — 5.5 x 10 -4k2 + 4.3 x 10 -6 /11,3 (5.5)

It is this equation that makes TDR a powerful tool for measuring soil water content

rapidly and reliably. Though this equation may be replaced by an even simpler

form, 0, = 0.1181 1C .5 — 0.1841 [Ferre et al., 1996] or 0, = 0.112/q .5 — 0.160 [ Yu

et al., 1997], the "universal equation" is of great significance for popularizing TDR

application to soil moisture measurement.

The purpose of this study is to explore the effects of soil solid, porosity, tex-

ture, temperature and heterogeneity on soil moisture measurements. We do this by

expressing TDR functions as 0, = aka b and calculate their response under a vari-

ety of soil conditions. These TDR functions, based on the mixing models, are derived

from published dielectric constants of minerals, water, air and ice. To validate these

TDR functions, we compared them with the available experimental calibrations, in-

cluding equations from Topp et al. [1980]. In addition, we discussed the possible

limitations of these derived functions.
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5.3 Derived TDR Functions for Water Content

Mixing models can be rearranged to make 0, a function of dielectric coeffi-

cients, i.e, in the form of 0, = aKaa d-b. The rearrangement of Equation (5.2) results

in

1	 (1— 0)KLiid+ OKZr = 	0, 	 Ka
KZater. — air a 	/.(Zater	 K:ir

Similarly, Equation (5.4) can be expressed as

1	 (1— 0)-kTolid+ 	Obw(1-17g 	 KZater)	Ka
Ka	 — Ka. a	 /1"Zaterwater	 a i r

However, for 0, < Ob„, Kwater, a function of 0„ or Ka , can be estimated using the

similar method of Brandelik and Krafft [1996]:

(5.6)

(5.7)

Kwater	 80.2 — (80.2 — 3.2)exp(
Ka 

1000tran
(5.8)

where 80.2 and 3.2 are dielectric constants for the free water (20 °C) and the first-

layer bound water, respectively; Otran (CM3072 3 ), the transition moisture content

[Newton, 1977], is about 1 to 2 times of Ob„ depending on the definition of Obw or the

number of layers of water molecules used.

To use Equations (5.6), (5.7) and (5.8), values for the the different dielectric

constants are needed. Kam and Kwater can be obtained from Lide and Frederikse

[1996], but Ksoka varies depending on types of soil minerals. Information on Ksohd

can be found from Alharthi and Lange [1987]. We start with the effect of K solid on

the TDR relationship. At 20°C, Kwater = 80.2 and Kai, = 1.0. For ck 0.45, a = 0.5

and Nu, 0, the effect of Ksoiid on TDR coefficients is illustrated in Table 5.1. For

comparison, these functions are plotted in Figure 5.1 along with Equation (5.5) [ Topp

et al., 1980]. Figure 5.2 shows the effect of soil porosity on TDR functions for the
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Table 5.1. Effect of Ksolid, porosity and surface area on TDR coefficients

Values of intercept b (0, = 0.1257K .5 + b)
effect of K8012da effect of 0 (porosity) b effect of S (surface area) c

K solid b
(3-phase)

0 b
(3-phase)

b
(4-phase) d

S
(m 2g -1 )

b
(4-phase)"

3.0 -0.1763 0.25 -0.2422 -0.2028 0 -0.2112
3.5 -0.1859 0.30 -0.2345 -0.1951 25 -0.2013
4.0 -0.1948 0.35 -0.2267 -0.1873 50 -0.1915
4.5 -0.2032 0.40 -0.2189 -0.1795 75 -0.1816
5.0 -0.2112 0.45 -0.2112 -0.1718 100 -0.1718
5.5 -0.2187 0.50 -0.2034 -0.1640 125 -0.1619
6.0 -0.2259 0.55 -0.1956 -0.1562 150 -0.1521
6.5 -0.2328 0.60 -0.1878 -0.1485 175 -0.1422
7.0 -0.2395 0.65 -0.1801 -0.1407 200 -0.1324

0 0 = 0.45, K = 1.0 and Kwater (20 ° C) = 80.2
b Ka ir = 1.0, Kwater (20°C) = 80.2 and Ksotid = 5.0
cKbu, = 3.2, S = 100 m 2 9 -1 and 1 = 1 layer
dfor Ov > Obw
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three-phase model. The coefficients of TDR functions for both the three-phase mixing

model [Equation (5.6)] and the four-phase mixing model [Equation (5.7)] are listed

in Table 5.1.

To consider the effect of soil texture on TDR calibration, the four-phase model

is used. In this model, Kba, is 3.2 [Dasberg and Hopmans, 1992] and the volume

fraction of adsorbed water is calculated from [Dirksen and Dasberg, 1993]

Ob„ = 16pbS (5.9)

where I is the number of layers of water molecules adsorbed on the soil particles, S

is the thickness of one layer of water molecules and S is the specific surface area.

For a given 6 and S of 3 x 10 -10m and 100 m 2g -1 , respectively, the effect of S

is shown in Table 5.1. The density, Pb = 1.46, is derived from Pb = (1 — çb)p s =

(1 — 0.45) x 2.65. The value of I is chosen to be 1, the lower limit of bound water.

Figure 5.3 demonstrates the effect of bound water (or specific surface area) on the

relationship between 0, and Ka .

Finally, the effect of temperature on TDR calibration was studied. Ka ir is

almost independent of temperature. For instance, the dielectric constant of saturated

vapor changes only from 1.001 to 1.006 for a temperature change from 0°C to 50°C

[Lide and Frederikse, 1996]. The sensitivity of K „iid to temperature is also minor.

Thus, the effect of temperature on TDR calibration is dominated by the influence

of temperature on K„ater • The relationship between Kwater and temperature can

be obtained from Lide and Frederikse [1996] and Archer and Wang [1990]. The

calculated coefficients corresponding to change in temperature are listed in Table 5.2

for both the three-phase mixing model and the four-phase mixing model. Figure 5.4

shows the influence of temperature based on the three-phase mixing model.
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Table 5.2. Effect of temperature on TDR coefficients

Coefficients of 0, = aK .5 b

T
(°C)

Kwater a
(three-phase)a (four-phase)b

0 87.9000 0.1194 -0.2006 -0.1610
5 85.9000 0.1209 -0.2032 -0.1636

10 83.9600 0.1225 -0.2058 -0.1663
15 82.0600 0.1241 -0.2085 -0.1690
20 80.2000 0.1257 -0.2112 -0.1718
25 78.3800 0.1273 -0.2139 -0.1746
30 76.6000 0.1290 -0.2167 -0.1774
35 74.8600 0.1307 -0.2195 -0.1803
40 73.1700 0.1324 -0.2224 -0.1832
45 71.5000 0.1341 -0.2253 -0.1862
50 69.8800 0.1359 -0.2283 -0.1892

a lk = 0.45, Ka i r = 1.0 and Ksotid = 5.0
bfor 8, > O . K bw = 3.2, S = 100 m 2 g -1 and 1 = 1 layer
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5.4 Discussion

5.4.1 Effect of Soil Solid (K„hd)

The results from Table 5.1 and Figure 5.1 are very encouraging. Given that

= 0.45, S is small, a = 0.5, and T = 20°C, the fitted Ksoiid to Equation (5.5) [Topp

et al., 1980] is 5.25, which is very reasonable according to Alharthi and Lange [1987]

and Bohl and Roth [1994]. The average of published values for K solid is 5.0 [Dirksen

and Dasberg, 1993]. The results show that soil solid changes only the intercepts

of calibration curves at a given O. A K solid lower than 5 for a soil results in a

lower calculated 0, using Equation (5.5). The reverse is also true. Fortunately,

dielectric constants of soil solids vary within a very narrow range (4 to 7) [Alharthi

and Lange, 1987]. As a result, the maximum absolute error in O, is no more than

0.03 if K so i td = 5.0 is used (see Figure 5.1). This result is in agreement with the

experimental results from Lundien [1971]. He observed that soil solid has little effect

on the values of measured Ka . The great utility of TDR is largely due to the fact

that a variety of soil minerals have similar values of dielectric constants and these

constants are considerably lower than the dielectric constant of water.

5.4.2 Effect of Porosity (0)

Figure 5.2 shows a minor effect of porosity (0) on 61, determination. For

example, at a given temperature (20°C), the change in 0 from 0.35 to 0.55 brings not

more than a 0.04 variation to O. This result is in agreement with the experimental

outcome from Topp et al. [1980] in which they found a 9% change in bulk density

of Rubicon sandy loam soil had no measurable effect on Ka . The influence of 0 on
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TDR relationship is also affected by K solid • A large Ksoud exaggerates the differences

caused by 0.

5.4.3 Effect of Specific Surface Area (S)

Figure 5.3 demonstrates the influence of specific surface area (S) on the rela-

tionship between Ka and O. The effect of S on TDR relationship also can be per-

ceived from the contrasts between three-phase and four-phase mixing models (Tables

5.1 and 5.2). The predicted 0, has three trends. First, at 0, = 0, all soils have the

similar value of Ka (Ka 2.8, the composite dielectric constant of dry soils). Second,

in the low water content range, the slopes of the calibration curves are sharper (more

vertical) up to a transition point (the transition point is a function of soil texture).

Third, for a given 0,, the corresponding Ka values increase as soil texture becomes

more coarse (S decreases). Accordingly, these three trends have been found experi-

mentally by several researchers [Newton, 1977; Wang and Schmugge, 1980; Topp et

al., 1980; Dasberg and Hopmans, 1992; Vogeler et al., 1996; Hook and Livingston,

1996]. For example, Newton [1977] observed these trends through experimental cali-

brations for 18 soils. Topp et al. [1980] observed that both vermiculite and organic

soil showed little measurable change in Ka until 0, was greater than 0.10, and Das-

berg and Hopmans [1992] noticed that measured Ka values of a fine-textured soil were

significantly lower than those of coarse-textured soil at equal water-content values.

All these results indicate that the first few molecular layers of water are different

from free water.

The similar behavior should be seen in organic soils, since organic soils may

have a high S similar to soils with high contents of 2:1 clay minerals. We hypoth-
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esize that it is the increased surface area of soil organics that contributes to the

disagreement of calibrations between mineral soils and organic soils. As the surface

area increases, the fraction of bound water increases. With coarse materials (small

S), Equation (5.5) is "universal" for 0„ determination. However, when dealing with

fine soils containing a higher fraction of clay or organic matter, S can be more than

100 in 2g-1 and the deviation from Topp et al. [1980] can be significant (see Figure

5.3). In such cases, a model which takes bound water into account may improve

the precision of measurement. These results explain why the TDR measurement is

not sensitive at low water contents for fine-textured soils; for O„ < 0b,„ the dielectric

constant of water is similar to that of soil minerals.

5.4.4 Effect of Temperature (T)

Figure 5.4 demonstrates the effect of temperature on TDR calibration. It is

clear that the effect of temperature on the relationship between Ka, and 0, is minor. In

fact, temperature does not alter the calibration curves for lower water contents (0, <

0.20). Newton [1977] did not observe significant effect for temperature over the range

of 15°C to 30°C. The maximum variation in 0„ caused by the change of temperature

occurs in saturated soils since, in this stage, water becomes the predominant phase

controlling the dielectric constant values of mixtures [Lundien, 1971]. The overall

tendency, for a given soil with a certain 0„, is that the calculated Ka decreases with

temperature increasing. As a consequence, the measured 0„, for a given Ka is lower at

a higher temperature. There is only a 0.03 absolute error in 0„ for a 40°C temperature

change at 0„ = 0.325. Pepin et al. [1995] concluded that in general, temperature has

a small effect on Ka and this effect can be significant only for wet soils.
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5.4.5 Possible Limitations

Permittivity is a term of describing the material behavior in the electromag-

netic field. The permittivity consists the real part called the dielectric constant and

an imaginary part called the loss factor representing the loss of energy in the ma-

terial. Kraszewski [1996] extended the imaginary part as effective loss factor which

includes all possible losses.

The TDR frequencies range from 0.1 to 1.5 GHz according to White et al.

[1994] or from 20 K Hz to 1.5 GHz according to Heimovaara [1994]. In these ranges,

the loss caused by relaxation of free water is not important, but the dissipation due

to conductivity loss at low frequency often is not negligible [Topp et al., 1980; Wang

and Schmugge, 1980; Kraszewski, 1996]. The predicted value of Ka for dry soils

(By = 0) is 2.8. At a frequency of 0.5 to 4 GHz, the measured Ka is consistent with

the predicted value [Hoekstra and Delaney, 1974; Newton, 1977]. In contrast, the Ka

measured by TDR for dry soils is below 2.8 [Topp et al., 1980; Pepin et al., 1995;

Hook and Livingston, 1996]. Thus the derived functions may fail in clay rich or saline

soils. Because conductivity is also sensitive to temperature, the derived functions,

which consider only K„ater and O, may be limited to only low conductivity soils.

In addition, water molecules attached to those of the dry material have lower

rotational mobility than molecules of liquid water, thus, the permittivity of bound

water is different from liquid water [Topp et al., 1988; Kaatze, 1996]. At a lower

water content, the ratio of bound water to free water is higher and relative loss to

interfacial polarization is larger. The conductivity and interfacial polarization could

be the explanation that for O, lower than 7% (see Figures 5.1 to 5.4), the derived

TDR functions based on free water dielectric constant fail to predict the relationship
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of Ka and 0„, i.e., for a given 0,, the predicted Ka is larger than measured Ka . This

difference reaches its maximum as O, approaches zero.

TDR measures apparent permittivity (Ka ). The relationship between Ka and

K, the real part of permittivity, can be expressed as [White et al., 1994]

Ka = K r+ (1+ tan 2 8) 0.5 1
(5.10)

2

The tan b is the ratio of dielectric loss to dielectric constant and is O dependent

[Newton, 1977; Wang and Schmugge, 1980; Kraszewski, 1996]. At 1.4 GHz, the

imaginary permittivity increases from 0 to 6 corresponding to a change in O, from

0.0 to 0.45 [Newton, 1977]. Since tancS can be significant for soil near saturation,

measured Ka can be larger than calculated Ka based on dielectric constants. This

could be a reason that the "universal equation" diverges from the predicted functions

(see Figures 5.1 to 5.4). Therefore, it is necessary to consider empirical calibration

curves for 0, determination at 0, approaching zero or saturation.

An uneven distribution of water in the soil can cause artifacts in TDR mea-

surements. Hokett et al. [1992] experimentally investigated the effect of water-

content variations on accuracy of TDR measurement. In their experiments, TDR

measurements were made from two rods, with one rod in wet sand and another in

dry sand. Their data were converted to volumetric water content using the equation

of Topp et al. [1980]. Their results show that the dry side influences the measure-

ments more than the wet side. This implies that the a value in such a case should

be larger than 0.5. Hudson et al. [1996] installed their TDR probe horizontally,

with three rods aligned vertically, to measure the water content inside a flow cell

with a wetting front moving upward. Under such a condition, they could not use

the universal equation [Equation (5.5)]. Instead, they noticed that the linear cal-
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ibration relating 0, to Ka was much more appropriate. Their calibration result,

0, = 0.0221Ka — 0.0134, demonstrated experimentally that a was close to 1 when

the TDR rods, in a vertical plane, straddle the boundary between wet and dry soils.

Young et al. [1997] inserted their TDR probe vertically into soils packed inside a

column. Their TDR calibration by the upward infiltration method produced a value

of a < 0.16 by fitting the data in the form of 0, = aI +b [Yu et al., 1997]. Ferre et

al. [1996] has pointed out that water contents are underestimated if water contents

vary along probes. These artifacts can be exaggerated by difficulties in interpreting

signals [Dasberg and Hopmans, 1992; Nadler et al., 1991]. Therefore, the predicted

functions cannot be used to measure the soil where a sharp boundary exists dividing

a dry soil from a wet soil.

5.4.6 Comparisons with Other TDR Functions

Alharthi and Lange [1987] have presented the TDR calibration curves in the

same form as we use here. For sandy soils at 23°C, they showed 0, = 0.128K .5 —

0.204. This equation is very close to our equation predicted for sandy soils at 20°C

with K so l 2d 4.5 (see Table 5.1).

Newton [1977] showed that Otran i a function of the soil texture. To verify the-s

derived functions for different soil texture, we used experimental data presented in

his Table II-5 for the sand, loam and clay samples and Table II-4 for Otran•

exhibits the fitting results. For 0, < O t Equation (5.6) was applied with Ku,ran, ater

estimated by Equation (5.8); For 0, > Otranl Equation (5.7) was used. The simulated

O b„, are 0.056, 0.143 and 0.178 with the assumption of 0 -= 0.35, 0.40 and 0.45 for

sand, loam and clay, respectively.

Figure 5.5
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Spaans and Baker [1995] examined the use of TDR for measuring liquid water

content in frozen soil. Their calibration results were 0, = 0.1161K 5 —0.1747 in wet,

frozen Waukegan silt loam and 0, = 0.1154K 5 —0.1498 in dry, frozen Waukegan silt

loam. The functions we predicted for 0 degC were 0, = 0.1194Ka' .5 — 0.2006 from the

three-phase mixing model and 0, = 0.1194K0Œ5 — 0.1610 from the four-phase model

with the assumption S = 100 m 2g-1 and 1 = 1 layer (see Table 5.2). Figure 5.6

shows the tendency of these equations. The four-phase model could have a better

fit to experimental calibration for the wet silt loam if we adjusted S to a smaller

value. The expected slope for 0 degC should be slightly higher than the measured

because they did their calibration over a temperature range of —12°C to 5°C (-3.5°C

average).

Pepin et al. [1995] investigated temperature-dependent measurement of TDR

for soil water determination. To test and compare the predicted functions for

temperature-dependence, we use the three-phase mixing model for the sand and

the four-phase mixing model for the peat. For comparison, the predicted functions

are calculated in the form of Kac' .5 = c iT c2 according to Pepin et al. [1995]; where

c1 and c2 are constants and T is the temperature in °C. For the sand sample, the mea-

sured 0, was 0.294 (gravimetric measurement) or 0.322 (TDR measurement) from

Table 5.1 of Pepin et al. [1995]. The calculated 0 = 1 — ph i p9 ) for sand based on

the given information was 0.336. Using these data, the effect of temperature on K.

determination for the sand is plotted in Figure 5.7a, where the lines with symbols

are the measured relationship given by Pepin et al. [1995] from the short probe

(Kr = —0.00508T + 4.33) and the long probe (K .5 = —0.00659T 4.48). The

lines without symbols are the results predicted by this study based on 0, = 0.322
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(Kcr = —0.0063T + 4.4061) and 9, = 0.294 (K• = —0.0060T + 4.2806). the

comparison for the peat. The measured (Ka' = —0.01071T+7.62) and the predicted

(Kr = —0.01742T + 7.76) results by Pepin et al. [1995] are also plotted. The solid

line (Ka' —0.0159T +7.716) represents the derived function from this study based

on 0, = = 0.81 (saturated peat). The estimated Nu, is 90 m 2g-1 . The predicted

function from this study shows a closer fit to the experimental data.

5.5 Conclusions

The TDR functions derived in this paper provide useful information for TDR

users. Though these functions are simple, the predicted tendency is comparable to

that obtained from empirical calibrations. This study confirms that generally, (1)

soil solid has little effect on the apparent dielectric constant measurement; (2) the

effective dielectric constant of a soil is almost independent of soil porosity (or bulk

density); and (3) temperature has a minor influence except for very wet soils. A

brief summary is given in Table 5.3. All these results have the same trend with

experimental results from Topp et al. [1980], Alharthi and Lange [1987], Newton

[1977], Spaans and Baker [1995] and Pepin et al. [1995].

Additionally, this paper has demonstrated that the bound water fraction in a

clay-textured soil is a significant factor affecting the O z, determination. The "universal

equation" underestimates water contents for clay-textured soils and organic soils.

Therefore, it is not appropriate to use Equation (5.5) for soils with a large specific

surface area. Also, this paper discussed the possible limitations of these derived

functions. It would be more practical for TDR users to calculate their own predicted

functions according to Equations (5.6) to (5.8) using known or estimated information.



Table 5.3. A general summary of the effects of each variable on

0, determination

Variable Effect on 0, Determination

K solid Soil solid has little effect on measured O.

Sb Soil porosity (or bulk density) has little effect on measured 0,.

S Surface area (and consequently, soil texture) is an important factor af-
fecting 0, measurement. The "universal equation" underestimates water
contents for soils with large S. TDR has limitations for such soils at low
water contents (By < Obw)•

T Temperature has a minor influence except for very wet soils.	 For wet
soils, the measured 0, is lower at a high temperature.

a A sharp boundary of two different 0, (e.g., a saturated soil against an
air-dried soil) within the TDR measurement domain can affect the 0,
determination significantly. The measured value can be lower or higher

depending on the relative orientation of the boundary to TDR probes.
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CHAPTER 6

A MOMENT METHOD FOR ANALYZING BREAKTHROUGH

CURVES OF STEP INPUTS

6.1 Abstract

In order to obtain transport parameters from experimental data, the inverse

problem of the convection-dispersion equation needs to be solved. Using moment

methods, transport parameters such as pore water velocity and the dispersion coef-

ficient can be determined directly. This paper presents a new and simple moment

method for analyzing breakthrough curves of step inputs. The parameters obtained

from this moment method show negligible differences from the parameters fitted to

an analytical solution of convection-dispersion equation. In addition, moment meth-

ods for delta, finite-pulse and step inputs are discussed. This moment method can

be extended to use for the experimental data collected under a large pulse.

6.2 Introduction

To model solute movement through porous media, the convection (or advec-

tion) dispersion equation (CDE) is often used. The CDE describing axial dispersion

of a conservative solute flow through a soil column under steady state condition is:

ac 
D

a 2 c 	ac
at	 a2z	 az (6. 1)
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where C is concentration; D is the dispersion coefficient (cm 2 min -1 ); y = qI0, the

average pore-water velocity (cm min - I); q is the Darcy water flux (cm min - '); 0 the

volumetric water content (cm3 cm -3 ); z is the distance downward (cm) and t is time

(min). Equation (6.1) is satisfied by both a "residence" and a "flux" concentration

[Jury and Roth, 1990].

To obtain y and D for prediction of solute movement through a porous

medium, column or field solute transport experiments are often performed to yield

the observation data (breakthrough curves). Based on these breakthrough curves,

two approaches can be used to estimate y and D. The most popular approach is the

curve-fitting method. This method determines solute transport parameters by mini-

mizing the sum of the squared differences between observed and fitted breakthrough

curves. The CXTFIT code is a representative for this approach [Tonde et al., 1995].

An alternative method to determine transport parameters in porous media is

by moment methods Wakao and Kaguei, 1982; Jury and Roth, 1990; Lezj and Dane,

1991]. By using these methods, a breakthrough curve can be analyzed to obtain the

mean breakthrough time and the degree of spreading. For simplicity, we use relative

concentration and dimensional time for the moment analysis. The nth time moment

of concentration C is defined as:

Trin. =	 tnC(t)dt

The normalized moment is

tnC(t)dt
= 

rno	 C(t)dt

and the nth central moment is

—monc(t)di
[in 	fo— C(t)dt

(6.2)

(6.3)

(6.4)
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If the input signal is a delta function and C is the "flux" concentration, the

expected arrival time (or mean breakthrough time), r, can be directly calculated

from the first moment:

fr tC(t)dt

7(z)	 M1 	fr C(t)dt

The variance /1 2 or second central moment, which is directly related to the dispersion

coefficient D [Kreft and Zuber, 1978; Wakao and Kaguei, 1982; Jury and Roth, 1990;

Leij and Dane, 1991 ] , can be determined from:

fr(t — 7) 2 C(t)dt
/-12(Z) =	 = M2 — MT

fOcx) C(t)dt
(6.6)

The pore water velocity (y) and dispersion coefficient (D) of the CDE can be directly

calculated from the following expressions:

z
(6.7)

D _ /12zv _ 1127) 3

— 27 2 — 2z
(6.8)

Mathematically, these results are for delta input only [Jury and Roth, 1990]; i.e., the

initial and boundary conditions are

C(z, 0) --=--. 0
	

(6.9)

C(0, t) = 8(0
	

(6.10)

C(oo, t) = 0
	

(6.11)

For the moment analysis of a breakthrough curve of a finite-pulse input, Wolff

et al. [1979] considered the CDE under the following initial and boundary conditions:

(6.5)

C(z, 0) = 0	 (6.12)



z
v =

Mi — to /2
(6.16)

(6.17)to \ y
3

D = (1-'2 — —12 ) Ti
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C(0, 0 < t < to ) = 1	 (6.13)

C(0, t > to) = 0	 (6.14)

C(oo, t) = 0	 (6.15)

The y and D of the CDE to a pulse input are:

where to is the time used for a pulse input. However, this method is not good for a

large pulse due to the strong influence of tailing errors on D [Wolff et al., 1979; Wakao

and Kaguei, 1982]. Therefore, it becomes advantageous to divide experimental data

of a large-pulse into two sets of breakthrough curves under two step inputs: step

increase and step decrease.

The initial and boundary conditions for a unit step increase input are:

C( z , 0) = 0 (6.18)

C(0, t) = u(t) (6.19)

C(co, t) = 0 (6.20)

The unit step function is defined by

t < t o
u(t — t o) =	 { 03_ > tot 

(6.21)

Leij and Dane [1991] analyzed breakthrough curves under step inputs. They re-

defined time moments as:

00
mn = f t'Il — C(t)]dt

o
(6.22)
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This definition was established using the complementary concentrations. No explicit

solutions were derived for y and D. The expressions for M1 and ii 2 are:

D z

M1 = 72 + Ty

3D 2 	zD	 z2
112

= y 4 + y3 + 121) 2

(6.23)

( 6 .24)

All of the above moments follow from solutions in the Laplace domain and

the property of the Laplace function:

dn(s) Aln = ( -1 ) n [ dsn	Lo
(6.25)

where s is the variable in the Laplace domain and 48) is the CDE solution in the

Laplace domain. The purpose of this paper is to demonstrate a moment method

for the step-input through a different approach. The solutions for M1 , p 2 , y and D

are simple and explicit. The parameters obtained from this new method show only

negligible differences with parameters obtained from an analytical solution of the

CDE using CXTFIT.

6.3 The Time Moment Method for Step Inputs

To analyze the breakthrough curves from a step input, we compared initial

and boundary conditions for a delta input (Equations 6.9-6.11) and a unit step input

(Equations 6.18-6.20). From a mathematical point of view, a delta function is the

derivative of a step function. The mathematical expressions for the delta function is

8(t — to) = 0	 t � t o 	(6.26)

f
.

.1_008(t - todt , 1 (6.27)



The delta and unit functions are related by [Jury and Roth, 1990]

d[u(t — to)] 
dt	

, j(t — to)

115

(6.28)

If two inputs are related by a linear operator, the outputs will be similarly

related. Consider two sets of breakthrough data (see Figure 6.1), C1 and C2 obtained

at the same location but in response to a step input (Figure 6.1a) and a delta input

(Figure 6.1b), respectively. If the only difference between C1 and C2 is the method

of introducing the tracer, then C 1 will be related to C2 by

ac1

at (6.29)

This concept and mathematical expressions have already been used by Danckwerts

[1953], Himmelblau and Dischoff [1968], Jury and Roth [1990], Kachanoski et al.

[1992] and Elrick et al. [1992].

As shown by Equation (6.29), the derivative of the breakthrough curve ob-

tained from a step input can be treated as the breakthrough curve obtained from a

delta input. This can be used for moment analysis. The first moment (M1 ) which is

the exact mean breakthrough time (r) for the step input can be expressed as:

	r oo as_i' .dt	 t dC	at -	 0= T fo" T-dt = fc; dci  
t dci (6.30)  

because

L
1	 {+1	 for step — increase

dC i =

	

—1	 for step — decrease
(6.31)

The second central moment which is equivalent to the variance from a delta input is: 

0 ac,(t - 	 dt
Jo Ot 

fo i

(t — M1 ) 2 dCi /22 - (6.32)          
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Figure 6.1: The relation between input functions and response functions for (a) step
input and (b) delta (or impulse) input.
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The moments for step input can be expressed as integrals with respect to concen-

tration, unlike the moments following from a delta input which are integrals with

respect to time. This method could be used to determine higher order moments,

but this was not necessary for our experiments. After calculating M1 and L2 2 from

a breakthrough curve for step input, the y and D can be obtained from Equations

(6.7) and (6.8).

6.4 Experimental Method

6.4.1 Column Experiments

Solute transport experiments were conducted in a stainless steel column 104.5

cm in length and 9.8 cm in diameter (inside). The column was packed with silica sand

ranging from 53 pm to 425 ,um as determined by wet sieving. Ten identical three-wire

TDR probes with a length of 5 cm were inserted horizontally at heights of 6.5, 18.0,

30.5, 42.5, 54.5, 67.0, 79.0, 89.0, 94.0 and 100.5 cm from top to bottom. The three

wires, 1 mm in diameter, were designed in one plane with the middle wire separated

from others by a distance of 6 mm. Two 40 pm porous plates, made of stainless steel

(Mott Metallurgical Corp, Farminto, Connecticut), were placed on both ends of the

column. These porous plates, which have similar hydraulic conductivity as the silica

sand, were used to prevent packed sand from moving while allowing water to flow

freely.

A tracer solution, 35 mM NaCl solution, was used to conduct solute trans-

port experiments. To avoid possible molecular diffusion or double-layer effects on

the transport experiments [ Vogeler et al., 1996], 20 mM NaCl was used as the back-

ground solution since a concentration greater than 10 mM is necessary for an ionic
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tracer to behave conservatively [Seaman et al., 1995]. Tracer and background solu-

tions were connected to an HPLC (high-performance liquid chromatography) pump

through a three-way switch. Ten NaCl breakthrough curves were measured using

the horizontally installed TDR probes at ten locations along the column.

Prior to application of the tracer solution, the background solution was deliv-

ered to the top of the column at a constant flow-rate until steady-state flow conditions

were established. Then, tracer solution, without any interruption, was switched on

to maintain the same flow condition. After more than two pore-volumes of tracer

solution (8 to 10 liters), background solution was switched back to maintain the same

constant flow for at least two pore volumes.

6.4.2 Converting TDR Impedances to Resident Concentrations

The principle of using TDR for monitoring solute transport is that TDR

can measure an impedance change due to a change in concentration of pore water

solution. The value of impedance can be obtained by making use of the amplitudes

of the TDR waveform corresponding to the electromagnetic wave traveling along a

TDR probe. Inserted in the soil, TDR measures the resident concentration which is

directly related to the bulk soil electrical conductivity, ECb . For this research, we

used unbalanced three-wire probes. These probes have the advantage of producing

a clear trace so that the waveform can be interpreted more easily [Whalley, 1993;

Knight et al., 1994; Zegelin et al., 1989].

To avoid the error caused by converting an impedance value into a resident

concentration, the relative resident concentration is used for this study. Consider a

column transport experiment where a tracer solution of concentration C, is applied
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to the soil column after the establishment of a steady-state flow using a background

solution with concentration C. The resident concentration C(z, t) then becomes a

function of time and location along the column. The relative concentration c(z, t) is:

C ( z , t ) — Ci 	ECb(z,t) — [ECb]i 
c(z,t) =

C, — C,	 [ECb], — [ECdi
(6.33)

The bulk resident concentration (ECb ) is proportional to the reciprocal of impedance:

ECb --,- a + bZ 	 (6.34)

where, a and b are constants [Kachanoski et al., 1992; Mallants et al., 1996; Risler

et al., 1996]. For a given location, the relative concentration c(t) can be rewritten:

c(t) =
	 [Z(0] -1 — [max(Z(t))] -1 

[min(Z(t))] -1 — [max(Z(t))]-1-	
(6.35)

6.5 Results and Discussion

To verify our moment expressions for step inputs, i.e., Equations (6.30) and

(32), CXTFIT was used to predict breakthrough curves with the first type boundary

condition using varying parameters (see Table 6.1). The solution of Equation (6.1)

subject to Type 1 boundary condition results in a "flux" concentration. Then, ac-

cording to Equations (6.30) and (32), M1 and ,a 2 were calculated by integrating the

breakthrough curves using a trapezoidal rule. Parameters y and D were determined

by Equations (6.7) and (6.8). These values (7, tt 2 , y and D) are presented in Table

6.1. It can be seen that for the At we used (see Table 6.1), T and y are identical

to the input parameters for CXTFIT. The calculated D has relative error less than

0.4%.
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Table 6.1. Comparison between predicted and calculated parameters'

Input
parameters b

z (L) At (T) y (L T -1 ) D (L2 T -1 )
10
50
100
200
500

0.25
0.50
0.80
1.20
2.00

1.0
1.0
1.0
1.0
1.0

0.1
0.1
0.1
0.1
0.1

T (T) 112 (T 2 ) y (L T -1 ) D (L 2 T -1 )
0.1000 x 10 2 0.2005 x 10 1 0.1000 x 10 1 0.1003 x 100

Calculated 0.5000 x 10 2 0.1002 x 10 2 0.1000 x 10 1 0.1002 x 100

parameters 0.1000 x 103 0.2005 x 102 0.1000 x 10 1 0.1003 x 10 0

0.2000 x 103 0.4012 x 102 0.1000 x 10 1 0.1003 x 10 0

0.5000 x 103 0.1003 x 103 0.1000 x 10 1 0.1003 x 10 0

z (L) At (T) y (L T -1 ) D (L 2 T -1 )
100 0.1 1.0 0.001

Input 100 0.3 1.0 0.01
parameters 100 0.8 1.0 0.1

100 2.0 1.0 1.0
100 7.0 1.0 10.0

T (T) 11 2 (T 2 ) y (LT') D (L 2 7-1 )
0.1000 x 103 0.2008 x 100 0.1000 x 10 1 0.1004 x 10 -2

Calculated 0.1000 x 10 3 0.2007 x 10 1 0.1000 x 10 1 0.1004 x 10 -1

parameters 0.1000 x 103 0.2005 x 10 2 0.1000 X 10 1 0.1003 x 10 0

0.1000 x 10 3 0.2003 x 103 0.1000 x 10 1 0.1002 x 10 1

0.1000 x 10 3 0.2004 x 10 4 0.1000 x 10 1 0.1002 x 10 2

z (L) At (T) y (L T -1 ) D (L 2 T -1 )
100 600.0 0.01 0.1

Input 100 20.0 0.1 0.1
parameters 100 0.8 1.0 0.1

100 0.025 10.0 0.1
100 0.0009 100.0 0.1

T (T) 112 (T2 ) y (L T -1 ) D (L 2 T -1 )
0.1000 x 10 8 0.2003 x 10 8 0.1000 x 10 -1 0.1001 x 100

Calculated 0.1000 x 10 4 0.2003 x 10 5 0.1000 x 10 0 0.1002 x 100

parameters 0.1000 x 103 0.2005 x 10 2 0.1000 x 10 1 0.1003 x 10 0

0.1000 x 102 0.2005 x 10 -4 0.1000 x 10 2 0.1003 x 10 0

0.1000 x 10 1 0.2007 x 10 -4 0.1000 x 10 3 0.1003 x 100

a Four decimal results are given for comparison purposes only
bPredicted by CXTFIT
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To compare our moment method with the solution from Leij and Dane [1991],

y and D were calculated according to Equations (6.22) and (6.23). According to

Equation Equation (6.21), M1 and M2 were determined by integrating the following

expression:

and 122 was calculated from

M(z) = 
	 tn[i — C(t)]clt

foœ[l — C(t)]dt

/22 = 1v12 - (m1 ) 2

(6.36)

(6.37)

then, a quadratic equation was established for D/y 2 based on Equations (6.22) and

(6.23). T, y and D can be solved from D/y 2 according to Equation (6.23) since z is

known. The comparison between these two moment methods is shown in Table 6.2.

For y = 1.0 and D = 0.05, both methods gave good results for varying z values,

though our method gives results closer to CXTFIT than that of Leij and Dane. For

the other three sets of breakthrough data listed in Table 6.1, the method presented by

Leij and Dane failed to give reasonable values due to the method itself. For example,

if M1 /3 is greater than (p 2 /3) 3-5 , this method is not valid.

Figure 6.2 shows ten experimental curves measured by TDR, including the

step-increase and step-decrease inputs (see Figures 6.2a and 6.2b, respectively). For

this experiment, the pumping rate, Q, was 8.01 cm 3 min' with t o = 1835 min for the

tracer solution. The average water content, 0, of the top six layers was 0.267 cm 3 cm'

according to the TDR measurement. Thus, the calculated y (y = Q/(A61,)) was

0.397 cm min -1 with A the cross area of the soil column.

The breakthrough curves in Figure 6.2 were analyzed for determination of y

and D using our moment method. The TDR gives resident concentration (later, it

will be shown that flux and resident concentrations are practically the same for these



Table 6.2. Comparison of two moment methods for step inputs'

Z

L
y

L T -1

D
L 2 T -1

This Method Leij's Method
T

T
y

L T -1

D
L 2 T -1

T

T
y

L T -1

D
L2 71-1

10 1.0 0.05 10.0003 1.0000 0.0593 9.8894 1.0112 0.0886
20 1.0 0.05 20.0000 1.0000 0.0547 19.9441 1.0028 0.0690
30 1.0 0.05 30.0000 1.0000 0.0531 29.9626 1.0012 0.0626
40 1.0 0.05 40.0000 1.0000 0.0523 39.9720 1.0007 0.0594
50 1.0 0.05 50.0000 1.0000 0.0519 49.9775 1.0004 0.0575
60 1.0 0.05 60.0000 1.0000 0.0516 59.9813 1.0003 0.0563
80 1.0 0.05 80.0000 1.0000 0.0512 79.9860 1.0002 0.0547
100 1.0 0.05 100.0000 1.0000 0.0509 99.9887 1.0001 0.0538
120 1.0 0.05 120.0000 1.0000 0.0508 119.9906 1.0001 0.0531
10 1.0 0.1 10.0000 1.0000 0.1003 9.9969 1.0003 0.1011
50 1.0 0.1 50.0000 1.0000 0.1002 90.0002 0.5556 -3.0352
100 1.0 0.1 100.0000 1.0000 0.1003 220.0029 0.4545 -6.1471
200 1.0 0.1 200.0000 1.0000 0.1003 459.9987 0.4348 -12.2336
500 1.0 0.1 500.0000 1.0000 0.1003 1239.9946 0.4032 -30.0170

aFour decimal results are given for comparison purposes only
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Figure 6.2: Breakthrough curves measured by ten TDR probes for flow-rate of 8.0
cm3 min' and an average O.  of 0.267 for the top six layers. (a) for step-increase

input; (b) for step-decrease input.
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results). The results are presented in Table 6.3 for both step increase and step de-

crease inputs. For comparison, the CXTFIT code was applied for these breakthrough

curves using resident concentrations under a "third-type" inlet condition. The fitted

y and D are also presented in Table 6.3. The excellent agreement between the mo-

ment and CXTFIT is achieved though our moment method is developed from the

first type of boundary condition. To investigate the effect of boundary condition on

determination of y and D, we executed CXTFIT for these breakthrough curves under

both the first- and the third-type conditions. The results are exhibited in Table 6.4

with little noticeable differences.

As mentioned, the CDE (Equation 6.1) can be used for the flux concentra-

tion, Cf, and the resident concentration, Cr. The relationship between these two

concentrations can be expressed as [Jury and Roth, 1990]

D aCr
Cf = Cr — —

v az 
(6.38)

Figure 6.3 shows the comparison of these two concentrations. In fact, Equation

(6.38) is equivalent to the third-type boundary condition [Tonde et al., 1995]. The

first-type boundary condition gives the flux concentration; the third-type boundary

condition gives the resident concentration for the problem of interest. Therefore,

our moment method can be used to determine y and D for the breakthrough curves

under the first- and third-type conditions or for the flux and resident concentrations.

The nth time moment of Equation (6.2) can be considered as multiplication

of the concentration, C(t) by a weight tn integrated under the distribution curve

of concentration. It is easy to see that when I is large the weight in also becomes

large. The weighting factor tn, therefore, puts a large weight on the tailing part of

the response curve where the relative experimental error is the greatest [Ostergaard



Table 6.3. Parameters determined by moments and CXTFIT

Type of
input

Depth
cm

From Moments From CXTFIT
r

min
tt2

min 2

y

cm rnin- '

D
cm 2min - '

y D
cm min -- ' cm2 min- 1

6.5 16.7 11 0.390 0.0480 0.401 0.0368
18.0 49.9 20 0.361 0.0259 0.362 0.0264
30.5 81.4 100 0.375 0.0861 0.380 0.0648
42.5 104.1 111 0.408 0.0892 0.410 0.0949

Step 54.5 132.4 280 0.412 0.1792 0.414 0.215
increase' 67.0 162.1 458 0.413 0.2413 0.420 0.217

79.0 186.1 465 0.425 0.2251 0.433 0.167
89.0 204.7 245 0.435 0.1131 0.438 0.107
94.0 219.2 260 0.429 0.1091 0.431 0.101
100.5 233.7 291 0.430 0.1154 0.432 0.101
6.5 16.8 5 0.386 0.0234 0.392 0.0258
18.0 50.0 23 0.360 0.0296 0.363 0.0281
30.5 79.5 52 0.384 0.0479 0.387 0.0489
42.5 101.4 82 0.419 0.0707 0.419 0.0777

Step 54.5 129.9 210 0.419 0.1428 0.422 0.177
decrease b 67.0 158.5 301 0.423 0.1698 0.428 0.162

79.0 180.3 207 0.438 0.1104 0.441 0.101
89.0 206.1 224 0.432 0.1012 0.436 0.0795
94.0 218.2 257 0.431 0.1095 0.434 0.0886
100.5 230.3 177 0.436 0.0726 0.437 0.0729

aNaC1 solution from 20 mM to 35 mM
b AlaC1 solution from 35 rnM to 20 mM
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Table 6.4. Comparison of parameters determined by CXTFIT under Type
1 and Type 3 boundary conditions

Step Increase Input

z
(cm)

First Third
y

(cm min -1 )
D (cm 2 min -1 )

value	 low'	 upa
y

(cm min -1 )
D (cm 2 min -1 )

value	 low'	 upa
6.5 0.396 0.0360 -0.009 0.082 0.401 0.0368 -0.010 0.083

18.0 0.360 0.0263 -0.002 0.055 0.362 0.0264 -0.001 0.055
30.5 0.378 0.0643 0.036 0.092 0.380 0.0648 0.037 0.092
42.5 0.407 0.0942 0.074 0.114 0.410 0.0949 0.075 0.114
54.5 0.410 0.212 0.187 0.237 0.414 0.215 0.191 0.239
67.0 0.417 0.215 0.174 0.255 0.420 0.217 0.177 0.256
79.0 0.430 0.166 0.117 0.214 0.433 0.167 0.119 0.215
89.0 0.436 0.107 0.063 0.151 0.438 0.107 0.064 0.150
94.0 0.430 0.101 0.067 0.134 0.431 0.101 0.068 0.134
100.5 0.431 0.100 0.079 0.122 0.432 0.101 0.0795 0.122

'lower and upper 95% confidence limits



Table 6.5. Parameters Determined from a Large Pulse'

Depth
cm

From Moments b From CXTFIT

M1
min

ti2
min2

y

cm min'
D

cm 2min -1

y
cm min

D
cm 2 min'

6.5 0.7563x103 0.2325x106 0.102 0.592x101 0.384 0.505x101
18.0 01823x103 0.2223x106 0.201 0.140x102 0.358 0.336 x10 -1

30.5 0.8077x103 0.2302x106 0.265 0.214 x 10 2 0.381 0.645 x 10 -1

42.5 0.8150x103 0.2189x106 0.347 0.290x102 0.412 0.924 x10 -1

54.5 0.8370x103 0.2036 x 106 0.377 0.215x102 0.415 0.268 x 10°

67.0 0.8684x103 0.2053x106 0.381 0.188 x 10 2 0.419 0.331 x 10°

79.0 0.9068x103 0.2079x106 0.369 0.152x102 0.429 0.218 x 10°

89.0 0.9782x103 0.2255x106 0.312 0.112 x 10 2 0.391 0.184 x 10 1

94.0 0.1016x104 0.2385x106 0.290 0.102 x 10 2 0.365 0.733 x 10 1

100.5 0.9773x103 0.2226x106 0.353 0.137x102 0.425 0.298 x 10°

aThis large pulse is composed by combining step-increase and step-decrease inputs of Table 6.3
with t o = 1385 min

/Wolff's method: y and D are calculated by Equations (16) and (17)
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and Michelsen, 1969; Anderssen and White, 1971; Wolff et al., 1979]. In evaluating

the central moments, the errors are magnified not only for the tailing part but also

for the early breakthrough part (Equation 6.4). These features cause large errors in

parameter determination, though the method for a finite-pulse input (Equations 6.16

and 6.17), theoretically speaking, is as accurate as the method for a delta input. We

combined the breakthrough curve from the step-increase input with the curve from

the step-decrease input to form a large-pulse breakthrough curve (t o = 1385 min).

The moment method from Wolff et al., [1979] was used to calculate y and D. It

can be seen from Table 6.5, that the values of y are slightly smaller than the y

obtained from the step-input breakthrough curves, but D increases by two orders.

Again, CXTFIT was used to fit these large-pulse curves and the fitted y and D

are presented in Table 6.5 for comparison. Therefore, the attempt to use the time

moment for a large pulse is not practical. In fact, it is preferable to consider a large

pulse as two step-input experiments.

6.6 Conclusions

A new form of analysis has been developed to analyze breakthrough curves

for step inputs: either a step increase or a step decrease. The transport parameters

obtained from this new method show no significant difference from the parameters

determined from CXTFIT. In order to minimize the tailing error on determination

of transport parameters, we suggest that the breakthrough curve of a large pulse be

divided into two step-input breakthrough curves whenever a method of moments is

used.



Figure 6.3: Comparison of breakthrough curves between the flux concentration (Cf)

and the resident concentration (Cr) at distances of z = 10,50 and 100 cm.

129

t?



130

6.7 Acknowledgements

The research was supported by the National Institute of Environmental Health

Sciences NIH grant ESO4949 and partially supported by Professor Jim Yeh's USGS

grant 1434-92-G-2258. The contents of this paper are solely the responsibility of the

authors and do not necessarily represent the official views of the National Institute

of Environmental Health Sciences.



CHAPTER 7

SOLUTE TRANSPORT EXPERIMENTS AND DIFFUSION

COEFFICIENTS IN UNSATURATED FLOWS

7.1 Abstract

Twenty-one unsaturated column transport experiments were conducted using

ten time domain reflectometry (TDR) probes spatially distributed along the column

to investigate whether the dispersion coefficient (D) is linearly related to pore water

velocity (y) under unsaturated-flow conditions and whether D increases with depth.

The 105 cm-long column was homogeneously packed with silica sand with particle

size ranging from 53 to 425 ym. The tracer was a 35 mM NaC1 solution with 20 mM

NaC1 as the background solution. A moment method for analyzing breakthrough

curves of step inputs was used. The parameters obtained from this moment method

show little difference from the parameters fitted to an analytical solution of advection-

dispersion equation from model CXTFIT. Our results show that (1) D increases with

increasing y, and consequently water content, though the functional relationship is

not very clear; (2) D has a little tendency to increase along the flow path; and (3) D

is dependent on measurement methods and concentrations of experimental solutions.
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7.2 Introduction

In order to predict the movement of chemicals in the vadose zone, a measured

or estimated dispersion coefficient, D, is required. Column or field solute transport

experiments are often used to measure D. Traditional techniques for measuring solute

transport are based on suction samplers, soil coring or outflow analyses. Recently,

time domain reflectometry (TDR) is also being used to monitor solute transport,

both in the field and laboratory.

TDR can be used to detect solute breakthrough curves because TDR measures

the soil's response as an impedance to an electromagnetic wave. In a saturated flow

or an unsaturated flow under steady-state condition, the breakthrough curves are

usually obtained by converting the soil's impedance measured from TDR to a relative

concentration of a solution pulse applied to the soil surface [Mallards et al., 1994].

The TDR method has many advantages over soil samplers including the feasibility

of frequent in situ measurements at close spacings and low cost [Ward et al., 1994].

The advantage of the TDR approach over other techniques has been reported by

Mallants et al. [1994], Elrick et al. [1992], Kachanoski et al. [1992] and Vanclooster

et al. [1993].

Traditionally, the movement of solutes in porous media is divided into two

parts: a motion described by the seepage velocity and random departure from the

motion [Zheng and Bennett, 1995]. The first part represents advective transport and

the second part represents dispersive transport. Dispersive transport under saturated

flow conditions is often described by dispersivity, a, a property of the porous medium

spreading dissolved solute in the direction of flow. When hydrodynamic dispersion is

dominant and molecular diffusion is assumed negligible, D is conveniently evaluated
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by D = ay; where y is the pore water velocity (y). For unsaturated flow, soil

moisture content 9, is a variable and can affect y, and possibly D.

This research is focussed on determining key factors that might affect D. The

objectives of this study are to investigate (1) whether D is linearly related to y

under unsaturated-flow conditions; (2) is there a tendency toward increasing D in

the direction of flow; (3) is D a function of Ov ; and (4) does the drying or wetting

history have any effect on D? These questions were addressed by a series of solute

experiments in a 1 m column. The results of this work identify experimental artifacts

that should be considered when designing column experiments.

7.3 Methods

7.3.1 Transport Experiments

Solute transport experiments were conducted in a stainless steel column 104.5

cm in length and 9.8 cm in diameter (inside). The column was packed with silica sand

ranging from 53 ,um to 425 ,um as determined by wet sieving. Two 40 ttm porous

plates, made of stainless steel (Mott Metallurgical Corp, Farminto, Connecticut),

were placed on both ends of the column. These porous plates, which have similar

hydraulic conductivity as the silica sand, were used to prevent packed sand from

moving while allowing water to flow freely. There were ten identical three-wire TDR

probes 5 cm long installed horizontally at heights of 6.5, 18.0, 30.5, 42.5, 54.5, 67.0,

79.0, 89.0, 94.0 and 100.5 cm from top to bottom. The TDR probes had three wires,

1 mm in diameter, designed in one plane with the middle wire separated from others

by a distance of 6 mm. Along with a TDR probe at each height, there were one

tensiometer, one gas port, one solution sampler and one gas sampler (solution and
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gas samplers were not used for these experiments). To minimize flow disturbances,

the probe or port in one plane is arranged at an angle with the same type of probe

or port in the neighbor plane (or planes), i.e., the same kind of probes or ports are

not overlapped if viewing from either the top or the bottom of the column.

To avoid possible liquid junction potential or double-layer effects on the trans-

port experiments [Sternberg et al., 1996; Vogeler et al., 1996], we minimized the con-

centration difference between background and tracer solutions and yet maintained a

sufficient difference to allow TDR to detect breakthrough curves based on changes

of concentration. As a result, 35 mM NaCl and 20 mM NaCl were used as trace

and background solutions, respectively, since a concentration greater than 10 mM is

necessary for an ionic tracer to behave conservatively [Seaman et al., 1995]. Tracer

and background solutions were connected to an HPLC (high-performance liquid chro-

matography) pump through a three-way switch. Ten different pumping rates, smaller

than the pumping rate required for saturating the sand, were applied to the top of

the column for solute transport experiments. For each experiment, ten NaCl break-

through curves were monitored and measured using the horizontally installed TDR

probes at ten locations along the column and one breakthrough curve was measured

with a chloride electrode (Orion Research Inc., Boston, Maryland) from aliquots

of effluent solutions collected by a fraction collector (model Foxy 200, ISCO, inc.

Lincoln, Nebraska).

Figure 7.1 shows the experimental setup. There were two openings on the top

plate of the column: one connected to an HPLC pump; the other was connected to a

clear-Teflon tube which was open to the atmosphere. There was one opening at the

bottom plate and a plastic tube was used to lead the effluent solution to the auto
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Figure 7.1: The experimental setup.
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sampler. Prior to application of the tracer solution, the background solution was

delivered to the top of the column at a constant flow-rate until such time that clOpIdz

was close to zero (i.e., unit gradient) in the top part of the column (about 50 to 60

cm) and clev Idz was equal to a constant for the rest of the column. After establishing

steady-state flow conditions (up to two pore volumes), tracer solution, without any

interruption, was switched on while maintaining the same flow condition. After

more than two pore-volumes of tracer solution (8 to 10 liters), a switch back to

the background solution was made while maintaining the same constant flow for,

at least, two pore volumes. Then, the flow-rate was changed for the next solute

transport experiment. The sequence of experiments was in decreasing pumping rate

for the drying process and increasing pumping rate for the wetting process. Table

7.1 lists all the experiments for this study.

Soil water contents in the column for the ten locations were estimated by

using the ten TDR probes installed at these locations. Ov was determined from our

in situ calibration [ Yu et al., 1997];

= 0.114K" — 0.142 (7.1)

Through use of

2Ka = -'-'trace (7.2)
[	 1

the equation used to determine 0, is:

L probe VP

0.114	 T

0 0.142 (7.3)=	 r	 -LtraCe —
v 	,probe Vp

where Ltrace is the length of TDR trace; Lp robe is the length of TDR probe and vp is

a fraction velocity of the signal down the cable to speed of the signal in free space.
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Table 7.1. List of Experiments

Experiment
number

Date
(1997)

Q
(cm3 min -1 )

ev a

(cm' cm -3 )

y b

(cm min -1 )
Experimental

process
1 May 12 23.00 0.317 0.963 drying
2 May 13 19.30 0.318 0.805 drying
3 July 1 19.60 0.300 0.867 drying
4 May 14 15.30 0.295 0.687 drying
5 July 4 12.00 0.274 0.581 drying
6 May 15 11.90 0.275 0.574 drying
7 May 17 8.00 0.260 0.408 drying
8 July 3 8.00 0.255 0.417 drying
9 May 20 4.00 0.242 0.220 drying
10 May 24 2.05 0.228 0.119 drying
11 May 28 1.00 0.216 0.061 drying
12 June 5 1.03 0.213 0.064 drying
13 June 7 1.03 0.214 0.064 drying
14 June 12 2.07 0.225 0.122 wetting
15 June 14 4.01 0.245 0.217 wetting
16 June 17 8.01 0.267 0.397 wetting
17 June 19 11.80 0.276 0.567 wetting
18 June 20 15.60 0.293 0.707 wetting
19 June 21 19.60 0.306 0.848 wetting
20 June 30 24.00 0.313 1.016 wetting
21 July 5 23.40 0.324 0.958 wetting

'the average of top six layers
'calculated from y = Q/(A8)
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7.3.2 Converting TDR Impedances to Resident Concentrations

For this research, we used unbalanced three-wire probes because this kind of

probe has the advantage of producing a clear trace so that the waveform can be in-

terpreted more easily [ Whalley, 1993; Knight et al., 1994; Zegelin et al., 1989]. Figure

7.2 shows a typical waveform received by the TDR cable tester from an unbalanced

three-wire probe. Where, Zbepin is the initial amplitudes of TDR pulse (close to cable

impedance) which appears as a flat line of the waveform. Zend , indicating an open

end, is the reflection from the end of the probe. According to the operation manual

for the 1502B TDR (page 2-17, model 1502B, Tektronix, Beaverton, Oregon), it is

not wise to try to make absolute measurements past the end of the probe because

readings for impedance become less accurate farther down the cable. The Tektronix

1502B scales the vertical axis (Y axis) from 0 to 128 in an eight-bit format. For the

maximum resolution of the TDR, the waveform, consisting of 251 data points, was

adjusted to occupy most of the display window.

For example, the control port for distance per division (DIST/DIV) is set

to 0.05 m/DIV; the velocity of propagation (vp ) is set to 0.68, the total distance

displayed on the window, then represents 34 cm (0.05 m/div x 10 div x0.68 = 34 cm),

about six times the L „be length. The LabVIEW program (National Instruments,

Austin, Texas) was coded to automatically control the horizontal and vertical settings

of the cable tester. For this study, Zbep,,, is read at the distance of the second data

point, and Zen d is taken from the distance of the 250th point. It is observed that with

increasing NaCl concentration Zhu in increases, and Zend decreases. The magnitude

of the Zend decrease is about six times the magnitude of the Zbepin increase, so only

Zend was used for the breakthrough curves.
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Figure 7.2: The diagram of a typical waveform received by the cable tester.
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To avoid the error caused by converting an impedance value into a resident

concentration, the relative resident concentration, c(z, t), is used for this study. The

resident concentration C(z, t) is directly related to the bulk soil electrical conductivity

ECb and c(z, t) can be expressed as:

C( z, t) — C,	 ECb(z,t) — [ECd, 
c(z,t) =

C, — C,	 [ECdo — [ECb] i

with Ci the initial value and Co the tracer concentration. The ECb

(7.4)

is proportional

to the reciprocal of impedance Zend, thus, c(z,t) can be rewritten [Kachanoski et al.,

1992; Risler et al., 1996; Mallants et al., 1996];

[Z,d (t)] - 1 — [max(Zend (t))] -1
c(t)	 (7.5)

[min(Z,d (t))] -1 — [max(Zend (t))]- 1

7.3.3 Analyses of Breakthrough Curves

The observed breakthrough curves from our experiments were analyzed using

the one-dimensional flow convection-dispersion equation and the moment method for

step inputs. The solute transport problem has been traditionally described with the

convection-dispersion equation (CDE):

DC
	D

a 2 c 	pc
at	 a2z	 az

(7.6)

where C is the relative concentration; D has units of cm 2 min'; y = 0,, the

average pore-water velocity (cmmin - 1 ); q is the Darcy water flux (cm min'); 0,

the volumetric water content (cm' cm -3); z is the distance downward (cm) and t

is time (min). This approach assumes that the transport and flow properties are

uniform with respect to time and position, as is generally the case for transport in

packed soil columns under laboratory conditions. In this study, analytical solutions
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for a third-type inlet condition and semi-infinite system were used for analyses of

breakthrough curves measured by TDR probes. Flux-averaged concentrations were

applied to the breakthrough curves measured by a chloride electrode. The CXTFIT

code [Tonde et al., 1995] was used to fit parameters y and D.

An alternative method to determine transport parameters in porous media is

using moment methods [ Wakao and Kaguei, 1982]. A moment method for analyzing

breakthrough curves of step inputs was used. The moments for step input can be

expressed as integrals with respect to concentration [ Yu et al., 1998]. By using these

methods, the first moment (M1 ) which is the exact mean breakthrough time (r) for

the step inputs (including both step-increase input and step-decrease input) is: 

fo i
t dC M1 = T = (7.7)   

The second central moment which is equivalent to the variance from a delta input is:

jo i
(i — M1 ) 2 dC

This method applies to breakthrough curves measured by TDR probes under steady-

state flow conditions. The y and D of CDE can be directly calculated from the

following expressions [ Wakao and Kaguei, 1982; Jury and Roth, 1990]:

V = z

Mi.
(7.9)

(7.8)
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7.4 Results

Twenty-one experiments with eight different 0, were conducted. For each

experiment, ten in situ breakthrough curves were obtained from ten TDR probes

and one breakthrough curve was measured with a chloride electrode from the effluent

solution at the bottom of the column. The pumping rate (Q), the average 0, of the

top six layers and y value for all these experiments are listed in Table 7.1. For

brevity, we present a set of breakthrough curves for Experiment No. 3 only. Figures

7.3a and 7.3b show the results from the step increase (concentrations from 20 to

35 mM NaCl) and the step decrease (concentrations from 35 to 20 NaCl).

respectively. The breakthrough data measured by a chloride electrode at the bottom

of the column are presented in small dots while the breakthrough data measured

by the ten TDR probes are indicated in stars. The left-most curve is for the first

TDR probe, the second curve for the second TDR probe etc. Similar breakthrough

curves are obtained for all 21 experiments [ Yu et al., 1998]. Although the column was

packed with homogeneous sand, the small variation in 0, from TDR measurement

still exists for the top parts of the column where the unit gradient was achieved. The

non-ideal water content could be caused by the probes installed inside the column or

measurement error of TDR. Layer-specific water content values for all 21 experiments

are given in Table 7.2.

7.4.1 Comparison of y and D determined from two approaches

Transport parameters y and D determined by the moment analysis and the

CXTFIT model are very similar. For each experiment including both step increase

and step decrease, 22 sets of y and D can be obtained; 20 from in situ breakthrough
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Table 7.2. Moisture Profiles for Twenty One Experiments

Experiment
No.

Layer
1 2 3 4 5 6 7 8 9 10

1 0.31 0.31 0.31 0.33 0.33 0.31 0.35 0.43 0.46 0.47
2 0.31 0.31 0.31 0.33 0.32 0.32 0.36 0.43 0.47 0.47
3 0.30 0.30 0.29 0.31 0.31 0.29 0.36 0.42 0.41 0.43
4 0.29 0.29 0.29 0.32 0.30 0.28 0.30 0.35 0.47 0.47
5 0.27 0.28 0.26 0.29 0.28 0.26 0.28 0.26 0.29 0.42
6 0.26 0.28 0.27 0.29 0.28 0.27 0.29 0.29 0.40 0.46
7 0.25 0.26 0.25 0.27 0.27 0.25 0.27 0.25 0.32 0.47
8 0.25 0.26 0.25 0.26 0.26 0.25 0.26 0.25 0.28 0.43
9 0.23 0.25 0.24 0.25 0.25 0.23 0.24 0.21 0.24 0.36
10 0.22 0.24 0.22 0.24 0.23 0.22 0.22 0.20 0.23 0.35
11 0.21 0.22 0.22 0.22 0.22 0.21 0.21 0.20 0.24 0.35
12 0.20 0.22 0.22 0.22 0.22 0.20 0.21 0.20 0.24 0.35
13 0.21 0.22 0.21 0.22 0.22 0.20 0.21 0.20 0.24 0.35
14 0.22 0.23 0.22 0.23 0.23 0.21 0.22 0.21 0.23 0.34
15 0.25 0.26 0.24 0.25 0.25 0.23 0.23 0.22 0.26 0.38
16 0.26 0.27 0.26 0.27 0.28 0.25 0.27 0.27 0.30 0.39
17 0.27 0.27 0.26 0.29 0.29 0.26 0.28 0.31 0.35 0.41
18 0.29 0.29 0.28 0.30 0.31 0.28 0.31 0.38 0.40 0.40
19 0.31 0.30 0.29 0.32 0.32 0.30 0.36 0.41 0.40 0.41
20 0.31 0.31 0.30 0.32 0.32 0.32 0.38 0.42 0.41 0.43
21 0.32 0.32 0.31 0.33 0.33 0.33 0.38 0.41 0.39 0.41
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Table 7.3. Transport Parameters for Experiment No. 3

Step increase input

Depth
(cm)

From Moment From CXTFIT
T

(min)
it2

(min 2 )
y

(cm I min)

D
(cm 2 I min)

y

(cm I min)

D±a
(cm 2 /min)

r2

6.5 7.3 1 0.89 0.08 0.84 0.06+0.03 0.999
18.0 23.6 9 0.76 0.12 0.76 0.07+0.03 0.999
30.5 36.8 9 0.83 0.09 0.83 0.09+0.04 0.999
42.5 49.2 22 0.86 0.17 0.86 0.21+0.04 0.998
54.5 64.5 86 0.85 0.48 0.85 0.60+0.04 0.998
67.0 77.3 115 0.87 0.56 0.88 0.56+0.03 0.998
79.0 89.4 119 0.88 0.52 0.90 0.43+0.05 0.996
89.0 103.3 99 0.86 0.36 0.87 0.32+0.03 0.998
94.0 112.8 93 0.83 0.29 0.83 0.30+0.03 0.999
100.5 124.9 65 0.80 0.17 0.80 0.18+0.03 0.999
104.5 b 138.6 372 0.75 0.76 0.76 0.50+0.04 0.998

Step decrease input
From Moment From CXTFIT

Depth T 112 y D y D+a T 2

(cm) (min) (min 2 ) (cm I min) (cm 2 /min) (cm I min) (cm 2 /min)

6.5 7.3 2 0.90 0.16 0.89 0.07+0.05 0.995
18.0 21.9 6 0.82 0.10 0.81 0.08+0.02 0.999
30.5 35.6 11 0.86 0.11 0.85 0.09+0.03 0.999
42.5 47.4 19 0.90 0.17 0.89 0.20+0.04 0.998
54.5 61.6 76 0.88 0.49 0.89 0.57+0.03 0.998
67.0 73.0 107 0.92 0.62 0.92 0.66+0.04 0.998
79.0 82.6 57 0.96 0.32 0.96 0.33+0.04 0.997
89.0 97.0 57 0.92 0.25 0.92 0.22+0.04 0.997
94.0 105.7 61 0.89 0.23 0.89 0.24+0.03 0.999
100.5 118.4 52 0.85 0.16 0.85 0.16+0.03 0.999
104.5 b 135.6 315 0.77 0.69 0.78 0.42+0.04 0.999

'lower and upper 95% confidence limits
b determined from average flux concentration at the bottom of the column
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curves measured by ten TDR probes and two from the effluent breakthrough curves

measured by the chloride electrode. As an example, the results for Experimental No.

3 are presented in Table 7.3. The 95% confidence intervals are given for D values

determined from the CXTFIT model.

Figures 7.4a-7.4d show the comparison of y and D for all the experiments by

the two different approaches. There is excellent agreement for y (see Figures 7.4a

and 7.4c). The y regression between the moment and CXTFIT is vcxTF/T = 0.9966

Vmomen + 0.0026 for step-increase inputs and VCXTFIT = 1.0000 Vmoment + 0.0012 for

step-decrease inputs; the subscripts represent the method used. The linear correlation

coefficients are 0.999 or above (r2 > 0.999). Figures 7.4b and 7.4d show the corre-

lation of D between the moment and CXTFIT. The correlation in logarithmic scale

indicates that 10g DCXTFIT 0.9727 log Dmoment — 0.0403 for step-increase inputs

with r2 = 0.947 and lOg DCXTFIT -= 0.9466 log Dmoment 0.0912 for step-decrease

inputs with r 2 = 0.935. Again, a good agreement is demonstrated. Although the

overall trend shows the D calculated from CXTFIT is slightly lower than the D cal-

culated from moments, this might be due to noise in the data and the low number

of points per breakthrough curve.

7.4.2 Relationships Between /1 2 and z and Between D and z

Using the moment analysis, the variances and dispersion coefficients for 21

experiments were calculated. Figure 7.5a shows that /2 2 tends to increase exponen-

tially with z until the depth where unit gradient ends and a sharp decrease in slope

follows due to the sudden change of O. The exact depth varies depending upon the

pumping rate (Q) used. In our experiments, a low Q value generates a longer length
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of unit gradient along the column (see Table 7.2). To show trend more clearly, we

plotted experimental results with lower Q values, i.e., Experiments No 12, 14, 15 and

8 in response to Q =1, 2, 3 and 4 cm3 min on Figure 7.5c. Generally, lower Q

results in higher ti 2 .

We expected that D should also increase with depth since /1 2 is directly related

to D. Using Equation 7.10, D was calculated from /2 2 and M1 and the relationship

between D and z was presented on Figures 7.5b and 7.5d. However, D does not

show significant increase with depth before the transition point where the highest D

values occurred due to sudden changing O, in the column. Since y (= q10„) decreases

with increasing 0, and D is a function of y3 , D reached its highest value around layer

six where the lowest 0, was observed. After this transition point, D became smaller

with increasing 0, toward the bottom of the column. Although it is not presented, y

and D calculated from CXTFIT show the same trend as that based on the moments.

7.4.3 Effect of y and 0, on D

From Figure 7.5c, it is obvious that pumping rate (and consequently the y

or 0,) has a strong effect on D for unsaturated flow. To find out effect of y and 0,

on D, we plotted D versus y on Figure 7.6a and D versus 0, on Figure 7.6b for all

the experimental data obtained from TDR measurement. Although D increases with

either increasing y (Figure 7.6a) or increasing 0„ (Figure 7.6b), there is no clear linear

correlation between D and v. When the data of 6a was plotted on a logarithmic scale,

i.e, Figure 7.6c, the data show a tread of increasing log D with log y, albeit a weak

linear relationship. However, due to the large scatter, these results cannot be used

to validate the relationship D = av°, with 1 </3 < 2. As unsaturated conductivity
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K is a function of 0,, y is also related to 0, because the Darcy's velocity is equal

to K under the condition of unit gradient. A similar trend was shown for D versus

0, (see Figure 7.6d) until the transition point where 0, suddenly changed from one

value to nearly saturation. Again, no exact functional relationship can be given to

D versus O.

Often, D is evaluated from effluent breakthrough curves at the bottom of a

column. In this study, the D and y relationship obtained from the effluent break-

through curves measured by the chloride electrode at the bottom of the column

appears to be different from the relationship obtained from the in situ breakthrough

curves measured by TDR. A more linear tendency of D versus y (see Figure 7.7a) was

observed from the effluent breakthrough curves though these data are not intended

to demonstrate a linear relationship. Using the averaged ev of the sand column as the

moisture content, Figure 7.7b shows the relationship between D and 0, determined

from the effluent breakthrough curves. A liner relationship is not very obvious, but

D appears to increase with increase of 0,.

7.4.4 Effect of Drying and Wetting Process

One of the objectives of this study is to investigate the effect of drying and

wetting history on D. To investigate this effect, we did linear correlation between

the D obtained from the drying process (i.e., Experiments No. 10, 9, 8, 6, 3 and

1) and the D obtained from the wetting process (Experiments No. 14, 15, 16, 17,

19 and 21). Figure 7.8a shows the result of linear correlation log D„etting = 0.7755

log Ddrying —0.3555 with r2 = 0.6233 for step-increase input experiments. Figure 7.8b

shows the linear correlation log D wetting = 0.8586 log Ddryzng —0.2989 with r2 = 0.5971
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experiments from the moment method; (c) step-increase input experiments from the
CXTFIT model; (d) step-decrease input experiments from the CXTFIT model.
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for step-decrease inputs. It appears from these two linear regressions of D determined

by the moment method that D obtained from the wetting process is lower than that

obtained from the drying process. To confirm this trend, the D values fitted from the

CXTFIT model were also used and the result for step-increase inputs was plotted on

Figure 7.8c and the result for step-decrease inputs was plotted on Figure 7.8d. Figure

7.8c resulted in log D wetting = 0.8377 log Ddrying —0.2743 with r2 = 0.7333 and Figure

7.8d showed that log DwettIng 0.9163 log Ddry,,,g — 0.2357 with r2 = 0.7839. Again,

the slopes are less than unity with negative intercepts, which suggests, thus, both

moments and CXTFIT results show a trend that the D obtained from the wetting

process was slightly lower than the D from the drying process though the flow rates

were about the same for both processes.

7.5 Discussion

7.5.1 Relationships Between /2 2 and z and Between D and z

Our results show 12 2 increasing exponentially with z until the depth where unit

gradient ends. This trend is similar to that of Ward et al. [1994] and Vanclooster et

al. [1995]. As to effect of z on D, our general result shows similarity with the results of

Khan and Jury [1990] though in their experiments they measured D in three different

lengths (87, 43.5 and 21.8 cm) by cutting 87 cm-long soil columns into short ones

(43.5 and 21 cm). It appears that D was length-independent in the repacked column.

A similar result was also reported by Wierenga and van Genuchten [1989] who did

not find evidence of an increase in D with depth. In our case, the homogeneous

flow field inside the column can be disturbed by detecting probes, thereafter 0, varys

along the flow path and D shows a little increase with depth before the transition
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zone, exhibiting non-ideal behavior. It is also possible that our column is not long

enough to demonstrate the length effect for unsaturated flow.

7.5.2 Effect of y and 0, on D

Although D increased with y, the linear relationship between D and y was not

obvious enough to show a functional relationship. This result shows similarity with

the results (Figure 5) of Yule and Gardner [1978], Jaynes et al. [1988] (in their Figure

5), Khan and Jury [1990] (in their Figure 5), and Maraqa et al. [1997] (in their Figure

5). As this is the case, attempting to use a dispersivity for describing D under an

unsaturated flow condition may not make sense since dispersivity is not a constant.

As to effect of 0, on D, it appears from our results that D increases, though slightly,

with increasing 0, until near saturation. This should not be surprising since (1) y is

a function, albeit a nonlinear function, of 0„ under unsaturated flow conditions and

(2) 0, is not a variable for saturated flow and small air saturations (less than 10%

air saturation) have no effect on dispersive behavior [Maraqa et al., 1997]. Maraqa

et al. [1997] did similar column experiments using three natural nonaggregated soil

samples. D and dispersivity were determined from the effluent breakthrough curves

of tritium. They concluded that dispersivity was independent of the degree of water

saturation, which may imply that no clear or direct relationship between 0„ and D

exists. The possible explanation for their result is that y varys depending on 0, and,

for certain ranges of 0,, the effect of 0, on y is not important. Consequently the

effect of 0, on D is not obvious. In fact, all these results suggest that y is a dominant

factor affecting the dispersion process, just as in saturated flow.
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7.5.3 Non-ideal behavior

Our results show that the D and y relationship obtained from the effluent

breakthrough curves measured by the chloride electrode at the bottom of the column

is different from the relationship obtained from the in situ breakthrough curves mea-

sured by TDR. Anion exclusion and preferential flow may contribute to the difference

between the result from effluent breakthrough curves and the one from in situ break-

through curves. We noticed in six out of 21 experiments (all for higher flow-rates) the

breakthrough time 7 from the effluent breakthrough curve was smaller than the 7 for

the tenth layer though these two location are 4 cm apart. These results suggest that

the effluent breakthrough curves incorporate non-idealities in our experiments, such

as anion exclusion and preferential (or channeled) flow. James and Rubin [1986] and

Ellsworth et al. [1996] observed transport of C/ - in a water-unsaturated soil exhibit-

ing anion exclusion. Wierenga and van Genuchten [1989] reported that C1 - exclusion

resulted in retardation factors of around 0.8 for both small and large columns. Since

TDR, insensitive to ionic identity, measures the breakthrough of all ions while the

chloride electrode estimates only the breakthrough of C1 - , we expected 7 obtained

at the bottom should be smaller than predicted based on TDR breakthrough curves.

Another difference between in situ and effluent breakthrough curves might be

preferential flow. Porro and Wierenga [1993] reported that the peak concentration

at 5 m depth was greater than peak concentration at 4 m depth, suggesting prefer-

ential flow was present. Recently, Binley et al. [1996] applied electrical resistance

tomography to detect spatial variation of electrical resistivity and demonstrated that

the transport became channeled over some short travel distance despite a supplying

source that was uniformly distributed. In our system, TDR measures resident con-
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centration at one location that represents only partial cross area while the electrode

measures effluent solution which represents an average flux concentration; thus, even

if a small preferential channel exists, it could cause a big difference in the shapes of

breakthrough curves between the in situ and effluent measurements.

We also observed that most D values obtained from effluent concentration

were larger than the D values obtained from TDR (see Table 7.3). This result can

be explained by measurement scales. Effluent curves were made up of time-averaged

concentrations from the fraction collector sampler while breakthrough curves from

TDR indicate the instantaneous time-concentration relationship. Furthermore, efflu-

ent curves represent the averaged flux concentration and curves from TDR represent

resident concentration of a point, or more accurately, a small volume. Corapcioglu et

al. [1997] recently presented a very interesting result from micromodel visualization

and demonstrated that "selecting the value of dispersivity of a porous medium" is

difficult "since it is directly related to the scale of observation" (see Figure 11 of

Corapcioglu et al. [1997]). Their result shows breakthrough curves obtained from

the REV (representative element volume) scale has a higher dispersion than those

obtained from a single pore at the center of the REV and the dispersion increases

with the scale of measurement. Thus, the D obtained from the bottom of the column

should be larger based on their study result. In light of these results, D measured

from experiments are dependent on methods.

7.5.4 Effect of Drying and Wetting Process

The low r2 from the regressions between the drying and wetting processes

(Figures 7.8a to 7.8d) suggests a statistical analysis is needed before any conclusion
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can be drawn. We tested the null hypothesis that Dwetting was different from Ddrying,

using

iadry 	tiwet
t =	 2	 2

[,

"dry 
712	 7ilfel]0.5

dry	 wet

(7.11)

(sLtintuet)2
	(7.12)

= (8Jd fnnd rdyr)Y2
	32.etinwet ) 2

ndry — 1	 nwet — 1

The results of statistical analysis are included in Table 7.4; where we use the formula

for comparing two samples with different variances. The statistical results demon-

strate with a confidence level above 90% that dispersion coefficients obtained from

the wetting process are lower than that from the drying process. These experimental

results are reasonable because for a drying process, the soil holds more water than

the soil does in the wetting process. As a result, the water connection between pores

in the drying process is better than that in the wetting process for a given O,. Thus,

for the wetting process, some pores, especially small pores, may not be involved in

transport processes, which result in less spreading and hence a smaller D is obtained

for a wetting process than the D for a drying process. In our experiment, we used

sands for wetting and drying experiments. If fine-texture soils were used, we expect

that this effect could be significant.

7.5.5 Tailing Problems

Tailing phenomenon is often observed in salt transport experiments but was

not evident in our experiments. Although mobile and immobile phases can contribute

to tailing of a conservative tracer, the major causes of tailing can be low ionic strength

solutions (e.g. distilled water) and concentration changes of displacing solutions. Low

ionic strength of leaching solutions can disperse clays and reduce hydraulic
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Table 7.4. Comparison of Dispersion Coefficients for Drying and Wetting
Processes

Group
No. Process

Type of
input Model

Sample
size (n)

Mean
(p)

Standard
deviation (s)

t
value

1 drying Step-inc.' Moments 60 0.2825 0.3531
2 wetting Step-inc. Moments 60 0.1724 0.1602 2.20
3 drying Step-inc. CXTFIT 60 0.2857 0.3968
4 wetting Step-inc. CXTFIT 60 0.1825 0.1918 1.81
5 drying Step-dec.b Moments 60 0.2882 0.3329
6 wetting Step-dec. Moments 60 0.2078 0.2634 1.47
7 drying Step-dec. CXTFIT 60 0.2745 0.4026
8 wetting Step-dec. CXTFIT 60 0.1786 0.2160 1.57

'inc. — increase
bdec. — decrease



160

conductivity. For example, one of our preliminary studies of this research was to

investigate the appropriate range of concentrations for the tracer solution. We started

our experiments from saturated flow. Two solutions, 1 mM NaC1 as background

and 100 mM NaC1 as tracer, were used. When the background solution was pumped

at 32 ml min -1 into the top of column, a constant head, 9 cm of water above the top

plate, was established. This constant head dropped a little after switching to tracer

solution (100 mM NaC1). However, this head could not survive after the background

solution was reintroduced and kept rising due to decreasing hydraulic conductivity.

Because of this observation, we minimized the tracer solution concentration to 35

mM and maximized the background solution concentration to 20 mM. As the result

of this, our experimental results do not give the common tailing problems observed

in experiments using TDR [Ward et al., 1994; Mallants et al., 1994; Vanclooster et

al., 1993] although we may have limited ability to monitor tailing due to the small

difference between our tracer and background solutions.

If tracer concentration can cause tailing in sands, the impact of concentration

change in tailing will be even greater in natural soils. To test this hypothesis, we did

a literature review and the results are summarized in Tables 7.5 and 7.6. The inves-

tigators in Table 7.5 had considered possible ion diffusion and ion exchange impact

and they carefully prepared their leaching solutions. As a result, their breakthrough

curves showed no tailing or little tailing. The investigators in Table 7.6 used distilled

or deionized water to replace the tracer solution. As a consequence, large and long

tailing breakthrough curves were observed. Ward et al. [1994] observed no tailing

for the step-increase experiments (i.e. K Cl concentration increased), however they

observed long tailing for the delta input experiments with a leaching solution of



161

Table 7.5. Review of Some Experimental Investigation for Shape of Break-
through Curves (BTC): No Tailing

Investigator
Soil

description
Tracer

solution
Background

solution
Shape of

BTC

James and
Rubin
1986

90% sand
7';'/ silt
3% clay

0.0375M calcium
0.0025M strontium

0.040M nitrate

0.040M
Ca(NO3 ) 2 No tailing

Schulin et al.
1987

55% stones
45% loamy sand

0.005M CaBr2

10pCill tritium
0.005M
CaC12

Symmetrical
little tailing

Wierenga and
van Genuchten

1989

loamy
fine
sand

0.005M CaC1 2

0.2 [iCilml
of 3H2 0

0.005M
C a(N 03 ) 2

Fairly
symmetrical

Bond and
Wierenga

1990

92.8(	 sand
2.5(:7;.; silt
4.7% clay

0.01M CaCl2

50 MBql1
tritium

0.01M
Ca(NO3)2

Small
tailing

Vanclooster
et al.
1993

Coarse
sandy

soil

1 g of KC1
in 50 g

tap water'

Tap
water

No tailing
for

step-increase

Wraith et al.
1993

Silt
loam

5.0 mM
KBr

1.0 mM
CaC12

Small
tailing

Porro and
Wierenga

1993

92.8% sand
2.5% silt
4.7% clay

0.005M CaBr 2

0.2 fiCilml
tritium

0.005M
CaC12

Small
tailing

Maraqa et al.
1997

94.5-95 (,'/; sand
4?i silt, 2% clay
0.7-2.3% organic

Tritiated
water with

0.005M CaCi2

0.005M
CaC12

Symmetrical
and

no tailing

'distilled water as carrier was beyond the measuring range of the cable tester, so tap water was

used.
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Table 7.6. Review of Some Experimental Investigation for Shape of Break-

through Curves (BTC): Tailing

Investigator
Soil

description
Tracer

solution
Background

solution
Shape of

BTC

Gaudet et al.
1977

sand
(av. 0.3 mm)

3 gll of
CaCl2

Distilled
water

Long
tailing

De Smedt et al.
1986

sand
(0.2-0.5 mm)

Tritium
plus water

Water Tailing

Mallants et al.
1994

74.2(,'6 sand
13.1(,'	 silt
12.6',	 clay

0.6% carbon

0.8M
KCl

Distilled
water

Large
and
long

tailing

Ward et al.
1994

92.8c,	 sand
2.5(;-; silt
7.0',"/ clay

22.6 g C1 1 Im 2

for 32 seconds
at a flux of

23.2 cm/ day
Same for

step input

Deionized water
plus necessary

CaCl 2 to elevate
the baseline

for TDR
measurement

Tailing for
delta input

and
no slow

rising for
step input

Vanclooster et al.
1995

84 (,'7 ; sand
11: silt
5',';	 clay

0.02 (7% organic

0.01 m depth
with 0.8 m i.d.

containing
0.08 kg of KCl

Distilled
water

Large
and
long

tailing
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lower ionic strength. Also, Yule and Gardner [1978] observed a consistent trend

of higher D in experiments with water replacing chloride than in experiments with

chloride replacing water. Therefore, a test of concentration effect is necessary if, for

a conservative tracer, D obtained from the step-increase input is significantly smaller

than the D from the step-decrease input.

7.6 Conclusions

Our experimental results show that the second sentral moment (p 2 ) increases

exponentially with z until the depth where unit gradient ends. But, D shows a small

increase with depth. Additionally, our results conclude that for the sand we used,

D obtained from the wetting process is lower than that obtained from the drying

process with a confidence level about 90%. However, our experimental results show

no clear relationship for D versus y and D versus O, though, generally, D increases

with increasing y or with increasing 0,.

A comparison between resident concentration from TDR measurement and

effluent concentration from chloride electrode measurement demonstrates that the

determination of D can be an artifact, i.e., the value of D depends upon the mea-

surement method: in situ measurement of TDR against an average-flux measurement

from an electrode. The D determination can also be affected by concentrations of

tracer and background solutions, experimental scales and drying and wetting his-

tory. In order to avoid tailing problems when using an ionic tracer for transport

experiments, we suggest that strong ionic solutions be used and the concentration

difference between trace and background be minimized.
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CHAPTER 8

CONCLUSIONS

The experimental observations from different TDR calibration methods

demonstrated that the three-parameter model (O, = a K cc: + b) is optimal. This cal-

ibration is also supported by dielectric mixing laws. For homogeneous and isotropic

media, a was close to 0.5. This result is consistent with the model description that a

is 0.5 only for an isotropic medium [Birchak et al., 1974; Roth et al., 1990]. Therefore,

our model is the best choice for the TDR calibration where a medium is not isotropic

or a gradient of water content exists along TDR probes. Otherwise, a two-parameter

calibration between 8, and AV is preferable with the assumptions that both the soil

and the moisture distribution are isotropic. The "universal polynomial" approaches

a straight line when the curve is plotted with 0„ versus Ka' and the third-order

polynomial regression is not necessary. Therefore, the popular "universal equation"

can be replaced by a two-parameter calibration between 61, and K.5 .

The derived TDR functions, expressed in a two-parameter form, demonstrate

that (1) soil solid has little effect on the apparent dielectric constant measurement;

(2) the effective dielectric constant of a soil is almost independent of soil porosity

(or bulk density); (3) temperature has a minor influence except for very wet soils.

(4) the bound water fraction in a clay-textured soil is a significant factor affecting

the O, determination. The "universal equation" underestimates water contents for

165
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clay-textured soils and organic soils. The derived functions can be extended to clays

and organic soils. Since the predicted TDR functions are derived from physically

based models, their application has a potential advantage over empirical equations

which are limited to specific cases.

A new experimental method has been developed to analyze transport break-

through curves responsing to step inputs: either step increase or step decrease. This

method has been proven to be very effective in reducing the effect of tailing error of

breakthrough curves on D determination. The transport parameters obtained from

this new method show a little difference from the parameters determined from the

model CXTFIT.

Our experimental results conclude that for the sand we used, D obtained

from the wetting process is lower than that obtained from the drying process with

a confidence level about 90%. Also, our experimental results show that it 2 increases

exponentially with z until the depth where unit gradient ends. But, D shows a little

increase with depth. Our results show that D increases with increasing y though a

linear relationship is not strong due to scattered data points. As to effect of Ov on

D, D shows a slight increse with increasing 61, only for the ranges of 9, between 0.5

to 0.8 saturation.

A comparison between in situ the breakthrough curves from the TDR mea-

surement and the effluent breakthrough curves from the chlorided electrode measure-

ment demonstrates that the determination of D can be an artifact, i.e., the value

of D depends upon the measurement method. This study also demonstrates that

both tracer and background solutions are required to have sufficient ionic strengths

to avoid tailing problems. Thus, the D determination can also be affected by con-
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centrations of tracer and background solutions, experimental scales and drying and

wetting history.
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Diagram of Connection among Instruments
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Breakthrough curves for 21 experiments
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Figure B.1: Breakthrough curves for flow-rate of 23.0 cm3min' and an average 0,
for the top six layers of 0.317 (Experiment No. 1). (a) for step-increase input; (b)
for step-decrease input; where * represents ten breakthrough curves measured by

ten TDR probes and o represents the effluent breakthrough curves measured by an
chloride electrode.
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Figure B.2: Breakthrough curves measured by ten TDR probes for flow-rate of 19.3
cm 3min - 1 and an average 0, for the top six layers of 0.318 (Experiment No. 2). (a) for

step-increase input; (b) for step-decrease input; where * represents ten breakthrough

curves measured by ten TDR probes and o represents the effluent breakthrough

curves measured by an chloride electrode.
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Figure B.3: Breakthrough curves measured by ten TDR probes for flow-rate of 19.6
cm3min - 1 and an average 0, for the top six layers of 0.300 (Experiment No. 3).
(a) for step-increase input; (b) for step-decrease input; where "stars" represent ten
breakthrough curves measured by ten TDR probes and "dots" represent the effluent

breakthrough curves measured by an chloride electrode.
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Figure B.4: Breakthrough curves measured by ten TDR probes for flow-rate of 15.3
cm' min' and an average 0, for the top six layers of 0.295 (Experiment No. 4). (a) for
step-increase input; (b) for step-decrease input; where * represents ten breakthrough
curves measured by ten TDR probes and o represents the effluent breakthrough
curve measured by an chloride electrode (no step-decrease experiment because of
pump problem).
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Figure B.5: Breakthrough curves measured by ten TDR probes for flow-rate of 12.0

cm 3min and an average 0, for the top six layers of 0.274 (Experiment No. 5).

(a) for step-increase input; (b) for step-decrease input; where "stars" represent ten

breakthrough curves measured by ten TDR probes and "dots" represent the effluent

breakthrough curves measured by an chloride electrode.
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Figure B.6: Breakthrough curves measured by ten TDR probes for flow-rate of 11.9
cm3min - 1 and an average O, for the top six layers of 0.275 (Experiment No. 6).
(a) for step-increase input; (h) for step-decrease input; where "stars" represent ten
breakthrough curves measured by ten TDR probes and "dots" represent the effluent
breakthrough curves measured by an chloride electrode.
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Figure B.7: Breakthrough curves measured by ten TDR probes for flow-rate of 8.0
cm3min - ' and an average 0, for the top six layers of 0.260 (Experiment No. 7).
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Figure B.8: Breakthrough curves measured by ten TDR probes for flow-rate of 8.0
cm3min - 1 and an average 0, for the top six layers of 0.255 (Experiment No. 8). (a)
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breakthrough curves measured by ten TDR probes and "dots" represent the effluent

breakthrough curves measured by an chloride electrode.
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Figure B.9: Breakthrough curves measured by ten TDR probes for flow-rate of 4.0
cm3min - 1 and an average O, for the top six layers of 0.242 (Experiment No. 9).
(a) for step-increase input; (b) for step-decrease input; where "stars" represent ten

breakthrough curves measured by ten TDR probes and "dots" represent the effluent

breakthrough curves measured by an chloride electrode.
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Figure B.10: Breakthrough curves measured by ten TDR probes for flow-rate of 2.05
cm3min - 1 and an average 0, for the top six layers of 0.228 (Experiment No. 10).
(a) for step-increase input; (b) for step-decrease input; where "stars" represent ten

breakthrough curves measured by ten TDR probes and "dots" represent the effluent

breakthrough curves measured by an chloride electrode.
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Figure B.11: Breakthrough curves measured by ten TDR probes for flow-rate of 1.0
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Figure B.12: Breakthrough curves measured by ten TDR probes for flow-rate of 1.0
cm3min- ' and an average O, for the top six layers of 0.213 (Experiment No. 12).
(a) for step-increase input; (b) for step-decrease input; where *, o, + represent ten
breakthrough curves measured by ten TDR probes and "dots" represent the effluent
breakthrough curves measured by an chloride electrode.
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Figure B.13: Breakthrough curves measured by ten TDR probes for flow-rate of 1.0
cm3 min - 1 and an average 0, for the top six layers of 0.214 (Experiment No. 13). (a)

for step-increase input; where *, 0, + represent ten breakthrough curves measured

by ten TDR probes and "dots" represent the effluent breakthrough curves measured

by an chloride electrode. (b) for step-decrease input;
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Figure B.14: Breakthrough curves measured by ten TDR probes for flow-rate of 2.07
cm3min -1 and an average 0, for the top six layers of 0.225 (Experiment No. 14).
(a) for step-increase input; (b) for step-decrease input; where *, o, + represent ten
breakthrough curves measured by ten TDR probes and "dots" represent the effluent
breakthrough curves measured by an chloride electrode.
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Figure B.15: Breakthrough curves measured by ten TDR probes for flow-rate of 4.0
cm3min' and an average 0, for the top six layers of 0.245 (Experiment No. 15).
(a) for step-increase input; (b) for step-decrease input; where *, o, + represent ten

breakthrough curves measured by ten TDR probes and "dots" represent the effluent

breakthrough curves measured by an chloride electrode.
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Figure B.16: Breakthrough curves measured by ten TDR probes for flow-rate of 8.0
ar 3min - 1 and an average 0, for the top six layers of 0.267 (Experiment No. 16).
(a) for step-increase input; (b) for step-decrease input; where *, o, + represent ten
breakthrough curves measured by ten TDR probes and "dots" represent the effluent
breakthrough curves measured by an chloride electrode.
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Figure B.17: Breakthrough curves measured by ten TDR probes for flow-rate of 11.8
cm3min- 1 and an average 0, for the top six layers of 0.276 (Experiment No. 17).
(a) for step-increase input; (h) for step-decrease input; where *, o, + represent ten
breakthrough curves measured by ten TDR probes and "dots" represent the effluent
breakthrough curves measured by an chloride electrode.
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Figure B.18: Breakthrough curves measured by ten TDR probes for flow-rate of 15.6
cm3min - 1 and an average 0, for the top six layers of 0.293 (Experiment No. 18).
(a) for step-increase input; (b) for step-decrease input; where *, o, + represent ten
breakthrough curves measured by ten TDR probes and "dots" represent the effluent
breakthrough curves measured by an chloride electrode.
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Figure B.19: Breakthrough curves measured by ten TDR probes for flow-rate of 19.6
cm3min' and an average 0, for the top six layers of 0.306 (Experiment No. 19).
(a) for step-increase input; (b) for step-decrease input; where *, o, + represent ten
breakthrough curves measured by ten TDR probes and "dots" represent the effluent
breakthrough curves measured by an chloride electrode.
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Figure B.20: Breakthrough curves measured by ten TDR probes for flow-rate of 24.0
cm3rnin - 1 and an average 8, for the top six layers of 0.313 (Experiment No. 20).
(a) for step-increase input; (b) for step-decrease input; where "stars" represent ten

breakthrough curves measured by ten TDR probes and "dots" represent the effluent

breakthrough curves measured by an chloride electrode.
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Figure B.21: Breakthrough curves measured by ten TDR probes for flow-rate of 23.4
cm3min' and an average 0, for the top six layers of 0.324 (Experiment No. 21).
(a) for step-increase input; (b) for step-decrease input; where "stars" represent ten
breakthrough curves measured by ten TDR probes and "dots" represent the effluent
breakthrough curves measured by an chloride electrode.
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Table C.1. Transport Parameters Determined by Moment and CXTFIT
Analyses (No. 1)

Type of
input

Depth
(cm)

From Moment From CXTFIT
T

(min)
bt2

(min 2 )
y

(cm)
D

(cm 2 min- 1 )
y D (cm 2 min -1 )

(cm) value low	 upa
6.5 7.8 4 0.83 0.20 0.80 0.14 0.09	 0.20
18.0 23.0 13 0.78 0.18 0.78 0.19 0.17	 0.21
30.5 38.6 19 0.79 0.16 0.79 0.09 0.06	 0.12
42.5 50.9 84 0.83 0.58 0.83 0.68 0.60	 0.76

Step 54.5 61.3 224 0.89 1.45 0.89 1.66 1.60	 1.71
increase b 67.0 72.7 240 0.92 1.41 0.94 1.90 1.85	 1.95

79.0 87.2 376 0.91 1.77 0.90 1.55 1.51	 1.59
89.0 98.5 235 0.90 0.98 0.91 1.18 1.14	 1.21
94.0 117.6 286 0.80 0.78 0.80 0.87 0.82	 0.92
100.5 132.6 166 0.76 0.36 0.75 0.38 0.32	 0.43
104.5d 112.5 344 0.93 1.32 0.94 1.60 1.56	 1.63

6.5 7.4 8 0.87 0.45 0.88 0.23 0.19	 0.26
18.0 22.3 18 0.81 0.28 0.81 0.21 0.18	 0.24
30.5 38.5 21 0.79 0.17 0.80 0.12 0.10	 0.13

Step 42.5 51.1 56 0.83 0.38 0.83 0.47 0.44	 0.51
decrease' 54.5 65.5 146 0.83 0.77 0.84 0.90 0.87	 0.93

67.0 71.2 275 0.94 1.71 0.97 2.11 2.05	 2.16
79.0 81.4 259 0.97 1.50 0.99 1.88 1.82	 1.93
89.0 92.2 202 0.96 1.02 0.97 1.12 1.09	 1.15
94.0 100.3 201 0.94 0.88 0.95 1.06 1.00	 1.11

100.5 116.0 151 0.87 0.49 0.87 0.57 0.53	 0.61
104 • 5 d 113.7 377 0.92 1.40 0.93 1.42 1.40	 1.44

alower and upper 95% confidence limits
b NaC1 solution from 20 rriM to 35 mM
cNaCl solution from 35 mM to 20 mM
ddetermined from average flux concentration at the bottom of the column
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Table C.2. Transport Parameters Determined by Moment and CXTFIT
Analyses (No. 2)

Type of
input

Depth
(cm)

From Moment From CXTFIT
7

(min)
[12

(min 2 )
y

(cm)
D

(cm 2 min -1 )
y D (cm 2 m,in- ')

(cm) value low	 upa
6.5 7.5 12 0.86 0.61 0.89 0.45 0.40	 0.49
18.0 24.7 24 0.73 0.27 0.74 0.22 0.16	 0.27
30.5 41.9 41 0.73 0.27 0.74 0.10 0.06	 0.15
42.5 56.3 70 0.76 0.35 0.76 0.45 0.39	 0.49

Step 54.5 73.3 163 0.74 0.62 0.75 0.84 0.76	 0.91
increase' 67.0 80.2 247 0.84 1.08 0.85 1.32 1.26	 1.36

79.0 91.5 263 0.86 1.07 0.88 1.36 1.30	 1.41
89.0 111.6 213 0.80 0.61 0.80 0.65 0.62	 0.67
94.0 129.8 269 0.72 0.55 0.72 0.59 0.55	 0.61

100.5 147.2 221 0.68 0.35 0.68 0.29 0.25	 0.34
104.5d 128.8 413 0.81 1.06 0.82 1.00 0.98	 1.02

6.5 6.6 6 0.98 0.48 0.98 0.37 0.31	 0.42
18.0 23.2 13 0.78 0.18 0.77 0.15 0.11	 0.19
30.5 40.4 22 0.76 0.16 0.76 0.10 0.07	 0.13
42.5 54.7 72 0.78 0.40 0.78 0.40 0.36	 0.43

Step 54.5 67.8 212 0.80 1.01 0.82 1.38 1.33	 1.42
decrease' 67.0 77.5 253 0.86 1.22 0.89 1.46 1.41	 1.51

79.0 88.4 236 0.89 1.06 0.91 1.18 1.11	 1.24
89.0 106.1 158 0.84 0.52 0.85 0.53 0.50	 0.56
94.0 114.3 165 0.82 0.49 0.83 0.50 0.45	 0.54

100.5 131.0 120 0.77 0.27 0.77 0.30 0.25	 0.34
104.5 d 130.6 463 0.80 1.14 0.81 0.86 0.84	 0.88

'lower and upper 95% confidence limits
b NaC1 solution from 20 rriM to 35 mM
cNaCl solution from 35 mM to 20 mM
ddetermined from average flux concentration at the bottom of the column
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Table C.3. Transport Parameters Determined by Moment and CXTFIT
Analyses (No. 3)

Type of
input

Depth
(cm)

From Moment From CXTFIT
7

(min)
1.12

(min 2 )
y

(cm)
D

(cm 2 min - 1 )
y D (cm 2 min -1 )

(cm) value low	 upa
6.5 7.3 1 0.89 0.08 0.84 0.06 0.03	 0.09
18.0 23.6 9 0.76 0.12 0.76 0.07 0.04	 0.12
30.5 36.8 9 0.83 0.09 0.83 0.09 0.05	 0.12
42.5 49.2 22 0.86 0.17 0.86 0.21 0.17	 0.25

Step 54.5 64.5 86 0.85 0.48 0.85 0.60 0.56	 0.63
increase b 67.0 77.3 115 0.87 0.56 0.88 0.56 0.53	 0.60

79.0 89.4 119 0.88 0.52 0.90 0.43 0.38	 0.48
89.0 103.3 99 0.86 0.36 0.87 0.32 0.29	 0.37
94.0 112.8 93 0.83 0.29 0.83 0.30 0.27	 0.32

100.5 124.9 65 0.80 0.17 0.80 0.18 0.15	 0.20
104.5 d 138.6 372 0.75 0.76 0.76 0.50 0.46	 0.53

6.5 7.3 2 0.90 0.16 0.89 0.07 0.02	 0.12
18.0 21.9 6 0.82 0.10 0.81 0.08 0.07	 0.10
30.5 35.6 11 0.86 0.11 0.85 0.09 0.6	 0.12
42.5 47.4 19 0.90 0.17 0.89 0.20 0.16	 0.23

Step 54.5 61.6 76 0.88 0.49 0.89 0.57 0.54	 0.60
decrease 67.0 73.0 107 0.92 0.62 0.92 0.66 0.62	 0.69

79.0 82.6 57 0.96 0.32 0.96 0.33 0.29	 0.37
89.0 97.0 57 0.92 0.25 0.92 0.22 0.18	 0.26
94.0 105.7 61 0.89 0.23 0.89 0.24 0.21	 0.27

100.5 118.4 52 0.85 0.16 0.85 0.16 0.13	 0.19
104.5d 135.6 315 0.77 0.69 0.78 0.42 0.38	 0.46

alower and upper 95% confidence limits
b NaC1 solution from 20 mM to 35 mM
cAraC1 solution from 35 mM to 20 mM
ddetermined from average flux concentration at the bottom of the column
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enddocument
Table C.4. Transport Parameters Determined by Moment and CXTFIT

Analyses (No. 4)

Type of
input

Depth
(cm)

From Moment From CXTFIT
T

(min)
[12

(min 2 )
y

(cm)
D

(cm 2min -1 )
y D (cm 2min -1 )

(cm) value low	 upa
6.5 9.1 12 0.72 0.35 0.75 0.45 0.40	 0.49
18.0 27.9 77 0.65 0.58 0.69 0.23 0.17	 0.29
30.5 44.5 122 0.69 0.65 0.69 0.12 0.07	 0.18
42.5 60.0 109 0.71 0.46 0.69 0.30 0.24	 0.35

Step 54.5 80.2 211 0.68 0.61 0.68 0.98 0.90	 1.05
increaseb 67.0 94.2 317 0.71 0.85 0.73 0.92 0.87	 0.96

79.0 110.6 307 0.71 0.71 0.73 0.52 0.45	 0.59
89.0 122.8 288 0.72 0.62 0.72 0.25 0.22	 0.29
94.0 139.5 304 0.67 0.49 0.67 0.23 0.21	 0.25
100.5 160.5 229 0.63 0.28 0.63 0.23 0.18	 0.29
104.5a 150.8 745 0.69 1.19 0.70 0.63 0.59	 0.67

'lower and upper 95% confidence limits
b NaC1 solution from 20 mM to 35 mM
cdetermined from average flux concentration at the bottom of the column
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Table C.5. Transport Parameters Determined by Moment and CXTFIT
Analyses (No. 5)

Type of
input

Depth
(cm)

From Moment From CXTFIT
7

(min)
I-12

(min 2 )
y

(cm)
D

(cm 2 min -1 )
y D (cm 2 min -1 )

(cm) value low	 upa
6.5 10.4 12 0.63 0.23 0.64 0.17 0.13	 0.21
18.0 30.5 10 0.59 0.06 0.59 0.05 0.03	 0.08
30.5 50.2 23 0.61 0.08 0.60 0.09 0.06	 0.11
42.5 70.1 61 0.61 0.16 0.60 0.16 0.11	 0.20

Step 54.5 93.3 108 0.58 0.20 0.58 0.21 0.18	 0.24
increaseb 67.0 110.8 98 0.60 0.16 0.61 0.17 0.14	 0.20

79.0 128.6 146 0.61 0.22 0.62 0.16 0.09	 0.22
89.0 140.7 78 0.63 0.11 0.63 0.10 0.06	 0.15
94.0 148.2 87 0.63 0.12 0.64 0.12 0.08	 0.16
100.5 156.5 86 0.64 0.11 0.64 0.10 0.09	 0.12
104.5 d 176.5 998 0.59 0.99 0.61 0.82 0.72	 0.93

6.5 10.2 5 0.64 0.11 0.62 0.08 0.06	 0.10
18.0 30.1 8 0.60 0.05 0.59 0.05 0.03	 0.07
30.5 49.6 46 0.61 0.18 0.61 0.13 0.10	 0.16
42.5 68.8 59 0.62 0.16 0.62 0.17 0.14	 0.19

Step 54.5 90.6 110 0.60 0.22 0.60 0.24 0.22	 0.26
decrease' 67.0 112.6 243 0.59 0.38 0.61 0.18 0.12	 0.24

79.0 127.2 159 0.62 0.24 0.63 0.14 0.09	 0.19
89.0 141.6 175 0.63 0.24 0.64 0.15 0.10	 0.20
94.0 147.2 75 0.64 0.11 0.64 0.11 0.08	 0.14
100.5 154.2 191 0.65 0.26 0.66 0.10 0.08	 0.12
104.5d 176.2 1045 0.59 1.04 0.62 0.66 0.53	 0.78

'lower and upper 95% confidence limits
b N aC1 solution from 20 mM to 35 mM
c N aC1 solution from 35 mM to 20 mM
ddetermined from average flux concentration at the bottom of the column
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Table C.6. Transport Parameters Determined by Moment and CXTFIT
Analyses (No. 6)

Type of
input

Depth
(cm)

From Moment From CXTFIT
7

(min)
1-12

(min')
y

(cm)
D

(cm 2 min -1 )
y D (cm 2 min - ')

(cm) value low	 upa
6.5 11.0 9 0.59 0.15 0.59 0.10 0.06	 0.14
18.0 33.0 21 0.54 0.10 0.55 0.10 0.06	 0.14
30.5 54.2 68 0.56 0.20 0.57 0.08 0.04	 0.16
42.5 69.5 153 0.61 0.41 0.60 0.20 0.12	 0.29

Step 54.5 95.5 247 0.57 0.42 0.57 0.56 0.48	 0.63
increase b 67.0 114.6 301 0.58 0.45 0.59 0.47 0.43	 0.50

79.0 132.8 240 0.59 0.32 0.60 0.30 0.25	 0.34
89.0 157.8 524 0.56 0.53 0.58 0.46 0.36	 0.55
94.0 163.9 505 0.57 0.51 0.58 0.39 0.33	 0.44
100.5 177.2 284 0.57 0.26 0.57 0.22 0.17	 0.26
104.5 d 169.6 479 0.62 0.54 0.62 0.45 0.42	 0.48

6.5 10.5 6 0.62 0.12 0.61 0.09 0.06	 0.11
18.0 32.0 15 0.56 0.08 0.56 0.07 0.06	 0.09
30.5 51.9 25 0.59 0.08 0.59 0.07 0.04	 0.10
42.5 68.0 166 0.62 0.48 0.60 0.21 0.17	 0.26

Step 54.5 93.0 258 0.59 0.48 0.59 0.63 0.57	 0.68
decrease' 67.0 114.9 185 0.58 0.27 0.59 0.30 0.26	 0.33

79.0 131.2 173 0.60 0.24 0.61 0.22 0.17	 0.27
89.0 147.0 286 0.61 0.36 0.61 0.21 0.17	 0.26
94.0 157.3 664 0.60 0.75 0.60 0.26 0.24	 0.28

100.5 165.3 203 0.61 0.23 0.61 0.15 0.13	 0.17
104.5d 188.4 635 0.55 0.52 0.57 0.39 0.33	 0.44

'lower and upper 95% confidence limits
b NaC1 solution from 20 mM to 35 mM
c NaC1 solution from 35 mM to 20 mM
ddetermined from average flux concentration at the bottom of the column
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Table C.7. Transport Parameters Determined by Moment and CXTFIT
Analyses (No. 7)

Type of
input

Depth
(cm)

From Moment From CXTFIT
T

(min)
j-L2

(min')
y

(cm)
D

(cm 2 min- 1 )
y D (cm 2 min -1 )

(cm) value low	 upa
6.5 15.5 28 0.42 0.16 0.44 0.11 0.08	 0.14
18.0 43.8 19 0.41 0.04 0.41 0.04 0.03	 0.05
30.5 73.5 42 0.42 0.05 0.41 0.05 0.04	 0.07
42.5 97.3 92 0.44 0.09 0.43 0.09 0.07	 0.11

Step 54.5 127.0 280 0.43 0.20 0.43 0.24 0.17	 0.31
increaseb 67.0 153.7 291 0.44 0.18 0.44 0.18 0.15	 0.21

79.0 180.9 409 0.44 0.22 0.44 0.15 0.09	 0.21
89.0 200.9 482 0.44 0.24 0.45 0.15 0.08	 0.22
94.0 213.3 1156 0.44 0.53 0.45 0.51 0.47	 0.56

100.5 229.5 762 0.44 0.32 0.44 0.32 0.30	 0.34
104 • 5 d 238.2 1033 0.44 0.42 0.44 0.28 0.25	 0.31

6.5 16.8 13 0.39 0.06 0.39 0.05 0.03	 0.07
18.0 45.0 33 0.40 0.06 0.40 0.06 0.04	 0.08
30.5 73.4 74 0.42 0.09 0.42 0.08 0.05	 0.11
42.5 98.6 71 0.43 0.07 0.43 0.06 0.04	 0.09

Step 54.5 125.2 308 0.44 0.23 0.44 0.29 0.25	 0.32
decrease' 67.0 152.6 419 0.44 0.27 0.45 0.21 0.17	 0.25

79.0 175.3 199 0.45 0.12 0.45 0.11 0.08	 0.15
89.0 196.9 129 0.45 0.07 0.45 0.07 0.04	 0.10
94.0 205.9 463 0.46 0.23 0.46 0.26 0.23	 0.29

100.5 206.1 661 0.49 0.38 0.49 0.26 0.22	 0.30
104 • 5d 242.1 1218 0.43 0.47 0.43 0.34 0.30	 0.37

'lower and upper 95% confidence limits
b N aC1 solution from 20 mM to 35 mM

1 V aC1 solution from 35 mM to 20 mM
ddetermined from average flux concentration at the bottom of the column
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Table C.8. Transport Parameters Determined by Moment and CXTFIT
Analyses (No. 8)

Type of
input

Depth
(cm)

From Moment From CXTFIT
T

(min)
/22

(min 2 )
y

(cm)

D
(cm 2 min - 1 )

y D (cm 2 min - 1 )
(cm) value low	 upa

6.5 14.8 9 0.44 0.06 0.44 0.06 0.02	 0.10
18.0 40.7 13 0.44 0.03 0.44 0.03 0.01	 0.06
30.5 69.9 29 0.44 0.04 0.44 0.04 0.01	 0.08
42.5 93.5 57 0.45 0.06 0.45 0.07 0.04	 0.10

Step 54.5 121.5 97 0.45 0.08 0.45 0.09 0.05	 0.12
increaseb 67.0 144.8 94 0.46 0.07 0.46 0.07 0.03	 0.12

79.0 170.9 174 0.46 0.11 0.46 0.09 0.06	 0.13
89.0 188.0 208 0.47 0.12 0.48 0.11 0.06	 0.17
94.0 196.8 172 0.48 0.10 0.48 0.11 0.06	 0.17

100.5 211.5 330 0.48 0.18 0.48 0.16 0.15	 0.18
104.5 d 254.2 2797 0.41 0.93 0.43 0.80 0.69	 0.92

6.5 14.1 9 0.46 0.07 0.45 0.06 0.02	 0.10
18.0 40.5 14 0.44 0.03 0.44 0.03 0.01	 0.05
30.5 68.5 47 0.45 0.07 0.44 0.07 0.04	 0.09
42.5 93.7 62 0.45 0.07 0.45 0.07 0.04	 0.10

Step 54.5 122.5 118 0.45 0.10 0.45 0.10 0.07	 0.13
decrease 67.0 145.5 182 0.46 0.13 0.46 0.11 0.05	 0.17

79.0 170.7 110 0.46 0.07 0.46 0.07 0.02	 0.11
89.0 185.9 124 0.48 0.08 0.48 0.08 0.02	 0.14
94.0 198.8 166 0.47 0.09 0.47 0.09 0.05	 0.14
100.5 204.2 177 0.49 0.11 0.49 0.10 0.08	 0.12
104.5 d 253.9 2722 0.41 0.91 0.43 0.74 0.61	 0.87

alower and upper 95% confidence limits
b N0C1 solution from 20 mM to 35 mM
cAraC1 solution from 35 mM to 20 mM
ddetermined from average flux concentration at the bottom of the column
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Table C.9. Transport Parameters Determined by Moment and CXTFIT
Analyses (No. 9)

Type of
input

Depth
(cm)

From Moment From CXTFIT
T

(min)
[12

(min 2 )
y

(cm)
D

(cm 2 min - 1 )
y D (cm 2 min -1 )

(cm) value low	 upa
6.5 26.9 134 0.24 0.15 0.26 0.08 0.06	 0.11
18.0 74.2 107 0.24 0.04 0.24 0.04 0.03	 0.05
30.5 126.1 198 0.24 0.05 0.24 0.05 0.03	 0.07
42.5 166.2 351 0.26 0.07 0.25 0.06 0.04	 0.09

Step 54.5 218.1 690 0.25 0.10 0.25 0.10 0.07	 0.12
increase b 67.0 274.3 1273 0.24 0.14 0.25 0.12 0.04	 0.20

79.0 323.3 2260 0.24 0.21 0.25 0.11 0.04	 0.19
89.0 355.1 1138 0.25 0.10 0.25 0.10 0.06	 0.14
94.0 376.9 1872 0.25 0.15 0.25 0.18 0.14	 0.22
100.5 398.1 2702 0.25 0.22 0.26 0.25 0.22	 0.28
104.5d 415.2 3522 0.25 0.27 0.26 0.31 0.26	 0.35

6.5 27.0 54 0.24 0.06 0.25 0.05 0.02	 0.08
18.0 73.8 77 0.24 0.03 0.24 0.03 0.01	 0.05
30.5 124.9 211 0.24 0.05 0.24 0.06 0.03	 0.08
42.5 167.6 249 0.25 0.05 0.25 0.05 0.02	 0.08

Step 54.5 218.9 915 0.25 0.13 0.25 0.12 0.09	 0.15
decrease' 67.0 274.2 1377 0.24 0.15 0.25 0.09 0.03	 0.15

79.0 324.4 3054 0.24 0.28 0.25 0.09 0.01	 0.19
89.0 383.1 6568 0.23 0.46 0.25 0.11 0.00	 0.26
94.0 404.9 4442 0.23 0.30 0.24 0.24 0.16	 0.33
100.5 405.8 6662 0.25 0.50 0.26 0.35 0.28	 0.42
104.5 d 430.1 3017 0.24 0.21 0.25 0.15 0.06	 0.24

alower and upper 95% confidence limits
b NaC1 solution from 20 mM to 35 mM
'NaCl solution from 35 mM to 20 mM
ddetermined from average flux concentration at the bottom of the column
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Table C.10. Transport Parameters Determined by Moment and CXTFIT
Analyses (No. 10)

Type of
input

Depth
(cm)

From Moment From CXTFIT
7

(min)
/22

(rnin 2 )
y

(cm)
D

(cm 2 min - 1 )
y D (cm 2 min- 1 )

(cm) value low	 upa
6.5 47.4 354 0.14 0.07 0.15 0.06 0.01	 0.11
18.0 132.7 470 0.14 0.03 0.14 0.03 0.01	 0.05
30.5 226.3 852 0.13 0.03 0.14 0.04 0.01	 0.06
42.5 300.3 885 0.14 0.03 0.14 0.03 0.01	 0.05

Step 54.5 376.5 1089 0.14 0.03 0.14 0.03 0.01	 0.06
increase b 67.0 479.4 3538 0.14 0.07 0.14 0.07 0.01	 0.13

79.0 579.2 8463 0.14 0.14 0.14 0.09 0.02	 0.17
89.0 620.0 6927 0.14 0.12 0.14 0.13 0.07	 0.19
94.0 677.6 10580 0.14 0.15 0.14 0.18 0.12	 0.24

100.5 715.9 11690 0.14 0.16 0.14 0.18 016	 0.21
104.5 d 782.7 25830 0.13 0.29 0.14 0.26 018	 0.33

6.5 47.7 316 0.14 0.06 0.14 0.05 0.03	 0.07
18.0 132.5 368 0.14 0.03 0.14 0.02 0.01	 0.04
30.5 233.0 727 0.13 0.03 0.13 0.03 0.01	 0.05
42.5 315.8 2232 0.13 0.06 0.14 0.04 0.01	 0.08

Step 54.5 388.2 2846 0.14 0.07 0.14 0.07 0.03	 0.11
decrease' 67.0 495.1 7739 0.14 0.14 0.14 0.11 0.05	 0.18

79.0 591.4 11010 0.13 0.17 0.14 0.13 0.04	 0.21
89.0 655.2 8405 0.14 0.12 0.14 0.11 0.05	 0.18
94.0 712.6 15560 0.13 0.19 0.14 0.20 0.14	 0.26
100.5 725.7 18420 0.14 0.24 0.14 0.22 0.16	 0.29
104.5 d 815.6 29380 0.13 0.30 0.13 0.28 0.20	 0.35

'lower and upper 95% confidence limits
6 NaC1 solution from 20 mM to 35 mM
c NaC1 solution from 35 mM to 20 mM
ddetermined from average flux concentration at the bottom of the column
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Table C.11. Transport Parameters Determined by Moment and CXTFIT
Analyses (No. 11)

Type of
input

Depth
(cm)

From Moment From CXTFIT
7"

(min)
[12

(min 2 )
y

(cm)
D

(cm2 min -1 )
y D (cm2 min -1 )

(cm) value low	 upa
6.5 91.4 700 0.07 0.02 0.07 0.02 0.00	 0.06
18.0 259.8 2249 0.07 0.02 0.07 0.02 0.00	 0.04
30.5 441.4 3963 0.07 0.02 0.07 0.02 0.00	 0.05
42.5 580.4 6239 0.07 0.03 0.07 0.03 0.00	 0.07

Step 54.5 740.3 18560 0.07 0.07 0.08 0.06 0.00	 0.12
increase b 67.0 932.6 24860 0.07 0.07 0.07 0.07 0.00	 0.16

79.0 1098.0 30690 0.07 0.07 0.07 0.08 0.01	 0.16
89.0 1191.0 38150 0.07 0.09 0.08 0.10 0.04	 0.16
94.0 1253.0 40360 0.08 0.09 0.08 0.09 0.03	 0.16
100.5 1380.0 41670 0.07 0.08 0.07 0.09 0.06	 0.12
104.5 d 1461.0 99810 0.07 0.17 0.07 0.21 0.16	 0.25

6.5 94.1 494 0.07 0.01 0.07 0.01 0.00	 0.06
18.0 255.2 1109 0.07 0.01 0.07 0.01 0.00	 0.04
30.5 433.7 2646 0.07 0.02 0.07 0.02 0.00	 0.06
42.5 572.2 6645 0.07 0.03 0.08 0.03 0.00	 0.07

Step 54.5 749.6 20590 0.07 0.07 0.08 0.06 0.00	 0.13
decrease' 67.0 912.5 22080 0.07 0.07 0.07 0.07 0.01	 0.14

79.0 1064.0 19300 0.07 0.05 0.08 0.05 0.00	 0.11
89.0 1145.0 16580 0.08 0.04 0.08 0.05 0.00	 0.11
94.0 1216.0 18470 0.08 0.05 0.08 0.05 0.00	 0.11
100.5 1302.0 38090 0.08 0.09 0.08 0.08 0.04	 0.13
104.5 d 1529.0 68640 0.07 0.10 0.07 0.12 0.07	 0.16

'lower and upper 95% confidence limits
b NaC1 solution from 20 mM to 35 mM
c NaC1 solution from 35 mM to 20 mM

ddetermined from average flux concentration at the bottom of the column
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Table C.12. Transport Parameters Determined by Moment and CXTFIT
Analyses (No. 12)

Type of
input

Depth
(cm)

From Moment From CXTFIT
T

(min)
11,2

(min 2 )
V

(cm)
D

(cm 2 min- 1 )
y D (cm 2 min -1 )

(cm) value low	 upa
6.5 91.6 609 0.07 0.02 0.07 0.02 0.00	 0.04
18.0 260.0 1372 0.07 0.01 0.07 0.01 0.00	 0.04
30.5 441.3 2115 0.07 0.01 0.07 0.01 0.00	 0.05
42.5 573.7 3818 0.07 0.02 0.07 0.02 0.00	 0.06

Step 54.5 718.0 6489 0.08 0.03 0.08 0.03 0.00	 0.07
increase b 67.0 910.5 13560 0.07 0.04 0.07 0.05 0.00	 0.18

79.0 1030.0 14840 0.08 0.04 0.08 0.04 0.00	 0.10
89.0 1172.0 19190 0.08 0.05 0.08 0.06 0.00	 0.12
94.0 1207.0 15840 0.08 0.04 0.08 0.05 0.00	 0.12
100.5 1265.0 18550 0.08 0.05 0.08 0.05 0.02	 0.09
104.5 d 1464.0 91830 0.07 0.16 0.07 0.15 0.07	 0.22

6.5 99.6 646 0.07 0.01 0.07 0.01 0.00	 0.05
18.0 269.2 1223 0.07 0.01 0.07 0.01 0.00	 0.04
30.5 436.0 2760 0.07 0.02 0.07 0.02 0.00	 0.05
42.5 554.7 4056 0.08 0.02 0.08 0.02 0.00	 0.07

Step 54.5 722.2 4699 0.08 0.02 0.08 0.02 0.00	 0.08
decrease' 67.0 904.0 15690 0.07 0.05 0.08 0.05 0.00	 0.12

79.0 1053.0 13450 0.07 0.04 0.08 0.04 0.00	 0.09
89.0 1208.0 15420 0.07 0.03 0.07 0.04 0.00	 0.13
94.0 1255.0 31490 0.07 0.07 0.08 0.08 0.04	 0.12
100.5 1321.0 41450 0.08 0.09 0.08 0.09 0.05	 0.12
104.5 d 1531.0 90800 0.07 0.14 0.07 0.14 0.08	 0.20

alower and upper 95% confidence limits
b NaC1 solution from 20 mM to 35 mM
eNaCl solution from 35 mM to 20 mM
d determined from average flux concentration at the bottom of the column
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Table C.13. Transport Parameters Determined by Moment and CXTFIT
Analyses (No. 13)

Type of
input

Depth
(cm)

From Moment From CXTFIT
r

(min)
Lt2

(min')
y

(cm)
D

(cm 2 min - 1 )
y D (cm 2min - 1 )

(cm) value low	 upa
6.5 99.1 516 0.07 0.01 0.07 0.01 0.00	 0.03
18.0 270.1 1140 0.07 0.01 0.07 0.01 0.00	 0.02
30.5 440.8 2468 0.07 0.01 0.07 0.02 0.00	 0.03
42.5 544.8 2385 0.08 0.01 0.08 0.02 0.00	 0.05

Step 54.5 692.4 4252 0.08 0.02 0.08 0.02 0.00	 0.07
increaseb 67.0 887.5 9274 0.08 0.03 0.08 0.03 0.00	 0.10

79.0 1051.0 17550 0.08 0.05 0.08 0.05 0.00	 0.11
89.0 1189.0 18860 0.07 0.04 0.08 0.05 0.00	 0.10
94.0 1225.0 24860 0.08 0.06 0.08 0.07 0.00	 0.11

100.5 1287.0 23980 0.08 0.06 0.08 0.07 0.03	 0.11
104.5 d 1485.0 96910 0.07 0.16 0.07 0.15 0.10	 0.21

6.5 95.5 924 0.07 0.02 0.07 0.02 0.00	 0.06
18.0 265.9 1630 0.07 0.01 0.07 0.02 0.00	 0.04
30.5 447.0 4664 0.07 0.02 0.07 0.02 0.00	 0.06
42.5 565.2 4330 0.08 0.02 0.08 0.02 0.00	 0.06

Step 54.5 733.5 8735 0.07 0.03 0.08 0.03 0.00	 0.09
decrease' 67.0 903.1 21890 0.07 0.07 0.08 0.07 0.02	 0.13

79.0 1053.0 16790 0.08 0.04 0.08 0.05 0.00	 0.09
89.0 1151.0 9442 0.08 0.02 0.08 0.03 0.00	 0.09
94.0 1205.0 15200 0.08 0.04 0.08 0.05 0.00	 0.11

100.5 1272.0 25850 0.08 0.06 0.08 0.06 0.02	 0.11
104.5 d 1520.0 89150 0.07 0.14 0.07 0.15 0.10	 0.19

'lower and upper 95% confidence limits
b N aC1 solution from 20 mM to 35 mM
c N aC1 solution from 35 mM to 20 mM
ddetermined from average flux concentration at the bottom of the column
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Table C.14. Transport Parameters Determined by Moment and CXTFIT
Analyses (No. 14)

Type of
input

Depth
(cm)

From Moment From CXTFIT
7

(min)
122

(min 2 )
y

(cm)
D

(cm 2 min - 1 )
y D (cm 2 min -1 )

(cm) value low	 upa
6.5 56.3 127 0.12 0.02 0.11 0.01 0.00	 0.07
18.0 150.9 301 0.12 0.01 0.12 0.02 0.00	 0.04
30.5 240.7 571 0.13 0.02 0.13 0.02 0.00	 0.05
42.5 303.7 781 0.14 0.03 0.14 0.02 0.00	 0.05

Step 54.5 383.3 1348 0.14 0.04 0.14 0.04 0.00	 0.07
increaseb 67.0 481.0 2601 0.14 0.05 0.14 0.05 0.00	 0.11

79.0 561.0 3299 0.14 0.06 0.14 0.05 0.01	 0.10
89.0 606.6 2003 0.15 0.04 0.15 0.04 0.00	 0.09
94.0 642.7 6244 0.15 0.10 0.15 0.13 0.08	 0.17

100.5 691.8 7461 0.15 0.11 0.15 0.13 0.10	 0.15
104.5 d 776.3 23440 0.13 0.27 0.14 0.31 023	 0.38

6.5 52.6 180 0.12 0.03 0.13 0.03 0.00	 0.05
18.0 143.4 266 0.13 0.01 0.13 0.01 0.00	 0.04
30.5 235.8 596 0.13 0.02 0.13 0.02 0.00	 0.05
42.5 301.4 473 0.14 0.02 0.14 0.02 0.00	 0.03

Step 54.5 389.9 1174 0.14 0.03 0.14 0.03 0.01	 0.06
decrease' 67.0 487.3 4225 0.14 0.08 0.14 0.06 0.00	 0.13

79.0 557.2 2817 0.14 0.05 0.14 0.05 0.00	 0.10
89.0 628.2 1945 0.14 0.03 0.14 0.04 0.00	 0.09
94.0 651.3 3667 0.14 0.06 0.14 0.06 0.01	 0.12
100.5 678.9 5080 0.15 0.08 0.15 0.09 0.04	 0.13
104.5 d 782.8 20700 0.13 0.24 0.14 0.24 0.17	 0.31

alower and upper 95% confidence limits
b N aC1 solution from 20 mM to 35 mM
c N aC1 solution from 35 mM to 20 mM
ddetermined from average flux concentration at the bottom of the column
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Table C.15. Transport Parameters Determined by Moment and CXTFIT
Analyses (No. 15)

Type of
input

Depth
(cm)

From Moment From CXTFIT
7

(min)
[12

(min 2 )
y

(cm)
D

(cm 2 min- 1 )
y D (cm 2 min -1 )

(cm) value low	 upa
6.5 26.5 36 0.24 0.04 0.24 0.03 0.00	 0.06
18.0 79.5 81 0.23 0.03 0.23 0.02 0.01	 0.04
30.5 133.3 222 0.23 0.04 0.23 0.04 0.02	 0.07
42.5 167.9 206 0.25 0.04 0.25 0.04 0.02	 0.06

Step 54.5 214.1 540 0.25 0.08 0.25 0.09 0.06	 0.12
increase b 67.0 265.8 499 0.25 0.06 0.25 0.07 0.03	 0.10

79.0 311.6 653 0.25 0.07 0.26 0.05 0.02	 0.09
89.0 345.6 904 0.26 0.09 0.26 0.09 0.06	 0.12
94.0 366.1 2303 0.26 0.21 0.26 0.19 0.15	 0.24

100.5 381.4 1565 0.26 0.14 0.26 0.14 0.11	 0.17
104.5d 448.7 6757 0.23 0.41 0.24 0.42 0.36	 0.48

6.5 31.3 52 0.21 0.04 0.21 0.02 0.02	 0.05
18.0 85.8 45 0.21 0.01 0.21 0.01 0.00	 0.02
30.5 137.7 201 0.22 0.04 0.22 0.03 0.01	 0.06
42.5 177.4 238 0.24 0.04 0.24 0.04 0.02	 0.06

Step 54.5 222.8 571 0.24 0.08 0.24 0.09 0.06	 0.12
decrease' 67.0 277.4 676 0.24 0.07 0.24 0.06 0.01	 0.11

79.0 322.9 896 0.24 0.08 0.25 0.06 0.02	 0.10
89.0 352.3 540 0.25 0.05 0.25 0.06 0.02	 0.09
94.0 372.4 1262 0.25 0.11 0.25 0.12 0.09	 0.15

100.5 381.4 1099 0.26 0.10 0.26 0.11 0.09	 0.13
104 • 5 d 458.9 8789 0.23 0.50 0.24 0.38 0.30	 0.46

alower and upper 95% confidence limits
b N0C1 solution from 20 mill to 35 mM
cNaCl solution from 35 mM to 20 mM
ddetermined from average flux concentration at the bottom of the column
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Table C.16. Transport Parameters Determined by Moment and CXTFIT
Analyses (No. 16)

Type of
input

Depth
(cm)

From Moment From CXTFIT
7

(min)
[12

(min 2 )
y

(cm)
D

(cm 2 min - 1 )
y D (cm 2 min -1 )

(cm) value low	 upa
6.5 16.1 11 0.40 0.06 0.40 0.04 0.00	 0.08
18.0 49.4 20 0.36 0.03 0.36 0.03 0.00	 0.05
30.5 80.9 101 0.38 0.09 0.38 0.06 0.04	 0.09
42.5 103.6 111 0.41 0.09 0.41 0.09 0.08	 0.11

Step 54.5 131.8 280 0.41 0.18 0.41 0.21 0.19	 0.24
increaseb 67.0 161.6 458 0.41 0.24 0.42 0.22 0.18	 0.26

79.0 185.7 469 0.43 0.23 0.43 0.17 0.12	 0.22
89.0 204.4 242 0.44 0.11 0.44 0.11 0.07	 0.15
94.0 218.7 257 0.43 0.11 0.43 0.10 0.07	 0.14

100.5 233.2 288 0.43 0.11 0.43 0.10 0.08	 0.13
104.5d 278.9 3363 0.37 0.85 0.39 0.64 0.55	 0.74

6.5 16.2 5 0.40 0.03 0.39 0.03 0.00	 0.05
18.0 49.5 23 0.36 0.03 0.36 0.03 0.01	 0.05
30.5 79.1 50 0.39 0.05 0.39 0.05 0.02	 0.08
42.5 100.9 82 0.42 0.07 0.42 0.08 0.05	 0.10

Step 54.5 129.3 208 0.42 0.14 0.42 0.18 0.15	 0.20
decrease' 67.0 158.1 301 0.42 0.17 0.43 0.16 0.12	 0.20

79.0 179.8 205 0.44 0.11 0.44 0.10 0.07	 0.14
89.0 205.5 219 0.43 0.10 0.44 0.08 0.04	 0.12
94.0 217.7 256 0.43 0.11 0.43 0.09 0.07	 0.11

100.5 229.8 178 0.44 0.07 0.44 0.07 0.06	 0.08
104.5d 258.6 2368 0.40 0.75 0.42 0.47 0.36	 0.58

°lower and upper 95% confidence limits
b NaC1 solution from 20 mM to 35 mM
cNaCl solution from 35 ',TIM to 20 mM
ddetermined from average flux concentration at the bottom of the column
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Table C.17. Transport Parameters Determined by Moment and CXTFIT
Analyses (No. 17)

Type of
input

Depth
(cm)

From Moment From CXTFIT
T

(min)
112

(min 2 )
y

(cm)
D

(cm 2 min - 1 )
y D (cm' min- ')

(cm) value low	 upa
6.5 11.8 2 0.55 0.03 0.54 0.03 0.01	 0.05
18.0 36.6 11 0.49 0.04 0.49 0.04 0.03	 0.05
30.5 57.4 31 0.53 0.08 0.53 0.07 0.05	 0.10
42.5 75.8 78 0.56 0.16 0.56 0.16 0.13	 0.19

Step 54.5 96.0 147 0.57 0.25 0.57 0.31 0.29	 0.33
increase b 67.0 115.3 176 0.58 0.26 0.58 0.29 0.26	 0.32

79.0 130.6 145 0.60 0.20 0.60 0.22 0.19	 0.24
89.0 147.8 83 0.60 0.10 0.60 0.11 0.09	 0.12
94.0 159.4 90 0.59 0.10 0.59 0.10 0.09	 0.11
100.5 176.2 111 0.57 0.10 0.57 0.10 0.08	 0.11
104.5 d 186.8 680 0.56 0.57 0.57 0.52 0.44	 0.59

6.5 11.1 12 0.59 0.19 0.55 0.04 0.00	 0.10
18.0 35.7 11 0.50 0.04 0.50 0.04 0.02	 0.06
30.5 56.6 35 0.54 0.09 0.54 0.07 0.04	 0.11
42.5 74.3 54 0.57 0.12 0.57 0.14 0.11	 0.16

Step 54.5 94.3 176 0.58 0.31 0.58 0.37 0.34	 0.40
decrease' 67.0 114.0 165 0.59 0.25 0.59 0.25 0.21	 0.29

79.0 130.1 119 0.61 0.17 0.61 0.19 0.15	 0.23
89.0 149.4 89 0.60 0.11 0.60 0.10 0.06	 0.13
94.0 158.7 89 0.59 0.10 0.59 0.10 0.06	 0.13

100.5 172.0 110 0.58 0.11 0.58 0.09 0.07	 0.11
104.5 d 192.2 607 0.54 0.47 0.55 0.24 0.15	 0.32

'lower and upper 95% confidence limits
b NaC1 solution from 20 mM to 35 mM
eNaCl solution from 35 mM to 20 mM
ddetermined from average flux concentration at the bottom of the column
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Table C.18. Transport Parameters Determined by Moment and CXTFIT
Analyses (No. 18)

Type of
input

Depth
(cm)

From Moment From CXTFIT
T

(min)
kt 2

(min 2 )
y

(cm)
D

(cm 2 min - 1 )
y D (cm 2 min - ')

(cm) value low	 upa
6.5 8.9 4 0.73 0.13 0.70 0.10 0.07	 0.13
18.0 30.0 8 0.60 0.05 0.60 0.05 0.03	 0.07
30.5 47.1 36 0.65 0.16 0.65 0.15 0.12	 0.18
42.5 62.1 57 0.68 0.22 0.68 0.24 0.18	 0.30

Step 54.5 77.7 112 0.70 0.35 0.70 0.46 0.39	 0.53
increase b 67.0 94.8 143 0.71 0.38 0.71 0.45 0.39	 0.50

79.0 107.0 130 0.74 0.33 0.74 0.34 0.28	 0.39
89.0 124.8 177 0.71 0.36 0.72 0.27 0.22	 0.32
94.0 133.6 108 0.70 0.20 0.70 0.23 0.19	 0.26
100.5 150.2 167 0.67 0.25 0.67 0.21 0.19	 0.24
104 • 5 d 152.2 611 0.69 0.95 0.70 0.52 0.45	 0.59

6.5 8.9 4 0.73 0.13 0.67 0.07 0.04	 0.10
18.0 29.1 9 0.62 0.06 0.61 0.04 0.02	 0.08
30.5 46.3 31 0.66 0.15 0.66 0.12 0.09	 0.15
42.5 60.6 49 0.70 0.20 0.70 0.22 0.19	 0.24

Step 54.5 77.3 141 0.70 0.45 0.71 0.54 0.49	 0.58
decrease' 67.0 91.6 115 0.73 0.34 0.73 0.38 0.32	 0.44

79.0 105.0 140 0.75 0.38 0.76 0.31 0.25	 0.38
89.0 121.2 103 0.73 0.23 0.74 0.21 0.16	 0.26
94.0 130.5 107 0.72 0.21 0.72 0.20 0.17	 0.24
100.5 145.1 114 0.69 0.19 0.70 0.16 0.13	 0.20
104.5 d 154.3 667 0.68 0.99 0.69 0.37 0.28	 0.45

alower and upper 95% confidence limits
b NaCl solution from 20 mM to 35 mM
c.1\ raC1 solution from 35 mM to 20 mM
ddetermined from average flux concentration at the bottom of the column
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Table C.19. Transport Parameters Determined by Moment and CXTFIT
Analyses (No. 19)

Type of
input

Depth
(cm)

From Moment From CXTFIT
T

(min)
[12

(min 2 )
y

(cm)
D

(cm 2 min - 1 )
y D (cm2 min -1 )

(cm) value low	 upa
6.5 7.5 3 0.87 0.17 0.82 0.08 0.07	 0.10
18.0 25.7 8 0.70 0.08 0.69 0.07 0.05	 0.10
30.5 39.6 24 0.77 0.18 0.77 0.18 0.16	 0.20
42.5 52.5 42 0.81 0.26 0.80 0.32 0.24	 0.38

Step 54.5 67.3 97 0.81 0.47 0.81 0.62 0.57	 0.67
increase b 67.0 78.0 114 0.86 0.54 0.86 0.64 0.60	 0.69

79.0 90.7 93 0.87 0.39 0.88 0.40 0.35	 0.44
89.0 108.9 76 0.82 0.24 0.82 0.24 0.20	 0.28
94.0 119.2 126 0.79 0.33 0.79 0.36 0.33	 0.38
100.5 131.9 109 0.76 0.24 0.76 0.28 0.25	 0.31
104.5d 128.2 319 0.81 0.83 0.82 0.52 0.49	 0.55

6.5 7.7 2 0.85 0.11 0.82 0.09 0.06	 0.12
18.0 22.5 5 0.80 0.08 0.79 0.08 0.06	 0.10
30.5 38.2 27 0.80 0.23 0.80 0.20 0.18	 0.22
42.5 49.9 89 0.85 0.65 0.83 0.35 0.33	 0.38

Step 54.5 66.6 191 0.82 0.96 0.84 0.62 0.57	 0.67
decrease' 67.0 79.2 209 0.85 0.94 0.86 0.73 0.67	 0.80

79.0 90.1 260 0.88 1.11 0.88 0.41 0.35	 0.48
89.0 104.0 58 0.86 0.21 0.86 0.21 0.17	 0.24
94.0 112.0 82 0.84 0.26 0.84 0.28 0.24	 0.33

100.5 124.8 82 0.81 0.21 0.81 0.23 0.21	 0.26
104.5 d 131.2 271 0.80 0.66 0.81 0.41 0.35	 0.47

alower and upper 95% confidence limits
b NaC1 solution from 20 mM to 35 mM
cNaCl solution from 35 mM to 20 mM
ddetermined from average flux concentration at the bottom of the column
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Table C.20. Transport Parameters Determined by Moment and CXTFIT
Analyses (No. 20)

Type of
input

Depth
(cm)

From Moment From CXTFIT
T

(min)
/-12

(min 2 )
y

(cm)
D

(cm 2 min -1 )
y D (cm 2 min -1 )

(cm) value low	 upa
6.5 6.7 1 0.97 0.11 0.92 0.07 0.04	 0.10
18.0 20.2 8 0.89 0.17 0.89 0.14 0.10	 0.18
30.5 33.0 9 0.92 0.12 0.92 0.11 0.08	 0.14
42.5 43.6 24 0.97 0.26 0.97 0.29 0.25	 0.34

Step 54.5 56.1 73 0.97 0.61 0.97 0.71 0.66	 0.76
increaseb 67.0 66.1 95 1.01 0.74 1.02 0.90 0.86	 0.93

79.0 77.2 81 1.02 0.56 1.03 0.63 0.57	 0.68
89.0 92.2 75 0.97 0.38 0.97 0.39 0.35	 0.43
94.0 101.0 75 0.93 0.32 0.93 0.38 0.35	 0.40
100.5 112.7 85 0.89 0.30 0.89 0.29 0.26	 0.33
104.5d 101.7 226 1.03 1.18 1.04 0.71 0.67	 0.76

6.5 5.8 2 1.12 0.29 1.12 0.11 0.07	 0.16
18.0 18.7 5 0.96 0.13 0.95 0.13 0.10	 0.16
30.5 31.6 8 0.97 0.13 0.96 0.10 0.06	 0.13
42.5 41.5 29 1.02 0.37 1.02 0.35 0.31	 0.39

Step 54.5 52.0 69 1.05 0.74 1.06 0.93 0.87	 0.97
decrease 67.0 62.8 111 1.07 1.01 1.08 1.01 0.97	 1.05

79.0 71.7 66 1.10 0.56 1.11 0.58 0.53	 0.63
89.0 85.8 47 1.04 0.30 1.04 0.26 0.21	 0.32
94.0 93.2 79 1.01 0.43 1.01 0.44 0.42	 0.47

100.5 104.4 74 0.96 0.33 0.97 0.33 0.30	 0.37
104.5 d 98.2 257 1.06 1.48 1.09 0.69 0.63	 0.74

'lower and upper 95% confidence limits
b NaCI solution from 20 mM to 35 mM
cNaCl solution from 35 mM to 20 mM
ddetermined from average flux concentration at the bottom of the column
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Table C.21. Transport Parameters Determined by Moment and CXTFIT
Analyses (No. 21)

Type of
input

Depth
(cm)

From Moment From CXTFIT
T

(min)
j-t2

(min')
y

(cm)
D

(cm 2 min - ')
y D (cm 2 min- ')

(cm) value low	 upa
6.5 7.6 4 0.86 0.20 0.83 0.17 0.15	 0.19
18.0 20.9 9 0.86 0.18 0.85 0.18 0.17	 0.19
30.5 34.4 30 0.89 0.36 0.88 0.36 0.32	 0.40
42.5 46.7 70 0.91 0.62 0.92 0.77 0.73	 0.80

Step 54.5 58.8 101 0.93 0.74 0.93 0.96 0.92	 1.00
increaseb 67.0 69.1 136 0.97 0.93 0.98 1.07 1.03	 1.10

79.0 80.6 91 0.98 0.54 0.98 0.60 0.57	 0.63
89.0 94.9 70 0.94 0.33 0.94 0.32 0.31	 0.34
94.0 105.0 97 0.90 0.37 0.90 0.43 0.40	 0.46

100.5 115.0 132 0.87 0.44 0.87 0.50 0.43	 0.57
104.5 d 110.4 270 0.95 1.10 0.96 0.84 0.81	 0.87

6.5 6.9 2 0.95 0.17 0.91 0.12 0.10	 0.15
18.0 20.1 10 0.89 0.20 0.88 0.18 0.17	 0.20
30.5 33.7 30 0.90 0.37 0.90 0.36 0.31	 0.41
42.5 45.6 49 0.93 0.48 0.93 0.57 0.51	 0.63

Step 54.5 55.9 101 0.98 0.87 0.99 1.10 1.06	 1.13
decrease' 67.0 67.8 164 0.99 1.18 1.01 0.98 0.92	 1.05

79.0 78.5 119 1.01 0.77 1.02 0.52 0.45	 0.59
89.0 92.5 84 0.96 0.42 0.97 0.34 0.29	 0.38
94.0 100.9 101 0.93 0.44 0.93 0.48 0.45	 0.50
100.5 109.6 123 0.92 0.47 0.92 0.55 0.51	 0.59
104.5 d 109.4 225 0.96 0.94 0.96 0.73 0.70	 0.76

'lower and upper 95% confidence limits
b NaC1 solution from 20 mM to 35 mM
eNaCl solution from 35 mM to 20 mM
ddetermined from average flux concentration at the bottom of the column
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APPENDIX D

Results from Testing Water Sampler

With every porous material submerged in water, there is a point at which the

applied air pressure on one side of the material is great enough to push the air to

breakthrough the pores. This point is called the bubbling pressure or air-entry value

since the pore water has been replaced by air. Then, the air pressure is decreased

(still positive), to a value below the bubbling pressure, the porous material may not

stop bubbling due to hysteretic effect. With air pressure decreasing, the bubbles will

become weak and weak until the last bubble disappears. The pressure value responds

to the disappearance of the last bubble is defined here as water-entry pressure. When

the suction water sampler is used to collect solution, the maximum suction applied

should not be larger than bubbling pressure assuming the water sampler has been

saturated with water before using.

The suction water sampler is the most appropriate type for our purpose of the

experiment even though some limitations exist. The first limitation is the collecting

rate, which is slower than what we expected. The second one is the hydraulic conduc-

tivity of the pore cup, which decreases with time due to the fine particles plugging to

the porous material. For our experiment, fortunately, the second limitation can be

avoid by properly preparing sand to eliminate clay particles. Figure 3.2 demonstrates

the particle size and distribution of the sand chosen for water sampler tests.
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A number of tests were done to optimize the factors which affect the collecting

rate of water samplers at variablely saturated sand. Some of these factor are related to

porous material of the sampler such as bubbling pressure which primarily controlled

by pore size, and the size of porous cup such as diameter and length. Other factors

include applied suction, degree of saturation, and particle size and distribution of

unsaturated media. Six water sampler were tested and their grades were evaluated

according to the collecting rate and the dead volume. Here, the best grade (A) was

assigned to the highest collecting rate and the lest dead volume. The experimental

results are summerized below:

Cup
No.

Bubbling pressure
(cm H2 0)

Water-entry pressure
(cm 112 0)

Diameter
(cm)

Length
(cm)

Grade
assigned

1 360 310 .63 2.54 C
2 340 230 .43 1.63 D
3 185 135 .43 1.63 F
4 355 235 .43 3.25 A
5 160 100 .43 3.25 B
6 330 200 .43 1.65 E
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Preliminary Transport Experiments for Tetrachloroethene (PCE)
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Figure E.1: Breakthrough curves for PCE and NaC1 in unsaturated flow experi-
ments. Flow rate was 27 cm 3min'. PCE was detected by UV detector and C1 - was
measured by chloride electrode for outflow of the column. (a) conducted on July 4,
1996; (b) repeated (for PCE only) on July 5, 1996.
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Figure E.2: Breakthrough curves of PCE from gas phase and aqueous phase. Flow

rate was 27 crn3 rnin 1 . PCE was sampled by SPMS and measured by GC for layer

one. (a) conducted on July 4, 1996; (h) repeated on July 5, 1996.
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Figure E.3: Breakthrough curves for PCE from aqueous phase at four locations.

Flow rate was 27 cm3min - 1 . PCE was sampled by SPMS and measured by GC. (a)

conducted on July 4, 1996; (h) repeated on July 5, 1996.
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