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Results from four laboratory-scale experiments are inconclusive in determining 

the ability of the method to determine mass transfer parameters. Experimental 

difficulties contributed a significant source of error during the method evaluation. 

The resting period between the injection and extraction phase was to allow diffusion 

into the initially solute-free immobile region. Evidence suggests solute was introduced 

into the immobile region by advective processes during the injection phase of the 

experiments. Additional experimental work is required to evaluate the methodology. 

This may include either laboratory or field-scale evaluation of the test method. 
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Using a Single-Well Push-Pull Test to Estimate
 
Mass Transfer Parameters
 

1. INTRODUCTION 

Understanding and predicting the fate and transport of solutes in the 

subsurface is currently one of the most complex challenges facing both the 

environmental remediation and the long-term nuclear waste storage industries. To 

accurately assess the health-risk posed by contaminants as well as to successfully 

predict and accomplish aquifer remediation, one must know detailed information on 

the characteristics which govern the movement of water, and more importantly, the 

movement of solutes through an aquifer. 

The overall subsurface examination, called site characterization, is commonly 

performed under the Superfund remedial investigation/feasibility study (RI/FS) 

process. Brekenridge et al. (1991) describe the RI/FS process and identify three distinct 

tasks that require detailed information for effective decision making including: 1) 

determination of the nature and extent of soil contamination; 2) risk assessment and 

determination of risk-based soil clean-up levels; and 3) determination of the potential 

effectiveness of soil remediation alternatives. At sites where permanent cleanup is the 

goal, detailed and accurate site characterization is a prerequisite for a reasonable 

probability for success (Mackay and Cherry, 1989). Without accurate information on the 

characteristics of a contamination site and how solutes migrate through the 

subsurface, effective decision making is hindered. 
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One facet in the RI/FS site characterization process is the accurate 

quantification of mass transfer parameters, specifically the diffusion rate coefficient 

and the capacity coefficient. The rate of movement of solutes between advective and 

diffusive regions of an aquifer is governed by the diffusion rate coefficient. The 

capacity coefficient, for a non-sorbing solute, is the ratio of the pore volume of 

immobile (diffusion-dominated) regions relative to the pore volume of mobile 

(advection-dominated) regions. These parameters are important to characterize the 

long-term fate and transport of solutes in the subsurface. Errors in measuring these 

values may result in a drastically different representation of health-risk to humans or 

time until contaminant cleanup (Fleming, 1998; Haggerty et al., in review). 

In spite of this need for accurate information, mass transfer parameters remain 

some of the most difficult values to estimate and use accurately. One source of this 

problem is that mass transfer properties in most aquifer systems are spatially variable, 

much like porosity and hydraulic conductivity. Measurement of these parameters over 

increasing scales (i.e., batch, laboratory, and field-scale) may result in values that 

change with the scale of measurement (Fleming, 1998). 

Accurate methods of determining mass transfer parameters are needed to 

predict the fate and transport of solutes in the subsurface. Current methods for 

quantifying these variables may not be representative of the field-scale in the case of a 

laboratory-scale determination (Cooney et al., 1983; Ball et al, 1990), or are expensive 

and time consuming in the case of the two-well field determination (Thorbjarnarson and 

Mackay, 1994). 
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It is proposed that the single-well, "push-pull" test (Istok et al., 1997) is able to 

accurately estimate mass transfer parameters in-situ. The push-pull test consists of 

three phases: (1) divergent radial flow from injection of a test solution into a pumping 

well; (2) a resting phase in which the test solution is allowed to diffuse into immobile 

porosity, sorb onto aquifer particles, decay, or react with the aquifer material; and (3) 

convergent radial flow from the withdrawal of the test solution from the same location 

as injection. Advantages of the push-pull test include: (1) its ability to be conducted in 

the industry-standard two-inch monitoring well common to groundwater remediation 

sites; (2) ease of performing the methodology; (3) shortened test duration; (4) relatively 

large volume of aquifer interrogated by the test when compared to laboratory-scale 

experiments; and (5) the low cost of conducting such a test when compared to field-

scale experiments. 

A methodology was developed for conducting a push-pull tracer test designed 

to provide information for mass transfer parameter estimation. The methodology was 

evaluated using a laboratory-scale Physical Aquifer Model (PAM). The PAMs have 

been used extensively in evaluating other remedial technologies such as surfactant 

enhanced Dense Non-Aqueous Phase Liquid (DNAPL) recovery (J. D. Istok, per. 

comm.) and estimating retardation coefficients (Schroth et al., in review). 

Two experimental series consisting of two push-pull tests each were 

performed in the laboratory model. The objectives of the first series consisting of two 

tests included: (1) evaluate the ability of the push-pull test method to accurately 

quantify rate-limiting mass transfer processes; and (2) develop an estimation technique 
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that will accurately quantify diffusion rate and capacity coefficients from push-pull test 

data. The first series of experiments altered the physical geometry of the PAM to 

create a layered immobile region encompassing the top 5 cm of the sediment pack. 

The first test in this series was performed to characterize the altered sediment pack 

while the second test was designed to provide information for the numerical inversion. 

Objectives after the first experimental test series was complete and a second 

experimental series of two push-pull tests were planned included: (3) investigate the 

effects of mass uptake of tracer into the matrix of individual sediment grains; and (4) 

investigate the significance of the steep late-time slope observed in breakthrough 

curves from the first experimental series. The second series of two experiments did 

not alter the physical geometry of the PAM sediment pack. 

Results indicate the push-pull test is well suited for the accurate quantification 

of mass transfer parameters, although questions and uncertainties remain. Numerical 

inversions of the breakthrough curves using a single-rate double-porosity model are 

able to predict the diffusion rate coefficient within an order of magnitude. Results 

improve when the breakthrough curves are inverted using a multirate mass transfer 

model (Haggerty, 1995). The multirate model was able to provide superior fits to the all 

observed breakthrough curves, with the exception of Experiment 3, when compared 

to single-rate double-porosity models. Determination of mass uptake of tracer into 

spherical matrix regions are inconclusive but seem to be supported by the apparent 

multirate aspect observed in breakthrough curves. The steep late-time slope present in 

the experiments, particularly Experiment 2, indicate the experiment may be governed 
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by multiple rates of mass transfer. Numerical inversions using the multirate mass 

transfer model support this conclusion. The mass balances for the all experiments are 

accurately represented with errors of 10% or less. 
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2. LITERATURE REVIEW
 

In this section, a review of mass transfer and its importance is provided. The 

design and methodology for performing a push-pull test is detailed below. In 

addition, the push-pull test method is compared to more conventional methods of 

determining rate-limiting mass transfer parameters. The advantages of performing a 

push-pull test are also reviewed. Several conceptual models of rate-limited mass 

transfer as well as their mathematical models are presented. 

2.1 Background 

A characteristic observed at many groundwater contamination sites is the 

apparent rapid reduction of solute concentration in the initial phase of remediation. 

Large amounts of contamination can be removed from the aquifer during the first 

stage of remediation when the first pore-volume of water is pumped from high-

permeability regions of the aquifer. In this first stage of remediation, the rate of 

contaminant removal is dependent upon the pumping rate. If remediation were to 

cease following this initial rapid reduction a "rebound" effect may be observed- the 

aqueous concentration of solute in the pore-water may increase as solute diffuses from 

"immobile", low-permeability regions to "mobile", high-permeability regions. If 

continuing remediation after the initial rapid reduction of solute concentration, a 

second stage of remediation may be experienced. This second stage of remediation is 

characterized by slowly declining solute concentration in the effluent, often referred to 

as "tailing", where the rate of diffusion or desorption controls the solute 

concentration in the pore fluids. Low solute concentrations in the tail of the 
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breakthrough curve may persist for long periods of time, but may not be a reliable 

indicator of the solute mass remaining in the aquifer (Davis, 1997). Rebound and 

tailing effects have been ascribed to rate-limited mass transfer, specifically the residual 

contamination contained within immobile regions of an aquifer slowly diffusing or 

desorbing back into the advective or mobile environment (Valocchi, 1986; Bahr and 

Rubin, 1987; Brusseau et al., 1989; Ball and Roberts, 1991b; Harvey et al., 1994). 

Rate-limited mass transfer, also referred to as nonequilibrium or kinetic mass 

transfer, can greatly increase the time-to-cleanup at a contaminated site and can make 

remediation difficult (Cunningham and Roberts, 1998). In this case, the decision between 

different remediation strategies, such as pump-and-treat, hydraulic containment, soil 

vapor extraction, or bioremediation, may be more effectively made if the 

characteristics of the system have been accurately and fully quantified (Fry and Istok, 

1994; Pignatello and Xing, 1996). 

Quantification of rate-limited mass transfer parameters typically occurs in a 

laboratory setting. One or more representative samples of the aquifer are taken from 

a field-site and utilized in a batch experiment (Cooney et al, 1983; Weber and Miller, 1988) 

or a one-dimensional column experiment (James and Rubin, 1979; Nkedi-Kka et al, 

1984). For the batch experiment, a volume of water containing a known mass of one 

or more solute tracers is placed in a container with the bulk sediment or a sieved size 

fraction of the sediment (e.g., Mathews and Zayas, 1989; Ball et al., 1990). The decrease 

in aqueous concentration of tracer is measured through the course of the experiment. 
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Estimation of mass transfer parameters is accomplished by matching a computer 

model to the observed data. 

To estimate mass transfer parameters from a one-dimensional column 

experiment, a slug or a pulse of water containing one or more solute tracers is passed 

through a column packed with sediment (e.g., van Genuchten and U(/ierenga, 1977; James 

and Rubin, 1979). A breakthrough curve, a record of the tracer's concentration history, 

is obtained from this experiment. Estimates of the mass transfer parameters are made 

using a curve-fitting routine, matching the observed data with a computer model. 

Optimally, the curve-fitting is performed with a parameter estimation routine that is 

able to find both the estimated parameters and their uncertainty (van Genuchten and 

Wierenga, 1977; Haggerty and Gorelick, 1998). This simulation-estimation technique 

commonly requires several additional parameters such as dispersivity and porosity. 

The mass transfer parameters estimated from this experiment are typically applied to 

the field where predictions on long-term fate and transport of solutes are needed. 

Laboratory measurements of mass transfer parameters are commonly biased. 

Several different effects produce this bias in a one-dimensional column experiment 

including the following: (1) sediment samples may not encompass the material 

variability observed at the field-scale (i.e., they may not contain the largest, slowest 

immobile regions); (2) disturbance of the sample, both during collection and while 

performing laboratory analysis (i.e. packing the sediment into the column), may alter 

measured parameters; (3) the one-dimensional aspect of the laboratory experiment and 

the effects of experimental or column conditions may not accurately represent the 
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three-dimensional field-scale (Valocchi, 1986; Young and Ball, 1995); and (4) the 

relatively short temporal framework involved with a laboratory analysis may not assay 

the slowest mass transfer rates observed at the field-scale (Young and Ball, 1995, 

Haggerty and Harvey, 1997). Bias may be introduced into the batch experiments from 

shaking the sediment-water mixture during the experiment (Nkedi-Kka et al., 1984) or 

the sediment particle size distribution used in the batch experiment (Cooney et al., 1983; 

Mathews and Zayas, 1989; Ball et al., 1990). 

By estimating these mass transfer parameters directly in the field, some of the 

above issues can be overcome. Unfortunately, few methods are currently available to 

measure mass transfer parameters in situ. Methods which have been tested require two 

wells- separate injection and extraction wells. This technique involves the careful 

injection of a test solution containing a conservative tracer and other solutes of 

interest into an aquifer up-gradient from an extraction well. The solute injection 

package is allowed to migrate through the aquifer, usually through a network of 

multilevel monitoring wells, to the extraction location (e.g., Garabedian et al., 1991; 

LeBlanc et al., 1991). Breakthrough curves can be obtained spatially through the aquifer 

from the network of monitoring wells in addition to the extraction well location 

(Thorbjarnarson and Mackay, 1994). The natural gradient method is subject to several 

pitfalls which include: (1) changing direction and slope of the hydraulic gradient with 

season; (2) loss of solute mass; (3) considerable expense and time required to conduct 

a two-well test; and (4) buoyancy induced flow of the solutes (Garabedian et al., 1991; 

LeBlanc et al., 1991; Istok and Humphrey, 1995). In addition, modeling the two-well 
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tracer test is hindered by factors such as accurately representing the injection of the 

solute package. 

2.2 Push-Pull Test 

The single-well, "push-pull" test (Istok et al., 1997) is a promising technique 

that is able to provide quantitative information on a variety of aquifer physical, 

chemical, and microbiological characteristics. The push-pull test consists of three 

phases: (1) divergent radial flow from injection of a test solution into a well (this may 

or may not be followed by a clean chaser); (2) a resting phase in which the test solute 

is allowed to diffuse into immobile porosity, sorb onto aquifer particles, decay, or react 

within the aquifer; and (3) convergent radial flow from the withdrawal of the test 

solution-groundwater mixture from the same well (Figure 1). Advantages of the push-

pull test include: (1) its ability to be conducted in the industry-standard two-inch 

monitoring well common to groundwater remediation sites; (2) ease of performing the 

methodology; (3) shortened test duration; (4) relatively large volume of aquifer 

interrogated by the test when compared to laboratory-scale experiments; and (5) the 

low cost of conducting such a test when compared to other field-scale experiments. 

The petroleum industry originally developed the push-pull tracer test. To 

determine residual oil saturation within a petroleum reservoir (Tomich et al, 1973), a 

test solution containing a known concentration of ethyl acetate was injected into a 

petroleum reservoir. During an extended resting period, the ethyl acetate was 

hydrolyzed to ethanol. Concentrations of both solutes were measured as the test 

solution-groundwater mixture was extracted from the pumping well. The residual oil 



a. 

Figure 1: Cross section view of a push-pull test showing, a) the injection phase, and b) the extraction phase. The layers in the figure show 
materials of differing hydraulic conductivity. The dashed line indicates the radial penetration distance of the injection solution. 
(From: Istok et al., 1997) 
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saturation was calculated from the delayed arrival of the ethyl acetate breakthrough 

curve relative to the ethanol breakthrough curve. 

Gelhar and Collins (1971) derived an analytical solution for the breakthrough 

curve at an extraction well for an initially uniformly distributed tracer that can be used 

to determine aquifer dispersivity in the absence of regional groundwater flow. The 

analytical method developed provides a simple and reliable technique by which the 

effects of flow nonuniformity (the radial flow field from a pumping well) on 

longitudinal dispersion in porous media can be estimated. Good results are obtained 

after the dispersed zone has traveled a distance equal to 100 times the dispersivity of 

the medium, where this distance is typically small in relation to the flow field (Gelhar 

and Collins, 1971). It was found that, in general, accelerating flow would produce 

greater dispersion than decelerating flow. 

Since its inception in the early 1970's, the push-pull test has received relatively 

little attention despite its apparent usefulness for determining a variety of aquifer 

characteristics. Hall et al., (1991) have derived equations which can determine the 

effective porosity and regional groundwater velocity by employing an injection phase, 

a rest phase where the plume is allowed to drift, and an extraction phase. In this 

application, the test solution is allowed to advect with the regional gradient before the 

pump is used to extract the test solution-groundwater mixture. 

Recently, Haggerty et al., (1998) developed a simplified method of push-pull test 

data analysis to determine first-order reaction rate coefficients in situ. This method 

excludes the need for a flow and transport model or sophisticated simulation
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estimation techniques that require several additional aquifer properties (i.e., porosity, 

dispersivity, and hydraulic conductivity) as well as their spatial variability. In this 

application, the first-order rate coefficients are obtained by fitting a regression line to a 

plot of normalized concentrations versus time since injection ended. 

Istok et al, (1997) have used the push-pull test to quantify the rate of several 

microbial processes (aerobic respiration, denitrification, sulfate reduction, and 

methanogenesis) in a petroleum-contaminated aquifer. Schroth et al, (1998) have used 

the push-pull test to quantify the spatial variability of aerobic respiration and 

denitrification rates in a petroleum-contaminated aquifer. Other relevant work with 

the push-pull test method includes quantifying solute retardation rates (Schroth et al, in 

review) as well as surfactant enhanced Dense Non-Aqueous Phase Liquid (DNAPL) 

recovery (J. D. Istok, per. comm.). Recently, sodium dithionite has been used with the 

push-pull test to create an oxidized barrier to the transport of chromium in a large-

scale chromium plume (J. D. Istok, per. comm.). 

To develop an understanding of solute transport in the presence of mass 

transfer, it is important to understand the radial flow field created from a pumping 

well. When injecting a test solution into a well, the affected area of the aquifer is 

approximately cylindrical in shape. The radial distance, r [L], that the test solution 

penetrates into the aquifer (ignoring dispersion) can be calculated using (Haggerty et al, 

1998): 

Eqn. 1ATr b 0 dr = Qdt
2 r w 
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where t m is time, b [L] is aquifer thickness, 8 [ -] is porosity, Q [L3/T] is the injection 

rate, and [L] is the radius of the well. Performing the integration in equation (1) for 

a constant pumping rate, porosity, and aquifer thickness, and solving for r provides: 

Q t 2 Eqn. 2r = ,rb9 +r 

Several important features of solute transport during a push-pull test can be 

seen in equation 2. Figure 2 helps to illustrate these features by following the average 

path of three particles: A, B, and C. The first particle, A, to enter the aquifer during 

the injection phase travels farther and spends a longer time exposed to the aquifer 

material than the particle which enters last, C. The first particle injected into the 

aquifer is the last to be extracted and the last particle injected is the first to be 

extracted. This 'inversion' process causes push-pull breakthrough curves to look 

somewhat different than the more conventional breakthrough curves often seen in 

column experiments or field tracer tests using separate injection and extraction wells 

(Figure 3). In both cases, the solute is introduced into the domain as a pulse injection. 

As can be seen for similar experimental conditions, the push-pull breakthrough curve 

appears to be missing its leading edge. This is due to the high solute concentrations 

near the well as the extraction phase begins. A sharp break in concentration is present 

in the column breakthrough curve that is not observed in the push-pull curve due to 

the diverging-converging radial flow field and the increased dispersion that results. 

The volume of aquifer, V [L3], interrogated by the injection solution can be 

determined by measuring the constant pumping rate during the course of the 



Figure 2: Average path of three particles during a push-pull tracer test. The particle to enter the aquifer first, particle "A", 
travels farther and spends a longer time exposed to the aquifer material than the particle to enter the aquifer last, particle "C". 
This inversion process causes push-pull breakthrough curves to look different than one-dimensional column experiments. 
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a. One-Dimensional Column 
1 

0.1 

C/Co (-) 

0.01 

0.001 

1 

10 100 

b. Push-Pull Test 

Time (min) 

1000 10000 

0.1 

C/Co (-) 

0.01 

0.001 

10 100 

Time (min) 

1000 10000 

Figure 3: Comparison of breakthrough curves obtained from, a) a one-dimensional 
column experiment, and b) a push-pull tracer test. 



17 

experiment (assuming no clean chaser after the injection phase) from the following 

equation: 

Q t 2,7 b
V = Eqn. 3 

9 

It is important to note the pore-water velocities resulting from the radial flow 

field are nonuniform and much different than those produced in a one-dimensional 

column experiment (Valocchi, 1986). For the column experiment, the steady-state 

velocities are constant across the length of the column. In the case of an injection or 

extraction well, the pore-water velocities are inversely proportional to the radial 

distance from the well. As the distance from the pumping well increases, the velocity 

decreases. The pore-water velocity, v [L/T], for a constant pumping rate in the 

vicinity of a well is given by (Valocchi, 1986): 

Eqn. 4V = 2r be r 

This effect has important implications, namely as the pore-water velocity decreases 

farther from the pumping well the contact time available for diffusion or sorption 

between mobile and immobile regions increases (Valocchi, 1986). This effect has 

important implications to the Local Equilibrium Assumption (LEA), as will be 

discussed. 

2.3 Mass Transfer 

Mass transfer refers to the movement of solute mass from one phase or 

location to another along a concentration gradient. In examining the flow of 
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contaminated groundwater through the subsurface, solute mass is transferred between 

mobile regions dominated by advection to immobile regions dominated by diffusion 

and/or sorption. The mobile region of an aquifer (the advective porosity) usually 

refers to the pore space between sediment grains and along discrete fractures where 

advection is the dominant transport process (Neretnieks, 1980). The immobile regions 

(the diffusive porosity) are low-permeability lenses, intragranular matrix porosity 

within sediment grains, or solid rock matrix blocks between fractures where diffusion 

is the dominant transport process. This conceptual model is sometimes called the 

double-porosity model, and is used when it appears that a medium can be separated 

into such advection-dominated and diffusion-dominated domains. Conventionally, 

mass transfer between these domains is considered to be governed by a single rate of 

diffusion. The single-rate double-porosity model corresponds to a homogenous 

medium where mass transfer occurs between the mobile region and a single class of 

immobile region. 

The single-rate double-porosity model may not always accurately describe 

mass transfer. One source of this error is that many natural systems are 

heterogeneous (Haggerty and Gorelick, 1995, 1998; Haggerty et al., in review). A multirate 

double-porosity model can be utilized when the variability of the aquifer material or 

immobile regions is important. The multirate model is different from single-rate 

models of mass transfer in that it allows numerous types or rates of mass transfer to 

occur simultaneously. The model describes mass transfer between a mobile region 

and distribution of immobile regions of varying properties. 
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If sorption and diffusion are not rate-limiting processes, the conceptual model 

may be simplified to the single-porosity model (i.e., standard transport by advection 

and dispersion). For this model, the single-porosity region refers to the advective 

porosity. A retardation factor is commonly used to scale the transport of solutes 

through the system to account for very fast mass transfer. 

The correct form of mass transfer model is dependent upon the rate at which 

mass transfer processes are occurring relative to the advective movement in the 

system. When the transfer of mass between the immobile and mobile regions of the 

subsurface is fast relative to the advection of solute, the Local Equilibrium 

Assumption (LEA) is commonly made. In this case, the single-porosity model is used 

to conceptualize mass transfer. Under LEA, mass transfer is assumed instantaneous 

and the concentration within the immobile and mobile regions is the same at all 

locations in time and space. When mass transfer is slow relative to the advective 

movement of solute, a more complex, rate-limited mass transfer model must be 

invoked. Several different models are used to conceptualize rate-limited mass transfer 

in this research, including two single-rate double-porosity models, a multirate spherical 

matrix model and a multirate diffusion model (Haggerty and Gorelick, 1995). 

For a one-dimensional system (i.e., a column), the Damkohler number (DaI) 

allows evaluation of the relative rate of mass transfer and the rate of advective 

transport ( Haggery and Gorelick, 1995; Fleming, 1998). The Damkohler number is 

defined for a layered geometry as the following: 

Dal = 3( D L 1(1 + 13 Eqn. 5a v 
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where L [L] is the length of the system, a [L] is layered immobile region half-thickness, 

v [L/T] is the steady-state pore-water velocity , and 13 [-] is the capacity coefficient. 

The effective diffusion coefficient of the immobile region, Do [L2/T], for a non-

sorbing solute is given by the following: 

Eqn. 6Da = Daqz 

where Dag [L2 /T] is the aqueous diffusion coefficient of a specific solute, and [-] is 

the tortuosity of the material. In practice, it is difficult to determine empirically the 

tortuosity of a sediment or matrix block when conducting site characterization. For 

simplification, the effective diffusion coefficient is commonly used as a lumped 

parameter, incorporating the uncertain tortuosity variable. Tortuosity will be discussed 

in more detail in Chapter 5. 

When DaI is much less than one (e.g., 0.01), mass transfer is negligibly slow 

relative to the movement of groundwater and can be ignored. When the Dal is large 

(e.g., >100), LEA is valid. A retardation factor that scales (slows) the movement of 

solute can be used as a simplification to mass transfer when employing the LEA. 

When the DaI is greater than 0.01 but less than 100, rate-limited mass transfer is an 

important process that can not be neglected. 

An expression for the Damkohler number does not exist for the nonuniform 

radial flow field. The radial flow field is nonuniform with respect to velocity; as the 

radial distance from the pumping well increases the pore-water velocity decreases. 

Because of nonuniform flow, the LEA criterion exhibit strong spatial dependence in 
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addition to dependence upon the retardation factor, sorption rate coefficient, and 

dispersivity (Valocchi, 1986). Valocchi (1986) presents a method to evaluate the 

importance of rate-limited mass transfer as a plume of contaminated groundwater is 

pumped into or out of an aquifer. The nonequilibrium index, E2, utilizes a time 

moment analysis of the breakthrough curve to measure the relative difference between 

kinetic (rate-limited) and equilibrium mass transfer and is defined as the following: 

(HK HE)
1r2 (R-1) 1 

2 = E R2 Eqn. 7 
3 aL 

wherey 2is the second central moment of the breakthrough curve and the superscripts 

E refers to the equilibrium model and K refers to the kinetic (rate-limited) model, R [-] 

is the retardation factor, kr [F1] is the sorption rate coefficient, and (XL [L] is the 

longitudinal dispersivity. The nonequilibrium index is useful for evaluating when local 

equilibrium is a valid assumption for converging or diverging radial transport 

problems. The equilibrium assumption becomes valid when the nonequilibrium index 

approaches zero. Valocchi (1986) has shown for one-dimensional uniform flow that 

rate-limited mass transfer and LEA breakthrough curves become indistinguishable 

from each other when E2 is less than approximately 0.02. It is important to note that 

equilibrium is approached as the distance between the injection and observation 

locations increase. This is due to the decelerating pore-water velocity as the 

observation location increases. Slower pore-water velocities increase the contact time 

between the test solution and the aquifer material. 
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This analysis will be extended for investigating the presence of rate-limited 

mass transfer, in the form of diffusion, in the PAM experiments. The author uses a 

first-order linear, chemical rate-limited model to describe sorption to aquifer materials. 

It has been shown this model is similar to other physically based rate-limited models 

(Nkedi-Kka et al., 1984; Brusseau et al., 1989). Therefore, the reaction rate coefficient 

that describes the sorption or desorption of chemicals from aquifer grains can be 

modified to describe the diffusion rate into and out of immobile regions. This is 

accomplished by replacing the sorption rate term, k by the diffusion rate coefficient, 

Da/a2. 

2.4 Mathematical Model 

The governing partial differential equation describing the movement of water 

through an aquifer according to the single-porosity conceptual model, also referred to 

as the advection-dispersion equation, is the following (in radial coordinates): 

ac,,, _1 a ira ioac ac,, 
Eqn. 8 

Iat r Li ar ar 

where C, [M/L3] is the concentration in the mobile region. This equation calculates 

the movement of solute in an aquifer due to advective and dispersive processes. The 

solute plume can be physically spread due to dispersion. As mentioned, under LEA, 

mass transfer can be incorporated into the advection-dispersion equation by the 

addition of a retardation factor. The retardation factor scales (slows) the movement of 

the solute through the aquifer. 
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Several double-porosity models will be used in this research to describe rate-

limited mass transfer. They include two single-rate double-porosity models- the first-

order model (Nkedi-Kka et al, 1984) and the matrix diffusion model (Rao et al, 1980; 

Wu and Gschwend, 1986). The multirate diffusion model (Haggerty and Gorelick, 1995) 

will be used in addition to a modified form of the matrix diffusion model. The 

spherical matrix diffusion model will be modified to account for simultaneous 

diffusion into a distribution of grain size classes. When reviewing the equations 

presented below, it is important to note that the tracer is assumed to be conservative 

(i.e., non-sorbing). 

When progressing from a single-porosity to a double-porosity conceptual 

model, an additional term describing solute exchange with the immobile region is 

needed. The double-porosity advection-dispersion equation, in radial coordinates is: 

ac act. =1Piradv1 ac.) ac.. Eqn. 9
at at r a . v ar 

where C, [M/L3] is the solute concentration in the immobile region. 

Equation 9 contains a second unknown variable that requires an additional 

equation to solve. Assuming a first-order mass transfer model, the solute exchange is 

driven by the difference in solute concentration between the mobile and immobile 

regions. The first-order model corresponding to physical rate-limited mass transfer 

(an approximation to diffusion) between regions can be expressed mathematically as 

the following: 
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Eqn. 10acim -a (Cm C,m)
at 

where a [T1] is the first-order mass transfer rate coefficient. 

For the matrix diffusion model, the driving force for the exchange of solute 

between regions is the concentration gradient in the immobile region as described by 

Fick's law. Matrix diffusion can be formulated to account for a variety of geometries 

of immobile regions, namely spherical, cylindrical, or layered. The solute transport 

equation can be expressed as the following: 

aCaz ac' 1 a ( ac.) ac. Eqn. 11 
at fl r arraLlvi ara'tm ar 

where C,, [M/LI is the immobile concentration averaged over the immobile region, 

and is given as: 

ftn = j" z "Craz Eqn. 12
a 71 CI 

where Cr [M/12] is the actual immobile region concentration which varies with the 

distance [L] from the center of the immobile region, and a [L] is the distance from 

the center to the edge of the immobile region. The dimensionality of the immobile 

region is given by n. If ri=1, 2, or 3, the immobile region is composed of layers, 

cylinders, or spheres, respectively. The concentration at a specific location within the 

immobile region is determined from the diffusion equation: 

aCr Da a r Eqn. 13 
at zo7-0azLz az _I 
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The condition at the interface between the immobile and mobile regions is described 

by the following: 

Cr = C, , at .z= a Eqn. 14 

which states that the concentrations immediately on either side of the mobile-

immobile interface are equal. 

The multirate diffusion model (Haggerty and Gorelick, 1995) is similar to the 

spherical matrix mass transfer model in that it allows numerous types or rates of mass 

transfer to occur simultaneously. The multirate model describes mass transfer 

between a mobile region and distribution of immobile regions of varying properties. 

The multirate diffusion model uses a probability density function to define the rates of 

mass transfer present in the aquifer. The multirate solute transport equation can be 

written for N distinct immobile regions, each designated by an index j as follows 

(Haggerty and Gorelick, 1995): 

ac. N a(c,. 1 a ac. Eqn. 15 _ ray vi v 
at at1=1fif 

The mass transfer equations for the multirate model are given by: 

a(cit .); j[cni-K.);] =1, 2,3, ..., N Eqn. 16 
a 

where (c,), [M/L3] is the concentration in they`'' immobile region, and a, [T1] is the 

apparent first-order mass transfer coefficient for the id' immobile region. The ratio of 

total solute mass in each of the individual immobile regions to the total mass in the 

mobile region at equilibrium is given by: 
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N 
Eqn. 17 

10f 

i=1 J=1 

where 13, [-] is the capacity coefficient of the jh immobile region, and Otot [-] is the total 

capacity coefficient of all immobile regions added together. For a complete discussion 

and derivation of the multirate mathematical model, the reader is directed to Haggerty 

and Gorelick (1995, 1998) or Haggerty (1995). 
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3. PHYSICAL AQUIFER MODEL (PAM) 

This section contains the physical characteristics of the PAM and details the 

sediment packing procedure. In addition, the data obtained from the experimental 

series consisting of a total of four push-pull tests is presented. Table 1 lists the names 

and a very brief description for each experiment performed in the PAM for quick 

reference throughout the thesis. 

3.1 Overview and Background Information 

Four push-pull tracer tests were performed in a laboratory-scale Physical 

Aquifer Model (PAM) to develop and evaluate the push-pull test methodology. The 

PAM is constructed in a wedge-shape to simulate the radial flow field from a pumping 

well during a field-scale push-pull test (Figure 4). The PAMs are constructed of 

polypropylene with internal dimensions of 5 cm at the narrow end and 50 cm at the 

wide end, 125 cm center length, and 20 cm depth (Figure 5). The total internal 

volume of the PAM is 0.069 m3. 

The test solution is injected into the narrow end of the PAM from a vertical 

plate containing four ports (Figure 5). This location also serves as the extraction 

location for the extraction phase of the experiment. During the injection phase, flow 

is directed from the narrow end to the wide end (into the sediment pack); flow is 

reversed during the extraction phase. A constant head reservoir, located at the wide 

end of the PAM, allows pore-water to be flushed from the sediment pack during the 



Name in
 
Thesis
 

Experiment 1 

Experiment 2 

Experiment 3 

Experiment 4 

Name in
 
Appendices'
 

PAM 5,
 

Experiment 13
 

PAM 5 ,
 

Experiment 14
 

PAM 5,
 

Experiment 7
 

PAM 5,
 

Experiment 19
 

Description 

First test in experimental series one. 
Diffusion dividers installed. 
No rest period between injection and extraction phase. 

Second test in experimental series one. 
Diffusion dividers installed.
 
12-day rest period between injection and extraction phase.
 

First test in experimental series two.
 
No diffusion dividers installed.
 
No rest period between injection and extraction phase.
 

Second test in experimental series two.
 
No diffusion dividers installed.
 
12-day rest period between injection and extraction phase.
 

a The names for the individual experiments differ between the thesis and appendices for simplification purposes. The names in the appendices 
reflect the naming convention used at the Oregon State University Groundwater Laboratory. 

Table 1: Naming convention and brief description of the four push-pull experiments performed for this thesis. 
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Figure 4: Radial flow field created from pumping an injection or extraction well. The flow field is approximately cylindrical in 
shape. The Physical Aquifer Model (PAM) is a wedge-shaped model that uses radial symmetry to simulate the radial flow field
 
for laboratory-scale push-pull tracer experiments.
 
(From: Istok et al., 1997).
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Figure 5: Plan view of Physical Aquifer Model (PAM) used for laboratory-scale push-pull tracer tests. The PAM simulates the radial 
flow field created from a pumping well. 
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injection phase. This reservoir also allows clean water to enter the sediment pack 

during the extraction phase. 

The PAMs are packed following the protocol of Istok and Humphrey (1995) in 

an attempt to achieve a homogeneous and isotropic sand pack. The interior of the 

PAM is divided into 9 separate compartments by taping removable posterboard 

partitions (0.16 cm thick by 20 cm high) to the top edge of the PAM. The total 

volume of the sediment pack occupied by the posterboard is less than 1%. The front 

and back of each posterboard are inscribed with four level lines, creating 36 individual 

volume elements. The level lines are staggered vertically from one compartment to 

another to prevent the development of preferential flow paths across element 

boundaries. 

Lawrence Livermore National Laboratory (LLNL) sediment was utilized for all 

tests in both series and will be described in detail in Chapter 4. The packing method 

involves pre-weighing sediment into 1000 g aliquots for accuracy. A known mass of 

air-dried sediment is added to a volume element, smoothed, and lightly tamped before 

the addition of another sediment aliquot to obtain a target bulk density (1.35 g/cm3). 

The first element, directly adjacent to the injection-extraction port, is packed with 

clean silica sand to emulate the sand pack present in pumping wells in the field. After 

packing sediment into the PAM, the tape is cut and the posterboard is slowly and 

carefully rocked from side to side as it is lifted out. 

This method has been utilized in a several series of PAM experiments (>30) 

and has proven effective in creating a homogenous and isotropic sediment pack 
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without the development of preferential flow paths (Humphrey, 1992). Preferential 

flow paths may provide a conduit for the test solution to follow (e.g., nonuniform 

advance of the solute front), may cause solute mass to be lost from the sediment pack 

into the reservoir tank, and may complicate the test interpretation and simulation. The 

initial water saturation of the sediment pack is monitored closely to confirm the 

presence of a homogeneous sediment pack. A uniform and symmetrical wetting front 

is a good indication of a homogenous and isotropic sediment pack. 

Following the initial saturation of the sediment pack, the PAM is sealed by 

installing a lid containing 8 sampling ports over the sediment (Figure 5). A closed-cell 

foam pad is placed between the top of the sediment and the bottom of the lid. The lid 

is held in place by steel bars that are bolted in place, as well as approximately two 

dozen "C" clamps. The experiments are performed under confined/pressurized 

aquifer conditions. The seal is monitored closely throughout the experiment to 

prevent fluid loss. 

The sampling ports are connected to well screens constructed of brass, which 

fully penetrate the sediment pack, but may be "cased" over a specified interval (Table 

2). Three additional wells along the edge of the PAM are connected to manometers, 

which measure the hydraulic head of the sediment pack. By measuring the pumping 

rate and head, the hydraulic conductivity of the sediment can be determined. 

Injection solutions for all the experiments used tap water spiked with 100 

mg/L Br- from potassium bromide (KBr) (Manufactured by Sigma Chemical Co., ACS 



Well Radius (cm)
 
Saturated Thickness (cm)
 
Porosity (-)
 
Retardation Factor (-)
 
Free Water Diffusion
 
Coefficient (cm^2/min)
 
Sediment Tortuosity (-)
 
Intragranular Tortuosity (-)
 
Diffusion Dividers Present
 
Well Casing (cm)
 
Spatial Sampling Depth (cm)
 

Experimental Series One
 

Experiment 1 Experiment 2
 

13.9	 13.9
 
15 15
 

0.43	 0.43 
1	 1
 

1.14E-03 1.14E-03 
0.65	 0.65 

0.01 or 0.001	 0.01 or 0.001 
Y Y 

7.5	 7.5
 
14 14
 

Experimental Series Two 

Experiment 3 Experiment 4
 

13.9	 13.9
 
20 20
 

0.43	 0.43 
1	 1
 

1.14E-03 1.14E-03 
0.65	 0.65 

0.01 or 0.001	 0.01 or 0.001 
N N 
N N 
10	 10
 

Table 2: Summary of fixed parameters that describe individual Physical Aquifer Model (PAM) experiments. 
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reagent grade) as the conservative tracer. KBr has been determined to exhibit 

negligible sorption to polypropylene (J. D. Istok, per. comm.). 

During the injection phase, samples are obtained from the spatial sampling 

ports by extracting pore fluid at a pre-determined depth. The tracer concentration is 

quantified to create a concentration profile, a measure of solute concentration through 

space, of the injection solution. Water samples taken from the effluent stream during 

the extraction phase are used to create a breakthrough curve for all experiments. An 

ion chromatograph (Dionex Model DX-120; Phenomenex Star-Ion A-300 Column) 

was used to quantify Br concentrations. 

3.2 PAM Mathematics 

The PAM represents a segment of the full radial flow field produced by a 

pumping well (Figure 4). As such the mathematics governing the flow of water are 

based on an arc of 20.4 degrees. The radius of the well is calculated as 13.9 cm (Figure 

6). To calculate the radius of influence for a test solution injection, equation 2 may be 

used by replacing IC with the segment half angle in radians, [-], as follows: 

il Qt
Y = + r Eqn. 18crbe w 

The hydraulic conductivity, k [LIT], of the sediment pack can be calculated by 

measuring the flow rate and hydraulic head during the injection phase and is given by: 



Vertical Plate Containing 
Injection/Extraction Port 

20.4 degrees 

2.5 cm 
Tan 10.2°. 

rw 

2.5 cm r = .13.9 cm 
Tan 10.2° 

Figure 6: Calculation of the radius of injection and extraction well for the laboratory-scale Physical Aquifer Model (PAM). 
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(rr2
Ln 

Eqn. 19k = Q 
OH 2 1L bB 2 Cr )

360 

where AH [L] is the difference in head between the radial points r2 and r1. 

For all of the experiments below, the nonequilibrium index (equation 7) has 

been calculated to determine if the system can be considered at equilibrium or as being 

rate-limited. The value for all of the experiments is greater than 200 indicating the 

systems should be considered as rate-limited- diffusion is an important process in the 

system. 

In the following sections, the dimensionless term extraction volume/ injection 

volume (EV/IV) is used to compare different tests. The advantage in using 

normalized volume lies in the fact that pumping rates for different tests are not 

identical. By using the normalized volume convention, different pump tests can be 

readily compared. 

3.3 Experimental Series One 

An experimental work plan was developed to aid in conducting the push-pull 

test methodology to estimate mass transfer parameters. The complete experimental 

work plan listing objectives and procedures for Experiments 1 and 2 can be found at 

the beginning of Appendix A. The objective for Experiment 1 was to characterize the 

modified sediment pack to establish a baseline for subsequent experiments. The 
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objective for Experiment 2 was to provide information for the accurate quantification 

of rate-limited mass transfer parameters. 

The PAM's sediment pack was modified to create a layered immobile region 

encompassing the top 5 cm of the sediment pack. Stainless steel plates were inserted 

into the top of the sediment pack to block advection processes (Figure 7) and to create 

a region that is governed by diffusion processes. Table 3 summarizes the dimensions 

of the stainless steel plates as well as their radial distance, along the center-line of the 

PAM, from the injection port. In addition, Table 4 summarizes the physical 

characteristics of the sediment pack used in experimental series one. A graph 

comparing breakthrough curves from each experimental test series is provided for 

reference in Figure 8. 

3.3.1 Experiment 1 

The objective for Experiment 1 was to characterize the modified sediment 

pack and to establish a baseline for subsequent experiments. Complete details of the 

experiment including injection and extraction rates and fluid volumes, sampling times, 

and other supporting information can be found in appendix A. From this point 

forward, figures referred to with a letter preceding the figure number can be found in 

the respective appendices. 

The injection rate for Experiment 1 was 14.7 mL/min with a standard 

deviation of 1.3 mL/min which was maintained for 601 minutes. Approximately 9.5 L 

of test solution was introduced into the sediment pack during the injection phase. 



Figure 7: Map view of Physical Aquifer Model (PAM) showing spatial distribution of diffusion dividers used in experimental series 
one, Experiments 1 and 2. Numbers in boxes correspond to the partition number shown in Table 3. 



39 

Partition Radial Partition 
Number Distance Width 

(cm) (cm) 
1 3.7 6.1 

2 5.0 6.4 
3 6.0 6.8 

4 7.5 7.4 
5 8.6 7.7 

6 11.2 8.6 
7 13.5 9.4 
8 15.8 10.3 
9 17.8 10.9 
10 21.5 12.2 

10.5 23.7 13.0 
11 25.7 13.7 

11.3 28.3 14.7 

11.6	 31.4 15.7 

12 34.4 16.8 
13 40.0 18.8 
14 43.4 19.8 

14.5	 46.3 21.2 
15 50.6 22.6 

15.5	 55.6 24.4 
16 61.5 26.5 
17 66.3 28.4 

17.5	 73.2 30.9 
18 81.0 33.8 
19 87.4 36.2 
20 93.8 38.5 
21 99.9 40.7 
22 108.6 44.0 
23 115.7 46.5 

Table 3: Diffusion divider dimensions and spatial distribution (measured along the 
center-line) in the Physical Aquifer Model (PAM). The partition numbers refer to Figure 
7. Diffusion dividers are employed to create a layered matrix immobile region at the top 
of the sediment pack. All dividers penetrate the sediment pack to a depth of 5 cm. 
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Experimental series one, Experiments 1 and 2 

Tank width 1 (narrow) 5.0 cm 
Tank width 2 (wide) 50.0 cm 
Tank length 124.8 cm Calculated Target 
Tank height 20.0 cm Bulk Density Porosity 
Tank volume 68640 cm^3 (g/cm^3) (-) 
Posterboard thickness 0.1588 cm 1.59 0.43 
Posterboard volume 660.1 cm"3 
Posterboard volume <1.0% 

Short Long Element Mass 
Volume # Element # Side 1 cm Side 2 (cm) Width (cm) Height (cm) Volume (cm) Sediment 

1 1 5 6.5 5 6 172.5 Clean 
1 2 5 6.5 5 6 172.5 Sand 
1 3 5 6.5 5 6 172.5 Pack 
1 4 5 6.5 5 2 57.5 750.1g total 
2 1 6.5 12.5 17.5 4 665 997.5 
2 2 6.5 12.5 17.5 6 997.5 1496.3 
2 3 6.5 12.5 17.5 6 997.5 1496.3 
2 4 6.5 12.5 17.5 4 665 997.5 
3 1 12.5 17.7 15 2 453 679.5 
3 2 12.5 17.7 15 6 1359 2038.5 
3 3 12.5 17.7 15 6 1359 2038.5 
3 4 12.5 17.7 15 6 1359 2038.5 
4 1 17.7 23.1 15 6 1836 2754 
4 2 17.7 23.1 15 6 1836 2754 
4 3 17.7 23.1 15 6 1836 2754 
4 4 17.7 23.1 15 2 612 918 
5 1 23.1 28.7 15 4 1554 2331 
5 2 23.1 28.7 15 6 2331 3496.5 
5 3 23.1 28.7 15 6 2331 3496.5 
5 4 23.1 28.7 15 4 1554 2331 
6 1 28.7 34.2 15 2 943.5 1415.3 
6 2 28.7 34.2 15 6 2830.5 4245.8 
6 3 28.7 34.2 15 6 2830.5 4245.8 
6 4 28.7 34.2 15 6 2830.5 4245.8 
7 1 34.2 39.8 15 6 3330 4995 
7 2 34.2 39.8 15 6 3330 4995 
7 3 34.2 39.8 15 6 3330 4995 
7 4 34.2 39.8 15 2 1110 1665 
8 1 39.8 45.4 15 4 2556 3834 
8 2 39.8 45.4 15 6 3834 5751 
8 3 39.8 45.4 15 6 3834 5751 
8 4 39.8 45.4 15 4 2556 3834 
9 1 45.4 50 12.3 2 1173.4 1760.1 
9 2 45.4 50 12.3 6 3520.3 5280.4 
9 3 45.4 50 12.3 6 3520.3 5280.4 
9 4 45.4 50 12.3 6 3520.3 5280.4 

Extra Sediment = 6000.0 
TOTALS = 66794.3 106191.6 

Table 4: Physical characteristics of sediment pack used for Experiments 1 and 2. 
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Figure Al shows the concentration profile for the sediment pack for the times 

immediately before and after the injection phase. The injection phase was followed by 

a 14 minute rest period in which the plumbing of the pump was reversed for the 

extraction phase. 

The extraction phase started 615 minutes after the start of the injection and 

continued for 3496 minutes, pumping at a rate of 9.6 ± 0.2 mL/min. The pumping 

rate is lower than the injection rate due to the PAM becoming unconfined during the 

initial pumping period of the extraction phase. A lower extraction rate was able to 

maintain confined aquifer conditions. A mass recovery of 86.8% was achieved after 

extracting 3.5 injection volumes (i.e. 3.5 EV/IV). The relatively poor mass recovery 

may indicate the diffusion dividers may not effectively block advection into the layered 

immobile region. The breakthrough curve and mass recovery curve, plotted with 

arithmetic axes, are shown in Figure A2. An additional plot of the breakthrough 

curve, plotted with log-log axes, is shown in Figure A3. The breakthrough curve is 

plotted with log-log axes to facilitate interpretation. With this type of graph the late-

time, low concentration data are more clearly visualized (compare graphs A2 and A3). 

The calculation of the late time slope and its significance will be discussed 

subsequently. 

3.3.2 Experiment 2 

Experiment 2 differed from Experiment 1 in that it employed a 12-day rest 

period between the injection and extraction phase (Table 2). Complete details of the 

experiment including injection and extraction rates and fluid volumes, sampling times, 
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and other supporting information can be found in Appendix B. The injection phase 

lasted 600 minutes and introduced approximately 9.6 L of test solution into the 

sediment pack. The injection rate for Experiment 2 was 15.6 ± 0.5 mL/min. Figure 

B1 shows the concentration profile for the sediment pack at three times- before 

injection, immediately following injection, and after the 12-day rest period 

(immediately before extraction phase). 

The extended resting period, 16774 minutes, allowed the tracer to diffuse into 

the layered immobile region. The extraction phase began 17374 minutes after the start 

of injection and continued for 9452 minutes at a rate of 9.8 ± 0.2 mL/min. A mass 

recovery of 93.0% was achieved after 9.6 EV/IV. Figure B2 shows the breakthrough 

and mass recovery curves constructed from the samples taken from the effluent 

stream during the extraction phase. An additional plot of the breakthrough curve 

plotted with log-log axes can be found on Figure B3. 

3.4 Experimental Series Two 

The objectives for the second experimental series parallel the objectives of the 

first series. Additional objectives created specifically for this experimental series 

include investigating the possible mass uptake of tracer by individual sediment grains. 

Also, the experimental series was designed to investigate further the significance of the 

steep late-time slope observed in the breakthrough curves from the first experimental 

series. A revised experimental work plan listing the objectives and procedures for 

Experiment 3 and 4 can be found at the beginning of Appendix D. Table 5 

summarizes the physical characteristics of the sediment pack used for Experiment 4. 
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Experimental series one, Experiment 4 

Tank width 1 (narrow) 5.0 cm 
Tank width 2 (wide) 50.0 cm 
Tank length 124.8 cm Calculated Target 
Tank height 20.0 cm Bulk Density Porosity 
Tank volume 68640 cm^3 (g/cm"3) (-)
Posterboard thickness 0.1588 cm 1.6 0.43 
Posterboard volume 660.1 cm^3 
Posterboard volume <1.0 % 

Short Long Element Mass 
Volume # Element # Side 1(cm) Side 2 (cm) Width (cm) Height (cm) Volume (cm) Sediment 

1 1 5 6.5 5 6 172.5 Clean 
1 2 5 6.5 5 6 172.5 Sand 
1 3 5 6.5 5 6 172.5 Pack 
1 4 5 6.5 5 2 57.5 849.5 
2 1 6.5 12.5 17.5 4 665 997.5 
2 2 6.5 12.5 17.5 6 997.5 1496.3 
2 3 6.5 12.5 17.5 6 997.5 1496.3 
2 4 6.5 12.5 17.5 4 665 997.5 
3 1 12.5 17.7 15 2 453 679.5 
3 2 12.5 17.7 15 6 1359 2038.5 
3 3 12.5 17.7 15 6 1359 2038.5 
3 4 12.5 17.7 15 6 1359 2038.5 
4 1 17.7 23.1 15 6 1836 2754 
4 2 17.7 23.1 15 6 1836 2754 
4 3 17.7 23.1 15 6 1836 2754 
4 4 17.7 23.1 15 2 612 918 
5 1 23.1 28.7 15 4 1554 2331 
5 2 23.1 28.7 15 6 2331 3496.5 
5 3 23.1 28.7 15 6 2331 3496.5 
5 4 23.1 28.7 15 4 1554 2331 
6 1 28.7 34.2 15 2 943.5 1415.3 
6 2 28.7 34.2 15 6 2830.5 4245.8 
6 3 28.7 34.2 15 6 2830.5 4245.8 
6 4 28.7 34.2 15 6 2830.5 4245.8 
7 1 34.2 39.8 15 6 3330 4995 
7 2 34.2 39.8 15 6 3330 4995 
7 3 34.2 39.8 15 6 3330 4995 
7 4 34.2 39.8 15 2 1110 1665 
8 1 39.8 45.4 15 4 2556 3834 
8 2 39.8 45.4 15 6 3834 5751 
8 3 39.8 45.4 15 6 3834 5751 
8 4 39.8 45.4 15 4 2556 3834 
9 1 45.4 50 12.3 2 1173.4 1760.1 
9 2 45.4 50 12.3 6 3520.3 5280.4 
9 3 45.4 50 12.3 6 3520.3 5280.4 
9 4 45.4 50 12.3 6 3520.3 5280.4 

Extra Sediment = 7000.0 
TOTALS = 66794.3 107191.6 

Table 5: Physical characteristics of sediment pack used for Experiment 4. 
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To complete these objectives, the diffusion dividers employed in the first 

experimental series were excluded from the sediment pack. The first test in series two, 

Experiment 3, was obtained from a previous experimental series designed to 

investigate processes other than rate-limited mass transfer. Experiment 3 followed a 

similar injection phase, rest period, and extraction phase as Experiment 1. It is worth 

noting, however, that 5.7 mM of Mn04 from potassium permanganate was present in 

addition to 100 mg/L Bf. 

3.4.1 Experiment 3 

Complete details of the Experiment 3 including injection and extraction rates 

and fluid volumes, sampling times, and other supporting information can be found in 

Appendix C. Experiment 3 consisted of the injection of the test solution for 600 

minutes at a rate of 16.7 ± 0.1 mL/min. Approximately 10.0 L of test solution was 

introduced into the sediment pack. A concentration profile is not available for this 

sediment pack. 

The injection phase was followed by a 20 minute rest period in which the 

plumbing of the pump was reversed. The extraction phase started 620 minutes from 

the start of the experiment and continued for 990 minutes at a rate of 17.3 ± 0.2 

mL/min. The breakthrough and mass recovery curves are shown in Figure C1. 

Figure C2 shows the breakthrough curve plotted on a log-log plot and the slope of the 

breakthrough curve is calculated. A mass recovery of 94.3% was achieved after 

extracting 1.67 EV/IV at 990 minutes after the beginning of the extraction phase. 
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3.4.2 Experiment 4 

Experiment 4 was performed according to the same injection, rest period, and 

extraction phase as Experiment 2. Complete details of the experiment including 

injection and extraction rates and fluid volumes, sampling times, and other supporting 

information can be found in Appendix D. Experiment 4 differed from Experiment 3 

in that a 12-day resting period between the injection and extraction phase was 

employed. 

An injection rate of 16.6 ± 0.1 mL/min was maintained for 600 minutes in 

which approximately 10.1 L of test solution was introduced into the sediment pack. 

Figure D1 shows the concentration profile for the sediment pack at three times-

before injection, immediately following injection, and after the 12-day rest period 

(immediately before extraction phase). 

An extended resting period of 16720 minutes that allowed diffusive uptake of 

the solute tracer into the sediment matrix followed the injection phase. The extraction 

phase began 17320 minutes after the start of injection and continued for more than 

13000 minutes, but bromide concentrations fell below the detection limit within 4300 

minutes from the start of the extraction phase. The extraction rate for Experiment 4 

was 13.2 ± 0.2 mL/min. The PAM was able to sustain a higher extraction rate for this 

experiment (in comparison to Experiment 2) due to the full 20 cm thickness of 

sediment pack available to advection. A mass recovery of 96.0% was achieved after 

4.4 EV/IV. Figure D2 shows the breakthrough curve and mass recovery constructed 
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from the samples obtained during the extraction phase and Figure D3 shows the same 

plot with log-log axes. 

3.5 Experimental Error 

The resting period between the injection and extraction phase was to allow 

diffusion into the initially solute-free immobile region. Evidence suggests solute was 

introduced into the immobile region during the injection phase. The edges of the 

diffusion dividers may not have fully contacted the sides of the PAM allowing for 

advection of solute into the immobile region to occur. The steep late-time slope 

observed in the breakthrough curves may be a function of advective processes. 

The solute tracer concentrations were quantified using an ion chromatograph 

(IC). The samples were separated into high and low concentration groups and 

quantified according to two separate standard curves. The standard curve used to 

quantify low solute concentrations covered the range between 0.2 mg/L to 5.0 mg/L 

while the high concentrations covered the range between 5.0 mg/L and 100 mg/L. 

All standard curves had a correlation coefficient of at least 0.99. It is important to 

note that the standard curve was re-run for every IC run. In addition, no samples 

were quantified outside of the bounds of their respective standard curves. Although 

statistical confidence intervals have not been calculated for each of the samples, the 

data are of relatively high quality. The accuracy and precision of the data was 

sufficient for this investigation. 
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4. LAWRENCE LIVERMORE NATIONAL LABORATORY
 

(LLNL) SEDIMENT 

This section contains a description of the sediment employed in the PAM 

experiments. The late-time slope of the breakthrough curves from the first 

experimental series was steeper than predicted by a single-rate double-porosity model. 

The investigation outlined below is an attempt to gain a better understanding of the 

sediment characteristics and how they might influence the multirate aspect observed in 

the breakthrough curves (the steep late-time slope). 

4.1 Aquifer Sediment 

The sediment used for the laboratory analysis was collected at Lawrence 

Livermore National Laboratory (LLNL) near Building 834 operable unit, Site 300, in 

Livermore, CA. The sediment creates a shallow, unconfined aquifer and was formed 

in a Pliocene non-marine depositional sequence consisting of dense silty sand 

gradational to silty sandstone with minor gravel (Carpenter et al., 1984). The dominant 

fine-grained, calc-alkaline igneous material composing the bulk of the sediment, 

andesite, was presumably derived from partial melting of subducting oceanic crust at a 

convergent plate margin. Deformation and metamorphism of the source material is 

evident in the form of quartzite and shadowy extinction patterns of whole quartz 

grains. Other quartz grains do not exhibit wavy extinction and must be derived from a 

non-metamorphic source. The source for the volcaniclastic sediment is to the east of 
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the collection site. Additional detail on the characteristics of the sediment is provided 

below. 

The sediment was collected from a surface exposure of the aquifer at a road-

cut located approximately 50 m from the monitoring wells used in field push-pull 

experiments (J. D. Istok, per. comm.). Long ribbons or stringers of a white, friable 

carbonate material is present within the outcrop. This carbonate material does not 

correspond with depositional features in the outcrop (T. Sawyer, per. comm) The 

carbonate material reacts strongly to dilute HC1 and is similar to a particle aggregate as 

it contains andesite fragments, quartz grains, and quartzite. Hereafter, this material 

will be referred to as a carbonate aggregate. 

The sediment is poorly sorted and immature with respect to quartz grains. 

The bulk sediment exhibits various degrees of roundness ranging from sub-angular to 

well-rounded. In general, the well-rounded grains are more altered and weathered 

than the sub-angular grains. 

It is important to note that the sediment employed in the push-pull 

experiments has been pre-sieved with a large mesh screen and air-dried prior to 

packing. A homogeneous and isotropic sediment pack is difficult to achieve if the 

large diameter sediment grains are not removed prior to the packing procedure. The 

post-sieved sediment is employed in the grain size and petrographic analysis. The 

statistics reported below are skewed toward the finer portion of the sediment because 

of this pre-sieving step. The largest grain diameter retained in the sieved sediment is 

approximately 8 mm. 
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4.2 Grain Size Analysis 

A grain size analysis of the LLNL sediment was performed to better 

understand the particle-size distribution (Figure 9). The distribution aids in creating 

size classes of sediment for use in the multirate spherical matrix simulations. 

Initially, a nested, wire-mesh sieve stack was employed to separate the large 

size fractions (>0.125 mm diameter) of the sediment. The fine-grained sediment 

collected in the catch pan was analyzed by the hydrometer method (Klute, 1986). 

Two independent analyses were performed on the sediment. An unreliable 

balance was employed in the initial measurement of mass of sediment added to the 

sieve stack. After recognizing the error, an estimated value for the total mass of 

sediment was used in the analysis. All subsequent mass measurements were 

performed on a high-quality balance (Denver Instrument Company, Model M220D). 

The second analysis was to confirm the results obtained from the first analysis. 

The sieved sediment is classified as sand with approximately 95% sand, 4% 

silt, less than 1% clay. A significant portion of the natural sediment contains pebble 

size grains (>2 mm diameter). The median grain diameter for the sediment is 0.67 

mm and the mean grain diameter is 0.61 mm. The sediment is poorly sorted and 

negatively skewed. The skewness may be a result of the pre-sieve step. While the 

results from the grain size analysis are not revealing of many individual grain 

characteristics, a better understanding of sediment may be achieved when combined 

with visual and petrographic inspection. 
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A visual inspection of the separate sieve fractions was conducted in 

conjunction with the petrographic analysis. The visual inspection, with a binocular 

microscope, was performed to estimate the relative proportion of materials to each 

other (i.e., quartz to andesite). Those size fractions that were similar in proportion to 

each other were grouped into a single spherical size class. This inspection was 

performed to aid in the multirate spherical matrix model simulation of the observed 

breakthrough curves. Table 6 lists the characteristics of the sediment retained in 14 

sieve fractions. 

4.1.2 Petrographic Analysis 

A petrographic analysis was conducted to better understand the characteristics 

of the sediment, specifically the intragranular porosity. The bulk sediment was 

impregnated, stained blue, and ground into thin sections for inspection. Six thin 

sections were created from the sediment and, therefore, may not be entirely 

representative of the bulk sediment. The original sedimentary structure was altered- it 

appears the individual sedimentary grains are "floating" in the epoxy and are not in 

direct contact with each other. No inferences about the effective porosity of the 

sediment were attempted. 

Andesite composes up to 70% of grains in the thin sections inspected, 

approximately 10% are basaltic composition. The andesite grains typically exhibit a 

fine-grained groundmass of feldspar microlites. The groundmass in a subsection of 

the andesite shows a trachytic fabric- the microlites are aligned due to flow of the 

magma during emplacement. Most of the andesite grains are porphyritic- they contain 
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U.S. Standard Screen 
Sieve Number Diameter (mm) 

5/16 7.925 

5 3.962 

6 3.327 

7 2.794 

8 2.362 

10 1.981 

12 1.651 

14 1.397 

18 1.000 

25 0.710 

40 0.425 

60 0.250 

80 0.180 

120 0.125 

Comments 

Andesite fragments only. Well-rounded to sub-angular. Surface of all grains 
show caries where minerals have weathered. Some fairly large pores present, 
brown alteration product found in pores, possibly limonite. Feldspar weathered 
from surface of andesite grains. 

Lots of andesite fragments, approx. 80%, well-rounded and sub-angular.. Large
 
pores on surface of fragments. Some grains look to be losing consolidation and
 
are brittle under pressure, gray to white in color.
 
Quartzite and quartz fragments, approx. 10%, not porous, smooth surface.
 
Minor carbonate aggregate, approx. 5%. Very porous with rock fragments.
 
Other extremely weathered grains, approx. 3%, lots of surface porosity.
 
Lots of andesite fragments as described above, approx. 80%, well-rounded and
 
sub-angular. Approx. 5% porosity lumping fresh and weathered andesite.
 
Quartzite and quartz fragments, approx. 10% with negligible porosity.
 
Carbonate aggregate, approx. 5% of sample, high porosity (40%).
 
Extremely weathered grains, approx. 3%, large surface porosity.
 
Similar to above size fractions, slightly more weathered andesite. Higher porosity.
 
More of the highly weathered material as described for sieve 5. 10% of total
 
sample with up to 45% porosity.
 
Similar proportions of carbonate aggregate and quartz as above.
 

More weathered andesite than noted in previous sample. Andesite composes up
 
to 75% of sample with more than 50% of that being very weathered.
 
Less quartzite, more quartz grains (possibly vein), approx. 15% of total sample.
 
Minor carbonate aggregate, approx. 5%, with porosity up to 40%.
 
Extremely weathered material, approx. 5%, with high porosity.
 
More quartz fragments, approx. 20% of sample. Sub-angular, negligible porosity.
 
Fresh andesite, up to 25% of sample. Weathered andesite and other extremely
 
weathered grains compose up to 60% of sample. Up to 20% porosity.
 
Minor carbonate aggregate, 3%, high porosity.
 
Similar quartz and carbonate aggregate as above.
 
Weathered andesite and other extremely weathered grains compose up to 65%.
 
Fresh andesite composes up to 25% of total sample.
 
Sub-angular quartz fragments, up to 20% of sample, negligible porosity.
 
Weathered andesite and other extremely weathered grains compose up to 65%.
 
Up to 15% of sample fresh andesite with low porosity.
 
Up to 25% sub angular quartz grains, <1% porosity.
 
Weathered andesite and other extremely weathered grains up to 60% of sample
 
with porosity up to 20%.
 
<15% fresh andesite with low porosity.
 

Up to 30% sub-angular quartz grains, <1% porosity.
 
Weathered andesite, carbonate aggregate and other extremely weathered grains
 
up to 70% of sample with porosity up to 25%.
 
More angular grains overall.
 
Up to 40% angular quartz grains, negligible porosity.
 
<5% fresh andesite with low porosity.
 
Up to 50% weathered material total. Subangular to angular grains.
 

Approx. 40% quartz grains with <1% porosity. Sub-angular to angular.
 
<5% fresh andesite.
 
>50% weathered fragments, approx. 15% porosity.
 
Some black grains, possibly pyroxene.
 

Up to 45% angular quartz grains with negligible porosity.
 
Approx. 50% angular weathered fragments, up to 15% porosity.
 
More of the black grains noted above, 3%.
 

Less quartz grains than noted previously, approx. 30% of sample.
 
Up to 70% angular rock fragments and other weathered material, approx 10%
 
porosity.
 

Table 6: Characteristics of size fractions of sediment collected in individual catch pans 
during the grains size analysis. 
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plagioclase phenocrysts. The phenocrysts may or may not exhibit zoning between 

sodium and potassium. Various degrees of weathering were observed ranging from 

extremely weathered with highly altered minerals to relatively unaltered sub-angular 

grains. In general, the intragranular porosity was greatest in the highly altered and 

rounded sediment grains. It is estimated the andesitic portion of the sediment has an 

average intragranular porosity of 5%. 

Individual quartz grains and quartzite fragments compose up to 20% of the 

bulk material. Several varieties of quartz grains were observed- some being deformed, 

most being sub-angular. Deformation of the quartz grains is evidenced by shadowy or 

wavy extinction patterns under crossed polarized light. Other quartz grains show a 

well-defined extinction pattern indicating they were not derived from a metamorphic 

terrain. A portion of the quartz grains have a fractures crossing the grain. In general, 

the quartzite is well-rounded but has negligible porosity. Overall, the quartz fraction 

of the sediment was estimated to have an average intragranular porosity of < 1%. 

Minor constituents of the bulk sediment include highly altered actinolite, 

metamorphic fragments, pyroxene grains, and carbonate material. The carbonate 

aggregate appears to contain andesite fragments and quartz grains. It appears this 

material has significant intragranular porosity, possibly up to 40%. When inspected in 

thin section, some of the material is calcite while other portions of the carbonate 

material are too fine-grained to be accurately identified by petrographic techniques. 
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5. MODELING OF PHYSICAL AQUIFER MODEL (PAM) 
DATA 

This section contains the modeling results for the four PAM experiments. 

Four forward models (based on the physical characteristics of the PAM and data 

collected over the course of the experiment) and one numerical inversion are 

presented for each of the four experiments. First, the assumptions implicit in the 

conceptual mass transfer models are discussed. The significance of the steep late-time 

slope observed in the PAM experiments is also reviewed. Depending upon which 

conceptual model of rate-limited mass transfer is used in the simulation effort, 

different values of tortuosity are used as input into the code. Briefly, the 

modifications to convert STAMMT-R to alternate conceptual models of rate-limited 

mass transfer are reviewed. More detail on the modification of STAMMT-R is 

provided in Appendix F. Table 7 provides a concise summary of all conceptual 

models used in the modeling effort. This is provided as a guide when examining 

Figures 1 1-1 4. 

5.1 Description and Background Information 

A combination of forward simulations, corresponding to the physical 

characteristics of the PAM and data recorded during the experiment (i.e. pumping rate, 

injection volume), and inverse simulations, were used to investigate the mass transfer 

processes present in the laboratory-scale model. The inverse simulations utilized a 

numerical inversion of the breakthrough curve to estimate the mass transfer rate and 

capacity coefficients. The Fortran code, STAMMT-R (Solute Transport And Multirate 
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Model Name 

First-Order 
Model 

Layered Matrix 
Model 

Mu ltirate 
Spherical 
Matrix Model 

Multirate 
Diffusion 
Model 

Single rate 
inversion 

Description 

Single-rate double-porosity model.
 
Mass transfer governed by difference
 
in concentration between mobile and
 
immobile region.
 
Corresponds to a single layered
 
matrix region.
 
Single-rate double-porosity model.
 
Mass transfer governed by
 
concentration gradient in immobile
 
zone.
 
Corresponds to a single layered
 
matrix region.
 
Multirate double-porosity model (8
 
spherical size classes).
 
Mass transfer governed by
 
concentration gradient in immobile
 
region.
 

Multirate double-porosity model.
 
Uses a distribution of first-order rate
 
coefficients to simulate multiple rates
 
of diffusion occurring
 
simultaneously.
 

Single-rate double-porosity model. 
Estimates the diffusion rate 
coefficient from numerical inversion 
of observed breakthrough curves. 

Governing
 
Equation & Page
 

Number
 

Equations 9, 10
 
Page 23
 

Equations 11, 12, 13
 
Page 24
 

Equations 11, 12, 13
 
Page 24
 

Equations 15, 16, 17
 
Page 25
 

Equations 11, 12, 13
 
Page 24
 

Multirate double-porosity model. 

Multirate 
inversion 

Estimates the diffusion rate 
coefficient and the spread about the 
coefficient from numerical inversion 

Equations 15, 16, 17 
Page 25 

of observed breakthrough curves. 

Table 7: Summary of conceptual models used in modeling the observed breakthrough 
curves from Physical Aquifer Model (PAM) experiments. 
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Mass Transfer in Radial Coordinates) (Haggerty and Fleming, 1998), was used in either 

original or modified form for all of the simulations described below. 

As detailed in the STAMMT-R user's manual, the mass transfer options 

available to the model are: (1) a lognormal distribution of diffusion rate coefficients 

(multirate mass transfer); (2) conventional matrix diffusion into spherical immobile 

zones (single-rate, double-porosity model); or (3) a non-parametric distribution of 

first-order rate coefficients. The latter option includes conventional first-order mass 

transfer as its simplest form. 

It is important to note the following assumptions implicit in STAMMT-R that 

apply to modeling the PAM breakthrough curve data: (1) homogeneous and isotropic 

hydraulic conductivity; (2) confined aquifer conditions; (3) constant porosity and 

thickness; (4) no regional gradient; (5) diffusion-dominated mass transfer; (6) if 

diffusional mass transfer is used, the diffusion rate coefficient, Da/a2, is assumed to 

have a lognormal distribution or is single-valued (first-order or spherical matrix 

diffusion). It is uncertain if the laboratory-scale PAM adheres to the last assumption, 

but it does follow the other assumptions very well. The latter assumption is important 

when modeling mass transfer as layered matrix diffusion. An additional step to 

calculate the diffusion rate coefficient is required for this application. 

While developing the conceptual model of the PAM it was originally reasoned 

that the experiment could be described with a double-porosity model governed by a 

single rate of diffusion. Double-porosity models governed by single-rate diffusion 

typically exhibit late time breakthrough curve slopes, when plotted on log-log axes, of 
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not steeper than 1.5 (Haggerty et al., in review; Meigs and Beauheim, in review; Altman et 

al., in review). Assumptions for the development of a late time slope of 1.5 for the 

single-rate double-porosity model include a pulse-type injection of solutes. 

Additionally, the fractures (advective region) are separated sufficiently that solute 

diffusing from one fracture never comes in contact with solute diffusing from another 

fracture over the time-scale of the experiment. The assumption that the PAM could 

be described as a single-rate double-porosity model was based on the large, well-

defined immobile region created in the top of the homogeneous sediment pack as well 

as adherence to other assumptions above. 

When observing the late-time slopes of the PAM breakthrough curves, they 

are in the range of 1.73 and 2.65 which is significantly steeper than expected. 

Haggerty et al., (in review) have examined the significance of late-time slopes of 

breakthrough curves observed in push-pull experiments performed at the Waste 

Isolation Pilot Plant (WIPP) site in New Mexico. The presence of a constant late-time 

slope between 2.0 and 3.0 has been proposed as a distinguishing feature of multirate 

mass transfer (Haggerty et al., in review) and may be an indicator of pore scale or 

formation heterogeneity (Haggerty and Gorelick, 1995; Fleming, 1998; Haggerty et al., in 

review). 

The advection-dispersion-diffusion equations that describe mass transfer into 

and out of immobile regions were presented in Chapter 2. As discussed, several 

conceptual models can be used to model rate-limited mass transfer between mobile 

and immobile regions. They include the standard first-order model, the matrix 
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diffusion model of layered, cylindrical, or spherical geometry, and the multirate mass 

transfer model. The first two models represent single-rate mass transfer. 

Table 8 shows a summary of the experimental conditions recorded during the 

experiments that are required for modeling the PAM push-pull tests. These 

parameters are known from the physical characteristics of the PAM and detailed 

records of the sediment pack and test procedure. The value for tortuosity has a 

different meaning depending on which model of mass transfer is being employed. A 

value for tortuosity is required for calculation of the apparent diffusion coefficient, Da 

(equation 6). The multirate spherical matrix diffusion model requires a tortuosity 

value for the intragranular region because diffusion is thought to be occurring into 

individual grains. In the case of the first-order model, layered matrix model, and the 

multirate diffusion model, the value for tortuosity is assigned based upon the sediment 

tortuosity. For these models diffusion is thought to be occurring into the layered 

matrix immobile region at the top of the sediment pack. This sediment within the 

immobile region should have a tortuosity equal to the sediment tortuosity. 

Van der Weijden (1992) noted that a tortuosity value for sediment cannot be 

measured or calculated directly- this parameter is usually indirectly determined. One 

method for calculating sediment tortuosity, ti , is based on a modified form of Archie's 

Law: 

(1-n) Eqn. 20 
2 



Experimental Series One Experimental Series Two 

Experiment 1 Experiment 2 Experiment 3 Experiment 4 

Injection Concentration (mg/L) 100.49 97.78 95.62 110.29 

Injection Rate (mL/min) 14.7 15.6 16.7 16.6 

Injection Time (min) 601 600 600 600 

Injection Volume (L) 9.5 9.7 10.1 10.1 

Resting Time (min) 14 16744 20 16720 

Extraction Rate (mL/min) 9.6 9.8 17.3 13.2 

Extraction Time (min) 3496 9452 991 4560 

Extraction Volume (mL) 51.39 76.9 22.9 60.19 

Hydraulic Conductivity (cm/min) 0.394 0.382 0.653 0.679 

Table 8: Summary table of experimental parameters required for modeling Physical Aquifer Model (PAM) experiments. 
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where n is an experimental relationship based on the sediment and 8 is porosity. A 

value of n approximately equal to 2 is used for compacted sediments with porosity 

greater than 20% but less than 70% porosity (van der Weijden, 1992). The value 

calculated for the sediment tortuosity is 0.65 based on a porosity of 0.43 and n =2. 

Other independent determinations of sediment tortuosity, based on the formation 

factor, agree with this value obtained for the sediment tortuosity (Berner, 1980). 

If the spherical matrix model is applicable there is some degree of a priori 

determination of the effective diffusion coefficient based on the particle diameter 

(Wood et al., 1990; Ball and Roberts, 1991b). Ball and Roberts (1991b) developed 

experimental relationships between the tortuosity factor and intraparticle porosity that 

indicate lower intraparticle porosities produce higher tortuosity values. The 

relationship between intraparticle porosities and particle tortuosity is still a qualitative 

relationship, however. Due to this uncertainty, two values of intraparticle tortuosity 

were employed in the forward simulations of the spherical matrix diffusion model. 

The two values are different by an order of magnitude (Table 8). 

5.2 Modification of STAMMT-R to Other Rate-Limited Mass 
Transfer Models 

The Fortran code STAMMT-R was used for all computer simulations of the 

experimental breakthrough curves. To change STAMMT-R from a model which 

simulates multiple rates of diffusion to a model which is governed by a single rate of 

diffusion, user modifications to the code or input files are required. The modifications 

are straight-forward once an understanding of each of the conceptual models has been 
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achieved. Below is a brief very description of each modification required to enable 

STAMMT-R to simulate alternate models. The reader is directed to Appendix E for 

an in depth discussion of modifications required to transform STAMMT-R to 

alternate conceptual models. 

Modification required to change STAMMT-R to a model governed by first-

order mass transfer requires the input of a user-defined diffusion rate and capacity 

coefficient (a single value for each) into the code. This is accomplished by setting idef 

= 1 in the parameter input file and providing an additional input file containing the 

coefficients to be used in the simulations. 

To obtain the layered matrix model from STAMMT-R, the standard deviation 

of the lognormal distribution of diffusion rate coefficients, a, is set equal to zero. 

This change corresponds to a single-rate spherical matrix model (i.e., a single-rate of 

diffusion into a homogeneous sediment). An additional modification is required to 

simulate a layered matrix geometry as detailed in Appendix E. The value for the 

diffusion rate coefficient used in this simulation (as well as others discussed below) is 

shown graphically in Figure 10. This Cumulative Density Function (CDF) plot shows 

the cumulative matrix volume associated with a diffusion rate coefficient smaller than 

a given value (for all of the models discussed). The units for the diffusion rate 

coefficient, min-1, is non-intuitive and has been transformed by taking its inverse. The 

inverse of the diffusion rate coefficient, td=a2/D is referred to as the diffusive time-

scale and has a more intuitive units of minutes (Figure 10b) (Crank, 1975; Cunningham 

and Roberts, 1988; Haggerty et al., in review). The analytical solution presented by Crank 
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(1975) to the problem of solute diffusion into a sphere of radius a has shown that td is 

the relevant time scale for this process. If the time-scale for diffusion is fast compared 

to other relevant processes, one might conclude that the system can be treated as an 

equilibrium model (Cunningham and Roberts, 1988). 

The multirate spherical matrix model also requires the input of a user defined 

diffusion rate and capacity coefficients- in this case more than one value for each. 

Haggerty and Gorelick (1995) show that a series of first-order mass transfer equations 

with a specific distribution of first-order rate and capacity coefficients is precisely and 

mathematically equivalent to the matrix diffusion model. This method was used to 

create eight separate distributions corresponding to eight spherical size classes created 

from the grain size and petrographic analysis. A Fortran code was written to solve for 

the distribution of first-order rate and capacity coefficients that transform STAMMT

R into the multirate spherical matrix model (Appendix F). For this code, the required 

input is the number of individual immobile classes and the diffusion rate and capacity 

coefficient for each class (Figure 10a). 

5.3 Modeling Results 

When modeling the breakthrough curves for each of the four experiments, 

each of the four conceptual models (first-order, layered matrix, multirate spherical 

matrix, and multirate diffusion) of mass transfer was used to describe the observed 

data. This was done to facilitate comparison across all experiments even when the 

conceptual model did not realistically describe the geometry or dynamics of the 
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Figure 10: Cumulative Density Function (CDF) of, a.) diffusion coefficients, and b.) the time-
scale of diffusion. The bottom CDF is obtained by taking the inverse of the x-axis and 
1-(y-axis) of the top CDF. 
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system. In addition, numerical inversions of the breakthrough curves are used to 

estimate the mass transfer rate coefficients. 

5.3.1 Experiment 1 

When performing experiment 1, it was expected minimal transfer of mass 

would occur due to the short time of exposure to the layered matrix region (i.e. 14 

minute resting period required to change pump for extraction phase). Following the 

method of Crank (1975) for solving for diffusion into a plane sheet (layer) from a 

stirred solution of limited volume, the fractional mass uptake into the layer should be 

less than 2%. The assumption that the solution is well-stirred is not strictly valid for 

this experiment, but gives a general idea of the dynamics of the system. More 

accurately, the top of the sediment pack (area closest to the layered immobile region) 

is being depleted of solute faster than the bottom of the sediment pack. 

From the above analysis, it would be expected a >95% mass recovery could be 

achieved for this experiment. This did not occur as an 87% mass recovery was 

accomplished at the conclusion of the extraction phase (see Figure A7). This does not 

account for the mass of solute removed from the system from the spatial sampling 

ports during the injection phase. Only a fraction of the spatial samples were 

quantified for concentration inhibiting the effort to estimate mass of tracer removed 

during spatial sampling. A reduced spatial sampling schedule was employed for the 

following experiments to correct this problem. While the spatial sampling schedule 

removed some mass from the system, it is not anticipated it would account for the 

approximate 10% discrepancy in the mass balance. 
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The simulation corresponding to the first -order model of rate-limited mass 

transfer is shown in Figure 11a. It is clear upon inspection of this figure a single-rate 

of mass transfer does not adequately describe the late-time slope observed in the 

breakthrough curve. The late-time slope has been calculated as 2.51 during the last 

2026 minutes of the 3496 minutes of total extraction pumping. Approximately 1400 

minutes after the beginning of the extraction phase to the end of pumping, the first-

order simulation diverges from and underestimates the concentrations observed in the 

breakthrough curve. However, the first-order model overestimates the mass balance 

of the system by 5%. This value was determined by taking the mid-point sum 

integration of the breakthrough curves with respect to time (Table 9) (Schroth et al., 

1998). This procedure is similar to taking the first temporal moment of the 

breakthrough curve to calculate the mass removed from the system (Valocchi, 1986; 

Cunningham and Roberts, 1998). 

The multirate spherical matrix model also does not describe mass transfer 

relationship observed in the PAM experiment (Figure 11b). The multirate spherical 

matrix model was applied to this experiment to facilitate a full comparison of all 

experiments in the two test series. The multirate spherical matrix model ignores the 

presence of the layered immobile region and models mass transfer into the individual 

spherical grains only. 

The layered matrix model, Figure 11c, describes the observed breakthrough 

curve slightly better than the first -order model. The simulation diverges from the late-

time slope in a similar location as the first -order model at 1400 minutes after starting 
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Figure 11: Modeling results for Experiment 1. The graphs correspond to a.) First-Order 
Model, b.) Multirate Spherical Matrix Model, c.) Layered Matrix Model, d.) Multirate Diffusion 
Model, and e.) Single-Rate Inversion. 
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the extraction phase. Similarly, the layered matrix model overestimates the mass 

balance by 5%. 

The multirate diffusion model shown in Figure 11d is also used to describe the 

observed breakthrough curve in experiment 1. The setup of the problem is identical 

to the layered matrix model except the standard deviation of the diffusion rate is set to 

3.0. A standard deviation of zero indicates a single value for the diffusion rate 

coefficient. The value of 3.0 was chosen from Fleming (1998). His analysis indicates 

that increasing scale of measurement of the diffusion rate coefficient increases the 

variability observed in the diffusion rate coefficient. Although the analysis was 

conducted for a different geologic material, the value of 3.0 was chosen as a best 

estimate. Further analysis is warranted to confirm his results can be applied to 

different materials. 

The results from the multirate diffusion model look slightly different than the 

layered matrix model. The distribution of diffusion rate coefficients includes much 

faster and much slower diffusion rate coefficients. The faster coefficients can be 

observed in the initial portion of the breakthrough curve. The model underestimates 

the mass being removed from the system at early times due to fast diffusion processes. 

Approximately 5% of the diffusion rate coefficients are sufficiently fast enough to be 

observed in the first 100 minutes of the experiment (Figure 10a). The late-time 

portion of the simulation is identical to the layered matrix model. This indicates the 

experiment duration was too short to observe the slower rates of diffusion in the 
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distribution as less than 20% of the diffusion rate coefficients fall below the 3000 

minute experiment duration (Figure 10b). 

The inversion of the observed breakthrough curve to estimate mass transfer 

rate and capacity coefficient matches the data well (Figure 11e). The early portion of 

the inversion, before 100 minutes, does not match the breakthrough curve and 

underestimates the amount of mass being removed from the system. The late time 

portion of the breakthrough curve, after 1400 minutes matches the data better than 

any previously discussed model. The results from the inversion conservatively 

estimate the diffusion rate coefficient by an order of magnitude. This is shown 

graphically in Figures 10a and 10b. The inverse model predicts faster diffusion than 

what was expected. The estimated thickness of the immobile region is also 

conservatively estimated at 2.06 cm. This corresponds to a capacity coefficient of 

0.137 and is 59% lower than the a priori determination. The mass balance of the 

system is very accurately represented with approximately 1% error. 

5.3.2 Experiment 2 

When performing experiment 2, it was expected significant transfer of mass to 

the layered immobile region would occur due to the long time-exposure of the tracer 

to the layered matrix immobile region (i.e., 16770 minute resting period; >12 days). 

Following the method of Crank (1975) for solving for diffusion into a plane sheet 

(layer) from a stirred solution of limited volume, the fractional mass uptake into the 

layer should be greater than 80%. The assumption that the solution is well-stirred is 

not strictly valid for this experiment, but gives a general idea as to the dynamics of the 
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system. More accurately, the top of the sediment pack (area closest to the artificially 

created immobile region) is being depleted of solute faster than the bottom of the 

sediment pack. 

From this analysis, it would be expected that a poor mass recovery would be 

achieved for this experiment unless an extended extraction phase is employed. 

Approximately 90% of the mass was recovered within the same time span as the 

previous experiment that did not employ a resting period (compare Figures A7 and 

B5). By the conclusion of the extraction phase the experiment had achieved a mass 

recovery of 92%. A reduced spatial sampling schedule was employed during the 

injection phase to prevent solute mass removal from the system during the spatial 

sampling phase. 

Overall, the breakthrough curve for experiment 2 can be divided into three 

parts. The first part of the breakthrough curve is from the beginning of the extraction 

phase to approximately 1020 minutes. This portion corresponds roughly to the initial 

pore-volume of fluid being removed from the advective porosity. The second 

segment encompasses the middle portion of the breakthrough curve between 1020 

and 3540 minutes since the extraction phase began. This segment has a very steep 

slope of 2.65. The third segment encompasses the last portion of the breakthrough 

curve from 3540 minutes to the end of the extraction phase at 9452 minutes since 

extraction began. This portion of the breakthrough curve has a slope of 1.73, is less 

steep than the middle section, but still more steep than would be predicted by the 

single-rate double-porosity model. If the slope is calculated over the both the second 
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and the third segment, the slope would be 2.25 and is also much is much steeper than 

would be predicted by any single-rate double-porosity model (Altman et al., in review). 

The simulation corresponding to the first-order model of rate-limited mass 

transfer is shown in Figure 12a. It is clear upon visual inspection of the simulation a 

first-order model does not describe the observed breakthrough curve. Both the early 

and late portions of the simulation diverge from the data. The late-time slope of the 

simulated breakthrough curve contains a significant break in slope at approximately 

2300 minutes after the beginning of the extraction period. This is not observed in the 

experimental data. The first-order model underestimates the mass balance of the 

system by approximately 10%. 

The multirate spherical matrix model does not describe mass transfer observed 

in the PAM experiment (Figure 12b). The multirate spherical matrix model was 

applied to this experiment to complete a full comparison of all experiments in the two 

test series. The multirate spherical matrix model ignores the presence of the layered 

matrix immobile region and models mass transfer into the individual spherical grains. 

It is obvious that more diffusion is occurring in the experiment than what is predicted 

into the individual sediment grains. 

The layered matrix model describes the observed breakthrough curve slightly 

better than the first-order model (Figure 12c). The simulation diverges from the late-

time slope in a similar location as the first-order model at 2300 minutes after starting 

the extraction phase. The break in slope is not as shallow as simulated by the first
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order model. Similarly, the layered matrix model underestimates the mass balance by 

approximately 7%. 

The multirate diffusion model is also used to describe the observed 

breakthrough curve from experiment 2. The setup of the problem is identical to the 

layered matrix model except for the standard deviation of the diffusion rate is set to 

3.0 instead of zero as described for experiment 1. The multirate diffusion model 

simulation does an excellent job of matching the observed data (Figure 12d). All 

portions of the simulation match the breakthrough curve fairly closely. The multirate 

diffusion model slightly overestimates the mass balance by less than 1%. Overall, this 

simulation matched the observed breakthrough curve most accurately. 

The inversion of the observed breakthrough curve matches the data fairly well 

(Figure 12e). The early portion of the inversion, before 100 minutes, does not match 

the breakthrough curve and underestimates the amount of mass being removed from 

the system. The diffusion rate and capacity coefficient are estimated within the same 

order of magnitude, but the simulation predicts slower diffusion than expected. This 

is shown graphically in Figures 10a and 10b. The estimated thickness of the immobile 

region is also overestimated at 8.09 cm and corresponds to a capacity coefficient of 

0.539 and is approximately 62% larger than expected. The mass balance is accurately 

estimated with approximately 6% error. 

A multirate inversion was also performed for this experiment. The multirate 

inversion estimates both the diffusion rate coefficient as well as its variability. This 

inversion obtained a breakthrough curve that more accurately describes the data. The 
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estimated diffusion rate coefficient, 5.55x10-5 min-1, is within the same order of 

magnitude and very close to the expected value. This is shown graphically in Figures 

10a and 10b. Interestingly, the estimated spread of diffusion rate coefficients is equal 

to the value estimated from Fleming (1998) and is 3.00. The mass balance is very 

accurately represented with an error of less than a 2%. The numerical inversion most 

accurately describes the observed breakthrough curve. 

5.3.3 Experiment 3 

Experiment 3 was performed to assess the mass uptake of solute tracer by the 

individual sediment grains and to characterize the unmodified sediment pack for 

experiment 4. This experiment was conducted in a similar fashion to experiment 1 

with the exception of the lack of diffusion dividers. In addition to approximately 100 

mg/L Bf, potassium permanganate was also present in the injection solution. It was 

thought the presence of potassium permanganate in the injection solution would not 

affect the final shape and characteristics of the bromide breakthrough curve. This may 

not be the case however as the modeling of the breakthrough curve by all of the 

conceptual models does not describe the observed data. 

Due to the lack of a resting period, it was expected that mass transfer into the 

individual sediment grains would be negligible. When comparing this experiment to 

experiment 4, it appears this assumption is valid. A higher concentration is observed 

in the effluent for an extended period of time (see Figure 8). Both breakthrough 

curves reach non-detect limits early in the extraction phase when compared to 

Experiment 2. 



75 

The first-order model does not adequately describe the observed breakthrough 

curve(Figure 13a). The observed data contains a much sharper break in slope after 

one injection volume of fluid has been removed from the system. The model does 

not reproduce this sharp break in slope. Significant mass is removed from the system 

that is not accurately represented by the simulation. 

The multirate spherical matrix model exhibits similar characteristics as the 

first-order model when observing the break in slope after the initial injection volume 

of fluid is removed from the system (Figure 13b). The difference in tortuosity values 

does not have a significant effect in the time scale of this experiment. Both 

conceptual models are essentially equivalent to the time that the bromide 

concentrations drop below the detection limits 

The layered matrix model (Figure 13c) and the multirate diffusion model 

(Figure 13d) look identical to each other. There is a slight difference between the two 

models- this is difficult to distinguish visually. Both models simulate similar mass 

transfer processes during the time-scale of this experiment. For these simulations, the 

time-scale for diffusion is greater than the experimental time-frame and movement of 

mass by diffusion processes is difficult to observe. 

The single-rate inversion (Figure 13e) of the breakthrough curve does not 

successfully predict the breakthrough curve. The best fit model obtained from the 

inversion looks similar to all of the above models discussed. The sharp break in the 
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Figure 13: Modeling results for Experiment 3. The graphs correspond to a.) First-Order 
Model, b.) Multirate Spherical Matrix Model, c.) Layered Matrix Model, d.) Multirate Diffusion 
Model, and e.) Single-Rate Inversion. 
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breakthrough curve slope observed in the experimental data is not well simulated with 

the model estimation routine. 

5.3.4 Experiment 4 

Experiment 4 is conducted identically to experiment 2 with the exception of 

the lack of diffusion dividers. After the injection phase, the pump was shut off and 

the tracer allowed to diffuse into spherical matrix regions for more than 12 days. It 

was expected that a significant mass of tracer would diffuse into the individual 

sediment grains. After the extended resting period, the extraction pump was turned 

on for more than 13000 minutes. The concentration of the effluent fell below 

detection limits (approximately 0.2 mg/L Br) by approximately 2900 minutes. 

When observing the breakthrough curve data, the concentrations fall to non-

detect limits quickly. There is no break in the late time slope as observed in 

experiment 2. The first-order model does a poor job in predicting the breakthrough 

curve data (Figure 14a). The simulation contains a break in slope at approximately 

1800 minutes from the beginning of the extraction phase. This is not observed in the 

data. The first-order model underestimates the mass balance by 5%. 

The multirate spherical matrix model does an excellent job of predicting the 

observed data. The model that employs a value of 0.01 for tortuosity matches most 

portions of the observed breakthrough curve very well (Figure 14b). The multirate 

spherical matrix model overestimates the mass balance by approximately 2%. Overall, 
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this simulation matches the observed breakthrough curves best of all simulations 

employed. 

The layered matrix model and the multirate diffusion model look very similar 

to each other (Figures 14c and 14d). Both of the simulations contain a break in the 

late-time slope that is not observed in the experimental data. Both of the models 

underestimate the mass balance for the system by between 3% and 8%, respectively. 

The inversion of the observed breakthrough curve to estimate mass transfer 

rate and capacity coefficient matches the data very well. The early portion of the 

inversion, before 100 minutes, does not match the breakthrough curve and 

underestimates the amount of mass being removed from the system (Figure 14e). The 

results from the inversion estimate faster mass transfer than was expected. The 

estimated radius of the spherical matrix immobile region is estimated at 9.13 x 10-3 cm 

which is much smaller than the mean grain size calculated from the grain size analysis. 

The mass balance of the system is very accurately estimated with approximately 2% 

error. 

5.4 Summary 

The simulations corresponding to an a priori input of variables that 

correspond to the PAM's physical characteristics rarely describe the breakthrough 

curves accurately. The exceptions occur for only 2 simulations; Experiments 2 and 4. 

For Experiment 2, the multirate diffusion model matches every portion of the 
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breakthrough curve closely. For Experiment 4, the multirate spherical matrix model 

simulated most portions of the breakthrough curve. 

Numerical inversions of the observed breakthrough curves accurately estimate 

the mass transfer rate coefficients and mass balances for only those experiments 

employing a long rest period between the injection and extraction phase. The 

inversions did not accurately describe the experiments that did not employ a rest 

period. It is uncertain how the long resting period affected the inversion of the 

breakthrough curves. 

It is possible that the layered matrix immobile region did not effectively block 

the advective flow of tracer into the layered matrix immobile region. If this is the case, 

a more robust model is required to describe the system. As part of this model, it 

would be an advantage to be able to model diffusion into the layered matrix immobile 

region and subsequently the diffusion of tracer into the individual spherical matrix 

regions and the reverse of this process. Because of the uncertainty surrounding the 

effectiveness of the immobile region in blocking advection, simulation of the observed 

data is difficult. In future experiments, steps must be taken to ensure the layered 

matrix immobile region is isolated from the advective flow of tracer. This may include 

sealing both ends of the diffusion dividers where they contact the PAM as well as 

closer spacing of the diffusion dividers during their emplacement. 
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6. DISCUSSION
 

A common difficulty encountered in modeling contaminant transport is the 

uncertainty involved in correctly applying a conceptual model to the system of interest. 

Several different models of mass transfer are available to describe the movement of mass 

between mobile and immobile regions in the subsurface. These models range in complexity 

from a single-porosity model that scales the movement of solutes through an aquifer by the 

use of a retardation factor, to a double-porosity multirate diffusion model that allows 

simultaneous diffusion into a distribution of immobile regions. 

A layered matrix immobile region was created in a laboratory-scale model by placing 

diffusion dividers in the top 5 cm of the sediment pack. It was proposed the laboratory 

model should be governed by a single-rate double-porosity mass transfer model due to the 

well-defined immobile region as well as the adherence of the experiments to several 

simplifying assumptions. It has been shown that single-rate double-porosity models are 

bound by a late-time slope of 1.5 when plotted on log-log axes (Haggerty and Harvey, 1997; 

Altman et al., in review). The observed breakthrough curves from the experiments were 

generally steeper than 1.5 and could not accurately be described by any single-rate double-

porosity model, with the exception of Experiment 1. 

The single-rate inversion for Experiment 1 most accurately describes the observed 

breakthrough curve (Figure 10e). The value obtained for the diffusion rate coefficient, 

(Da/a2), is 1.75 x 104 min-1 and indicates diffusion is faster than anticipated. The estimated 

thickness of the immobile region is 2.06 cm. The setup for this experiment did not allow a 

rest period for diffusion to occur into the immobile region. The estimation of an immobile 
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region of >2 cm may indicate that the layered immobile region did not fully block advective 

processes and the tailing observed in the breakthrough curve may be a function of advective 

processes and not diffusion. 

The single-rate inversion for Experiment 2 (Figure 11e) adequately represents the 

early portion of the observed breakthrough curve. Both the simulation and the data show a 

break in late-time slope at approximately the same location. Later the model and data 

diverge from each other and the inversion overestimates the concentration at late-time (i.e., 

mass is being removed from the system faster than is observed). This divergence can have 

serious consequences to the application of mass transfer parameters to the field-scale. 

Haggerty et al., (in review) has examined the significance of steep late-time slopes of 

breakthrough curves observed push-pull experiments performed at the Waste Isolation Pilot 

Plant (WIPP) site in New Mexico. The presence of a constant late-time slope between 2.0 

and 3.0 has been proposed as a distinguishing feature of multirate mass transfer (Haggerty et 

al., in review) and may be used as a possible indicator of pore-scale heterogeneity (Haggerty 

and Gorelick, 1995; Fleming, 1998; Haggerty et al., in review). The late-time slope calculated for 

Experiment 2 was 1.73. This is steeper than what would be predicted from a single-rate 

double-porosity model. 

The forward simulation using the multirate diffusion model accurately describes the 

observed breakthrough curve in Experiment 2 (Figure 11d). The spread about the diffusion 

rate coefficient, a =3.00, was chosen from Fleming (1998). Although his analysis was 

performed for a different geologic material, this value was chosen as a representative 

estimate. The agreement between the simulated and observed breakthrough curve was 
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unexpected. For this reason, in addition to the apparent multirate aspect observed in the 

late-time slope of the breakthrough curve, a multirate inversion was performed for 

Experiment 2. 

The multirate inversion for Experiment 2 estimated a value of a =3)0 for the 

spread about the diffusion rate coefficient (Figure 10). This is an identical value to what was 

chosen from Fleming (1998). The estimated mean diffusion rate coefficient from the 

multirate inversion, 5.55 x 10-5 min-1, is very close to the a priori estimate (based on the 

physical characteristics of the system) of 2.96 x 10-5 min-1 . The calculated thickness of the 

immobile region is 3.66 cm and corresponds to a capacity coefficient of 0.244. This is a 27% 

error in the capacity coefficient. If interpreting Experiment 2 as a multirate mass transfer 

system, it is important to understand the cause of the apparent multirate aspect of the 

breakthrough curve. 

The multirate diffusion model may be most descriptive of Experiment 2 due to 

several factors operating simultaneously. First, some tracer remained in the sediment pack 

from the previous experiment, Experiment 1. This can be observed in Figure B3, a 

quantifiable concentration of Br was detected during the pre-injection sampling of the 

sediment pack for Experiment 2. The highest concentration of bromide was 6.5 mg/L and 

occurred in the region of port 3, approximately 30 cm from the injection point. The tracer 

remained in the sediment pack in spite of an extended resting period followed by an 

additional 25 L of fluid pumped through the sediment after the conclusion of Experiment 1. 

Second, the sides of the diffusion dividers may not have effectively blocked the 

advective movement of tracer into the immobile region- they may not have fully contacted 
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the sides of the PAM. This is especially true in the area closest to the injection point, where 

pore-water pressures are elevated. This may affect the conceptual model in the following 

ways: (1) the apparent multirate aspect of the breakthrough curves (i.e., steep late-time slope) 

may be partially a result of advective processes and not diffusion only, and (2) the layered 

immobile region should not be interpreted as a single homogeneous layer governed by 

single-rate diffusion. 

Third, the steep late-time slope observed in the breakthrough curve may be due to 

simultaneous diffusion into different immobile regions. Diffusion may be occurring 

simultaneously in the layered immobile region in addition to diffusion into individual 

sediment grains. Additionally, diffusion may have occurred into the layered immobile region 

and subsequently into individual spherical matrix regions of sediments grains within the 

layered immobile region. 

Fourth, buoyancy induced flow has been observed in solutions containing as little as 

50 mg/I, Br- (Istok and Humphrey, 1995). It is possible that buoyancy induced flow could 

have occurred in the PAM as the injection solution contained approximately twice that 

concentration. Additional investigation into the effects of buoyancy induced flow and its 

affect on breakthrough curve slopes is warranted and reserved for future work. A PAM with 

a thinner advective domain (i.e., 5 cm instead of 15 cm) might reduce the possibility of 

buoyancy flow. 

All of the conceptual models employed to describe Experiment 3 failed to reproduce 

the observed breakthrough curve. The observed data contains a sharp break in slope at 

approximately one injection volume (Figure 8). This sharp break in slope is neither observed 

in any other experiments nor any of the simulations. The presence of an additional solute, 
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5.7 mM Mn04, in the injection solution may affect the shape of the breakthrough curve. 

Diffusion occurs slower in systems with multiple solutes. This may cause the sharp break 

observed in the breakthrough curve. In addition, an increased buoyancy effect in this 

experiment, due to the increased solution density from an additional solute, may produce the 

sharp break observed in the breakthrough curve. 

The multirate spherical matrix model most accurately describes Experiment 4 (Figure 

14b). This model employs a distribution of eight spherical classes created from the grain size 

and petrographic analyses. Several authors have worked to determine the effect of the 

particle-size distribution on the estimation of mass transfer parameters (Cooney et al., 1983; 

Cunningham and Roberts, 1998). Their results indicate that the particle-size distribution of the 

sediment used for mass transfer parameter estimation has an important effect on the 

estimated values. Typically, a single representative value for the effective grain radius is not 

adequate to describe the bulk sediment if variability in the particle-size exists. For this 

reason, a modified form of the single-rate diffusion model was formulated. The modified 

form of the diffusion model can be considered a multirate model as it allows simultaneous 

diffusion into eight size classes. A slight deviation in the initial 100 minutes of the 

breakthrough curves exist between the models and the data. The simulations may be 

overestimating the influence of the smaller sphere classes. 
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7. CONCLUSIONS
 

A methodology was developed for performing a single-well push-pull tracer 

test to estimate mass transfer parameters. The methodology was evaluated by 

conducting four push-pull experiments in a laboratory-scale Physical Aquifer Model 

(PAM). A combination of forward simulations and numerical inversions of the 

observed breakthrough curves were employed to describe the system and to estimate 

mass transfer parameters. 

The results obtained from the push-pull tests did not conform to what was 

expected. While developing the conceptual model, it was proposed the experiments 

would be governed by a single-rate double-porosity conceptual model. This was due 

to the well defined immobile region in the top 5 cm of the PAM as well as the 

experiment's adherence to several simplifying assumptions. It has been shown that 

single-rate double-porosity models are bound by a late-time slope of 1.5 (Haggerty and 

Harvey, 1997; Altman et al., in review). The late-time slopes observed in the 

experimental breakthrough curves are steeper than would be predicted with a single-

rate model. 

The presence of a steep, but constant, late-time slope between 2.0 and 3.0 

has been proposed as a distinguishing feature of multirate mass transfer (Haggerty et al, 

in review) and has been postulated as a possible indicator of pore scale heterogeneity 

(Haggerty and Gorelick, 1995). The multirate diffusion model (Haggerty, 1995; Haggerty 

and Gorelick, 1995) most adequately describes the experiments that employed an 
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extended resting period between the injection and extraction phases. The extended 

resting period allowed the tracer to diffuse into immobile regions and includes 

Experiments 2 and 4. 

Evidence for multiple rates of diffusion in the PAM experiments are observed 

in the steep late-time slope of the breakthrough curves (Figure 8). If the multirate 

diffusion model is invoked to describe the experiments that employ the long resting 

period, the causes for multirate diffusion must be understood. The steep late-time 

slope may be attributed to the following: (1) uncertainty of the diffusion dividers in 

blocking advection from occurring into the layered immobile region, (2) tracer 

remaining in sediment pack from the previous experiment, and (3) simultaneous 

diffusion into different immobile regions (i.e., spherical grains and layered immobile 

region). 

Several authors have studied the effect of the grain size distribution used on 

mass transfer parameter estimation (Cooney et al., 1983; Cunningham and Roberts, 1998). 

Results from these analyses suggest that the grain size distribution of the material used 

in experiments can affect the estimation of mass transfer parameters. Due to the 

relatively wide particle size distribution of the sediment used in the PAM, a multirate 

spherical matrix model was developed. This model relies on the assumption that 

diffusion into different size sediment grains is not equal. The grain size distribution 

and petrographic analysis are used to create eight representative spherical size classes. 

Multirate diffusion can be envisioned as diffusion occurring into each of the size 
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classes at different rates. The multirate spherical matrix model formulation most 

adequately describes the observed breakthrough curve in Experiment 4. 

Evidence for multirate mass transfer is becoming more common in the 

literature in both laboratory-scale experiments (Ball and Roberts, 1991b; Haggerty and 

Gorelick, 1998, Fleming, 1998) and field-scale experiments (McKenna et al., in review; 

Haggerty et al., in review). The implications of multirate mass transfer for aquifer 

remediation and the long-term storage nuclear waste are only now being investigated. 

Future work related to this research may include additional laboratory-scale 

experiments. Sealing the sides of the diffusion dividers to prevent advection from 

occurring into the immobile region is required. This may resolve some of the issues 

regarding the possible advection of tracer into the layered immobile region. In 

addition, a different sediment with a narrow particle size distribution may be employed 

for future PAM experiments. This may resolve some of the uncertainty regarding the 

effects of a wide particle-size distribution on the estimation of mass transfer 

parameters. 

In addition to laboratory experiments, field verification of the push-pull tracer 

test is required. Without applying this technology in the field, the true ability of the 

methodology cannot be assessed. Expected difficulties for the field application 

include the presence of a regional hydraulic gradient. A hydraulic gradient will advect 

the injection solution with the groundwater and may cause tailing. 
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It is envisioned this technology could be effective in determining critical 

parameters that describe the movement of mass in the subsurface. Additional study of 

the test method is required. The push-pull test method boasts several advantages over 

more conventional methods for determining mass transfer parameters. Advantages of 

the push-pull test include: (1) its ability to be conducted in the industry-standard two-

inch monitoring well common to groundwater remediation sites; (2) ease of 

performing the methodology; (3) shortened test duration; (4) relatively large volume of 

aquifer interrogated by the test when compared to laboratory-scale experiments; and 

(5) the low cost of conducting such a test when compared to field-scale experiments. 
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APPENDIX A: EXPERIMENT 1
 
PAM5, Experiment 13 and 14
 
Groundwater Laboratory, Oregon State University, Corvallis, Or.
 
Intermediate-Scale Push-Pull Test to Determine Rate and Capacity Coefficients in situ
 
Target Date: Injection: Monday, March 23, 1998. (NO rest period between Injection and Extraction)
 
Target Date: Injection: Monday, March 30, 1998. (LONG rest period between Injection and Extraction)
 

Experimental Work Plan: Rate-Limited Diffusion 

Objectives: 

(1)	 To evaluate the ability of the single-well, "push-pull" test method to accurately quantify field-scale 

rate-limited mass transfer processes (diffusion). 

(2)	 To develop an estimation technique which will accurately quantify mass transfer parameters (rate 

and capacity coefficients) from push-pull test data. 

Procedures: 

(1)	 Pack PAM 5 with sieved, air-dried LLNL sediment. 

(2)	 Install lid and seal box. 

(3)	 Install and develop wells. 

(4)	 Establish steady injection of tap H2O into narrow end of PAM. 

(5)	 Measure hydraulic conductivity of sediment pack. Repeat measurements as necessary until flow 

rates and heads stabilize. 

(6)	 Conduct surfactant push-pull test (Target Date: March 9-10, 1998)(Tom Sawyer) 

(7)	 Partially drain reservoir tank at wide end of PAM to partially desaturate sediment pack. (March 

19) 

(8)	 Carefully remove lid from PAM 5 as to minimize disturbance to fully penetrating wells. 

(a)	 Remove fully penetrating wells. 

(9)	 Install diffusion dividers. The dividers will be constructed from 1/16" stainless steel. PAM 5, 

Experiment 13 will have 28 dividers inserted into the top 5 cm of the sediment pack. This will 

effectively render the top one-quarter of PAM 5's sediment pack inaccessible to 

advective/dispersive processes. This artificially created immobile region will be governed by 

diffusion processes only. 

(10)	 Carefully install lid giving close attention to alignment of previously installed well locations. 

(a)	 Install And develop partially penetrating wells. 

(b)	 Seal PAM and check for leaks. 

(11)	 Establish steady injection of tap H2O into narrow end of PAM. Pump until heads stabilize. 

(12) Measure flow rate and hydraulic conductivity of sediment pack. Repeat measurements as 

necessary until flow rates and heads stabilize. 

(13)	 Conduct rate-limited diffusion push-pull test (NO resting period between injection and 

extraction): Objectives are (1) to determine if the push-pull test can accurately quantify field
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PAM5, Experiment 13 and 14
 
Groundwater Laboratory, Oregon State University, Corvallis, Or.
 
Intermediate-Scale Push-Pull Test to Determine Rate and Capacity Coefficients in situ
 
Target Date: Injection: Monday, March 23, 1998. (NO rest period between Injection and Extraction)
 
Target Date: Injection: Monday, March 30, 1998. (LONG rest period between Injection and Extraction)
 

scale rate-limited mass transfer processes (diffusion); and (2) to determine if push-pull test data 

can be used to develop an estimation technique which will accurately quantify mass transfer 

parameters (rate and capacity coefficients). (Target Date: March 23-25, 1998). 

(a)	 Pre-injection sweep of sampling ports to determine residual tracer concentrations. 

(b)	 Inject tap water containing 0.2 mM Br from KBr (approx. 100 mg/L) into narrow end of 

PAM 5 using lower injection rates (target injection rate -14 ml/min) than in previous 

experiments. This will keep the advective front of the injection solution nearly the same 

spatial location at the end of pumping as previous experiments. 

(c)	 Sample selected ports (according to sampling schedule) during injection phase and analyze 

for Br for development of breakthrough curves at the sampling ports. 

(d)	 After completion of the injection phase of the experiment (10 hrs), reverse plumbing to 

prepare for extraction. Extraction to begin approximately 15 minutes after pump shut off 

from injection. 

(1)	 Collect samples from all 8 sampling ports before starting extraction phase. 

(2)	 Collect injectate effluent from wide end of box (reservoir tank). 

(3)	 From carboy at wide end of tank; accurately quantify volume of effluent, mix 

thoroughly, and sample and analyze for Br for accurate mass balance calculations. 

(4)	 Collect injection carboy samples for quantification of Co. 

(e)	 Sample effluent port during extraction phase (according to sampling schedule) and 

analyze for Br to develop breakthrough curve at the extraction well. 

(f)	 Collect extraction effluent from the extraction carboy. Accurately quantify volume of 

effluent, mix thoroughly, and sample and analyze for Br for accurate mass balance 

calculations. 

(14) Prepare PAM 5 for subsequent diffusion experiment. 

(a)	 Pump overnight after completion of no rest diffusion experiment. Turn off pump, allow 

resting period of approximately one day before start of additional pumping period. Take 

sample to determine residual Br concentrations. Repeat pumping /resting period until Br

concentrations are undetectable. 

(15)	 Conduct rate-limited diffusion push-pull test (LONG resting period between injection and 

extraction): Objectives are (1) to determine if the push-pull test can accurately quantify field-

scale rate-limited mass transfer processes (diffusion); and (2) to determine if push-pull test data 

can be used to develop an estimation technique which will accurately quantify mass transfer 

parameters (rate and capacity coefficients). (Injection Target Date: April 1, 1998). 
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PAM5, Experiment 13 and 14
 
Groundwater Laboratory, Oregon State University, Corvallis, Or.
 
Intermediate-Scale Push-Pull Test to Determine Rate and Capacity Coefficients in situ
 
Target Date: Injection: Monday, March 23, 1998. (NO rest period between Injection and Extraction)
 
Target Date: Injection: Monday, March 30, 1998. (LONG rest period between Injection and Extraction)
 

(a)	 Inject tap water containing 0.2 mM Br from KBr (approx. 100 mg/L) into narrow end of 

PAM 5 using lower injection rates (target injection rate 14 ml/min) than in previous 

experiments. This will keep the advective front of the injection solution nearly the same 

spatial location at the end of pumping as previous experiments. 

(b)	 Sample selected ports during injection phase and analyze for Br for development of
 

breakthrough curves at the sampling ports.
 

(c)	 After completion of the injection phase of the experiment, turn off pump and allow Br to 

diffuse into artificially created immobile regions. Resting period will be 14 days. 

(1)	 Collect injectate effluent from wide end of box (reservoir tank). 

(2) From carboy at wide end of tank; accurately quantify volume of effluent, mix 

thoroughly, and sample and analyze for Br for accurate mass balance calculations 

(3)	 Collect injection carboy samples for quantification of Co. 

(a)	 Extraction Phase (Target Date: Monday, April 13, 1998) 

(b)	 Collect samples from all 8 sampling ports before start of extraction phase. 

(c)	 Sample effluent port (according to sampling protocol) during extraction phase and analyze 

for Br to develop breakthrough curve at the extraction well. 

(d)	 Collect extraction effluent from the extraction carboy. Accurately quantify volume of effluent 

in the carboy, mix thoroughly, and sample and analyze for Br for accurate mass balance 

calculations. 

(4)	 Dismantle PAM 5 and prepare box for subsequent experiments. 



PAM5, Experiment 13
 
Groundwater Laboratory, Oregon State University, Corvallis, Or.
 

Intermediate-Stale Push-Pull Test to Determine Rate and Capacity Coefficients in situ
 

EXPERIMENT: P5E13 (No Rest Period) FILE: p5e13hydcondxls 
INJECTATE: 100 ppm Br-
DATE: 03/23/98 

TEST SUMMARY 
VOLUME COLLECTED 
PUMPED EFFLUENT -- FLOWRATE  - HYDR. COND. -

DURATION IN VOLUME AVG. STD DEV AVG. STD DEV 
(h.) (mL) (mL) (mL/min (mL/min) (cm /min) (cm /min) 

INJECTION PHASE 10.00 85125 85125 14.7 1.252 0.394 0.015 
EXTRACTION PHASE 68.50 34004.5 9.6 0.2 -
ADDITIONAL EXTRACTION 
TOTAL EXTRACTION 

38.50 
97.00 - 249828 

589873 
9.6 
--

--
--

_ 

FLOWRATE /CONDUCTIVITY (K) DATA Radial arc 20.4° 
Distance from inside edge to radial point 13.9 cm 
Distance from inside edge to M2 15.0 cm Hydraulic Conductivity Calculation for Radial Flow Field: 

PUMP: FMI Model QG50 Distance from inside edge to M3 60.0 an 
PUPNIHEAD: FMI Model Q2 Distance from inside edge to M4 105.0 cm 

I 

LN 
(RP "." (42) I 

INJECTION PHASE 
START STOP K K = RATE 

I (RP + M3) I 

PUMP 
SETTING 

COLLECTED 
VOLUME FLOWRATE 

ELAPSED 
TIME 

ELAPSED 
TIME TIME M2 M3 M4 M2-M3 M3-M4 M2-M4 

- -
AVERAGE STD DEV 

(R3 -R2)" 2"pi*are/360"m 

(mL) (mL/min) (hrminsec) (lu^minsec) (min) (cm) (cm) (cm) (cm/min) (cm/min) (cm/min) (cm/min) (cm/min where: 
1.99 73.8 123 01:0230 01:08:30 6.0 18.2 12.7 9.8 0.393 0.378 0.388 0.386 0.006 
1.99 73.8 12.3 01:1200 01:1800 6.0 18.1 12.6 9.8 0.393 0.391 0.392 0.392 0.001 K = hydraulic conductivity, cm/min 
2.25 76.6 15.3 0123:15 01:28:15 5.0 20.0 13.3 10.0 0.402 0.413 0.406 0.407 0.005 RATE = flowrate, cm^3/min 
225 90.5 15.1 01:32:15 01:38:15 6.0 20.0 13.3 10.0 0.396 0.407 0.399 0.401 0.005 RI' = distance to radial point, an 
2.25 
2.25 
2.25 

90.3 
90.0 

229.7 

15.1 

15.0 
15.3 

02:1100 
03:02:15 
04:02:30 

02:18:00 
03:08:15 
04:17:30 

6.0 
6.0 

15.0 

20.0 
19.9 

20.0 

13.4 
13.3 

13.4 

10.0 
10.0 

10.0 

0.401 

0.400 
0.408 

0.394 
0405 
0.401 

0.399 
0.401 
0.406 

0.398 
0.402 
0.405 

0.003 
0.002 
0.003 

M2 = 
M3 = 

(inside edge of box to projected point of box) 
distance from inside edge to M2 locaton, cm 
distance from inside edge to 613 locaton, cm 

2.25 
2.25 

169.8 

226.3 
15.4 

15.9 
06:43:30 
08:03:30 

06:54:30 
08:17:30 

11.0 
14.3 

20.0 
21.9 

13.3 

13.8 

10.0 
10.3 

0.405 
0.345 

0.417 
0.404 

0.409 
0.363 

0.410 
0.370 

0.005 
0.025 

R3 = 
R2 = 

reading of manometer M3, cm 
reading of manometer m2, cm 

2.25 157.6 15.8 09:44:00 09:54:00 10.0 21.8 13.6 10.1 0.338 0.401 0.357 0.365 0.026 2 = constant 

AVERAGES 14.7 20.0 13.3 10.0 0.388 0.401 0.392 0.394 0.008 
pi = 
arc = 

3.14159 
arc of box, degrees 

I Circumference = 2"pi.r 

STD DEV 1.3 1.2 0.3 0.1 0.024 0.011 0.017 0.015 0.009 m = saturated thickness, cm 

EXTRACTION PHASE 
1.01 46.4 9.3 1102:45 11:07:45 5.0 23 6.3 8.4 -- -
1.01 

1.01 

46.4 
65.4 

9.3 

9.3 

11:12:00 

13:3100 
11:17:00 
13:38:00 

5.0 

7.0 
1.4 

2.4 
6.0 
6.3 

8.3 
8.4 - -

1.01 159.1 9.4 15:31:00 15:48:00 17.0 2.3 6.3 8.3 -
1.01 95 9.5 20:07:00 20:17:00 10.0 2.2 6.3 8.4 - --1.01 146.8 9.8 32:01:00 32:16:00 15.0 2.0 6.1 8.6 
1.01 195.9 9.8 32:20:00 32:4000 20.0 20 6.1 8.3 -
1.01 97.5 9.8 44:24:00 44:34:00 10.0 1.9 6.1 8.4 - -
1.01 

1.01 

107.7 
156.4 

9.8 

9.8 

52:06:30 
68:12:00 

52:17:30 
6828:00 

11.0 

16.0 

1.9 

1.9 

6.1 

6.2 
8.4 
8.4 - - --

AVERAGES 9.6 1.9 6.1 8.4 
STD DEV 0.2 0.0 0.0 0.1 

Table Al: Hydraulic conductivity data for Experiment 1. 
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PAM5, Experiment 13
 
Intermediate-Scale Push-Pull Test to Determine Rate and Capacity Coefficients in situ
 

Injection Concentration= 100.49 
Using corrected standard curve from? /7/98, corrected on 8/17/98 

Pre-Injection Sweep 
Sample # Port # Peak Area Conc (mg/L) C/Co 

1 1 34535 0.95 0.009 
2 2 14545 0.41 0.004 
3 3 0 0.01 0.000 
4 4 0 0.01 0.000 
5 5 0 0.01 0.000 
6 6 0 0.01 0.000 
7 7 0 0.01 0.000 
8 8 0 0.01 0.000 
9 Tank 0.000 

Post-Injection Sweep 
Sample # Port # Peak Area Conc (mg/L) C/Co 

173 1 4991427 99.92 0.994 
174 2 4929046 98.71 0.982 
175 3 4840627 97.00 0.965 
176 4 4256838 85.72 0.853 
177 5 2557586 52.86 0.526 
178 6 146271 6.25 0.062 
179 7 0 0.01 0.000 
180 8 12828 0.36 0.004 
181 Tank 206934 5.66 0.056 

Legend: 
Numbers in blue indicate standard curve A 
Numbers in purple indicate standard curve B 
Numbers in green indicate standard curve C 

Final Copy- Checked for accuracy 9/2/98 

Table A2: Spatial sampling data used to create tracer concentration profile. 
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Figure Al: Concentration profile of sediement pack for Experiment 1. 



PAM5, Experiment 13
 
Intermediate-Scale Push-Pull Test to Determine Rate and Capacity Coefficients in situ
 

P5E13 Extraction Data 
tammon Sample 183 and 184 Function 
Peak Areas 5016105 5025617 Extraction Volume (L)= 51.39 
Co (mg/L). 100.40 100.58 Eat Flow Rate (nl/min). 9.6 
Ave. Co (mg/L) 100.49 Ext. How Rate (L/min). 0.0096 
Injection Volume (L). 9.5 
Inj. Flow Rate (ml/min). 14.7 Unosnorrerted standard curve from? /7/98. corrected on 8/17/98 
Inj. How Rate (L/enin). 0.0147 Final Copy- Checked for accuracy 9/2/98 
Injection Mass (mg) = 954.64 

Sample # Tune 
He 

Extraction Pump Start 

Time 
Min 

Cum. Time 
(min) 

Time Since Ext 
Began (min) 

615.00 

Extracted 
Volume (L) 

Cum. Ext 
Volume (L) 

ExtVol/ 
InjVol (-) 

0.000 

Peak 
Area 
-

Concentration 
(mg/L) 

-
C/Co 

(-)-
Integration 

wet Time (mg) 
Cum Mass 

Recovery (mg) 
Percent Mass 

Recover 
0 

M/Mo Log 
M/Mo 

Log 
time 

188 10 30 630.00 15.00 0.14 0.1440 0.015 5012885 100.33 0.99847 14.45 14.45 131 0.02 -1.82 2.80 
194 11 0 660.00 45.00 0.29 0.4320 0.045 4997411 100.03 0.99549 28.85 43.30 4.54 0.05 -1.34 2.82 
199 11 50 710.00 95.00 0.48 0.9120 0.096 4970220 99.51 0.99026 47.89 91.19 935 0.10 -1.02 2.85 
205 12 50 770.00 155.00 0.58 1.4880 0.157 4961097 99.33 0.98850 57.27 148.46 15.55 016 -0.81 2.89 
208 13 20 800.00 185.00 0.29 1.7760 0.187 4936676 98.86 0.98380 28.54 177.00 18.54 0.19 -0.73 2.90 
211 13 50 830.00 215.00 0.29 2.0640 0.217 4844557 97.08 0.96608 28.22 205.21 21.50 0.21 -0.67 2.92 
214 14 20 860.00 245.00 0.29 2.3520 0.248 4816932 96.55 0.96077 27.88 233.10 24.42 0.24 -0.61 2.93 
217 14 50 890.00 275.00 0.29 2.6400 0.278 4762324 95.49 0.95026 27.65 260.75 27.31 0.27 -0.56 2.95 
219 15 30 930.00 315.00 0.38 3.0240 0.318 4706571 94.41 0.93953 36.46 297.21 31.13 0.31 -0.51 2.97 
221 16 30 990.00 375.00 0.58 3.6000 0.379 4557503 91.53 0.91085 53.55 350.76 36.74 0.37 -0.43 3.00 
223 17 30 1050.00 435.00 0.58 4.1760 0.440 4405815 88.60 0.88167 51.88 402.64 42.18 0.42 -0.37 3.02 
225 18 30 1110.00 495.00 0.58 4.7520 0.500 4170663 84.05 0.83643 49.72 45236 47.39 0.47 -0.32 3.05 
227 19 30 1170.00 555.00 0.58 53280 0.561 3861376 78.07 0.77692 46.69 499.05 52.28 0.52 -0.28 3.07 
229 20 30 1230.00 615.00 0.58 5.9040 0.621 3507490 71.23 0.70884 43.00 542.05 56.78 0.57 -0.25 3.09 
231 21 30 1290.00 675.00 0.58 6.4800 0.682 3114335 63.63 0.63319 38.84 580.89 60.85 0.61 -0.22 3.11 
233 22 30 1350.00 735.00 038 7.0560 0.743 2667314 54.99 0.54719 34.16 615.05 64.43 0.64 -0.19 3.13 
235 23 30 1410.00 795.00 0.58 7.6320 0.803 2264345 47.20 0.46966 29.43 644.48 67.51 0.68 -0.17 3.15 
237 24 30 1470.00 855.00 0.58 8.2080 0.864 1832506 38.85 0.38658 24.78 669.26 70.11 0.70 -0.15 3.17 
239 26 0 1560.00 945.00 0.86 9.0720 0.955 1289089 28.34 0.28203 29.02 698.28 73.15 0.73 -0.14 3.19 
240 27 0 1620.00 1005.00 038 9.6480 1.016 999673 22.74 0.22634 14.71 712.99 74.69 0.75 -0.13 3.21 
241 28 0 1680.00 1065.00 0.58 10.2240 1.076 818842 1935 0.19253 12.12 725.12 75.96 0.76 -012 3.23 
242 29 0 1740.00 1125.00 0.58 10.8000 1.137 617331 15.47 0.15392 10.03 735.14 77.01 0.77 -0.11 3.24 
243 30 0 1800.00 1185.00 038 11.3760 1.197 494558 13.10 0.13040 8.23 74337 77.87 0.78 -0.11 3.26 
244 32 0 1920.00 1305.00 1.15 12.5280 1319 346582 10.25 0.10205 13.45 756.83 79.28 0.79 -0.10 3.28 
245 32 45 1965.00 1350.00 0.43 12.9600 1364 306067 9.47 0.09429 4.26 761.09 79.73 0.80 -0.10 3.29 
246 34 45 2085.00 1470.00 1.15 14.1120 1.485 243010 8.26 0.08221 10.22 771.30 80.80 0.81 -0.09 332 
247 42 0 2520.00 1905.00 4.18 18.2880 1.925 153860 4.21 0.04193 26.05 797.35 83.52 0.84 -0.08 3.40 
248 44 0 2640.00 2025.00 1.15 19.4400 2.046 132991 3.64 0.03625 4.53 801.88 84.00 0.84 -0.08 3.42 
251 46 0 2760.130 2145.00 1.15 20.5920 21 68 115024 3.15 0.03137 3.91 805.79 84.41 0.84 -0.07 344 
252 49 0 2940.00 2325.00 1.73 22.3200 2.349 92685 2.54 0.02529 4.92 810.71 84.92 0.85 -0.07 3.47 
253 52 4 3124.00 2509.00 1.77 24.0864 2.535 74248 2.04 0.02028 4.04 814.75 85.35 0.85 -0.07 3.49 
255 68 10 4090.00 3475.00 9.27 33.3600 3.512 34455 0.95 0.00946 13.86 828.61 86.80 air -0.06 3.61 
257 68 31 4111.00 3496.00 0.20 33.5616 3.533 33934 0.94 0.00932 0.19 828.80 86.82 0.87 -0.06 3.61 

828.80 
Legend: 
Numbers in blue indicate standard curve A 
Numbers in purple indicate standard curve B 
Num bers in een indicate standard curve C 

Table A3: Data for construction of breakthrough curve obtained from extraction phase of Experiment 1. 



PAM5, Experiment 13 
Intermediate-Scale Push-Pull Test to Determine Rate and Capacity Coefficients in situ 
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Figure A2: Breakthrough and mass recovery curve, plotted on arithmetic axes, for Experiment 1. 
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PAM5 Experiment 13 
No Rest Period with Diffusion Dividers 

Final Data Revision 10/07/98 
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Figure A3: Breakthrough curve, plotted on log-log axes, and calculation of late-time 
slope for Experiment 1. 



EXPERIMENT: P5E14 (Long Rest Period) 
INJECTATE: Approx. 100 ppm Br-
DATE: 04/01/98 

TEST SUMMARY 

VOLUME COLLECTED
 
PUMPED EFFLUENT --- FLOWRATE HYDR COND. -

DURATION IN VOLUME AVG. STD DEV AVG. STD DEV
 
(h.) (mi-) (mL) (mL/min) (mL/min) (cm/min) (cm/min)
 

INJECTION PHASE 10.00 9688.0 8883.0 15.6 0.476 0.382 0.006 
EXTRACTION PHASE 38.67 22608.5 9.8 0.2 
EXTRACTION PHASE 8213 25812.80 9.8 0.2 
EXTRACTION PHASE 131.05 28515.30 9.8 0.2 
EXTRACTION PHASE 157.51 15494.8 9.8 0.2 -
TOTAL EXTRACTION PHASE 92431.4 

FLOWRATE/CONDUCTIVITY (K) DATA Radial arc 20.4 ° 
Distance from inside edge to radial point 13.9 cm 
Distance from imide edge to M2 15.0 cm 

PUMP: EN 11 Model QG50 Distance from Inside edge to M3 60.0 cm 
PUPMHEAD. EMI Model Q2 Distance from inside edge to M4 105.0 cm 

INJECTION PHASE 
START STOP K 

PUMP COLLECTED ELAPSED ELAPSED -
SETTING VOLUME FLOWRATE TIME TIME TIME M2 M3 M4 M2-M3 M3-M4 M2-M4 AVERAGE STD DEV 

(mL) (mL/min) (Immin:sec) (lusrnin:sec) (min) (cm) (cm) (cm) (cm/min) cm/min) (cm/min) (cm /man) (cm/min) 
2.25 32.6 14.5 0191:00 0193:15 225 20.0 129 9.6 0.359 0.391 0.369 0.373 0.013 
2.25 101.8 15.7 03:02:00 03:08:30 6.5 20.7 13.0 9.6 0.358 0.410 0.374 0.380 0.022 
2.25 78.1 15.6 03:2200 03:27:00 5.0 20.7 13.0 9.6 0.357 0.409 0.373 0.379 0.022 
2.25 221.4 15.8 04:4300 04:57:00 14.0 20.7 13.0 9.7 0.361 0.427 0.381 0.390 0.028 
2.26 208.5 15.8 06:06:50 06:20:00 13.2 20.7 13.0 9.7 0.362 0.427 0.381 0.390 0.028 
226 96.4 16.1 08:55:00 08:55:00 6.0 21.1 13.3 9.7 0.362 0.397 0.373 0.378 0.015 
226 189.2 15.8 09:43:00 09:55:00 12.0 21.0 13.0 9.8 0.346 0.439 0.373 0.386 0.039 

AVERAGES 15.6 20.7 13.0 9.7 0.358 0.414 0.375 0.382 0.024 
STD DEV 0.5 0.3 0.1 0.1 0.005 0.016 0.004 0.006 0.008 

EXTRACTION PHASE After 12 Day Rest Period 
1.03 71 9.5 00:21:00 00:28:00 7.5 2.6 6.8 8.5 
1.03 133.1 9.5 01:4200 01:5690 14.0 2.5 6.6 8.5 
1.03 96 9.6 03:42:00 03:52:00 10.0 2.4 6.6 8.5 -
1.03 185.3 9,8 07:3100 07:51:00 19.0 2.3 6.6 8.5 
1.03 186.9 9.8 13:3200 13:51:00 19.0 2.2 6.6 8.5 
1.03 139.7 10.0 22:05:00 22:19:00 14.0 2.2 6.6 8.5 
1.03 210.2 10.0 312800 31:49:00 21.0 2.2 6.6 8.5 
1.03 159.7 10.0 38:39:00 38:55:00 16.0 2.2 6.7 8.6 
1.03 129.6 10.0 56:08:00 56:21:00 13.0 2.3 6.8 8.6 
1.03 109.8 10.0 79:05:00 79:16:00 11.0 2.7 6.9 8.6 
1.03 149.9 10.0 82:08:00 82:23:00 15.0 2.7 6.9 8.6 - -
1.03 150.2 10.0 94:10:00 94:25:00 15.0 2.8 6.9 8.6 
1.03 99.9 100 106:2709 106:37:00 10.0 2.9 6.9 8.7 
1.03 139.5 10.0 131:0300 131:17:00 14.0 3.0 7.0 8.7 
1.03 49.8 10.0 157:25:00 157:30:00 5.0 3.2 7.1 8.7 -- 

AVERAGES 9.8 2.2 6.7 8.5 
STD DEV 0.2 0.0 0.1 0.0 

Table Bl: Hydraulic conductivity data for Experiment 2. 

http:28515.30
http:25812.80
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PAM5, Experiment 14 (Long Rest) 
Intermediate-Scale Push-Pull Test to Determine Rate and Capacity Coefficients in situ 

Injection Concentration (mg/L)= 97.78 
Using corrected standard curve from? /7/98. corrected on 8/17/98 

Pre-Injection Sweep 
Sample # Port # Peak Area Conc (mg/L) C/Co 

300 1 90070 2.47 0.025 
301 2 240642 6.58 0.067 
302 3 138781 3.80 0.039 
303 4 138721 3.80 0.039 
304 5 68734 1.89 0.019 
305 6 17326 0.48 0.005 
306 7 11675 0.33 0.003 
307 8 8562 0.24 0.002 
308 Tank 

Post-Injection Sweep 
Sample # Port # Peak Area Conc (mg/L) C/Co 

472 1 4881186 97.79 1.000 
473 2 4802332 96.26 0.985 
474 3 4761942 95.48 0.977 
475 4 4343645 87.40 0.894 
476 5 3226829 65.80 0.673 
477 6 371149 10.59 0.108 
478 7 17152 0.48 0.005 
479 8 34790 0.96 0.010 
480 Tank 99172 2.72 0.028 

Pre-Extraction Sweep (After Rest Period) 
Sample # Port # Peak Area Conc (mg/L) C/Co 

486 1 4560575 91.59 0.937 
487 2 4751616 95.28 0.974 
488 3 4443723 89.33 0.914 
489 4 3871410 78.27 0.800 
490 5 2413581 50.08 0.512 
491 6 546885 13.99 0.143 
492 7 81964 2.25 0.023 
493 8 83415 2.29 0.023 
494 Tank 208130 5.70 0.058 

Legend: 
Numbers in blue indicate standard curve A 
Numbers in purple indicate standard curve B 
Numbers in een indicate standard curve C 

Final Copy- Checked for accuracy 9/2/98 

Table B2: Spatial sampling data used to create tracer concentration profile. 
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Figure Bl: Concentration profile of sediment pack for Experiment 2. 
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Figure B2.. Breakthrough and mass recovery curve, plotted on arithmetic axes, for Experiment 2. 
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PAM5 Experimentl4
 
Long Rest Period with Diffusion Dividers
 

Final Data Revision 10/07/98
 

- r II 1111111 

1 0 0 0 0 0 0 0 0 
Sample #537 
EV/IV (-) = 1.036 

oo C/C. = 0.298 
o
0 

0.1 

Late-time slope calculation Sample #564 
EV/IV (-) = 3.596

LOG (0.298) LOG (0.011) C /C0 = 0.0110
U = -2.65 

CJ LOG (1.036) LOG (3.596) 

0.01 

Late-time slope calculation 

LOG (0.011) LOG (0.002) 
= -1.73 

LOG (3.596) LOG (9.601) 

0.001 I 

0.01 0.1 1	 10 

Extracted Volume/ Injected Volume	 Sample #246 
EV/IV (-) = 9.601 
C/C. = 0.002Overall late-time slope calculation 

LOG (0.298) LOG (0.002) 
= -2.25 

LOG (1.036) LOG (9.601) 

Figure B3: Breakthrough curve, plotted on log-log axes, and calculation of late-time 
slope for Experiment 2. 



EXPERIMENT: P5E7 
INJECTATE: 100 ppm Br- / 5.71 mM Mn04
DATE: 10/21/97 

TEST SUMMARY 
VOLUME COLLECTED 
PUMPED EFFLUENT FLOWRATE HYDR. COND. -

DURATION IN VOLUME AVG. STD DEV AVG. STD DEV 
(hrs) (mL) (mL) (mL/min) (mL/min) (cm/min) (cm/min) 

INJECTION PHASE 10.00 10018.2 9306.8 16.7 0.102 0.653 0.010 
EXTRACTION PHASE 22.17 23366.0 22949.2 17.3 0.2 

FLOWRATE/CONDUCTIVITY (K) DATA 

PUMP: FMI Model QG50 
PUPMHE FMI Model Q2 

Radial arc 

Distance from inside edge to radial point 
Distance from inside edge to M2 
Distance from inside edge to M3 
Distance from inside edge to M4 

20.4° 
13.9 cm 
15.0 cm 
60.0 cm 

105.0 cm 

INJECTION PHASE 

PUMP COLLECTED 
SETTINC VOLUME 

(mL) 

4.50 
4.50 
4.50 
4.50 

82.7 
84.1 

167.4 
100.2 

FLOWRATE 
(mL/min) 

16.5 

16.8 
16.7 
16.7 

START 
ELAPSED 
TIME 

(Kr:min:sec) 

01:53 
05:15 
08:26 
09:14 

STOP 
ELAPSED 
TIME 

(hrmin:sec) 
01:58 
05:20 
08:36 
09:20 

TIME 
(min) 

5.0 
5.0 

10.0 

6.0 

M2 
(cm) 

16.9 
16.7 

16.4 
16.4 

M3 
(cm) 

11.4 
11.6 

11.5 

11.5 

M4 
(cm) 

9.6 

9.5 
9.5 
9.5 

M2-M3 
(cm/min) 

0.529 
0.580 
0.601 
0.599 

M3-M4 
(cm/min) 

0.818 
0.713 
0.745 
0.744 

K 

M2-M4 
(cm/min) 

0.600 
0.619 
0.643 
0.641 

AVERAGE 
(cm/min) 

0.649 
0.637 
0.663 
0.661 

STD DEV 
(cm/min) 

0.123 
0.056 
0.061 
0.061 

AVERAGES 
STD DEV 

16.7 
0.1 

16.6 
0.2 

11.5 

0.1 

9.5 
0.0 

0.577 
0.029 

0.755 
0.039 

0.626 
0.017 

0.653 
0.010 

0.075 
0.028 

EXTRACTION PHASE 
4.50 
4.50 
4.50 
4.50 
4.50 

84.3 
208.6 
190.4 

87.2 
87.0 

16.9 

17.4 
17.3 

17.4 
17.4 

12:15 
18:40 
22:02 
29:43 
32:24 

12:20 
18:52 

22:13 
29:48 
32:29 

5.0 
12.0 

11.0 

5.0 
5.0 

1.6 
1.4 

1.4 
1.3 

1.3 

6.7 
6.7 

6.7 

6.8 
6.8 

8.7 

8.6 
8.6 
8.5 
8.5 

AVERAGES 
STD DEV 

17.3 

0.2 
1.4 
0.1 

6.7 
0.0 

8.6 
0.1 

Table Cl: Hydraulic conductivity data for Experiment 3. 
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P5E7 Extraction Data 
iniertiou Extraction 

Extraction Volume (L)= 22.9492 
Co (mg/L), 95.62 Ext. Flow Rate (ml/rnin), 17.3 
Ave. Co (mg/L) = 95.62 Ext. Flow Rate (L/min). 0.0173 
Injection Volume (L)= 10.0182 

Inj. Flow Rate (ml/min) 16.7 

Inj. Flow Rate (L/min). 0.0167 

Injection Mass (mg) = 957.91 

Sample # Time Time Cum. Time ExtVol/ Concentration C/Co Integration Cum Mass Percent Mass M/Mo 
Hr Min (min) Inj Vol (-) (mg/L) (-) wrt Time (mg) Recovery (mg) Recover 

Extraction Pump Start 620.00 0 - - 0 
834 10 25 625.00 0.0086 91.608 0.95807 7.92 7.92 0.83 0.01 
835 10 30 630.00 0.0172 93.226 0.97500 7.99 15.92 1.66 0.02 
836 10 35 635.00 0.0259 94.680 0.99020 8.13 24.05 2.51 0.03 
837 10 40 640.00 0.0345 95.043 0.99400 8.21 32.25 3.37 0.03 
838 10 45 645.00 0.0431 94.678 0.99018 8.21 40.46 4.22 0.04 
839 10 50 650.00 0.0517 94.224 0.98543 8.17 48.63 5.08 0.05 
840 10 55 655.00 0.0604 88.871 0.92945 7.92 56.54 5.90 0.06 
841 11 0 660.00 0.0690 92.374 0.96609 7.84 64.38 6.72 0.07 
842 11 5 665.00 0.0776 92.502 0.96742 8.00 72.38 7.56 0.08 
843 11 10 670.00 0.0862 92.714 0.96964 8.01 80.39 8.39 0.08 
844 11 15 675.00 0.0949 94.436 0.98765 8.09 88.48 9.24 0.09 
845 11 20 680.00 0.1035 92.483 0.96723 8.08 96.57 10.08 0.10 
846 11 25 685.00 0.1121 93.575 0.97865 8.05 104.62 10.92 0.11 
847 11 30 690.00 0.1207 94.052 0.98363 8.11 112.73 11.77 0.12 
848 11 40 700.00 0.1380 93.932 0.98238 16.26 128.99 13.47 0.13 
849 12 0 720.00 0.1725 93.718 0.98014 32.46 161.45 16.85 0.17 
850 12 20 740.00 0.2070 93.093 0.97361 32.32 193.77 20.23 0.20 
851 12 40 760.00 0.2415 96.515 1.00939 32.80 226.58 23.65 0.24 
852 13 0 780.00 0.2760 95.180 0.99543 33.16 259.74 27.12 0.27 
853 13 21 801.00 0.3122 93.714 0.98010 34.31 294.05 30.70 0.31 
854 13 42 822.00 0.3484 91.218 0.95400 33.59 327.64 34.20 0.34 
855 14 3 843.00 0.3846 87.913 0.91943 32.54 360.18 37.60 0.38 
856 14 20 860.00 0.4139 93.678 0.97972 26.70 386.89 40.39 0.40 
857 14 40 880.00 0.4484 93.475 0.97760 32.38 419.26 43.77 0.44 
858 15 0 900.00 0.4829 96.097 1.00502 32.80 452.06 47.19 0.47 
859 15 20 920.00 0.5174 91.785 0.95993 32.50 484.56 50.59 0.51 
860 15 30 930.00 0.5347 93.979 0.98287 16.07 500.63 52.26 0.52 
861 16 6 966.00 0.5967 97.039 1.01487 59.48 560.11 58.47 0.58 
862 16 35 995.00 0.6468 95.176 0.99539 48.22 608.33 63.51 0.64 
863 17 7 1027.00 0.7020 93.930 0.98236 52.34 660.68 68.97 0.69 
864 17 30 1050.00 0.7416 90.671 0.94827 36.73 697.40 72.80 0.73 
865 18 0 1080.00 0.7934 83.454 0.87280 45.19 742.59 77.52 0.78 
866 18 30 1110.00 0.8451 71.305 0.74574 40.16 782.75 81.71 0.82 
867 19 0 1140.00 0.8968 57.366 0.59996 33.39 816.14 85.20 0.85 
868 19 30 1170.00 0.9486 42.286 0.44224 25.86 842.00 87.90 0.88 
869 20 0 1200.00 1.0003 29.719 0.31081 18.69 860.68 89.85 0.90 
870 20 30 1230,00 1.0521 19.353 0.20240 12.73 873.42 91.18 0.91 
871 21 0 1260.00 1.1038 13.470 0.14087 8.52 881.93 92.07 0.92 
872 21 30 1290.00 1.1556 8.512 0.08902 5.70 887.64 92.66 0.93 
873 22 0 1320.00 1.2073 7.659 0.08010 4.20 891.84 93.10 0.93 
874 22 30 1350.00 1.2590 6.359 0.06651 3.64 895.47 93.48 0.93 
875 23 0 1380.00 1.3108 2.491 0.02605 2.30 897.77 93.72 0.94 
876 23 30 1410.00 1.3625 2.194 0.02294 1.22 898.99 93.85 0.94 
877 24 0 1440.00 1.4143 1.694 0.01772 1.01 899.99 93.95 0.94 
878 24 30 1470.00 1.4660 1.436 0.01501 0.81 900.81 94.04 0.94 
879 25 0 1500.00 1.5177 1.292 0.01351 0.71 901.51 94.11 0.94 
880 25 30 1530.00 1.5695 1.088 0.01138 0.62 902.13 94.18 0.94 
881 26 0 1560.00 1.6212 0.955 0.00999 0.53 902.66 94.23 0.94 
882 26 31 1591.00 1.6747 0.789 0.00825 0.47 903.13 94.28 0.94 

Table C2: Data for construction of breakthrough curve obtained from extraction phase of Experiment 3. 



PAM 5, Experiment 7 
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Figure Cl: Breakthrough and mass recovery curves, plotted on arithmetic axes, for Experiment 3. 
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PAM5, Experiment 7 
No Rest Period, No Diffusion Dividers 

Final Data Revision 12/16/98 

1 1 1 I 1 1 1 1 1 1 I 1 1 1 1 I I 

I 0 0 0 0 0 0 0 0 0 00000 0 0 0 0 0 0 0 000°49 00000 
0 

Sample #867 
EV/IV (-) = 0.8968 
C/C. = 0.59996 

o
U 0.1 
-........ 

U 

Late-time slope calculation 
0 

LOG (0.59996) LOG (0.0085) 0 

0.01 

= -6.81 
LOG (0.8968) LOG (1.6747) 

Sample #882 
EV/TV (-) = 1.6747 
C/C. = 0.00825 

I I I 

0.01 0.1 1 

Extraction Volume/ Injection Volume (-) 

Figure C2: Breakthrough curve, plotted on log-log axes, and calculation of late-time 
slope for Experiment 3. 
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APPENDIX D: EXPERIMENT 4 
PAM5, Experiment 19 
Groundwater Laboratory, Oregon State University, Corvallis, OR, 97330 
Intermediate-Scale Push-Pull Test to Determine Rate and Capacity Coefficients in situ 
Target Date: Injection: 8/13/98 (Long rest period between Inject/ion and Extraction) 

Extraction: 8/25/98 (Eight day extraction period) 

Experimental Work Plan: Rate-Limited Diffusion 

Objectives: 

(1)	 To evaluate the ability of the single-well, "push-pull" test method to accurately quantify field-scale 

rate-limited mass transfer processes (diffusion). 

(2)	 To develop an estimation technique which will accurately quantify mass transfer parameters (rate 

and capacity coefficients) from push-pull test data. 

(3)	 To verify the effectiveness of the artificially created diffusion zones (in blocking advection, 

creating zones which are governed by diffusional processes only) in PAM5, Experiment 14. 

(4)	 To investigate further the significance of a 5/2 slope in the breakthrough curve obtained in 

push-pull experiments. 

Procedures: 

(1)	 Pack PAM 5 with sieved, air-dried LLNL sediment. (Completed 8/10/98) 

(2)	 Establish steady injection of D.I. H2O into narrow end of PAM. (Saturated 8/11/98) 

(3)	 Install lid and seal box. 

(4)	 Install and develop wells. 

(5)	 Measure hydraulic conductivity of sediment pack. Repeat measurements as necessary until flow 

rates and heads stabilize. 

(6)	 Conduct rate-limited diffusion push-pull test (Long resting period between injection and 

extraction): Diffusion dividers have been excluded to investigate their effectiveness in blocking 

advection and creating immobile regions governed by diffusional processes only. 

(a) Pre-injection sweep of sampling ports to determine residual tracer concentrations. 

(b)	 Inject tap water containing 0.2mM Br from KBr (approx. 100 mg/L) into narrow end of 

PAM 5 using injection rate 16.6 ml/min. 

(c)	 Sample selected ports (according to sampling schedule) during injection phase and analyze 

for Br for development of concentration profile throughout the PAM. 

(d)	 After completion of the injection phase of the experiment (10 hrs), turn off pump and 

sample all ports at increasing depths to investigate the extent of density driven flow. Sample 

locations are 2, 10, and 18 cm from the top of the sediment pack. 

(1)	 From carboy at wide end of tank; accurately quantify volume of effluent, mix 

thoroughly, and sample and analyze for Br for accurate mass balance calculations. 
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PAM5, Experiment 19 
Groundwater Laboratory, Oregon State University, Corvallis, OR, 97330 
Intermediate-Scale Push-Pull Test to Determine Rate and Capacity Coefficients in situ 
Target Date: Injection: 8/13/98 (Long rest period between Inject/ion and Extraction) 

Extraction: 8/25/98 (Eight day extraction period) 
(2)	 Collect injection carboy samples for quantification of Co. Accurately quantify 

volume of injectate solution remain in carboy. 

(e) Allow diffusion to occur for approximately 12 days. Target extraction date is 8/25/98. 

(1)	 Collect samples from all 8 sampling ports before starting extraction phase. Depth 

samples will be collected at same locations as post-injection samples. 

(1) Sample effluent port during extraction phase (according to sampling schedule) and 

analyze for Br to develop breakthrough curve at the extraction well. 

Collect extraction effluent from the extraction carboy. Accurately quantify volume of(g) 

effluent, mix thoroughly, and sample and analyze for Br for accurate mass balance 

calculations. 

(7)	 Prepare PAM 5 for subsequent experiments. 

(a)	 Pump overnight after completion of no rest diffusion experiment. Turn off pump, allow 

resting period of approximately one day before start of additional pumping period. Take 

sample to determine residual Br concentrations. Repeat pumping /resting period until Br 

concentrations are undetectable. 



EXPERIMENT: P5E19 (No Diffusion Dividers; Long Rest Period) 
INJECTATE: Approx. 100 ppm Br-
TEST DATE: 08/13/98 

TEST SUMMARY 

VOLUME COLLECTED
 
PUMPED EFFLUENT --- FLOWRATE 11YDR. COND. -

DURATION IN VOLUME AVG. SID DEV AVG. SID DEV
 
(hrs) (PI) 0.11 (mL/min) (mL/inin) (cm /min) (cm/min)
 

INJECTION PHASE 10:00:00 10065.9 9901.10 16.6 0.061 0.679 0.003 
EXTRACTION PHASE 37:00100 - 29081.40 13.2 0.2 
EXTRACTION PHASE 79:0010 - 33315.00 13.2 0.2 
EXTRACTION PHASE 125:4500 - 36956.10 112 0.2 Hydraulic Conductivity Calculation for Radial Flow Field: 
EXTRACTION PHASE 169:00:00 34314.70 13.2 0.2 
EXTRACTION PHASE 20501:00 28512.00 13.2 0.2 

I (RR * M2)
EXTRACTION PHASE 224:15:00 - 15418.50 13.2 0.2 - UN I
TOTAL EXTRACTION PHASE 177597.70 I(RP A M3) 

K = RATE 
FLOWRATE/CONDUCTIVITY (K) DATA Radial arc 20.4 (R3 - R2) 2 pi arc/360 m 

Distance from inside edge to radial point 13.9 cm 
Distance from inside edge to M2 15.0 cm where: 

PUMP: FMI Model QG50 Distance from inside edge to M3 60.0 cm 
PL1PMHEAD FMI Model Q2 Distance from inside edge to M4 105.0 cm K = hydraulic conductivity, cm/min 

RATE = flowrate, cm-3/min 
INJECTION PHASE M2 =- distance from inside edge to M2 bcaton, cm 

START STOP K M3 = distance from inside edge to 613 locators, cm 
PUMP COLLECTED ELAPSED ELAPSED R3 = reading of manometer M3, cm 

SETTING VOLUME FLOWRATE TIME TIME TIME M2 M3 M114 M2-M3 M3-M4 M2-M4 AVERAGE STD DEV 112 -= reading of manometer M2, cm 
(PO-) (mL/mits) (hrmirusec) (hrmirusec) (min) (cm) (cm) (cm) (cm/min) (cm/min) (cm/min) (cm/min) cm/min) 2 = constant 

135 248.0 16.5 01:53:00 02:08:00 15.0 16.7 13.1 10.4 0.807 0.545 0.695 0.683 0.107 pi = 3.14159 Circumference = 2pirI 

235 166.2 16.6 05:08:00 05:18:00 10.0 16.8 13.2 10.4 0.812 0.529 0.688 0.676 0.116 arc = are of boo, degrees

235 200.2 16.7 09:03:00 09:15:00 12.0
 16.8 13.2 10.4 0.815 0.531 0.690 0.679 0.116 m = saturated thickness, cm 

AVERAGES 16.6 16.8 13.2 10.4 0.811 0.535 0.691 0.679 0.113 
STD DEV 0.1 0.0 0.0 0.0 0.003 0.007 0.003 0.003 0.004 

EXTRACTION PHASE After 12 Day Rest Period 
1.50 128.3 12.8 02:34:00 02:44:00 10.0 3.2 6.7 8.8 -- -

150 196.8 13.1 09:0500 01:5600 15.0 3.0 6.6 8.8 
1.50 199.0 13.3 16:05:00 03:52:00 15.0 2.9 6.6 8.8 - 
1.50 199.0 13.3 23:05:00 07:5100 15.0 2.8 6.6 8.8 -
1.50 133.2 13.3 3705:00 37:1500 10.0 2.9 6.6 8.8  -
1.50 133.2 13.3 50:26:00 50:36:00 10.0 2.8 6.6 8.8 
1.50 197.0 13.1 78:38:00 78:5300 15.0 2.8 6.7 8.8 
1.50 132.7 13.3 108:52:30 109:02:00 10.0 2.9 6.8 8.8 -
1.50 133.2 13.3 119:35:00 119:45:00 10.0 2.8 6.8 8.8 - 
1.50 66.8 13.4 133:52:00 133:57:00 5.0 2.9 6.9 8.9 - 
1.50 132.4 13.2 158:12:00 158:22:00 10.0 3.0 7.0 8.9 - - 
1.50 133.4 13.3 168:4200 168:5200 10.0 3.0 7.0 8.9 -- - 
1.50 131.9 13.2 191:3000 191:40,00 10.0 3.0 7.1 8.9 
1.50 171.4 13.2 205:03:00 205:1600 13.0 3.1 7.1 8.9 
1.50 134.3 13.4 224:05:00 225:15:00 10.0 32 7.1 8.9 

AVERAGES 13.2 3.0 6.8 8.8 
STD DEV 02 0.0 0.1 0.0 

Table Dl: Hydraulic conductivity data for Experiment 4. 
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Figure DI.: Concentration profile of sediment pack for Experiment 4. 
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PAMS, Experiment 19 (Long Rest)
 
IntertnediaM-Scale Push-Pull Test to Determine Rate ond Capacity Coefficients
 

P5E19 Extraction Data 

Peak Arem 5255105 5331508 Enaction Volume (L). 177.5977 
Co (mg/L). 109.50 111.09 Eat Flow Rate (ird/min). 13.2 

Ave Co (rng/L) 110.29 Eat Flow Rate (L/miii)= 0.0132 
Injection Volume (L)= moss 
N. Flow Rate (ril/inin). 166 

Fka. Rate (Limbs). 0.0166 
non Mass 1110.18 

Semple # Time 
lir 

Ttme 
Mtn 

Pump In and Rest Period = 

Time 
(min) 

Cum. Test 
Time (min) 

17320 

Extracted 
Volume (L) 

Cum. Eat 
Volume (L) 

ExtVol/ 
lnjVol (-) 

0 

Peak 
Area 

Conc. 
(.1(.10 

C/Co 
(-) 

Integration 
wrt Time (mg) 

Cum Mass 
Recovery (mg) 

Percent Mass 
Recover 

0 
71 0 10 10 17330 0.13 0.13 0.013 5184519 108.02 0.979 14.26 14.26 1.28 
73 0 30 30 17350 0.26 0.396 0.039 5191243 108.16 0.981 28.54 42.80 3.85 
75 0 50 50 17370 0.26 0.66 0.066 5127362 106.83 0.969 28.38 71.18 6.41 
77 l 30 90 17410 0.53 1.19 0.118 5124827 106.78 Q968 56.39 127.57 11.49 
78 2 120 17440 0.40 1.58 0.157 5158725 107.49 Q975 42.42 169.99 15.31 
80 3 180 17500 0.79 2.38 0.236 5121934 106.72 0.968 84.83 254.82 22.95 
82 4 240 17560 0.79 3.17 0.315 5110134 10647 0.965 84.43 339.25 30.56 
84 5 300 17620 0.79 3.96 0.393 5098333 106.23 0.963 84.23 423.48 38.14 
86 6 360 17680 0.79 4.75 0.472 5086533 105.98 0.961 84.04 507.51 45.71 
88 7 420 17740 0.79 554 0.551 5074732 105.74 0.959 83.84 591.35 53.27 
90 8 480 17800 0.79 634 0.629 5062932 105.49 0.956 83.65 675.00 60.80 
92 9 540 17860 0.79 7.13 0.708 3477147 72.45 0.657 70.46 745.46 67.15 
94 10 600 17920 0.79 7.92 0.787 3034811 63.23 0.573 53.73 799.19 71.99 
95 11 660 17980 0.79 8.71 0.865 2662348 55.47 0.503 47.01 846.20 7622 
96 12 720 18040 0.79 9.50 0.944 2258777 47.06 0.427 40.60 886.81 79.88 
97 13 780 18100 0.79 10.30 1.023 1915932 39.92 0362 34.45 921.25 82.98 
98 14 840 18160 0.79 11.09 1.102 1574838 32.81 0.298 28.80 950.05 85.58 
99 15 900 18220 0.79 11.88 1.180 124%705 26.38 0.239 23.44 973.50 87.69 
00 16 960 18280 0.79 12.67 1.259 1016102 21.17 0.192 18.83 992.33 89.38 

1 17 020 18340 0.79 13.46 1.338 816667 17.02 0.154 15.12 007.45 90.75 
02 18 080 18400 079 14.26 1.416 641066 13.36 0.121 12.03 019.48 91.83 
03 19 140 18460 0.79 15.05 1.495 502529 10.47 0.095 9.44 028.91 92.68 
04 20 203 18520 0.79 15.84 1374 397751 8.29 0.075 7.43 036.34 93.35 
05 21 260 18580 0.79 16.63 1.652 314295 655 0.059 5.88 042.22 93.88 
07 23 380 18700 1.58 18.22 1.810 190067 3.96 0.036 8.32 050.54 94.63 
09 25 500 18820 1.58 19.80 1.967 118064 2.46 0.022 5.08 055.62 95.09 

1 27 620 18940 1.58 21.38 2.124 71787 1.50 0.014 3.13 058.76 95.37 
3 29 740 19060 1.58 22.97 2.282 45734 0.95 0.009 1.94 060.70 95.54 
5 31 860 19180 1.58 2435 2.439 29705 0.62 0.006 1.24 061.94 95.66 
6 32 920 19240 0.79 25.34 2.518 24335 0,51 0.005 0.45 062.39 95.70 
7 34 2040 19360 1.58 26.93 2.675 13597 0.28 0.003 0.63 063.01 95.75 

18 37 2220 19540 238 29.30 2.911 7709 0.16 0.001 0.53 063.54 95.80 
21 44 5 2693 20013 6.24 35.55 3.531 6815 0.19 0.002 1.08 064.63 95.90 
22 48 2880 20200 2.47 38.02 3.777 3136 0.09 0.001 0.34 064.96 95.93 
24 52 3120 20440 3.17 41.18 4.091 8083 0.22 0.002 0.49 065.45 95.97 
26 56 3360 20680 3.17 44.35 4.406 2582 0.07 0.001 0.46 065.91 96.01 
27 58 5 3535 20855 2.31 46.66 4.636 1755 0.05 0.000 0.14 066.05 96.03 
28 68 5 4135 21455 7.92 54.58 5.422 0 0.00 0.000 0.19 066.24 96.04 
29 73 1 4393 21713 3.41 57.99 5.761 2524 0.07 0.001 0.12 066.36 96.05 
30 76 4560 21880 2.20 60.19 5.980 0.013 0.000 0.08 066.44 96.06 
31 79 4740 22060 2.38 62.57 6.216 Q00 0.000 QM 066.44 96.06 
34 85 5108 22428 4.86 67.43 6698 0.00 0.000 aoo 066.44 96.06 
35 94 5644 22964 7.08 74.50 7.401 0.00 Q000 0.03 066.44 96.06 
36 100 6000 23320 4.70 79.20 7.868 0.00 0.000 0.00 066.44 96.06 
37 109 6545 23865 7.19 8639 8.583 0.00 0.000 0.00 066.44 96.06 
38 119 30 7170 24490 8.25 94.64 9.402 0.00 0.000 0.00 066.44 9606 
39 125 30 7530 24850 4.75 99.40 9.1375 aao a000 0.00 066.44 96.06 
42 133 50 8030 25350 6.60 106.00 10.530 0.00 0.000 0.00 066,44 96.06 
43 144 30 8670 25990 8.45 114.44 11.369 0.00 0.000 0.00 066.44 96.06 
44 148 5 8885 26205 2.84 117.28 11.651 0.00 Q030 oao 066.44 96.06 
45 151 50 9110 26430 2.97 120.25 11.946 0.00 0.000 0.00 066.44 96.06 
46 158 5 9485 26805 4.95 125.20 12.438 0.00 0000 000 06644 96.06 
47 167 0 10020 27340 7.06 13226 13.140 0.00 0000 0.00 066.44 96.06 
50 175 52 10552 27872 7.02 139.29 13.837 0.00 0.000 0.00 066.44 96.06 
51 179 35 10775 28095 294 14223 14.130 0.00 0.000 aoo 06644 96.06 
52 191 18 11478 28798 9.28 151.51 15.052 0.00 0.000 000 066.44 96.06 
53 199 0 11940 29260 6.10 157.61 15.658 Q00 0.000 0.00 066.94 96.1)6 
54 205 0 12300 29620 4.75 162.36 16130 0.00 008) 0.00 066.44 96.06 
57 216 20 12980 30300 8.98 171.34 17.021 000 0.000 000 066.44 96.06 
58 224 0 13440 30760 6.07 177.41 17.625 040 0.000 0.00 066.44 96.06 

Legend: 
Numbers in orange indicate standard curve A 
Numbers m blue indicate standard curve B 

Table D3: Data for construction of breakthrough curve obtained from extraction phase of Experiment 4. 
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Figure D2: Breakthrough and mass recovery curves, plotted on arithmetic axes, for Experiment 4. 
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PAM5, Experiment 19
 
No Diffusion Dividers, Long Rest Period
 

Final Data Revision 10/07/98
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Figure D3: Breakthrough curve, plotted on log-log axes, and calculation of late-time 
slope for Experiment 4. 
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APPENDIX E: MODIFICATIONS TO STAMMT-R
 

Fl. First-Order Model 

Modification of the multirate model, STAMMT-R, into a model governed by 

first-order mass transfer, requires the input of a user-defined rate and capacity 

coefficient (a single value for each) into the code (i.e., setting idef = 1 in parameter file 

and including an input file to read in a single rate and capacity coefficient value). The 

approximation of the first-order mass transfer rate coefficient, a [1:1], based on the 

physical characteristics of the experiment is the following: 

Da Eqn. 1a = 
2a 

where (1.) is a constant corresponding to the geometry of the immobile region 

and is equal to 15 for spheres and 3 for layers. The apparent diffusion coefficient, Da, 

is defined in equation 6 (in main text of thesis), and a [L] is the length of the immobile 

region. 

F2. Layered Matrix Diffusion Model 

Modification of the multirate model, STAMMT-R, to a model governed by 

single-rate matrix diffusion, the layered matrix diffusion model, is accomplished by 

setting the standard deviation of the lognormal distribution of diffusion rate 

coefficients, a, equal to zero (i.e. a = 0.00 in parameter input file). As indicated, this 

corresponds to spherical matrix diffusion in a material consisting of a single uniform 
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grain size. To convert the spherical matrix diffusion model to the layered diffusion 

model, the following conversion is required: 

Eqn. 2fisph = Play Ln(5) 

where sph corresponds to spheres and play corresponds to layers. In general, 

diffusion into spherical matrix grains is faster than diffusion into a layered matrix 

region. When using this conversion, the multirate model is exactly transformed into 

the single-rate dual-porosity mass transfer model with a single layered matrix immobile 

region. 

F3. Multirate Spherical Matrix Diffusion Model 

Additional forward simulations, employing a user - defined distribution of first-

order rate and capacity coefficients (idef = 1 in parameter file and read in a 

distribution of coefficients), corresponding to a distribution of eight sediment grain 

classes were employed to describe the breakthrough curves. As noted by Cunningham 

and Roberts (1998), it is commonly assumed that the grains of the porous medium can 

be represented by spheres and the rate-limited aspect of the model can be attributed to 

diffusion of the solute through intragranular pores filled with stagnant water (Wu and 

Gschavend, 1986; Ball and Roberts, 1991b). Haggerty and Gorelick (1995) show that a series 

of first-order mass transfer equations with a specific distribution of first-order rate and 

capacity coefficients is precisely and mathematically equivalent to the matrix diffusion 

model. This procedure will be used to create the user defined distribution to input 

into STAMMT-R. 
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The individual size fractions from the grain size analysis (i.e. each sieve in the 

stack) were grouped into eight spherical size classes. The size classes were determined 

from binocular microscopic analysis of the individual fractions. Those size fractions 

which were considered to be similar in mineral proportions to each other were 

grouped into a single class. By analyzing the sediment under a petrographic as well as 

binocular microscope and recording the characteristics of the different materials, an 

estimate of intragranular porosity was made for each spherical size class. The 

characteristics of the size classes, specifically the geometric mean radius of the 

grouped fractions (Wu and Gschwend, 1988; Mathews and Zayas, 1989; Ball and Roberts, 

1991b) and the estimated intragranular porosity, were used to calculate individual 

diffusion rate coefficients (Da/a2) and corresponding capacity coefficients. 

A cumulative distribution function (CDF) of the diffusion rate coefficients can 

be plotted with this information and is shown in Figure 10a. The figure shows the 

cumulative matrix volume associated with a diffusion rate coefficient smaller than a 

given value (for all of the models discussed). The units for the diffusion rate 

coefficient, min-1, is non-intuitive and has been transformed by taking its inverse. The 

inverse of the diffusion rate coefficient, td=a2/Da, is referred to as the diffusive time-

scale and has a more intuitive units of minutes (Figure 9b) (Crank, 1975; Cunningham 

and Roberts, 1988; Haggerty et al., in review). The analytical solution presented by Crank 

(1975) to the problem of solute diffusion into a sphere of radius a has shown that td is 

the relevant time scale for this process. If the timescale for diffusion is fast compared 

to other relevant processes, one might conclude that the system Two different CDF's 
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for the spherical matrix model are shown on figure 10. As discussed by Ball and 

Roberts (1991b) if the matrix diffusion model is applicable there is some degree of a 

priori determination of the effective diffusion coefficient based on the characteristics 

of particle size and intraparticle porosity. They developed experimental relationships 

between the intraparticle porosity and the tortuosity factor as discussed above. 

However, many a priori estimates of pore diffusion rate coefficients do not provide 

good fits to experimental data, and the apparent diffusivity, Da, can be treated as a 

fitting parameter (Cunningham and Roberts, 1988). Due to the uncertainty in the 

tortuosity value of the individual sediment grains two values an order of magnitude 

different were used in the forward modeling of the spherical matrix model. 

The method of Haggerty and Gorelick (1995) was used to create a distribution of 

first-order rate and capacity coefficients from the CDF in figure 10a. The calculated 

distribution from Haggerty and Gorelick (1995) exactly transforms the multirate model 

STAMMT-R into a spherical matrix diffusion model. In this case eight separate 

distributions of first-order rate and capacity coefficients were calculated and input into 

STAMMT-R. This model could be considered a multirate model due to the presence 

of multiple size classes each governed by a different diffusion rate coefficient. This 

model differs from setting the standard deviation of the diffusion rate coefficients, 6 

,equal to zero as doing so will correspond to a single size class of spheres. 

A Fortran code was written to solve for the distribution of first-order rate and 

capacity coefficients that transform STAMMT-R into the spherical matrix diffusion 

model. Appendix G contains the Fortran code and shows the multirate series created 
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for the spherical matrix diffusion simulations. For the spherical matrix model, the 

required parameters for input to the Fortran code are the number of individual 

immobile regions (i.e. the number of spherical size classes) and the diffusion rate 

coefficient and capacity coefficient for each class (figure 10a). The reader is directed 

to Haggerty and Gorelick (1995) for a complete discussion and derivation of the 

transformation of STAMMT-R into a matrix diffusion model. 

F4. Multirate Diffusion Model 

The multirate diffusion model was also employed in forward simulations of 

the observed breakthrough curves. The multirate diffusion model is a distributed 

model of diffusion representing a medium with pore-scale heterogeneity in mass 

transfer (Haggerty and Fleming, 1998). A lognormal distribution of rate coefficients that 

describes the multirate model is shown in figure 10. This distribution has a mean 

value of 2.95 x 10.5 min-1 for the diffusion rate coefficient and a standard deviation of 

3.00. 

The multirate diffusion model represents diffusion into a medium with pore-

scale heterogeneity. The sediment employed in the PAM experiments does exhibit a 

degree of pore-scale heterogeneity, but it was hoped that the artificial layered immobile 

region would dominate diffusional mass transfer over the time-scale of the 

experiment. It is uncertain the amount of advective flow that occurred along the sides 

of the immobile region. If flow did occur along the sides of the region, the multirate 

model could be invoked to describe the distribution of planar immobile zones of 
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increasing width at larger radial distance from the pumping well. This may be thought 

of as formation-scale heterogeneity which should be accurately described by the 

multirate mass transfer model. 

F5. Single-Rate Inversion 

Numerical inversion of the observed breakthrough curves were 

employed to estimate the mass transfer parameters from the data directly. In all 

experiments, the inversion was performed to estimate the diffusion rate coefficient 

only. For one experiment, Experiment 2, the inversion was performed to estimate the 

diffusion rate coefficient and the standard deviation of the diffusion rate coefficient. 

All other parameters needed to simulate the breakthrough curves were estimated and 

input into the code directly. In all cases, uncertain values were kept constant between 

tests to facilitate direct comparison between experiments. 
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Appendix G: FORTRAN CODE TO CREATE USER-DEFINED
 
DISTRIBUTION FOR INPUT INTO STAMMT-R.
 

C****************************************************************** 

c This program creates a the User-Defined distribution of 
c mass transfer rate coefficients for input 
c into STAMMT-R in which the multirate model simulates 
c spherical diffusion (Haggerty and Gorelick, 1995). 
c The equations to change the multirate model to the 
c spherical model can be found on page 19 of the STAMMT-R 
c users manual version 1.0. 
c 

c The file needed for input into this program is 
c called 'spinput.txt' 
c 

c This input file should contain the number of discrete 
c spherical classes in the first line 
c The second and following lines should contain the 
c alpha (Da/a^2) and betatot (-) for each discrete 
c sphere class. 
c 

c alpha = diffusion coefficient (Da) / effective 
c radius^2 (a^2) NOTE: dimensions for these calculations 
c should match input file dimensions (L and T) for 
c STAMMT-R 
c betatot = mass contained in immobile porosity / mass 
c contained in mobile porosity at 
c equilibrium (dimensionless) 

c The output file generated by this program is 
c called 'mrseries.td 

c Created 10/12/98 by Michael John Kelley for use
 
c in thesis.
 
c similar code for layered diffusion created by
 
c Susan J. Altman on 07/02/98 used as reference.
 

c***************************************************************** 
c General definitions, parameters, and input for code 

integer nr, nx 

c nr = number of spherical classes 

http:mrseries.td
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c nx = number of values in truncated multirate 
c series 

c change the following values to reflect specific input 
c and then recompile code 

parameter(nr= 8,nx =35) 
integer i,j,numberrate 
double precision beta, alpha, sumbeta, sum1, sum2 
double precision top, bottom, estalpha 
double precision betatot(nr), alphas(nr), pi 
parameter (pi = 3.1415926535897932) 

c**************************************************************** 
c..Get input information from user 

c open and read the input file 
open (14, file=' spinput. txt')
 

read(14,*) numberrate
 
do 20 i=1,numberrate
 

read(14,*) alphas(i), betatot(i) 
20 continue 

c open output file 
op en(15,file= inirseries. txtp 

c caclulate first-order rate coefficients and capacity coeffcients 
c and write into ouput file 

do 100 i=1,numberrate
 
sumbeta = 0.d0
 
sum1 = 0.d0
 
sum2 = 0.d0
 

do 50 j=1,nx 

alpha = (j * *2.) *(pi * *2.) *alphas(i) 
beta = (6.d0*betatot(i))/((j **2.)*(pi**2.)) 

c the following calculations are the last alpha and beta in 
c series. runs only when nx = 50. 

if (j.eq.nx) then 

c calculations for the last alpha in the series 

beta = betatot(i) sumbeta 
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alpha = (alphas(i)*((1.d0/6.d0)-surn1))/((1.d0/90.d0)-sum2) 

endif 

sumbeta = sumbeta + beta 
sum1 = sum1 + 1.d0/((j)*(pi))**2.d0 
sum2 = sum2 + 1.d0/((j)*(pi))**4.d0 

c write alpha and beta to output file 

write(15,*) alpha,beta 

50 continue 
100 continue 

end 

http:1.d0/((j)*(pi))**4.d0
http:1.d0/((j)*(pi))**2.d0



