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ABSTRACT 

of two important influences on particle transport: (i) the presence of preferential hydraulic 
pathways and (ii) the presence of contact surfaces. Based on these early results, the project was 
redirected into analysis of measurement scale and scaling, with emphasis on microbial transport 
and characterization of hydraulic heterogeneity. Efforts have revolved around experiments within 
scaled and random porous media, numerical studies, and stochastic theory. A number of 
significant findings in terms of the measurement, microbial transport, and the development of 
sampling strategies have been accomplished. This work has resulted in 17 journal publications, a 
large number of conference presentations, two Ph.D. dissertations, two Master’s theses, and two 
manuscripts upon which undergraduate students have been co-authors. 

With respect to microbial transport, we have collaborated with Dr. Madilyn Fletcher, 
University of South Carolina, in the design and performance of a series of hydraulic, chemical, 
and microbial experiments. Results fiom these experiments provided the first experiments of 
which we are aware that include monitoring the movement of microbes in a statistically 
stationary, heterogeneous porous medium. Results from this work include the observation that the 
microbial transport, as observed in breakthrough curves at a well, is relatively independent of the 
individual realization of the random field. While this type of result was anticipated for chemical 
transport in these stationary media, it was not initially anticipated for microbial transport. This 
result implies that there is the possibility of defining, for at least some microorganisms and porous 
media, a large-scale transport behavior that is dependent only on the statistics of the hydraulic 
heterogeneity (and not the detailed distribution of sediments in a particular realization). We 
consider these results to be among the most significant of our project. 

stochastic theory and application of Monte Carlo analysis. In terms of stochastic theory, we 
developed and tested a technique where by the variance and integral scale of the transmissivity 
distribution (or distribution of hydraulic conductivity in three-dimensions) could both be 
estimated based on local measurements of the hydraulic gradient. This method was tested against 
controlled laboratory measurements of the hydraulic gradient (in the stationary random fields 
mentioned above) and available field data. This work led directly to publications on this method, 
but also led to consideration of the design of data sampling networks for systems in which the 
sampling instrument had significant impact on network design. Further, this work led to the 
observation that our current field methods for measuring hydraulic head in wells is generally 
inadequate to provide reliable measures of the hydraulic gradient (particularly in the vertical 
direction). 

In terms of Monte Carlo analysis, we were able to study, in detail, the structure and 
uncertainty in capture zones for municipal pumping wells in both confined and unconfined 
systems. This work led to the suggestion, in one of our recent papers, that capture zones (for 
wellhead protection) not be considered as deterministic entities but, rather, random surfaces 
defined by the degree of heterogeneity of the sediments and the degree of confidence required in 
the final solution. 

With respect to chemical transport, we ran a series of chemical transport experiments on 
our two-dimensional, stationary, random conductivity fields. These results were used both to 
verify available stochastic theory for ergodic transport, and also to provide data sets sufficient for 
use by others in considering non-ergodic transport. These results were also used to demonstrate 
the dependence of support of a chemical sample at a well on the rate of pumping from that well. 

The initial focus of this research was on particle transport. Results included investigation 

With respect to hydraulics, we pursued a series of efforts involved in development of 
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RESEARCH PURPOSE, CENTRAL HYPOTHESES, AND OBJECTIVES 

Authors such as Cushman have argued that development of a consistent model of flow or 
transport in a heterogeneous medium requires incorporation of the measurement instrument into 
the model development. Review of the literature, however, indicates that there has been little in 
the form of detailed study of the interaction of measurement scale, measurement instrument, the 
form of the heterogeneity, and the information gained from a sampling plan. 

controlled conditions) seem to be a natural tool to apply to the problem of analyzing existing 
theories of scaling and extending our knowledge into consideration of processes and mechanisms 
not currently included in our theories (e.g. flow / transport to wells, microbial transport). An 
example of the use of intermediate-scale experiments was provided in the early work from this 
project where the focus was on the processes and mechanisms influencing particle transport in 
saturated porous media (e.g., Silliman, 1995; Silliman, 1996). This early work allowed detailed 
study of the movement of particles in saturated, heterogeneous media, including demonstration of 
the importance of continuous paths of large grain-sized sediments to the transport of particles and 
the impact of contacts between sediments of different grain size. 

Following this early work, the project was refocused on scaling of a number of 
mechanisms (flow, chemical transport, and microbial transport) and analysis of a number of 
measurement instruments. Specifically, the project was focused on the interaction of scale of 
measurement, scale of a particular process (e.g. fluid flow, chemical transport, microbial 
transport), and the form of the heterogeneity. The primary hypothesis addressed in the majority of 
the latter half of the research project were: 

Intermediate-scale experiments (experiments conducted on heterogeneous media under 

The degree to which physical, chemical, and/or microbial hetevogeneity in a saturated 
porous medium will translate into a measured heterogeneity in a response variable is a 
function of the measurement instrument utilized, the conceptual model underlying the 
analysis of collected data, and the scale of the analysis. 

This hypothesis was addressed through a series of experiments performed on constructed, 
heterogeneous media, as well as stochastic and Monte Carlo simulation. The constructed media 
consist of mixtures of sands with the distribution of hydraulic properties guided by numerical 
simulation of real systems. 
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SUMMARY OF SCIENTIFIC ACCOMPLISHMENTS 

I 
1 

Scientific accomplishments over the history of this project may be broadly characterized 
into four areas: (i) Equipment and technique development (including sampling strategy), (ii) 
Analysis of particle transport as a h c t i o n  of dimension of heterogeneity, (iii) Assessment of 
hydraulics and hydraulic measurement in heterogeneous media, (iv) Assessment of chemical 
transport under mean-uniform and non-uniform flow fields within heterogeneous media, and (v) 
Characterization of microbial transport under mean uniform and non-uniform flow fields within 
heterogeneous media. Primary accomplishments, as represented in the published literature 
derived from this project, are summarized below with reference to appropriate publications 
(attached). 

Equipment and Technique Development 

This project has involved several layers of development of equipment and techniques, 
including consideration of the interaction of statistical theory and experimental design. Among 
the preliminary efforts required for this effort was the design of the experimental tanks used 
throughout this project. These tanks allowed control of mean-horizontal flow, changes in input 
concentration (of chemicals and microbes), monitoring both tank outflow and at internal sampling 
points, and visual monitoring of chemical migration. Examples of the design and construction of 
these tanks are given in Silliman et al. (l994), Silliman (1995, 1996), Silliman and Caswell 
(1998), Silliman et ai. (1998), and Silliman and Zheng (2001). 

An important accomplishment of this portion of our research has been the development of 
the conceptual basis for experimental design based on consideration of scale of measurement and 
the inclusion of measurement instrument in the design of sampling strategy. A significant portion 
of our work in this area was presented in Silliman et al. (1998), Conwell et al. (1997) and Zheng 
and Silliman (2000a). An application of this work in a different setting was presented in Silliman 
and Berkowitz (2000). Silliman et al. (1998) presents our efforts in designing experiments based 
on the relative scales of action of the different mechanisms investigated within an individual 
experiment (e.g., hydraulics versus chemical transport). This led to the design of the extremely 
complex porous media (porous media designed to mimic the behavior of a second-order 
stationary random field with a large number of integral scales in the longitudinal and transverse 
dimensions) used in our most recent experiments on hydraulics, chemical transport, and microbial 
transport (e.g., Zheng and Silliman, 2000; Silliman and Zheng, 2001; Silliman, 2001; Silliman et 
al., 2001). Conwell et al. (1997), Zheng and Silliman (2000a) and Silliman and Berkowitz (2000) 
provided fundamental statistical theory delineating the impact of measurement instrument and 
measurement design on the spatial statistics estimated fkom the resulting data sets. 

Particle Transport as Function of Dimension of Heterogeneity 

Among the earliest work accomplished within this research project was the study of the 
role of dimension of heterogeneity on transport processes, with particular emphasis on particle 
transport. This work resulted in two manuscripts that provide a comparison of particle transport in 
two-dimensional versus three-dimensional media (Silliman, 1995; Silliman 1996). In the fist of 
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these two manuscripts, we demonstrated that particles (latex spheres) were irreversibly trapped 
within sands, with trapping preferentially occurring along borders where flow moves from coarse 
grained sediments into he-grained sediments. More significantly, the second manuscript 
demonstrated that added degrees of fieedom provided by flow through a three-dimensional 
(versus two-dimensional) medium substantially changed the outlook on particle transport. 
Specifically, the three-dimensional medium provided a higher probability of encountering flow 
routes along which particles could transport across the experimental medium without 
encountering either the fine-grained sediments or critical contacts between grain sizes. 

Results Involving Hydraulics 

A substantial portion of our research effort was focused on hydraulics in heterogeneous 
porous media. Hydraulics were approached through three foci: (i) prediction of hydraulic 
behavior using stochastic theory and analysis of field data sets, (ii) application of Monte Carlo 
simulation, and (iii) laboratory study of hydraulic response for heterogeneous media. 

Stochastic Theop: In our work on Monte Carlo simulation of wellhead capture zones (below), we 
determined the importance of estimation of the local hydraulic gradient in the presence of limited 
data. This observation led to publication of a technical discussion regarding estimation of the 
hydraulic gradient (Cole and Silliman, 1996) and a second publication noting uncertainties in the 
estimated gradient within heterogeneous media (Silliman and Frost, 1998). This work led to a new 
research project (supported by funding outside of DOE) on uncertainties in estimating 
groundwater gradients due to heterogeneity and measurement error. 

This study of the hydraulic gradient also led to extension of our work into the realm of 
stochastic hydrology. The hydrologic literature has seen a significant growth in the development 
and application of stochastic theory over the past several years (see reviews of this literature in 
Silliman, 1995; Zheng and Silliman, 2000b; Silliman and Zheng, 2001). We extended this theory 
via a stochastic method that allowed estimation of the variance and integral scale of the 
transmissivity field. These two parameters are critical to a number of analyses, including 
estimation of the dispersive properties and variability of hydraulic response. 

(versus the hydraulic head considered in a number of other theories). This provides a stationary 
random field for the analysis and, more importantly, the hydraulic gradient produces a 
semivariogram that has finite range and a well defined sill value (thus substantially reducing 
uncertainty related to the process of fitting the sample semivariogram to the theoretical model). 
The details of this method are contained in Zheng and Silliman (2000) and in the dissertation of 
Dr. Li Zheng (University of Notre Dame, Ph.D. Dissertation, “Statistical characterization of the 
transmissivity distribution in groundwater aquifer using hydraulic head measurements”, 1998). 

It is significant that this new theory is based on the analysis of the hydraulic gradient 

$ A significant application of the consideration 
of hydraulic heterogeneity has been the analysis of the shape and size of capture zones to both 
active and passive wells in unconfined aquifers. Based on second-order stationary random 
transmissivity fields, our simulations demonstrated uncertainties in both the mean flow direction 
and the geometry of capture zones leading to wells in unconfined aquifer systems. In our early 
work in this regard (Cole and Silliman, 1997), we demonstrated the significant uncertainty that 
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can occur in estimating wellhead capture zones, particularly if uncharacterized anisotropy may be 
present in the spatial structure of the random variation in the transmissivi@. In our latter efforts in 
this regard (Cole and Silliman, 2000), we discuss one approach to characterizing this uncertainty 
through use of confidence intervals for capture zones. 

L-These theoretical studies were carried into the laboratory through 
construction of a series of laboratory flow cells allowing analysis of heterogeneous porous media. 
While OUT early work was based on glass beads and relatively arbitrary forms of heterogeneity 
(e.g., Silliman 1995, 1996), our more advanced work involved construction of statistically-based 
random porous media. These included a scaled medium (based on a finite replication of the 
Sierpinski carpet from fractal theory), a bimodal medium representing a second-order stationary 
random field, and a series of media replicating log-normally distributed, second-order stationary 
random fields (e.g., Silliman and Caswell, 1998; Silliman et al., 1998; Silliman and Zheng, 2001). 

In Silliman and Caswell(1998), we demonstrated that the existing stochastic theory for 
the effective hydraulic conductivity matched well with our experimental data when the porous 
medium reasonably fit the assumptions underlying the theory (i.e., when applied to the medium 
representing a second-order stationary random field), but was dramatically in error when applied 
to a porous medium for which the assumptions underlying the theory did not apply (e.g., the 
scaled medium). This result is of significance for a number of reasons, not the least of which is the 
observation that a number of recent studies are leading to the conclusion that the distribution of 
the hydraulic conductivity may be scaled under a number of field conditions. The implication here 
is that our body of stochastic theory (based on second-order stationary random fields) may have 
limited applicability under a variety of natural conditions. 

utilized visualization to monitor local water velocities. Using this approach, we were able to 
demonstrate that the water velocities in our experiments closely replicated the variograms 
predicted using available stochastic theory. Perhaps more significantly, this work demonstrated 
the extreme difficulty and uncertainty that will result if these same variograms are estimated from 
physical measurements of hydraulic head (and, through taking differences in space, the hydraulic 
gradient). This is particular true for situations in which the variation in the hydraulic head is 
expected to be small relative to the precision of the measurement instrument. 

field with approximately 60 integral scales in the direction of mean flow and 25 integral scales in 
the direction perpendicular to mean flow. Through an elaborate instrument array designed to be 
optimal for this particular random field, we were able to monitor both the hydraulic head and the 
hydraulic gradient at various measurement scales. This unprecedented data array / controlled 
porous medium combination allowed us to verify stochastic theories (both for hydraulics and 
transport) using experimental data. The agreement between theory and our experiments was quite 
satisfactory, and led to a number of observations regarding the source of uncertainty in this form 
of analysis (see manuscript for complete discussion). 

In SiIliman et al. (1998 - and the accompanying Master’s thesis by P. Conwell, 1997), we 

In Silliman and Zheng (200 1 ), we replicated a log-normally distribution transmissivity 

Results Involving Chemical Transport 

A substantial portion of our research effort was focused on chemical transport in 
heterogeneous porous media. The bulk of this work was completed through the analysis of data 
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collected in laboratory experiments. Chemical transport was monitored both visually and 
electronically and was investigated in a number of heterogeneous media. In several cases, the 
results from the laboratory were compared with predictions derived from stochastic theory for 
ergodic systems. In one case, results from a prior experiment were compared with a new theory 
for transport known as the Continuous Time Random Walk (CTRW) model (Berkowitz et al., 
200 1). 

In Silliman et al. (1998), we created a bimodal permeability field that reproduced an 
exponential variogram structure with an integral scale on the order of 1/15 of the horizontal scale 
of the entire porous medium. This work allowed us to provide a first view of the potential for 
laboratory studies to support verification efforts on stochastic theory. Unfortunately, the length of 
the porous medium (relative to the integral scale) was insufficient in this case to achieve ergodic 
results. Hence, there was only limited agreement betweefi observation and theory. Further, these 
experiments were limited to one-dimensional averages as the chemical tracer was ineoduced over 
the entire depth of the medium. Hence, two-dimensional theories could not be compared with 
these results. 

As discussed in Silliman and Zheng (2001), the length limitation was corrected through 
construction of a porous medium in which there were approximately 60 integral scales of 
variability along the line of the mean hydraulic gradient (25 integral scales perpendicular to this 
line). The limitation to one-dimension was eliminated through construction of a central reservoir 
(on the inflow side of the experimental apparatus), allowing injection of finite sized plumes of 
tracer. Finally, two detailed experiments were run on this medium using two significantly different 
mean velocities (a difference of a factor of 25) to check for anomalies related to low or high 
velocity effects. 

Results on this more sophisticated porous medium showed substantial agreement between 
the two runs and excellent agreement with theory in terms of the first moment of spatial location 
of the center of mass of the plume (in both the longitudinal and transverse directions). These 
results also demonstrated relative agreement with the second spatial moment in the longitudinal 
direction, but general disagreement with the second moment perpendicular to the mean flow 
direction. This latter result was anticipated and is directly related to the assumption of ergodicity 
(which does not apply at these length scales). Other authors have a comment in press in the 
journal titled Transport in Porous Medium, demonstrating stronger agreement with these results 
based on non-ergodic theory. Finally, this paper discussed the extreme sensitivity of these results 
to the instrument used to measure concentration. This h a 1  result has significant implications for 
field applications in which sensitivity in terms of detection limits on field tracer chemicals may 
dramatically impact the interpretation of a field result (relative to theory). 

Results Involving Microbial Transport 

The latter portion of our research effort was dedicated to experiments on microbial 
transport through heterogeneous porous media. These experiments were designed to address the 
paucity of theory and field data describing the details of microbial transport in saturated, 
heterogeneous media. To our knowledge, our experiments on two replications of a log-normally 
distributed random field remain the only experiments published involving microbial transport in 
second-order stationary random media. These final experiments built upon an extensive series of 
prototype experiments that allowed us to perfect our procedures in terms of packing and running 

PAGE 7 OF 10 



these experiments. These prototype experiments were discussed in the progress reports associated 
with this project. 

The final experiments involved the transport of bacteria through porous media designed to 
allow the hydraulic conductivity to vary as a two-dimensional, log-normally distributed, second- 
order stationary, exponentially correlated random field. The bacteria used were Pseudomonas 
Juouescens R8, a strain demonstrating appreciable attachment to surfaces, and strain M 1, a 
transposon mutant of strain R8 with reduced attachment ability (both strains were obtained 
through our cooperation with Dr. Madilyn Fletcher at the University of South Carolina). In 
benchtop, sand-filled columns conducted in the laboratories of Dr. Fletcher, transport was 
determined by measuring intensity of fluorescence of stained cells in the effluent, or by measuring 
radio labeled cells that were retained in the sand columns. Results demonstrated that strain M1 
was transported more efficiently than strain R8 through columns packed with either a 
homogeneous silica sand or a more heterogeneous sand with iron oxide coatings. 

via sampling from wells and sample ports in the tank. Bacterial numbers were determined by 
direct plate count. At the end of the first experiment, the distribution of the bacteria in the 
sediment was determined by destructive sampling and plating. The two experiments produced 
bacterial breakthrough curves that were quite similar even though the similarity between the two 
porous media was limited to first and second-order statistical moments. This result appears 
consistent with the concept of large-scale, average behavior such as has been observed for the 
transport of conservative chemical tracers. The transported bacteria arrived simultaneously with 
a conservative chemical tracer (although at significantly lower normalized concentration than the 
tracer). However, the bacterial breakthrough curves showed significant late-time tailing. The 
concentrations of bacteria attached to the sediment surfaces showed considerably more spatial 
variation than did the concentrations of bacteria in the fluid phase. This contrast between 
behavior in the fluid phase and on the solids is consistent with field observations by other authors 
and initial modeling of these heterogeneous media. 

research project as they demonstrate a number of interesting features, including: 

Two experiments conducted in the tank involved monitoring transport of bacteria to wells 

These experiments on microbial transport are among the most exciting results of our 

*Microbial results that are reproducible over multiple realizations of a random field, implying 
the potential for a large-scale averaged behavior for bacteria similar to that observed for transport 
of conservative chemicals. 

*Consistency between the observed bacterial breakthrough and those predicted through the 
results of preliminary modeling using a kinetic attachment / detachment model. 

*Large spatial variability in attached bacteria counts versus relatively uniform (spatially) 
bacteria counts in the fluid phase. 

*Long-term, relatively uniform concentration of bacteria in the fluid phase following the 
initial breakthrough of the bacteria. 

The results of these experiments are reported in Silliman et al. (2001) 
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1997 

Application of a BJV-Curiaag Resin to Hydrodynamic Studies in Porous 
Media 

S t e p h e n  E. Silliman,’ Candace C. Cady, and K a r e n  S n y d e r  
Department of Civil Engineering and Geological Sciences, University of Notre Dame, 
Notre Dame, Indiana 46556 

Laboratory techniques which have been applied to  visualization of flow and transport in porous 
media include light transmission, matched index of refraction methods, NMFt techniques, and use 
of epoxies. Within the present study, a commercially available UV-curingresin is applied to capturing 
transport behavior in porous media. This technique provides several capabilities including rapid 
solidification of soil structure/fluid distribution a t  preselected locations without stopping flow and 
the ability to  cure the structure of fluid interfaces. T h e  resin cures rapidly, exhibits minimal change 
in volume during curing, and does not show substantial local flow alteration during curing (despite 
relatively large increases in temperature during the  curing process). This resin holds promise to 
enhance our ability to study flow and transport through porous media, including the study of 
particle transport, hydrodynamic dispersion, fluid distributions in multiphase flow, and fingering 
during infiltration. 

Introduction 

Within the hydrologic community, increasing attention 
is being paid to the details of flow and transport within 
saturated and partially saturated porous media. Subjects 
of interest include scaling of measurements, flow in 
unsaturated and/or multiphase systems, hydrodynamic 
dispersion, and colloid/microbial transport (e.g., through 
geological sediments). Interest in the details of flow and 
transport through porous media has led to a variety of 
experimental efforts addressed to the problems of record- 
ing precise behavior within controlled media. Included 
among these are light transmission techniques, matching 
of index of refraction of the medium and carrying fluid, 
and the use of fluids which polymerize in situ. 

A number of authors have suggested techniques for 
visually inspecting experimental media in order to record 
transport mechanisms. These techniques range from 
simple photographic records of experiments to light 
transmission through glass bead media (Hoa, 1981; Glass 
e t  al., 1989; Norton, e t  al., 1993). Light transmission 
techniques (e.g., Glass et al., 1989) allow measurement of 
flow and transport properties over large regions. 

Recent work by Conrad et al. (1992) and Wilson et al. 
(1993) has led to the development of a technique in which 
artificial slices of a porous medium are created through 
etching of glass plates. This technique has allowed these 
authors both to create intricate, two-dimensional examples 
of porous media and to carefully examine a variety of 
phenomena including blob formation in residual saturation 
(Conrad et al., 1992) and the distribution of bacteria in 
multiphase systems (Wilson et  al., 1993). 

Other authors have created artificial media for the 
specific purpose of visualizing flow. Mannheimer (Richard 
Mannheimer, Southwest Research Institute, personal 
communication, 1993) has worked with transparent slurries 
to create transparent porous media through which the 
movement of chemicals can be traced using visible light. 
In a similar approach, researchers such as Peunung and 
Kulp (1992) and Montemagno (Wang, 1994) are using 
media and fluids with matched indices of refraction to 
allow visual analysis of flow and transport through porous 
- 

* To whom correspondence should be addressed. E-mail: 
silliman @ thiem.ce.nd.edu. 
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structures. These techniques hold significant promise in 
dowing continuous recording of such phenomena as the 
development of a contact surface in multiphase flow (e.g., 
between a solid and a fluid or between two fluids), the 
movement of color tracers through a porous medium, and 
the movement/trapping of particles within a porous 
medium. 

Mayer and Miller (1992,1993) review a number of efforts 
in which a styrene liquid is utilized as an agent which will 
polymerize after removal of an inhibitor and/or addition 
of an initiator. This approach has been used extensively 
by a number of authors including Wilson et al. (1989), 
Wardlaw and Yu (1988), and Chatzis et al. (1984). Mayer 
and Miller (1992) extend the use of the styrene polym- 
erization process through curing of the polymer using 
y-radiation. 

In addition to the methods described above, several 
authors have attempted to reproduce fracture patterns 
and pore microstructure through use of Wood‘s metal (e.g., 
Cody and Davis, 1991; Pyrak-Nolte, 1991). By injecting 
molten Wood‘s metal into a sample (e.g., a piece of coal) 
and allowing it to harden, the internal pore structure of 
the sample may be examined by dissolving the surrounding 
rock matrix with acid and/or examining the distribution 
of the hardened woods metal through CAT (computer- 
aided tomography)-scan methodologies. 

The present project was motivated by a desire to capture 
geometry and transport. characteristics of a porous medium 
subject t o  the following restrictions: 

(i) No addition of secondary fluids to the flow field is 
permitted after the start of an experiment. 

(ii) The technique should allow local measurement 
without requiring that the entire flow field be cured or 
destroyed. 

(iii) Local curing should not dramatically alter the flow 
field. 

(iv) The technique should be applicable to three- 
dimensional media. 

The technique developed involves application of a 
commercially available resin which is cured through 
exposure to ultraviolet (W) light. We have applied this 
resin to a number of investigations including examination 
of particle transport, hydrodynamic dispersion, and mul- 
tiphase flow. It provides several new capabilities which, 
when combined with the existing tools described above, 
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Figure 1. Cured sample of UVresin in no. 10 mesh glass beads after 
10 s of curing. 

allow for expanded flexibility in the design of experiments 
for the study of microscopic and macroscopic behavior in 
porous media. 

UV-Curing Resin 

Developed for application in the coating industry, the 
resin used was UV-2035-clear, deep-curing UV resin 
purchased from the Polychem Corporation (Cranston, RI). 
The resin has a reported viscosity of 200 CP a t  24 "C and 
aspecificgravityat20 "C of 1.10. Theresin is alsoreported 
by the company to act as a Newtonian fluid. The boiling 
point is reported as 400 OF, the vapor pressure is 0.01 
mmHg, and the solubility in water is 0.055% by weight 
at 20 "C. Curing time is reported as 5 sunder a W source 
measuring 10 000 mWIcm2. Based on the Material Safety 
Data Sheet supplied by the manufacturer, asere are no 
significant health concerns in handling the resin unless 
there are prolonged or repeated exposures to vapors 
generated a t  high temperatures (not anticipated in the 
present application). [All values reported are supplied 
by the manufacturer. Several of these parameters have 
been verified within our laboratory.] 

During our work, we have used a focused source of UV 
light with a strength of approximately 1000 mW/cm2 
(UVEX Model SCU110, UVEX, Sunnyvale, CAI. The 
wand through which the UV light passed was 8 mm in 
diameter. Curing has been performed by exposing the 
resin through a variety of media, including glass, 1.2-cm- 
thick Plexiglas, and glass rods with a 1-mm 0.d. As would 
be expected, curing time and curing depth are functions 
of the area of exposure and the type of medium through 
which the UV light must pass. Figure 1 shows the cured 
sample obtained through 10 s of direct exposure of no. 10 
sieve glass beads saturated with the resin. 

The resin cures to a transparent solid with little 
distortion with respect to light transmission. This trans- 
parent cure, as represented in Figure 1, provides a 
significant advantage in the application to porous media 
as it provides the potential to examine the details of flow 
within individual pores. Microphotographs of cured 
specimens can be accomplished relatively easily (e.g., see 
later section on particle transport). . 

Curing of the resin leads to a slight reduction in volume. 
During our tests, the volume reduction during curing was 
approximately 1.4 '% . During curing through Plexiglas, 
the resin does appear to separate slightly from the 
Plexiglas. However, the separation must be minimal as 
no liquid resin is observed to flow between the Plexiglas 
and cured resin following the termination of local curing. 
The resin in easily removed from Plexiglas following cure. 
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Figure 2. Temperature of resin during curing showing difference 
of open container of resin and resin cured in the pores of no. 10 sieve 
glass beads. 

Liquid resin remaining within the medium can be removed 
using methanol. 

The  curing process is strongly exothermic. Figure 2 
shows the results of two experiments involving the curing 
of resin in the vicinity of a thermistor embedded in the 
resin. In the first experiment, the resin was cured in an 
open container (containing nothing but resin). The second 
experiment involved curing the resin which filled the pore 
spaces of large-diameter glass beads (no. 10 sieve). For 
both experiments, the UV light wm maintained for 
approximately 60 s (substantially longer than required to 
achieve local curing). The temperature increased sub- 
stantially in both experiments. The  lower increase in 
temperature in the presence of the glass beads may be 
anticipated from the reduction in total volume of resin 
present and the scatter of the UV light during the curing 
process. The cured volume for the resin in the glass beads 
(volume of the resin plus the volume of the entrapped 
glass beads) was larger than the cured volume in the open 
container (pure resin). From these results, it  is estimated 
that temperature increase during a short-duration curing 
event (e.g., 5-10 s) within a glass bead medium will be on 
the order of 5-10 "C. 

Despite the high temperatures generated during curing, 
the resin does not demonstrate any strong thermal 
conduction cells near the cure point, even in an open 
container of resin with a concentrated region of curing. 
This lack of formation of convection cells was evident in 
a series of experiments in which an emulsion of water and 
the resin was cured. No increased motion in the emulsion 
was observed in the vicinity of the cure area during the 
curing process. 

Application to Particle Transpor t  

The resin was applied initiaJly to the study of particle 
transport through heterogeneous media. The experimen- 
tal setup is shown in Figure 3 and involves a Plexiglas 
tank packed with a heterogeneous medium consisting of 
various sized glass beads [the region containing the 
medium has dimensions 35 cm (length parallel to  flow) by 
13.5 cm (height) by 4.8 cm (width)]. The objective of the 
research was to record the location of latex particles, at  
specific measurement times, being transported through a 
heterogeneous, porous medium. The  experiments are 
performedjn both two and three dimensions, and we 
wished to  employ a method for "freezing" the particle 
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Figure 3. Flow cell design used for transport experiments. Flow is from left to right. The medium is packed in the center 
length of the flow cell ranges from 40 to 120 cm. 
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Figure 4. Photograph of cured resin and glass beads at tip of glass 
rod removed from flow cell after particle transport experiment. 

location at preselected times and locations within the 
medium. The frozen samples containing the porous 
medium and the pore fluid were then to be studied to 
determine the location, within individual pores, of the 
latex particles. 

In order to complete these experiments, the glass 
medium is saturated with the resin. Using a peristaltic 
pump, additional resin is added to the inflow reservoir 
(Figure 3) to force flow through the medium. Typical 
flow rates utilized were in the range of 1.0-10.0 mL/min. 
Although pressure across the pump waa not measured, 
there was no obvious strain on the standard (Masterflex) 
peristaltic pumps utilized. Latex spheres with diameters 
ranging from 2 to approximately 90 pm are then added to 
the inflow reservoir. Outflow from the downstream 
reservoir is collected a t  regular intervals to monitor the 
breakthrough of the particles at the outflow from the 
medium. In addition, a series of 1-mm-diameter glass rods 
(approximately 10 cm in length) are inserted through the 
wall of the flow cell (utilizing compression fittings 
customized to fit the glass rods) with the tips located a t  
various positions within the heterogeneous medium. As 
the experiment progresses (and prior to the arrival of the 
particles at the outflow reservoir), the W light source is 
used to locally cure the resin surrounding individual glass 
rods. This allows the position of the particles to be locally 
frozen at  the time of exposure. 

Figure 6. Microphotograph of latex sphere captured within cured 
resin sample shown in Figure 4. The diameter of the latex sphere 
is approximately 10 pm. The glass beads surrounding this pore are 
seen as the dark bodies near the edges of this photograph. 

Following completion of the experiment, the glass rods 
are carefully removed from the medium and the cured 
resin samples surrounding the tips of the glass rods are 
removed and analyzed. Figure 4 is a photograph of one 
of these cured samples. Figure 5 shows amicrophotograph 
of a latex sphere as it  was frozen during transport through 
the sample shown in Figure 4. Within this figure, the 
latex particle is the sphere apparent in the photograph. 
The nearest glass beads comprising the porous medium 
are in the dark regions near the edges of the photograph. 
The latex particle is approximately 10 gm in diameter. 
Identification of the particles is enhanced through the use 
of fluorescent particles and color photography, but Figure 
4 illustrates the potential for identification. In this 
situation, the particle is seen to be located at the center 
of the pore (a substantial distance from the surrounding 
glass beads). 

Thus the resin provides the potential to allow the 
researcher to  identify both the location of selected particles 
during flow and the interaction of multiple particles in 
the flow field (note that the particle in Figure 4 is moving 
as an individual particle rather than as a particle cluster). 
By curing different rods a t  different times, a history of 
particle location is obtained. It is noted that because 
sample size can be controlled by adjusting the period of 
UV exposure, the influence of curing a local sample on the 
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Figure 6. Contact surface between air, resin, and glass bead after 
curing during an infitration experiment. 

flow through the medium can be predicted and controlled 
through adjustment of exposure time. 

Although all images shown here involve use of the resin 
with glass beads, we have also utilized the resin in relatively 
high organic content silty sand (a dark, muddy sediment 
which did not allow significant light penetration). Al- 
though the radius of cure was reduced in this low-light- 
transmittance medium, curing was still effective. As would 
be expected, the volume of cure is closely related to the 
depth of light penetration. Hence, curing is most rapid 
and deep in glass beads and clean quartz sands, and is 
reduced in both speed and depth in media containing a 
significant opacity. 

Extension of the  Application of t h e  Resin to 
Additional Research Questions 

Although the UV-curable resin was investigated pri- 
marily for our work in particle transport, it has been shown 
to have significant potential for other applications of 
interest to those working in porous media. The cured 
resin sample shown in Figure 6, for example, has captured 
the shape of the contact surface and the contact angle of 
an interface between air, resin, and glass beads during a 
transient infiltration event. The experiment involved 
introduction of the resin a t  a point source into an initially 
-dryn glass bead medium. Although the details of this 
experiment are beyond the scope of this paper, this figure 
shows the potential for capturing detailed interface 
structure during transient events. 

A similar application involving characterization of a 
watedresin emulsion (water and the resin are immiscible) 
has proven quite successful. Our initial results indicate 
that if curing is accomplished carefully (to avoid overex- 
posure which might lead to significant thermal effects), 
then the contact surfaces do not show significant defor- 
mation during the curing process, thus allowing analysis 
of emulsion distribution and surface characteristics. 
Certainly, this must be examined in greater detail prior 
to basing measurements on this technique. However, this 
application may prove useful both in understanding the 
evolution of the transient behavior of emulsions and in 
characterizing the transient behavior in immiscible dis- 
placement experiments in porous media. 

Finally, the manufacturer has provided a number of 
dyes which can be utilized with the resin. Although our 
initial efforts with these dyes indicates that great care 
must be taken to avoid modification to the resin viscosity, 
these dyes have shown significant promise for detailing 
hydrodynamic dispersion in porous media. Through 
displacement of clear resin with dyed resin, we have been 

able to rapidly cure regions of the invading front. 
Examination of the cured samples allows analysis of the 
hydrodynamic aspects of dispersion a t  a variety of scales 
including detailed distribution of dyes at  the pore scale, 
distribution of the invading front at  the scale of several 
pore lengths, and observation of the behavior of the front 
a t  macroscopic and/or megascopic scales. As such, this 
resin has the potential t o  provide the detailed data seta 
required for consideration of the scaling and averaging 
theories recently appearing in the literature [refer, for 
example, to the review paper by Cushman (1986) and more 
recent work on dimensional dispersion theory such as that 
by Wheatcraft and Tylor (1988) with further discussion 
in Tylor and Wheatcraft (199211. 

Discussion 

Within this paper, a number of applications of a 
commercially available UV-curing resin to experimental 
characterization of flow and transport in porous media 
have been discussed. The applications include detecting 
particle locations during transport through porous media, 
capturing contact angles and surface features in unsatur- 
ated and immiscible displacement experiments, and 
characterizing hydrodynamic dispersion at  a number of 
scales. As such, this resin, developed for a significantly 
different application, shows significant promise as a tool 
in visualizing mechanisms of flow and transport in porous 
media. 

Advantages of the use of this resin include the clarity 
of the resin upon curing and the speed of curing. The 
clarity allows visual analysis of medium structure, particle 
locations, etc., throughout relatively thick cured samples. 
The speed of curing allows the development of an 
experimental design in which samples are collected at 
essentially instantaneous points in time for analysis of 
particle transport or hydrodynamic dispersion. The resin 
also can be cured through glass rods, allowing point curing 
deep within a medium. This increases the potential for 
examination of structures in three-dimensional media. 
Further, the resin cures without requiring addition of 
initiators or secondary chemicals. 

In our initial studies of multiphase and unsaturated 
systems, it appears that  the cured resin maintains the 
surface and contact angle characteristics present prior to 
cure. This conclusion is supported by the minimal change 
in volume observed during cure. If true, this technique 
could provide a means of obtaining critical data for the 
development of the theory of multiphase (andunsaturatedl 
flow through porous media. However, additional work is 
required to verify this hypothesis. 

The resin also demonstrates several limitations and/or 
disadvantages. Substantial heating has been observed 
during extended exposure to UV light. The viscosity of 
the resin is substantially greater than that of water, thus 
increasing both viscous stress and the pressure gradients 
present within an experimental design as compared to the 
stress and gradients present when using water a t  the same 
flow rate. As discussed above, the cure of the resin is also 
limited to applications in which UV light may pass into 
the porous medium. Thus curing was limited in the silty 
sand medium to approximately 0.5 cm. Perhaps most 
significantly, the resin appears dramatically different than 
water in terms of chemistry. As a result, its application 
may be limited for problems involving adsorption and 
chemical reactions. Further, i t  is doubtful at  the present 
time that this resin wil l  havesignificant use in experiments 
involving live bacteria or viruses (the resin is reported on 
the MSD sheet to be difficult to biodegrade). 



It is anticipated that this resin would work well in 
combination with a number of the other visualization 
techniques described earlier. Direct visual recording of 
transport through porous media (e.g., through the side 
wall of an experimental flow cell) is  possible through use 
of the dyes available. Further, it  is anticipated that light- 
transmittance methods (e.g., Glass et al., 1989) could be 
easily adapted to the use of the resin (requiring only 
recalibration of the instrument and characterization of 
changes in light transmittance during curing). It is also 
conceivable that  an index of refraction matched medium 
could be located to  allow velocimetry techniques to be 
applied prior to curing (e.g., Peurrung and Kulp, 1992). 

Conclusions 
In conclusion, an application has been discussed where 

a commercially available UV resin has been applied under 
conditions not originally intended in the product develop- 
ment. However, the resin represents a significant tool for 
researchers to utilize in the characterization of flow and 
transport through porous media. As a stand-alone tool, 
the resin allows detailed, three-dimensional characteriza- 
tion of various parameters including the structure of the 
medium, the physical characteristics of internal interfaces, 
distribution of an invading front, and distribution of 
particles during transport. In combination with some of 
the other visualization techniques described by other 
authors, the resin increases the flexibility and capability 
of the researcher interested in collection of data on 
mechanisms influencing flow and transport. 
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A bstrnc t 

Recent work in the transport of particulate matter (e.g. bacteria, viruses, colloids, mineral 
grains, etc.) through saturated porous media has indicated that the physical structure of the 
porous medium plays an important role in both the ability of the particles to be transported and 
the distribution of the particles deposited within the medium. The present paper addresses the 
influence on particle transport within saturated porous media of high-permeability pathways 
and contacts between different grain size distributions. The experiments discussed in the present 
paper were conducted in two dimensions. The porous niedia were constructed from glass beads 
and the tracer utilized consisted of latex spheres in the size range 2-90 pm (2-30 pm in most 
experiments). Aniong the media designs investigated were simple layers in which flow was 
parallel to layers, simple layers in which flow was at an angle to layers, a simple form of 
heterogeneity including non-parallel layers and disjoint inclusions, and a complex hetero- 
geneity involving three interconnected permeabilities. Results from these experiments demon- 
strated that significantly greater numbers of particles were deposited at  niedia contacts where 
water moved from larger to smaller diameter glass beads. Further, it was observed that outflow 
concentrations of particles for media containing continuous flow paths within the coarse glass 
beads were substantially higher than outflow concentrations of particles for media contaiiiing a 
number of interfaces between different-sized glass beads. Specifically, a comparison of the 
results for a medium in which flow was parallel to layers with results from a medium in which 
flow was at  an angle to the layers led to the observation of higher concentrations of latex 
particles in the outflow from the former medium and high concentrations of particles remain- 
ing in the region of layer contacts within the latter medium. Similar observations were made in a 
comparison of the simple and complex heterogeneities. Based on these results and prediction of 
straining based on the filtration literature, it is argued that the enhanced deposition observed 
near contacts results from sorption leading to increased straining in regions of lower uniformity 
in the glass bead distribution. These results demonstrate the importance of particle transport 
along high-permeability pathways and the enhanced deposition which may occur at contact 
surfaces within heterogeneous porous media. 
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The movement of particles tlirough a saturated porous niediuni is o l  interest in a 
number of fields includiiig groundwater flow aiid transport, transport in pztrolzum 
Izswoirs,  analysis of lillralioii systeins, and design of c;oluniii reactors. A iiuinber of 
nieclianisiiis influence par lick transport through porous media, including reactioii to 
physical heteroggneitics (2.g. spatially varying hydraulic conductivity and/or pore 
geometries), adsorption, motility, and changes in the flow field owing to parlicle- 
induced changes in the permeability distribution (see, e.g. McDowell-Boyer et al., 
1986; McCarthy and Degueldre, 1993). Within the present study, the influence of 
physical heterogeneity on particle transport through saturated, two-dimensional 
media is studied experimentally. Although applicable in a number of fields involving 
various types of porous niedia, tlie followiiig literature review is focused primarily on 
tlie literature involving particle transport in groundwater systems, as this was the 
work which motivated the present study. 

Over a number of years, substantial work has been presented in the groundwater 
literature deiiioiistrating that advective-dispersive transport of conservative, 
dissolved clieinicals in porous media is strongly dependent on the distribution of 
the hydraulic conductivity (e.g. Schwartz, 1977; Gelhar et al., 1979; Smith and 
Schwartz, 1980; Silliman and Siinpson, 1987; Neuman, 1993). From this work, the 
critical effect of physical heterogeneity on transport was identified and, for conser- 
vative, dissolved chemicals, theoretical models were developed describing this trans- 
port based on statistical or fractal descriptions of the hydraulic conductivity or 
velocity fields. 

More recently, researchers have applied tlie general coiicepts derived from the 
study of the transport of conservative chenlicals to tlie study of the major meclian- 
isms which influence particle transport in porous media (e.g. Mills et al., 1990; Harvey 
and Garabedian, 1991; McCarthy and Degueldre, 1993; Harvey et al., 1993;). In the 
work by Mills et al. (1990), for example, a column consisting of concentric cylinders 
of two different permeability porous media was used to study the niovenient of 
bacteria in the presence or a preferred hydraulic pathway. These workers showed 
that the presence of a high-perineability finger substantially aided in tlie transport 
of the bacteria. 

Harvey et al. (1993) completed a detailed study of the siinultaneous transport of a 
conservative chemical (bromide), latex particles, and bacteria through a natural 
sediment (in the field) and a reconstructed medium (in the laboratory). These work- 
ers concludzd, in part, that despite different iiiechailisms influencing transport of latex 
particles in the field as compared with mechanisms influencing transport in laboratory 
columns, one major influence on transport was the heterogeneity of the medium 
though  which the particles were transported. Further, there was some suggestion 
by these workers that early arrival of their microorganisms was related to the presence 
of extended preferred pathways consisting of horizontally extensive zones of media 
with similar conductive properties. 

Powelson et al. (1993) also documented the importance of preferred pathways for 
virus migration in a study of the infiltration of viruses with wastewater. It was also 
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Based on the work of Mills et al. (1990), Harvey et ai. (19931, and Powelson et  11. 
(1993), it can be aigued that physical heterugcneity (1.e. spatial vdriatiurls in t l i t  siLz 
distiibutioii a i d  Iiydlaulic coiidudivity of thc nicdluni) phys d slgllilicdiit iule 111 tllc 
transport and deposition of particles within a porous mediuiii. The piesiilt wolh 
contiibutes to this study of particle transport through a series of controlled 
laboratory experinients in which the niovenient and deposition of latex particles 
are monitored in media for which both the degree of continuity of high-permeability 
zones and the dominance of intermedia contacts are varied. EfIorts are made in the 
present work to reduce the relative influence (relative to the hydrodyiiaiiiic influences) 
of mechanism such as motility, growth, reproduction, and niechanical sticking to 
surfaces (e.g. through biological filaments), through the use of relatively large latex 
pal ticles (2-90 pin) to be transported and relatively simple inedia (glass beads). As is 
demonstrated below, sorption remained a significant mechanism in these experi- 
ments. Although the use of relatively large latex particles reduces the direct trans- 
ference of these results to much smaller colloids, bacteria, and viruses, these 
experiments serve to illustrate the strong iiifluences which preferred flow pathways 
and inedia contacts inay have in the generic particle transport problem. Application 
to other media and othcr particles will require consideration of the relative length 
scales involved. 

2. Equipment and experimental design 

All experiments described in this paper were run on two-dimensional flow cells as 
shown in Fig. 1 .  Constructed of Plzxiglas and sealed with silicon glue, these flow cells 
allow flow across the experimental iiiedium to be maintained at  a constant rate 
(constant flux inflow and constant hydraulic head outflow). The fluid was added to 
the inflow reservoir using a peristaltic puinp, and outflow was maintained at  a 
constant hydraulic head through use of a constant head overflow. The inflow 
reservoir was mixed during tracer introduction, whereas the outflow reservoir was 
mixed throughout the experiment. All sampling of outflow was performed from the 
outflow niixing.loop. The combined volume of the outflow reservoir and mixing loop 
was minimized to niininiize dilution within this reservoir. Tests of the mixing within 
this reservoir demonstrated that it had minimal effect on the recorded outflow 
concentrations. 

The experimental media were constructed between the soil screens. All experimen- 
tal media were constructed of technical quality glass beads. Glass beads were selected 
for this initial study to allow control over placement and characterization of hydraulic 
parameters and to reduce uncertainties in the interpretation of results which might be 
related to irregularities in the geometry of individual grains. Three size ranges were 
used for most experiments: (1) 5-7 mesh (2.8-4.0 mm), (2) 8- 12 mesh (1.7-2.36 mm), 
and (3) 16-20 mesh (0.85-1 .OO mm). The saturated hydraulic conductivity of each of 
these bead sizes was measured through a simple Darcy experiment and determined to 
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Fig. 1 .  Flow cell design. As shown, flow goes from right to left. Inflow is controlled through constant rate 
injection. Outflow is controlled through constant head overflow. The inflow reservoir has a nlixiay loop to 
allow introduction-mixing of tracer within this reservoir. The outflow reservoir has a mixing loop to allow 
collection of sample with average outflow concentration. Interior dimension of the soil compartment is 
approximately 4.8 cm (width) by 13.5 cm (height) by 35 cm (length parallel to flow). 

be 1.20 cin s-', 0.90 cm s-', and 0.54 cm s-I for the 5-7 mesh, 8-12 mesh, and 16-20 
mesh, respectively. Henceforth in this paper, these media will be referred lo as coarse . 

(5-7 mesh), medium (8-12 mesh), and fine (16-20 mesh). It is noted that these three 
sizes would all be considered relatively coarse in normal soil classification schemes 
(ie. all would be considered saiids or gravels). 

Packing was performed with the top wall of the cell removed. The glass beads were 
added in thin (less than 1.0 cm) layers with the glass beads poured through approxi- 
mately 1.0 cin of water. Packing was guided by predesigned arrangement of the 
media, to produce a heterogeneous porous medium with appropriate flow 
properties. Where the inedium was complex, MODFLOW (McDonald and 
Harbaugh, 1988) was used to analyze the flow field, thus guiding iiiediuni design 
and post-experiment sampling. Short circuiting along the top wall of the cell was 
prevented through addition of a square plastic lattice along this wall (see Fig. 1). 

Except where noted, the fluid used for packing was reverse osmosis (RO) water 
modified with sodium chloride to match the density of the latex particles used as 
tracer (density of latex particles, 1.05 g cmU3). All water required for an experiment 
was prepared ahead of time, to insure uniform density throughout the experiment. 

As noted in the previous paragraph, the primary tracers used in this work were 
latex particles in various size ranges between 2 and approximately 30 pm. This size 
range was selected both to reduce the influence of diffusion on the particle path and to 
allow samples to be analyzed with the equipment available in our laboratory 
(currently liniited to a 400x trifocal microscope). Mixtures of these particle sizes 
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were suspended in a sinal1 quantity of the previously prepared water a d  thcii 
injected-mixed into the inilow reservoir. Piior to introduction or the latcx 
paiticles, a dye tracer was used for each packing to allow visual illspection of the 
transport routes taken by the flow and to check for ally ‘short circuits’ along tlic: walls 
of die flow ccii. The dye tlaici also ailowcd iisual iiispLtioii of nlixlng iu tliz iiilluw 
and outflow reservoirs. 

A number of different media packiiigs were investigated. Four packings, as shown 
in Fig. 2, were selected for presentation here, to offer insight into difkrziit transport 
pathways. The first design involves a simple layered system with flow parallcl to 
layers. The second design contains approximatzly the same percentage of coarse, 
iiudiuni aiid h i e  glass beads as in the Gist packing, but packed in slanted layers. 
The thiid design consists of a variation on a simple layer containing a non- 
horizontal layer and two inclusions. Only the coarse aiid medium glass beads were 
used in this design. The fiiial design involved a relatively complex heterogeneity 
containing a iiuiiiber of contacts between glass bead sizes. This design resulted in a 
flow field for which no flow line could cross the medium entirely within the coarse 
glass beads. 

Each experiment was run through the following steps: 

(1) The flow cell was packed and sealed. 
(2) Flow was established by injecting into the inflow reservoir at a constant rate and 

maintaiuing the outflow reservoir at  a constant head. 
(3) A short pulse of dye was introduced to the inflow reservoir. If the dye indicated 

short circuiting around the edges of the flow cell, the experiment was terminated and 
the cell repacked. 

(4) After the dye was flushed from the entire length of the experimental medium, 
particles were added to the inflow reservoir and allowed to eiiter the medium for 
approximately 20-30 min (varied by experiment). The inflow reservoir was then 
flushed with water without particles, thus creating a ‘pulse’ of particle tracer. 

(5) After a number of pore volumes had passed through the experimental medium, 
flow was terminated. 

(6) The iiiediuni was then destructively sampled (cores of glass beads and the pore 
fluid were collected). The volume of an individual core was approximately 8 ern'. 

Outflow and destructive samples were counted using a standard trifocal 
microscope at magnification 400x. Counting was performed in Sedwish-Raptor 
cells. To  reduce the time required to complete individual counts, the counts were 
divided into two discrete size ranges (rather than attempting to create histograms 
over a number of size ranges). The two sizes were particles less than 7.0 pm (7.5 p m  in 
two of the experiments) and particles greater than 7.0 pm. This size (7.0 or 7.5 pm) 
was selected based on a natural break in the size distribution of the source of particles 
used. 

One concern which was noted with respect to the outflow counts was that the 
outflow reservoir had a non-negligible volume. As a result, outflow from the medium 
was mixed (and diluted) with the water in the outflow reservoir. The influence of 
mixing within the outflow reservoir can be estimated through a simple mixiiig model. 



Media Pattern #I: Simple Layers 
Media Pattern 113: Simple Heterogeneity 

Media Pattern y2: Slented Layers Medie Pattern Y4: Complex Heterogeneity 

Fig. 2. Four heterogeneous distributions of glass beads discussed in the present paper. Although additional media have been examined, the results from these 
four designs provide insight into the general results obtained to date. The white regions represent the large glass beads (K = 1.20 cms-I), the dotted regions 
represent the medium glass beads (K = 0.90 cms-’), and the dashed regions represent the small glass beads ( K  = 0.54 cms-I). In all packings shown, flow went 
from left to right. 
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For the experimental dcsigii utilirxd and the flow ratzs used in ea& of ille qxii i i icnts  
discussed bdow, the diil'ereiice bztwecii outflow counts lioni the iiiediuiii and outlluw 
counts fiom the reservoir were shown to be insignificant. As a i w l l t ,  all couilts 
ieported below ale outIlo\v C ~ U I I L ~  fluii1 tlic iLbervuir w i h u t  GuiidLLluLl LI 1 l i t  

mixing voiumz. 

3. Results 

3.1. Packing 1 

The particles appearing in the outflow reservoir for the experiment involving flow 
parallel to layers resulted in a relatively smooth breakthrough curve with little evi- 
dence of tailing. Further, there was little separation by size observed for the outflow 
results in this experiment, and the percentage of particles greater than 7.5 pm in the 
outflow was approximately equal to that in the tracer source. The outflow break- 
through curve is shown in Fig. 3(a). The breakthrough curve separated by particle size 
is shown in Fig. 3(b). The voluriietric flux for this experinient was 3.6 in1 min-' and 
the source concentration was approximately 400 000 particles ml-I. 

A number of particles were deposited within the medium during this experiment, 
with the concentration of deposited particles declining with distance from this reser- 
voir. Fig. 4(a) shows the particle counts per milliliter for several locations within the 
glass beads. Further, although there was no discernible separation of particle size in 
the outflow counts (as noted above), there was a distinct pattern of separation within 
the destructive samples. Specifically, as shown in Fig. 4(b), the percentage of particles 
less than 7.5 pin increased with distance from the i d o w  reservoir. 

3.2. Packing 2 

The outflow concentrations for the slanted layers were significantly less than those 
observed when flow was parallel to layers. As illustrated in Fig. 5 ,  the concentration 
never exceed 700 particles id-'. The flow rate through the medium was approxi- 
mately 2.9 ml inin-' with an inflow particle concentration of approximately 
250000 particles ml-'. Nearly all particles observed in outflow samples were of a 
size less than 7 pm. 

As the number of particles appearing in the outflow reservoir was relatively low for 
the second packing, it was not surprising that the number of particles deposited within 
the medium was high relative to the first packing. In addition to higher numbers of 
deposited particles, there was also a significant change in the distribution of the 
deposited particles for this experiment (as compared with the first packing). As 
shown in Fig. 6, there is a distinct increase in the concentration of particles at 
several locations along the contacts between the coarse and the medium glass beads, 
and again along the contact between the medium and the fine glass beads. Further, 
the concentrations of particles along these contacts are significantly higher than 
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Fig. 3. Particles per milliliter recorded in samples collected from the outflow reservoir for the first medium 
design (simple layers with flow parallel to layers). (a) Total particle counts; (b) counts separated by size 
(over 7.5 prn and under 7.5 pm). 

those observed at any location in the first packing despite the lower source 
concentration. 

As with the result for Packing 1,  the percentage of particles which are considered 
small (in this case less than 7 pm) increases significantly with distance from the inflow 
reservoir. As shown in Fig. 6(b), these results indicate that the deposited particles are 



(b) 
Fig. 4. Particles in saniples removed from glass beads after termination of simple layer experiment. Counts 
are in the pore fluid after the sample was vigorously shaken in sample bottle. (a) Total counts (hundreds of 
particles per milliliter); (b) per cent counts less than 7.5 pm (source contained approximately 70% particles 
less than 7.5 pin). 

underrepresented in the small particles (i.e. the percentage of deposited particles of 
size less than 7 pm was less than the percentage of particles of size less than 7 pm in the 
tracer source) near the inflow reservoir. 

3.3. Packitig 3 

Significant numbers of particles were observed in the outflow reservoir during the 
experiment run on the third packing. As shown in Fig. 7(a), the counts were com- 
parable with those obtained in the first packing. The flow rate for this experiment was 
4.7 ml nlin-' and the inflow concentration was approximately 350 000 particles ml-' . 
As with the results for the first packing, there was little separation of the outflow 
counts by size (see Fig. 7(b)). The only point which showed a significant deviation 
from the distribution in the inflow was the point at 220 min. It is not known whether 
this point represents an error in counting or a behavior unique to this latter portion of 
the breakthrough curve. 

The particles deposited within the medium once again show general increases on 
the upstream side of layer contacts and relatively high counts near the inflow reservoir 
(see Fig. 8(a)). A specific exception to this pattern is the high particle count (approxi- 
mately 43 000 particles ml-l) upstream and above the medium glass bead lens. At 



10000 

8000 - 

6000 - 

4000 - 

2000 - 

T h e  (Minutes) 

Flow Hate = 2.9 rnl/mln 

O D D  
o*- ~ m .  I rn I .r I 

0 100 2 0 0  300 4 00 500 

Fig. 5. Particlcs per milliliter recorded in samples collected fonn the outflow reservoir for the second 
medium design (slanted layers). Owing to low number ofcounts, outflow counts arc not separated by si=. 

present, the reason for this high concentration has not been determined. However, 
experimental error is a possibility. 

For this experiment, the percentage of deposited particles with a size less than 7.5 
pm tended to increase with distance from the iiiflow reservoir. As showii in Fig. 8(b), 
the increase is particularly apparent in regions where klow passes from the large into 
the medium glass beads. The deposited particles are generally underrepresented in 
particles less than 7.5 pm. 

3.4. Packing 4 

Particle counts in the outflow reservoir for the fourth packing were generally low. 
As shown in Fig. 9, the counts were consistently less than 1000 particles ml-' (for a 
flow rate of approximately 2.7 ml min-' and an  inflow particle concentration of 
approximately 350 000 particles ml-I). As with the slanted layer medium, the 
majority of the outflow counts were of size 7.0 pm or less. 

The distribution of deposited particles within this last packing was relatively com- 
plex. As shown in Fig. lO(a), the particle counts tended to reflect the structure of the 
medium. Particular details of interest in this rather complex result are the h g h  
particle counts in the region near the inflow (labeled 'A' in the figure) where flow 
went from medium glass beads into the fine glass beads, and in region near the bottom 
(labeled 'B' in the figure) where flow welit from the coarse into the medium and fine 



pt,- 
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Fig. 6. Particles in sa~nples removed from glass beads after termination of slanted layer experiment. Counts 
are in the pore fluid after the sample was vigorously shaken in saniple bottlc. (a) Total counts (huudreds of 
particles per milliliter); (b) Per cent counts less than 7 pn (source containcd approximately 72% particles 
less than 7 pm). 

glass beads. In both of these regions, high particle counts coincide with regions where 
water flows across a contact from larger glass beads to smaller glass beads. 

Despite this significantly mofe complex structure of the distribution of counts of 
deposited particles, the general trend in particle size distribution is once again for the 
percentage of small particles to increase with distance from the inflow reservoir and 
for the counts generally to be underrepresented in sniall particles near the inflow 
reservoir. These results are shown in Fig. 10(b). 

4. Analysis of results 

4.1. Preferred patlzwajis 

Analysis of the results for the simple layers and the simple heterogeneity indicates 
that the observed outflow curves are consistent with particle’ transport occurring 
primarily within the coarse glass beads. For the experiment in which the medium 
was layered parallel to flow, one can estimate the volume of flow moving through each 
of the three layers (assuming no vertical communication between layers). Using the 
dimensions for the system shown, it is estimated that approximately 0.93 ml mh-’ is 
being transported through the coarse glass beads. Given the layer thickness of 1.5 cm, 
width of the flow cell of 4.8 cm, a flow distance from inflow to outflow of 
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- (b) 
Fig. 8. Particles in samples removed from glass beads after termination of experiment on simple hetero- 
geneity. Counts are in the pore fluid after the sample was vigorously shaken in sample bottle. (a) Total 
counts (hundreds of particles per milliliter); (b) per cent counts less than 7.5 p i  (source contained approxi- 
mately 50% particles less than 7.5 pni). 

approximately 35 cm, and an assumed porosity of 307'0, the travel time rroln inflow to 
outflow is estimated to be approximately 84 min. This agrezs well with the calculated 
center of mass of approximately 80 niin based on the observed outflow curve. Travel 
time in the nicdiuni glass beads is estimated to be approximately 110 min and travel 
time in the fine glass beads is estinialed to be 400 min. No obvious secondary peaks 
were observed at  these later times. 

A similar analysis on the simple heterogeneity provides an estimate of travel time 
in the coarse zone of approximately 130 miii as coinpared with an observed center 
of mass of slightly greater than 120 min. As shown in Fig. 7(a), there is evidence 
of a lower secondary peak after 150 min for this experiment. Based on the 
distribution of particles remaining within the medium after the experiment, it is 
believed that this secondary peak is related to flow around and through the 
inclusions within the coarse layer rather than flow directly through the layer of 
medium glass beads. 

Based on these two analyses, it would appear that the primary route for particles 
from the inflow reservoir to the outflow reservoir is through the coarse glass beads. 
This hypothesis is further supported by the results from the complex heterogeneity 
and the slanted layers. In the slanted layers, few particles traversed the medium 
despite a direct path through the fine glass beads. In the complex heterogeneity, 



4000 4 i 

2000\ ,m , 13 ? a , I3. ~ . ] 
0 
0 100 200 300 400  

Time (Minutes) 

Fig. 9. Particles per inilliliter recorded in samples collected from the outflow reservoir for the fourth iiiedium 
design (complex heterogeneity). Owing to low nunibcr of counts, outflow counts are not separated by size. 

few particles reached the outflow reservoir despite the presence of direct flow routes 
through both the medium arid fine glass beads. 

4.2. Deposition at contact surf'ices 

The results presented indicate that deposition of particles is enhanced in regions 
surrounding coiitacts between different-sized glass beads. For example, particle 
counts in the slanted layers (Fig. 6(a)) indicate that the concentration of particles 
deposited within the medium in the regions immediately surrounding tlie coiitacts 
between layers is significantly higher than the coiiceiitration observed in situations 
where flow is parallel to layers (e.g the results for Packing 1 shown in Fig. 4(a)). 
Further, these counts are higher than those observed inunediately down flow from 
these contacts and in the regions nearer the inflow reservoir. This result implies 
concentrations of the particles at the coarse-medium glass bead contact and at the 
medium-fine glass bead contact greater than would be expected in any of these media 
in the absence of a contact. This increase occurs despite the fact that some particles 
are capable of moving beyond these contacts (as evidenced both by the particle 
deposited downstream of this contact and the particle counts in the outflow). 
It is clear that this contact has a dramatic effect on the number of particles 
reiiiaiiiing within the glass beads in this region. It may also be significant that tlie 



Fig. 10. Particles in samples removed from glass beads after termination of experiment on complex 
heterogeneity. Points A and B illustrate regions of high counts associated with flow crossing a contact 
between diKerent-sized glass beads. Counts are in the pore fluid after the sample was vigorously shaken in 
sample bottle. (a) Total counts (hundreds of particles per milliliter); (b) per cent counts less than 7 pn 
(source contained approximately 55% particlcs less than 7 pm). 

concentration of deposited partizles is not uniform over the contacts between glass 
beads. 

Similar observations regarding the influence of contacts are supported by the two 
heterogeneous media. Review of die results for the simple hetcrogeneity niedium (Fig. 
S(a)) shows an iiicrease in particle counts upstrean1 of both inclusions (consisting of 
medium glass beads). Review of the results for the more complex heterogeneity (Fig. 
lO(a)) also shows significant increase in particle counts at  contacts between glass bead 
sizes. In particular, the region labeled A in Fig. lO(a) shows high particle counts in a 
region where flow moves from the medium-sized glass beads into the small glass 
beads. A similar observation is made for the results from the region labeled B 
where flow moves froin the coarse glass beads into a region consisting of medium 
and fine glass beads. 

It is interesting to consider whether these results are consistent with mechanisms of 
adsorption and/or straining. As noted by Harvey and Garabedian (1991) and Harvey 
et al. (1993), an inverse relationship between the immobilization of a particle and the 
size of the particle is indicative of sorptive behavior, whereas a direct relationship is 
indicative of a straining type of behavior. The results obtained when flow was parallel 
to layering (Packing 1 )  and when flow was allowed to pass through a large region of 
coarse glass beads (Packing 3) showed little separation by particle size in the outflow 





mixccl miie ul' the iiicclia contacts leads LU physical strailling within thzse pores. 
Specifically, i t  is envisioiied that sorption iiiay lead LO depusition of particles along 
the surface of the glass beads. In regions where tlie pore throais are relativzly siiiilll, 

such sorptivc behavior may lead to significant reductioii in tlic cflcclive pare diaiiiztzr 
(equivalently, die sorbed particle elkctivcly becomes a solid within the mzdiuni). 
Because of the reduced pore diameter, the probability or bridging across the pore 
(or straining of a single particle) is increased, thus leading to enhanced deposition. 

This conceptualized exylaliation of the behavior at  the interlaces appears lo be 
consistent with arguments in filtration theory. Rajagopalan and Tien (1979, for 
example, demoiislrated that the filter coefficient (effectively the rate constant for 
the reduction in conceiitialioii of particles in the fluid phase) increases with the 
specific deposit, o, for sniall values of o. The specific deposit, 0, was defined by 
these workers as the ratio of the volume of particulate matter deposited within a 
sediment sample to the volume of the sample. As the volume of the latex particles 
used in the presziit work represents only a sniall fraction of the total volume of the 
core samples, the result reported by Rajagopalan and Tien would iiidicate that the 
deposition rate will illcrease as the volume of deposited particles increases. As a result, 
in a region where sorption might lead to increased straining (such as tlie layer con- 
tacts), one could argue that the local increase in o will lead to an increased filter 
coefficient (which, in turn, will further increase a). 

This hypothesis leads to a secondary hypothesis regarding reversal of the flow field. 
Given the present media and particle sizes, one could argue that sorption is likely to 
be the primary mechanism of deposition in a honiogeneous packing of the coarse 
beads. Further, no noticeable release of particles occurred following passage of the 
tracer front in .the previous experiments. Therefore, one could argue that if How is 
reversed in a homogeneous packing after the coinpletion of the breakthrough of the 
particles to the outflow reservoir, few particles will be released to the inflow reservoir. 
If, however, the medium consists of flow across a siiiiple series of layers (as shown in 
Fig. 1 l) ,  then sorption and straining should occur in the region of the layer contacts. 
In this case, reversal of flow after completion of the breaktlirough curve to the outflow 
reservoir might lead to transport of particles held by straining back to the inflow 
reservoir. 

To check this second hypothesis, a series of experiments in homogeneous and 
layered media was completed. In each of these experiments, a standard particle tracer 
test was conducted to the point where no additional particles were observed in the 
outflow reservoir. At this point, the flow direction was reversed (the magnitude was 
held constant) and samples from what had been the inflow reservoir were taken. No 
destructive samples were collected. In the case of How through a homogeneous 
medium consisting of the coarse beads, very few particles were observed in the inflow 
reservoir following reversal of flow. On the other hand, when the experiment was 
conducted on the medium shown in Fig. 11, reversal of flow led to observation of a 
number of particles in the inflow reservoir. Although this experiment was run 
qualitatively rather than quantitatively (hence actual numbers are not reported), i t  
was felt that this outcome provided support of the argument that straining contri- 
buted to particle deposition at the contacts. 



Fig. 1 1 .  Experirnen tal medium in which How moves perpendicular to layers. Experinicnt involves running a 
particle tracer test froin left to right across the medium. Upon completion of the experiment, flow is reversed 
to move from right to lcft and the reservoir on the left is sampled for particles being transported back to this 
location. The white regions represent the large glass beads (K = 1.20 cms-I), the dotted regions represent 
the medium glass beads ( K  = 0.90 cms-I), and the dashed regions represent the small glass beads 
(K = 0.54 cms-I). 

5. Conclusions 

In this paper, a series of two-dimensional experinients have been presented which 
demonstrate the roles played by high-permeability zones and media contacts in 
particle transport and particle deposition. It is argued that particles which success- 
fully crossed these experimental media were transported primarily along flow paths 
passing entirely through the coarse glass beads. Further, although particles were 
deposited generally throughout the experimental media, the concentration of 
deposited particles was significantly higher in the region of contacts where flow 
moved from a region coiisisting of one size glass b e d  into a region dominated by 
smaller glass beads. It is aiiticipakd that this increased rate of deposition at the 
contacts results from a combination of sorption and straining. 

These results are in general agreement with previous efforts by such workers as 
Harvey et al. (1993) and Powelson et al. (1993) in that preferred (high-permeability) 
pathways played a key role in advancing particles through the flow field and that 
media coiitacts represented regions of increased deposition. In comparing our efforts 
with those reported by Harvey et ai. (1993), it would appear that our results are more 
consistent with the laboratory portion of that study. In particular, the relative reten- 
tion of particles in these experiments (large particles being retained in preference to 
small particles at short flow distances in the complex heterogeneity and slanted layers) 
were consistent with the laboratory results of Harvey et al. (1993), but inconsistent 
with their field results. As suggested by those workers, the laboratory results are more 
indicative of straining as a primary mechanism. This suggestion is consistent with the 
argument presented here that straining becomes a significant mechanism at the 
contacts between different-sized glass beads. That straining could be significant for 
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bacteria under cei tdin field cundiiions has bee11 suggested Ly Ilarvey and Garabcdidn 
(1991). 

It must be stressed that ihcst: lesults bhould be extended to particles of ollier sizcs 
only with caution. As iioted by otlier workers (e.g. Rajagoplan and Tieii, 1973), tlie 
lnechallisnis gdwinhg transport ol' latex spheres of siZe 2-90 pin are dillerent l r ~ n  
those goveriiing transport of latex spheres of size less than 1.0 pni. Further, as noted 
in the work of Bower (1986) and Harvey et al. (1989, 1993), latex spheres will interact 
with tlie medium in a different fashion than will bacteria. Hence, the relative magni- 
tude of the different mechanisms influencing particle transport (e.g. sorption, strain- 
ing, motility, density segregation, etc.) and the characteristics of the specific particle 
being transported (relative to the surface chemistry of the medium) must be coii- 
sidered in extending the results of this (or other) studies to new media and/or other 
particles. 
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Sample support in a single fracture: Considering the definition 
and control of the support of a water sample 

Stephen E. Silliman 
Department of Civil Engineering and Geological Sciences, University of Notre Dame, Notre Dame. Indiana 

Abstract. Defining and controlling the support of a field 
measurement (the volume or area over which the measurement 
is averaged) are critical components of statistical and/or 
geostatistical analysis of a data base. For the present study, 
the seemingly simple task of collecting a water sample from a 
single fracture is used to illustrate potential difficulties in 
defining and controlling the support o f  that sample. Two 
definitions of sample support are considered for this problem. 
First, one could argue that the support is equal to the volume o f  
water collected. Second, one could argue for a support defined 
in terms of the area of the fracture surface contacted by the 
water collected. Collection of water samples with constant 
volume is relatively straight forward in a field situation. 
Collection of a water sample which involves contact with a 
specified area of the fracture, however, is not as straight 
forward. In the case of negligible regional flow, a constant 
sample area can be approximated by requiring that the sample 
volume collected be linearly proportional to the locally 
averaged aperture (thus requiring an independent measure of the 
local aperture). In the case of regional flow with continuous 
sampling. a constant area within each sample can  be 
approximated by matching the up gradient width of the capture 
zone of the sampler (thus requiring knowledge of the local 
aperture and hydraulic gradient). These examples illustrate 
how difficult it may be to define and control the support for 
even these simple measurements. Further, they illustrate that 
the choice of support may be closely related to the purpose for 
which the measurement is collected. Additional attention to 
the problem of defining / controlling sample supports has the 
potential to pay substantial dividends in the areas of scaling 
and field design / analysis. 

Introduction 
Knowledge of the support of an individual measurement 

(where support refers to the volume or area over which the 
measurement is averaged) within a sampling protocol can be 
important for full characterization of the data set generated. 
While techniques are available in the geostatistical literature 
for dealing with variable support, collection of samples with 
consistent support often simplifies the generation of spatial 
and/or temporal statistics. Further, recent work by other 
authors has shown the importance of interpreting the support 
volume of  individual samples in order to correctly interpret 
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model development (e.g., Cushman, 1986) or scaling 
relationships (e+, Neuman, 1990). 

In the present paper, the variation in support volume for 
two simple field methods is presented. These two case 
examples are utilized to illustrate some of the difficulties one 
might encounter in defining and controlling the sample 
support of a particular measurement. Specifically, focus is 
placed upon how one might define different supports for the 
same measurement and how, through manipulation of field 
techniques, one might reduce variability in the support for a 
set of measurements. 

These two case studies are intended to be simple examples of 
t h e  complex problem of defining / controlling sample 
support. It is anticipated that consideration of the support will 
become increasingly important as studies of scaling relations 
in fracture media, similar to those considered by Neuman 
(1990) and others for porous media. are pursued. 

The Support of a Chemical Sample 
Both case studies discussed below are based on the sample 

support of a water sample collected from a single fracture for 
the purpose of characterizing some aspect OF chemical quality 
or chemical interaction (e.g. delineation of a contamination 
plume or characterization of adsorptive behavior). In both 
cases, it is assumed that the water sample is collected via fluid 
withdrawal from two or  more wells and/or piezometers. 
Further, it is assumed that the rock matrix is effectively 
impermeable such that the water sample is derived entirely 
from the fracture. The primary question addressed via these 
case examples is whether the support of the chemical sample 
can be defmed and adjusted through consideration of the field 
procedure. 

The support of a water sample, in this situation, may be 
viewed via at least two d e l i t i o n s .  In the first. the support is 
defined as'being equal to the volume of water withdrawn from 
the fracture. This is the support which is commonly utilized in 
field procedures based on sampling either at a constant rate of 
withdrawal (for continuous sampling) or with 3 constant 
volume sample collected at each discrete sampling period (for 
sampling at discrete time intervals). This support may be 
justified, for example, by arguing that the each sample should 
represent a similar percentage of the regional flow. 

In the second definition, the support is equal to the area 
within the fracture plane from which the sample was withdrawn 
(herein termed "area of coverage"). This support might be 
justified, for example, through an argument that this support 
will provide consistent numbers in terms of water / rock 
interaction. 

Certainly, one could argue with the details of either of these 
definitions. The point here is not to select one over the other, 
but to illustrate the ramifications of having more than one 
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possible definition of support and the need to adjust field 
procedures to select between these definitions. 

Practical Aspects of Sampling: Negligible 
Regional Flow 

The difference between these two definitions, and the impact 
of the defhition selected on sampling strategy, are developed 
through two case examples. T h e  f i s t  case considered is the 
problem of collecting a series of discrete chemical samples 
from boreholes penetrating a single fracture. For this case, the 
rezional flow rate is considered negligible and the aperture is 
assumed to vary spatially. 

The technique employed to collect these samples will 
depend on a number of factors such as the diameter of the 
boreholes and the equipment present at the field site. For the 
present discussion, it is assumed that straddle packers are used 
to isolate the fracture within a borehole with a 5 centimeter 
radius. I t  is assumed further that the separation distance 
between the straddle packers is 25 centimeters. Under these 
circumstances, there is approximately two liters of dead 
volume between the straddle packers (Figure 1). 

Prior to collecting a sample. one might argue that the dead 
volume between the straddle packers needs to be removed. 
Assuming for the sake of this example that removal of a single 
dead volume is sufficient, it is concluded that this field set up 
requires a minimum of two liters to be removed from the 
fracture prior to collecting the chemical sample. 

The two supports discussed above are now considered for 
two locations within this fracture. In the first location, it is 
assumed that the local aperture is approximately constant with 
an average of 0.1 mm. In the second location, it is assumed 
the locaI aperture is once again approximately constant, but 
the separation between the walls of the fracture is reduced to an 
average of 0.05 mm. 

When the first definition of  the support (the support is equal 
to the volume collected) is used, the sampling strategy at these 
two locations within the fracture are identical. Specifically, a 
constant volume (with a minimum of two liters) is pumped for 
each sample collected. 

When the support of the sample is based on the area of 
coverage, sampling strategy varies with the local aperture. To 
simplify the presentation of this example, the assumptions 
that regional flow is negligible and the fracture aperture is 
constant are invoked. Under these assumptions, flow is 
symmetric around the borehole from which the sample is 
withdrawn, and the area of fracture from which the sample is 
collected will be a circle centered on the borehole. For the 
smaller aperture (0.05 mm) with a pumped volume of two 
liters, the area of coverage is 400,000 square centimeters. 
This provides a radius of coverage of approximately 360 cm 
(3.6 meters). If the same quantity is withdrawn from the 
borehole in the region of the larger aperture (0.1 mm). the area 
of coverage would be reduced to approximately 200,000 square 
centimeters (radius of 2.5 meters). In order to obtain the same 
radius of coverage (3.6 meters), four liters would need to be 
removed from this borehole. 

For this case, then, variation in the definition of the 
support leads to variation in sampling strategy in the field. 
Specifically, utilizing the area of coverage as the measure of 
the support, one would need to adjust the sample volume as a 
linear function of  the average aperture in the immediate 
vicinity of the sampling borehole. As this adjustment requires 
an estimate of the local aperture, utilizing area of coverage as 
the support will lead to the requirement that the aperture be 
estimated (e.g. through a slug test) prior to conducting 
sampling. 

Practical Aspects of Sampling: Uniform Regional 
Gradient 

The second case study, shown in Figure 2. involves a 
fracture with a spatially constant hydraulic conductivity (and 
aperture). A borehole is installed at the center of this flow 

Vertical Cross-Seclion Through Borehole 
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25 centimeters 

- Figure 2: Schematic representation of regional flow in a 
single fracture subject to continuous local pumping. For this 
study, it is assumed that the left and right boundaries of the 
fracture are maintained at constant heads and that the upper and 
lower boundaries are subjected to no flow boundary conditions. 

Inte;section 
W i t h  Borehole IO centimeters 

Figure 1: Simple schematic of a strsddle packer system for 
sampling from a single fracture. The volume between the 
psckers is here considered "dead volume". 
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field and is pumped at the constant rate of 0.1 liters per minute. 
The borehole is open only to the fracture. The flow field is 
considered to be at steady state with respect to the boundary 
conditions shown in Figure 2. In this case, the relationship 
between the width of the capture zone (for the borehole) and 
the fracture aperture is considered. 

The width of the capme zone at the upstream boundary is a 
function of the transmissivity of the fracture and the boundary 
conditions. The probIem shown in Figure 2 is analyzed 
through use of MODFLOW (McDonald and Harbaugh, 1988) in 
combination with MODPATH (Pollock, 1989). In the case 
where the support is based on a constant volume of fluid 
removed and the boundary conditions are as shown in Figure 2, 
the capture zone will vary with transmissivity (or aperture) 
within the fracture in a fashion similar to that shown in Figure 
3. As expected, an increase in the transmissivity leads to a 
reduction in the width of the capture zone. It is of interest to 
note that the width of the capture zone is negligible for 
transmissivities above approximately m2/s. 

When the support volume is defined via the area of contac4 
it is clear, based on figure 3, that a single pumping rate from 
the borehole will not provide the same contact area for 
different apertures. Adjustment of the sampling design to 
account for this difference in the sample geometry is not as 
simple as in the case where regional flow was negligible. The 
problem becomes one of matching the ratio of the regional 
flow to the pumping rate at the borehole for every sample 
location. In this case, then. maintaining a constant support 
area will require knowledge of the transmissivity (or aperture) 
and the hydraulic gradient in the vicinity of the borehole. 

It might be noted that this case study becomes significantly 
more complicated if the aperture varies as a random field. h 

this case, it is likely that a constant area of coverage could be 
realized only in a statistical sense (e.g., a constant expected 
value for the area of coverage). 

Discussion 
These two case studies are intended to demonstrate the 

difficulty one might encounter in  defining the support of a 
sample and then ensuring that the support among a group of 
samples is nearly constant. While one might argue as to 
which, if either, of these supports (volume versus area) is more 
reasonable for a particular sampling scenario, the point here is 
that consideration of the support of a given measurement (both 
in terms of defining the most appropriate support and in 
determining the support for a given measurement) should 
receive increasing consideration. 

While these examples involved relatively simple analyses 
of support, such characterization techniques as hydraulic 
testing, tracer testing, ground penetrating radar, and interhole 
geophysical methods will involve supports which are more 
di€ficult to define and which involve relatively complex 
modeling efforts to quantify. In these situations, as in all field 
sampling, consideration of support should be directly related 
to the potential application of the data. Significant efforts at 
defining and quantifying sample support may pay substantial 
dividends in terms of reduced uncertainty within a data base, 
simplification of  data analysis, and, potentially, increased 
utility of a data analysis. Such efforts are particularly 
important when issues of scaling are addressed through use of 
field data. 
Acknowledgments: This work was partially supported by the  
Subsurface Science Program, U.S. Department of Energy, under con- 
tract number DE-FG02-92ER61403. 
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Abstract 

The present study involves transport experiments in a three-dimensional, heterogeneous 
porous medium. Latex particles aud chloride are utilized as tracers in an artificially con- 
structed porous medium consisting of a heterogeneous mixture of glass beads. Data collected 
include chloride breakthrough, particle breakthrough, and particle concentrations remaining 
within the medium (determined through destructive sampling at the end of the experiment). The 
chloride breakthrough curve showed substantial dispersion, an indication of mixing among a 
number of different flow lines (the mixing occurred in the outflow reservoir). The outflow 
counts of latex particles showed that particles were successfully transported across the length 
of the medium. The destructive saniples showed a complex distribution of particles remaining 
within the medium which was correlated with the structure of the medium, particularly with the 
high-permeability pathways. Comparison of the results from this experiment with results from 
previously published results from iwo-dimensional media demonstrate that the successful 
transport of particles across the medium is a direct result of connectivity of high-permeability 
paths in the third dimension. This observation is consistent both with the distribution of 
trapped particles and with numerical analysis of the flow field. 

1. Introduction 

A number  of researchers have demonstrated the impor tan t  role of hydraulic 
heterogeneity on chemical and/or  particle t ransport  in saturated porous media.  
Schwartz (1977), for example, utilized numerical analysis of a random conductivity 
field to  demonstrate  the  relationship between mechanical dispersion a n d  spatial 
variations in hydraulic conductivity. This  early work  of Schwartz has been extended 
by a number of workers to provide a framework from which to understand the 
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relatioiiship betwceii sp;itial variation (e.g. corrclation structure) in the hydraulic 
conductivity and/or pore water velocity and the rate of spread of a tracer iiioving with 
the pore fluids ( e g  Gelhar and Axness, 1983; h g d l l ,  1988; Neulnan, 1993). 

These theoretical efforts have been supported by a nuinber of expel-iniental studies, 
iiiduding wcirk with butli clieiiiical and particulate tracers (bactcria, viruses, culluids, 
and sq’iithetic particles). Sillinian arid Sinipson (1987), for exaniplz, coiupleted labora- 
tory ell-01-1s 011 sand niedia iiiodclrd aftel. tlie work of Schwartz (1977). These workers 
sliowed the dcpcndence of the dispersivity on the pattern of the lieterogenzity presznt, 
and documentzd that a scale effect on tlie dispersivity could occur owing to physical 
heterogeneity. Sudicky (19SG) and Mackay et ai. (1986) discussed transport studies at  
the Bordeii site. Sinilarly, LeBlilnc et al. (1991) provided data from a natural gradient 
test at  tlie Cape Cod site. In both of these significant field efforts, experiments led to 
the observalioii that hydraulic: lieterogenzity had a major influence on tlie transport 
process. Harvey et al. (1993) worked under both laboratory and field conditions to 
compare tlie trailsport oC a conservative chemical tracer, injected bacteria and latex 
spheres. Ainong tlie results discussed by Harvey et al. was the important influence of 
physical heterogeiieity 011 the transport processes governing the iiiovenient of these 
tracers. Similarly, Powelson et al. (1993) demonstrated the importance of heteroge- 
neity on particle migration. Following tlie transport of viruses during infiltration 
experiments, these workers demonstrated that viral transport was enhanced by the 
presence of preferential pathways, and further suggested that these pathways are 
related to the layered structure of the porous medium under study. Finally, Sillinian 
(1995-henceforth termed tlie ‘earlier paper’) completed a series of experiinen ts on 
two-dimensional heterogeneous media utilizing latex particles as tlie tracer, and 
demonstrated close correlation between the forin of the physical heterogeneities 
and the transport-trapping behavior of the particles. 

These theoretical and experimental studies have clearly illustrated the importance 
of physical heterogeneity in the traiisport of chemicals and/or particles. Iu addition Lo 
this focus on heterogeneity, there has bcen growing interest in the role which the 
physical diiiiension of the medium plays in the flow and transport processes. A 
number of workers have provided theoretical insight into the influence of dimension 
on fluid flow. Bakr et al. (1978), for example, compared fluid flow in one-dimensional 
media and three-dimeiisional media, demonstrating that the variance of the predicted 
hydraulic‘ head at  a point is strongly dependent on the dimension of the medium 
(specifically, it is substantially less in a three-dimensional medium than in a one- 
dimensional medium). In a more recent study of the effective properties of hetero- 
geneous media, Dagan (1986) demonstrated that the effective conductivity in a two- 
dimensional, isotropic randoin field was equal to the geometric mean of the local. 
conductivities. In comparison, Dagan argued that the effective conductivity in three 
diineiisions increased to the geometric mean multiplied by 1 + (&6), where CT; is the 
variance of the natural log of the hydraulic conductivity (this result was also discussed 
by Gelhar and Axness (1983)). These results illustrate the importance of the third 
dimension in defining the flow field through a heterogeneous medium. 

Based on this theoretical work, the observations of Powelson et al. (1993) on 
preferred pathways, the results reported in the earlier papzr, and generic study of 
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percolation proccsszs in two aiid three diiiieiisions (Silliman, 1990), the plzsent study 
examines the transport of chloride aiid latex particle tracers witliiii a iiiecliuiii w i t h  
variations in the hydraulic conductivity in all three physical dinieiisions. Tlie mcdiuiii 
is designed such that relatively coniplex prderentinl pathways are piebent withi l i  the 
nic;cl 1 U l l l  . 

2. Equipnient and esyeririiental design 

The experiment presented below was run in the flow cell shown in Fig. 1 .  
Constructed of Plexiglas and sealed wilh silicon glue, the cell allowed flow to be 
maintained at a constant rate (constant flux inflow aiid constaiit hydraulic head 
outflow). The fluid was added to the inflow reservoir using a peristaltic pump, and 
tlie outflow was maintained at a constant hydraulic liead through use of a constant 
head overflow. The inflow reservoir was iiiixed during tracer introduction, and the 
outflow reservoir was niixed throughout the experiment. All sampling of outflow was 
performed from the outflow mixing loop. 

The experimental medium was constructed of technical quality glass beads packed 
between tlie soil screens (Fig. 1). The glass beads selected for this study were identical 

20 cm 

Porous tledium Separate Medium From 

Fig. 1. Schematic diagram of the flow cell utilized for these experiments. Dimensions of the soil compart- 
ment in this design were 53 cm (parallel to mean Bow) by 38 cm (vertical dimension) by 20 cm (width of flow 
cell). The inflow loop was utilized to introduce tracer to the inflow reservoir. The outflow loop was used to 
maiiitaio a well-mixed outflow reservoir. 
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to those discussed in the earlicr paper. Three size ranges were used: (1 j 5-7 n~csh(2.8- 
4.Omiii diaiiieler); (2) 8-12 niesh (1.7-2.36nim diamzter); (3) 16-20 mesh (0.85- 
1 .Omin diameter). The saturated hydraulic conductivity of each of these bcad sizes 
was measured through a simple Darcy experimeiit and deteriiiined to be 2.50 cni s- I ,  

1 .90 cm s I ,  and 0.5 I cui s- I ~ ' u r  till: large, niecliuili, and s m a ~  txac~s, rcspcctiwiy (it 
should be iioted that these conductivities were iiicorreclly reporled b y  Silliiiiaii 
(1995)). 

Packing was performed with the top of the cell removed. Tlie glass beads were 
added in t h n  (less than 1.0 cni) layers with the glass beads poured through approxi- 
mately 1 .O cni of waler. Packing was guided by predesigned arrangement of thc medium. 
The fluid used for packing was water with a density increased to 1.05 g~iicin-~ (utilizing 
sodium chloride) to match the deiisity of the latex particles which were used as a tracer. 
After the entire cell was filled with glass beads, the upper surfiace of the flow cell was 
installed. The final packing was visually tested for short-circuit flow paths along the 
surfaces of tlie flow cell through use of a red dye; after inspection, the dye was 
completely flushed from the medium before the start of experiments. 

Two tracers were utilized in this work. The first (lion-conservative) tracer coiisisted 
of latex spheres without special surface coating. Two diameters of spheres were 
added. Approximately 70% of the spheres were in the size range of 4-7pn, and 
the remainder were in the size range of 20-25pin. Concentration of the spheres 
entering the medium was approximately 50000 particles ml-' and all spheres hid a 
density estimated by the inaiiufacturer to be 1.05 g ~ m - ~ .  The secoiid (conservative) 
tracer was the chloride ion at a concentration approximately 40011ig 1-' above back- 
ground coiicentration (as noted below, the flow cell had been flushed extensively with 
reverse osiiiosis water before using the chloride tracer). The chloride ion was added in 
the form of sodium chloride. 

Tlie experiments were coiiducted as follows: 

(1) flow was established by injecting water at  a deiisity of 1 . 0 5 g ~ n i - ~  into the 
inflow reservoir. Tlie flow rale into the medium was constant at approximately 
78 ~ 1 1 1 ~  niiii-'. Outilow fixm tlie medium was allowed to coiiie to steady state 
through a constant elevation overflow. 

(2) The latex particles were introduced to the medium via niixing into the inflow 
reservoir. The particles were allowcd to enter tlie inediuni for 30 niin and then 
the inflow reservoir was flushed with high-density (1.05 mg 1-') water without 
particles, thus creating a 'pulse' of particle tracer. Concentration within the 
inflow reservoir during the pulse was approximately 50 000 particles per milli- 
liter. 

(3) Upon completion of the particle tracer experiment (e.g. particle concentrations 
in the outflow had returned approximately to zero), the medium was flushed 
with reverse osmosis water to allow running of the chloride tracer experiment. 

(4) When the low-density water had displaced the majority of the high-density 
water (determined through monitoring of the chloride concentration in the 
outflow from the medium), a steady-state flow rate was established. The 
chloride tracer was then added to the inflow reservoir as a step change in 



coiiceiitration. The rate of' iiijGction ol' lluid into h e  iiiediuiii during h i s  traczr 
test was approriuiatcly ii-i wi3 i u i 1 1 -  I .  11ie conwitration of the Gliiuride \ w s  
nionitorcd at the outflow reservoir. 

(5) When the outflow chloride concentration had Ieached (approximately) the 
concentration in Llic inllow Jwxvo i r ,  llow was twiiiiiated and the niecliiuni 
was destructively sampled (cores of glass beads and tlie interstitial fluid were 
collected) to deteriiiiiie the colicelitration of particles remaining within the 
medium. The volume of an individual core was approximately 8 cm3. Concen- 
trations were deterniined by vigorously shaking each sample and then sampling 
the pore fluid. Counts were conducted with a trifocal microscope utilizing 
Sedwish-- Raptor cells. 

It is noted tliat the major changes in the ionic strength of the pore fluid in steps (3) 
and (4) have the potential to redistribute sorbed latex particles within the medium. In 
prior experiments in homogeneous and heterogeneous niedia utilizing the same type 
and size of glass beads and latex particles, however, we have not observed any 
additional movement of the latex particles during a reduction in ionic strength. 
Further, during the present experiment, no additional particles were observed in the 
outflow froin the reservoir after the change in ionic strength. We take this evidence to 
indicate that the latex particles trapped within h e  medium are not remobilized during the 
reduction in the ionic strength. Hence, it is assumed that these destructive samples rairly 
represent the distribution of trapped particles before change in ionic strength. 

All experiments were conducted with a distribution of glass beads as shown in 
Fig. 2. Fig. 2(a) shows vertical cross-sections through the front and rear halves of 
the flow cell parallel to the mean flow direction (53 cni x 38 cin face in Fig. 1). Fig. 
2(b) shows a series of horizontal layers which compose the medium. Careful coni- 
parison of Figs. 2(a) and 2(b) allows one to see that a nuiiiber of connections have 
been established among the large glass beads in the front and back cross-sections 
shown in Fig. 2(a). Of interest is the continuous, although tortuous, path of large 
glass beads wlich crosses the medium within the lowermost four layers. These layers 
are separated by a continuous layer of small glass beads from the seveiith layer, 
where a continuous, although curved, path is available within the large glass beads. 
Another continuous layer of sinal1 glass beads separates the seventh layer from the 
ninth layer, where a large region of large beads is subdivided by a narrow, vertical 
zone of small glass beads. Hence tlie overall medium provides several potential 
transport routes entirely within large glass beads, and selected routes (e.g. Layer 9 
and the layers consisting of small glass beads) where there is 110 direct route entirely 
within large glass beads. Results of numerical modeling (discussed below) supported 
our eiiipirical interpretation that this medium contained several flow paths by which 
particles could travel the length of the medium entirely within the coarse glass beads. 

3, Results 

Because the outflow reservoir had finite volume (estimated to be approximately 
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Fig. 2. Details of thc distribution of glass beads within the experimental medium: (a) vertical cross-sections 
along the front and back walls parallcl to the mean flow direction; (b) horizontal layers composing the 
medium. Comparison of distributions in (a) and (b) will demonstrate that a number of connected paths exist 
within the large glass beads in this medium. 

2000cm3), outflow concentration of the chloride and the latex particles was not equal 
to the concentration leaving the iiiedium at the downstream screen. As a result of 
mixing witllin the outflow reservoir, the concentration in the outflow fi-oiu the 
reservoir, C,.(t), is related to the outflow from the medium, C(t ) ,  through a standard 
mixing equation. Assuming that the outflow from the reservoir is sampled at discrete 
time intervals, At, the mixing equation is given by 

C' = [C,.(t + At) - C,.(f)exp(-QAt/V)]/[l.O - exp(-QAt/V)] (1) 

where C' is the average of C ( t )  over the period ( t ,  t + At), V is the volume of the 
outflow reservoir, and Q is the volumetric flux leaving the porous medium. This 
equation provides an estimate of the concentration of the fluid entering the outflow 
reservoir based on the measured concentration of the fluid leaving the outflow reser- 
voir. All outflow data reported have been adjusted for mixing in the outflow reservoir 
via Eq. (1). 

As shown in Fig. 3, the adjusted, normalized chloride breakthrough recorded at 
the outflow reservoir demonstrated significant dispersive spread. Efforts to fit a 
single velocity or dispersivity to this curve were conducted utilizing the standard 
solution to the one-dimensional advection-dispersion equation for a step increase in 
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for this scale of transport and is consislent with a lleterogeneous incdiunl with high 
variability in pore water velocities. 

The results for the outflow particle counts, shown in Fig. 4, denionstrate that 
particles were successfully transported across the medium and that there was little 
differeiicc: ill teriiis of the breakthrough curves betweeii the small particles and the 
entire yarticlz population. TWO qualitative observations are iiiade regarding tliese 
results. First, the travel time for the particles is very similar to the travel time for 
the chloride tracer. Second, the breakthrough results shown in Fig. 4 show niultiple 
peaks of breakthrough. These niultiniodal results are interpreted as being indicative 
of particle transport via a number of transport paths through the medium. Such an 
interpretatioii is consistent with the numerical modeling, which demonstrated iiiulti- 
ple Row pathways through this medium (discussed below). 

An indication of the route taken by the particles is provided by the particle counts 
in the destructive samples. The results, summarized for each horizontal layer in Fig. 5, 
provide significant insight into the flow routes taken by the particles. As discussed in 
the previous paper, the mediuin and fine glass beads are relatively effective at  
removing particles from the transport fluid (apparently related to a coiiibination of 
adsorption and straining). This can be observed by the large number of particles 
remaining within the fine glass beads in the various layers (e.g. Layers 2, 3, 4, 6,  8, 
and 10) and the rapid decline in particle counts both with distance into fine bead 

0 5 0  100 150 200 

Tlme. (min) 

Fig. 4. Particles per milliliter observed in the outflow reservoir (corrected for mixing in the reservoir) 
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Fig. 5. Concentration of particles trapped w i t h  the experimental medium following the experiment. 
Concentrations are nornialized to the idlow concentration of particles. 

regions (e.g. Layers 6 ,  8 and 10) and downstream of regions where flow is forced 
across fine glass beads (e.g. Layer 9). The observation that a relatively large number 
of particles were transported to the outflow reservoir (mass recovery is estimated at 
approximately 17%) is a strong indication that preferential flow pathways exist 
within this medium. 

MODFLOW (McDonald and Harbaugh, 1988) and MODPATH (Pollock, 1989) 
were used as corroborative tools to both design and analyze these experiments. For 
this modeling, the medium was subdivided into eight vertical slices aligned as shown 
in Fig. 2(a). Each slice was subdivided into over 500 elements. Although further 
refinement of this grid might provide greater detail in terms of the flow field, the 
specific purpose of the modeling was not to provide a detailed simulation of this 
medium. Rather, it was intended to provide a basic analysis of the geometry of 
flow lines. 

The details of the flow lines generated in t l is  simulation are complex, and are 
beyond the scope of this paper. Therefore only basic results are presented here. 
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Fig. 6 shows the variation in transport time vs. elevation ill the flow cell foi paiticlcs 
leaving the medium. The Egure was gcneratzd by unifmiily distributing appr oxi- 
niately 900 pariicles on iht: iullow face of tliz rnedium diid followiiig these parlicks 
to the outflow boundary. Firs1 airivals (approximately 35-40 niin) occur iu  the coarse 
beads coinpodng Layers 7 and 9 arid in tlic iiiecliuni arid coaix b e d s  in L'iyers 2  lid 
3 (see Fig. 2(b)). Tliese transport tiiiies coincide well will1 Lhe obseived breabllirougli 
of particles at approxiinately 50 min (Fig. 4). A second cluster of traiisport times is 
observed in Fig. 6 around 65-75 niin. In this case, the exit location coincides with the 
coarse bead rcgioii in Layer 4. The timing once again coincides with an observed peak 
in the bredktlirough curve at 70-80 niin (Fig. 4). Significant later arrival times are 
predicted, based on Fig. 6, from the layers consisting of finer glass beads. The failure 
to observe particle breakthroughs after approxiinately 150 niin is indicative of the 

In terms of following flow lines through the medium, the modeling demonstrates 
the three-dimensional character of this medium. Fig. 7 provides an illustration of the 
complexity of two flow lines originating near the top of the coarse beads in Layer 1. 

failure of the particles to be successfully transported through these re&' 'Ions. 
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Fig. 6. Distribulion of travel time across medium vs. location of exit from the medium. Results are derived 
from MODFLOW (McDonald and Harbaugh, 1988) and MODPATH (Pollock, 1989) numerical code and 
are based on 896 particles distributed uniformly over the inflow face of the medium. These results demon- 
strate the signilicant difference in travcl times for diffirent flow paths to the outflow. 



E 
N 

15 

y 10 
N 

5 

ya 

x-crn z-cm 

Fig. 7. Two flow paths identifiicd through the numerical modeling: (a) three-dimensional view of the flow 
paths; (b) view of the flow paths looking down on the top of the flow cell; (c) view of the flow paths looking 
at the front of the flow cell; (d) view of the flow paths looking backwards from the outflow reservoir. 
Estimated travel time across the mediuiii for Line i was approximatcly 130 min. Estimated travel time for 
Line ii was approximately 53min. 

Fig. 7(a) shows a three-dimensional perspective of these two flow lines, where the 
mean flow is in the direction of increasing x .  To aid in interpreting this figure, Figs. 
7(b), 7(c), and 7(d) respectively show top (x,:), front (x,y), and outflow end ( ~ 1 ~ : )  

perspectives of these lines. The first flow line follows, approximately, tlie geoinetry of 
the coarse glass beads of Layers I and 2 to the back of the flow cell (slj1 and i all 
increasing). It then rises to approximately the elevation of Layer 4 (to x = 28 C I ~ ,  

y = 8.5cni, and z = 13cm) from where it moves back towards the front of the Now 
cell ( y remains constant and s increases whereas z decreases). In coniparisoii, the 
second flow line starts froin a similar location in the flow cell. Although this flow line 
mimics the behavior in the first two layers of the mediuiii b y  traveling towards the 
back of the flow cell and rising to Layer 2, it does not move back towards the front of 
tlie flow cell. Rather, it follows the coarse and medium glass beads along the rear of 
the flow cell to the outflow (z remains approximately constant as x increases from 
25cm to 53cm). 

These two flow lines illustrate the complexity of the flow field and the full three- 
diinensional nature of the flow. The numerical results, in general, led to identifying at 
least three routes by which flow would probably cross this medium entirely within the 
coarse glass beads. These included flow lines following the curve path in Layer 7, flow 
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lines leading to the outflow reservoir in thz coaise region of Layei 2 (e.g. siiriilai to  
b'ig 7, Line ii),  a d  How Iii ieb leading io tlie outilow in the coaise legion or Ldyci 4 
(e.g. similar to l ig .  7, Linc I). Clcarly, a two-dimeiisioiial iiioclL1 wuuld be inaclequ,iie 
to piovide tlie dttuils ol' thc ldst two llow liiies. 

4. Discussiuii uf results: the role oZ tlie third dimension 

If one were to consider either vertical cross-section shown in Fig. 2(a) independ- 
ently, one would conclude, based on the results from the earlier paper, that very few 
particles would be successfully transported across the medium. The reason for this 
conclusion is that two-dimensional transport in either of these cross-sections would 
require water either to flow across contacts between different-sized glass beads or to 
flow withn regions consisting of small or  medium-sized glass beads. In fact, the most 
likely route for successful transport within either of these cross-sections would be 
across Layer 9 (Fig. 2(b)), where flow is within coarse glass beads except for a very 
narrow layer of fine glass beads. That tlie number of particles being transported 
through the fine glass beads in Layer 9 is reduced substantially by the presence of 
that layer is indicated by the relatively low particle counts observed downstream of 
this layer in Fig. 5. 

Based on this reasoning, the large number of particles in the outflow curve is 
interpreted as a strong indication that the connectivity between the two vertical 
layers shown in Fig. 2 was of critical iniportance in allowing particles to be success- 
fully transported across the porous medium. Specifically, it is suggested that the 
particles arriving at the outflow reservoir were transported primarily within the 
tortuous, large glass bead flow paths. 

Further, the multiple-peaked iiature of the particle breakthrough curve (Fig. 4), in 
combination with the nunierical results, provides evidence that tlie particles were 
traveling via multiple flow routes. Specifically, these multiple breakthroughs are 
interpreted as being related to the three primary pathways discussed in the previous 
section. 

This interpretation (that a number of particles are transported across the medium 
along these three flow routes) is supported by the results from the destructive samples. 
By reviewing the particle counts from destructive samples for Layers 4, 7, and 9, it is 
observed that relatively high destructive counts are observed in the coarse bead 
regions near the outflow reservoir in Layers 4 and 7 (unfortunately, owing to a 
sampling error, the counts near the outflow in Layers 2 and 3 were not recorded). 
These high counts are similar to those observed in the coarse bead regions near the 
inflow reservoir (e.g. Layers 1 and 9), but are higher than observed in most layers a t  
significant distance from the inflow boundary. Particle concentration near the outflow 
reservoir in Layer 9, for example, is lower than both those observed near the outflow 
in Layers 4 and 7, and those observed upstream of the sinall bead zone within Layer 9. 
Given the effectiveness of the narrow fine glass region in Layer 9 and the low counts a t  
a significant distance from the inflow boundary in all layers except Layers 4 and 7, the 
high counts in these two layers imply that substantial numbers of particles were 
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transported to these regions without passing through the fine glass beads 01- through 
sigiiificant leiigths of the iiiediuiii glass beads. Given ilie relatively high couiit in ~11t:  
coarse region of Layer 2, i t  is anticipated that a siinilar obscrvatiun (high counts ~izitr 

the outflow) would have been observed in tliis layer as well. 
For Layer 7, it is relativcly easy LO argue [hat h e  llow route is through the curved 

region of the coarse glass beads, a route that could be considci-rd two-diuieosiunal in 
the horizontal plane. The flow routes leading to Layers 2 and 1, howzver, are niorc 
coinplex. Alialysis of the distribution of glass bead sizes in con~biiiation with the 
general results from the numerical modeling leads to the conclusion that neither of 
these flow roulcs could be coilsidered two-dimensional with respect to any plane 
passing through the experimental medium. In fact, for particles to be transported 
successfully to the outflow in Layer 4, How will move essentially within a horizontal 
plane near the inflow reservoir in Layer 1, nearly vertical through the coarse bead 
regions of Layers 2 and 3, and once again within a nearly horizontal plane within 
Layer 4 (see Fig. 7). As a result, the full three-diiiieiisiorial coiiiiectivity ol' this 
medium was critical in determining both the transport of particles to the outflow 
reservoir and the distribution of particles remaining within the medium. 

5. Conclusions 

The results presented demonstrate the importance of considering the connectivity 
of high-permeability regions within saturated porous media. Although the particular 
medium utilized is limited in terms of the use of artificial solids (glass beads) and a 
relatively contrived distribution of perineabilities, these results represent one of the 
first controlled laboratory experiments of which we are aware in which the role of the 
third dinlension is specifically considered. The results are interpreted as indicating 
that the tliird dinieiisioii has the effect of enhancing particle transport across the 
porous medium. Specifically, it is coiicludzd that tliis enhaliceinelit is related, in 
large part, to the connectivity of the high-permeability pathways crossing the 
medium. This conclusion is supported by (1) the high degree of mixing observed in 
the chemical tracer experiment, (2) the inass recovery and multiple-peahed shape of 
the particle breakthrough curves, (3) the correlation of the particle concentrations in 
the destructive samples with the physical heterogeneity, and (4) the numerical analysis 
of the How field. 
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Introduction 
Determination of the magnitude 

and orientation of the gradient of 
the water table is a critical step in 
many ground water investigations. 
In wellhead protection studies, for 
example, proper estimation of the 
gradient is critical to the delineation 
of the capture zone of a wellfield. 
Similarly, in design of remediation 
strategies, proper estimation of the 
direction and rate of migration of 
contaminant plumes is crucial to  the 
s i t ingzfemediat ion wells. Finally, 
in the design of field experimental 
efforts, accurate estimation of the 
direction and rate of ground water 
flow is important in designing sam- 
pling strategies. For  many field 
applications subject to limited inves- 
tigation costs, however, it may be 
necessary to  estimate the gradient 
based on a limited number of obser- 
vation wells. The smallest number 
of wells needed to estimate the gra- 
dient from hydraulic head measure- 
ments is three wells. At least two 
questions arise, however, from the 
use of only three wells: 
1. Does the approximation of the 

water table as a plane introduce 
unacceptable errors to the analy- 
sis? 

2. What influence does the separa- 
tion distance between the wells 
(relative to the length scale of the 
hydraulic heterogeneity) have on 
the accuracy and precision of the 
gradient estimate? 
The first question results from 

analysis of the Boussinesq equation 
for steady-state flow in an uncon- 
fined aquifer. The equation is non- 



linear in h, but is linear in h2 under appropriate condi- 
tions (Bear 1979). Consequently, the hydraulic head for 
steady-state flow between two parallel, constant head 
boundaries does not vary linearly in space (e.g., Fig- 
ure 1). Thus, a planar approximation to this curve, based 
on observed heads at A, B, and C, introduces error into 
the estimate of the hydraulic gradient. The magnitude 
of this error will depend on both the separation among 
the wells and on the curvature of the surface. As noted 
by Bear (1979), however, this error is commonly small, 
since the change in hydraulic head, and therefore the 
curvature of the water table, is typically small. 

The second question is warranted based on review 
of the significant literature examining flow in heteroge- 
neous systems. As early as the work of Warren and 
Price (1961), authors have recognized the role that spa- 
tial heterogeneity in the hydraulic conductivity plays on 
the distribution of hydraulic head within an aquifer. A 
number of authors have examined the statistical descrip- 
tion of hydraulic head for flow in one, two, and three 
dimensions (Freeze 1975; Bakr et al. 1978; Smith and 
Freeze 1979) and the development of effective hydraulic 
parameters (e.g., Dagan 1979). Two conclusions may be 
drawn from these efforts (see Dagan 1986 for a relatively 
complete review). First, hydraulic heterogeneity leads 
to variability in hydraulic head and, thereby, to variabil- 
ity in the estimate of the hydraulic gradient. Second, 
little work has been completed for unconfined aquifers 
illustrating the magnitude of the potential errors in the 
estimate of the hydraulic gradient. 

The present study focuses specifically on estimation 
of the hydraulic gradient using three observation wells 
in an unconfined aquifer. This focus was selected both 
for relevance to field problems commonly encountered 
and to demonstrate a “worst case” study. It is anticipated 
that the uncertainty in the estimation of the hydraulic 
gradient will decrease as the number of wells used in 
the estimation procedure increases. Statistics regarding 
the magnitude and direction of the estimated hydraulic 
gradient are generated through use of Monte Carlo 
simulation. 

It should be noted that the questions raised in this 
paper reflect only a portion of the overall problem of 
estimating hydraulic gradient. Additional difficulties 
such as temporal transients in the measured head due 
to nonsteady flow or variations in barometric pressure 
during the period of sampling (e.g., Crawford and Ras- 
mussen 1994) will also directly influence the quality of 
the estimate of the gradient. 

Mathematical Problem Statement 
The problem addressed involved two-dimensional, 

horizontal flow in an unconfined aquifer. The base of 
the aquifer was at constant elevation, and this elevation 
served as the reference datum for the hydraulic head. 
Under these conditions, the saturated thickness of the 
aquifer was everywhere equal to  the hydraulic head. 
Figure 2 shows the mathematical representation of the 
physical problem. The predominant flow direction was 
parallel to the x-axis due to constant hydraulic heads 

F1 Observation 

V Table Estimate 

Figure 1. Three-point planar approximation of water-table sur- 
face. Curvature of the water table leads to bias in the estimate 
of the hydraulic gradient. 

hl 

Flow Direction 

Y 

(Xp.Y?J) 
0 

O* 

Square Flow Domain Boundary 
With L = 16500 feet 

Figure 2. Flow domain with boundary conditions. Gradient esti- 
mated at Well A. Upstream well pair shown. Point A is centered 
in the flow domain from top to bottom and located 11,500 feet 
(3513 m) from the upstredm boundary. 

assigned along the left and right boundaries. For all 
cases, the gradient was estimated at Point A (Figure 2). 

The governing equation for flow in the aquifer is 
the linearized, steady-state Boussinesq equation (Bear 
1979): 

where K is the hydraulic conductivity, and h designates 
the hydraulic head. To study the influence of water table 
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curvature (hereafter termed Case l), the hydraulic con- 
ductivity was assumed homogeneous and isotropic 
(thus, reducing Equation 1 to Laplace's equation in h2). 
To study the influence of spatial variation in the hydrau- 
lic conductivity (hereafter termed Case 2), the hydraulic 
conductivity was assumed to be locally isotropic but no 
longer homogeneous (Le., varied with x and y). For both 
cases, the left and right boundaries were assigned con- 
stant heads, h, and hd, respectively. The upper and lower 
boundaries of this system were specified through forcing 
the hydraulic head to vary linearly in h2 (equation shown 
in Figure 2). 

Case 1 - Water Table Curvature Consideration 
Since K does not vary spatially for Case I, Equation 1 

reduces the Laplace equation in h2. Solution of the Lap- 
lace equation subject to the stated boundary conditions 
yields the following expression for the hydraulic head: 

h (x,y) = [ h i  - ( h i  -h:) t ]  Os 

where L is the distance between the upstream and down- 
stream boundaries. Since the expression for the hydrau- 
lic head is dependent only on its x-coordinate, the 
hydraulic gradient can be estimated from the hydraulic 
heads at Point A and at a second point, either upstream 
or downstream of A, with abscissa value xp. Using these 
values, the estimate of the gradient based on h (the h- 
method) is 

where x, is the distance from the upstream boundary 
to Point A. Similarly, the estimate of the gradient based 
on h2 (the h2-method) can be stated as: 

[ h : - ( h i - h a )  ? ] - [ h : - ( h i - h i ) F ]  
(A\ dh 

7 -  
\ ' I  dx 

2 (x, - xp) [ h i -  (h:-ha) ?lo.' 
In the following sections, Equations 3 and 4 are com- 
pared with the analytical derivative of Equation 2 for 
a number of values for xp and h,. This derivative is 
given by: 

dh h:-h: 

Case 2 - Heterogeneous Aquifer 
For the second case study, the hydraulic conductivity 

was assumed to vary spatially as a correlated, second- 
order stationary random field. The hydraulic conductiv- 
ity fields are produced via discrete analysis (Silliman 
and Wright 1991). Through use of this algorithm, the 
square domain shown in Figure 2 was discretized into 
201 x 201 elements (of constant size), and each element 
was assigned a hydraulic conductivity value. 

As a result of the random variation in K, an ana- 
lytical solution was not available for this problem, and 
all derivatives were estimated via numerical solution of 
Equation 1 using MODFLOW (McDonald and Har- 
baugh 1988) with the MICCG solution package (Hill 
1990). MODFLOW was applied to the hydraulic con- 
ductivity field through further discretization of the grid 
in the vicinity of A to allow noninterpolated gradient 
estimates at small separation distances. This refined 
mesh had more than 150,000 elements. 

Due to the two-dimensional nature of the flow field, 
three points were required to estimate the magnitude 
and orientation angle of the water table. For this study, 
the three points used were Point A and a pair of points 
equidistant from Point A along the primary flow direc- 
tion (see Figure 2). 

When the estimate of the gradient was based on the 
h-method, the formulas providing estimates of the mag- 
nitude of the gradient in the x and y directions were: 

(hi + hz) 
2 I h a -  Xa - Xp 

Mag, = 

(hi + hz) 
2 I h a -  Xa - Xp 

Mag, = 

where ha denotes the head at Point A; h, is the head 
at  the observation point located at (x,,,~,); and h2 is the 
head at the observation point located at  (xp,yz). Alterna- 
tively, the gradient estimate based on the square of the 
hydraulic head (h2-method) is: 

From these components of the gradient, the magnitude 
and orientation angle of the resultant gradient could 
easily be computed and compared with the equivalent 
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homogeneous gradient, the magnitude of which is given 
in Equation 5, and the orientation angle of which is 
zero degrees (parallel to the x axis). 

Monte Carlo Runs for Case 2 
A number of distributions of the hydraulic con- 

ductivity were considered using Monte Carlo simula- 
tion. For each distribution, the hydraulic conductivity 
was log-normally distributed with an exponential corre- 
lation structure given by: 

Rh = 1 - exp (+) 
where h is the separation distance between two points, 
and CY is the integral scale. The integral scale was aniso- 
tropic with (Y being four times as large in the x direction 
as in the y direction. Each Monte Carlo run consisted 
of 250 realizations. Parameters for all sets are listed in 
Table 1. Figure 3 shows a typical distribution of hydrau- 
lic conductivity based on.the algorithm used. The fact 
that a was four times larger in the x direction than in 
the y direction is reflected in this figure by the oval 
(elongated) shape of the conductivity regions. The aver- 
age size of each of the conductivity zones is a function 
of the magnitude of a. 

Table 1 
Parameter Values Used for Each Set 

of Monte Carlo Simulations Completed 

Simulation Integral Scale 
Set Mean K Var{log K} (x-direction) 

K in ftJday feet 

1 28.3 0.444 410 
2 28.3 0.111 410 
3 28.3 1.000 410 
4 28.3 0.444 160 
5 28.3 0.444 1160 
6 28.3 0.444 3730 

125 13 13.5 14 14.5 15 15.5 16 
Caor~nate Parallel to Regional Gradienf - ex 1000 

Figure 3. Distribution of Log(K) in one region of one realization 
of the Monte Carlo simulation. The shapes of the individual con- 
tours are a result of the particular algorithm used. The con- 
ductivity values are in log meters per second. The integral 
scale (a) influences the average lengtb of the individual con- 
tours. 

I .3 

Point A / 

0.71 L 

0 2000 4000 6000 8000 10000 12OM) 14000 I60 
Dirmce from Origin (feet) 

Figure 4. Gradient estimates in homogeneous aquifers. Solid 
lines reoresent results for the h-method for different values of 
hl - hr'(hl = 230 feet for all three lines - h, = 180 feet, 
131 feet, and 82 feet for the three lines, respectively). The 
dashed line represents results from the h2-method. This method 
is insensitive to the difference, hl - h, 

Results 

Case 1 - Homogeneous Medium 
The results for the homogeneous medium were con- 

sistent with previous discussions of the linearization of 
the Boussinesq equation. Specifically, as shown in Fig- 
ure 4, the gradient estimate determined from the h'- 
method was equal to the true gradient at Point A regard- 
less of the location of the second observation well. In 
contrast, the gradient estimate determined from the h- 
method was consistently biased except when the second 
observation point was located immediately next to Point 
A. This bias increased as the distance from Point A to 
the second observation point increased. The bias also 
increased as the head difference, h, - hd, increased. 

-~~ ~ 

Heterogeneous Medium 
The base set of results for the heterogeneous case 

involved Monte Carlo simulations for a log K variance 
of 0.444 and an integral scale of 410 feet (125 m) in the 
x direction. Figures 5a and 5b show the mean and vari- 
ance of the estimated magnitude of the gradient (nor- 
malized with respect to the magnitude at Point A for a 
homogeneous system) vs. the distance in the x-direction 
(in terms of number of integral scales) between Point 
A and the pair of observation points. These results show 
that the magnitude estimate was biased for both estima- 
tors at short separation distances. The  magnitude 
derived from the h-method remained biased for all well 
separations shown (although the curve passes through 
a single point where it is unbiased). In contrast, the bias 
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Figure 5a. Average estimate of magnitude of the hydraulic 
gradient (heterogeneous medium) as a function of x-separation 
between wells. Solid line represents the h-method, dashed line 
the hz-method. 
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Figure 6a. Mean estimate of the orientation angle (in degrees) 
of the gradient as a function of x-separation between wells. 
Solid line is the h-method, dashed line the h'method. 

ioo,  1 

t 
10.31 
IO.* 10'' 1 oo IO1 

Well X-separation (iniegral scales) 

Figure 5b. Variance of the estimate of the magnitude of the 
hydraulic gradient as a function of %separation between wells. 
Solid line is the h-method, dashed line the h'method. 
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Figure 6b. Variance of the estimate of the orientation angle as 
a function of x-separation between wells. Solid line is the h- 
method, dashed line the h2-method. 

of the estimate based on the h2-method consistently 
decreased as separation distance increased. In both 
methods, the variance of the estimate was high for short 
separations, but declined with distance after one integral 
scale. The observed decrease in variance for separations 
larger than one integral scale corresponds with prior 
work in flow through heterogeneous media (e.g., Dagan 
1986). 

The statistics for the orientation angle of the gradient 
are shown in Figures 6a and 6b. The mean orientation 
angle appeared essentially unbiased for both estimators. 
The variance of the orientation angle, however, was 
quite large for both estimators through several multiples 
of the integral scale. Due to this large variation, sensitiv- 
ity studies were conducted on the variance of the orien- 
tation angle. 

Figure 7 shows the dependence of the orientation 
angle variance on the variance of the hydraulic con- 
ductivity. The integral scale was held constant for these 
88 a SPRING 1996 GWMR 

calculations at 410 feet (125 m). Since there was little 
difference in the orientation angle statistics shown in 
Figure 6b, only statistics derived from the h2-method 
are  shown in Figure 7. These results indicate that 
increases in the log K variance lead to increased vari- 
ance of the estimated orientation angle for all separation 
distances among the wells. 

Figure 8 shows the variance of the calculated orien- 
tation angle for various integra1 scales (variance of log 
K equal to 0.444). This figure demonstrates two inter- 
esting features. First, for separation distances less than 
approximately one integral scale, the variance of the 
orientation angle did not vary significantly with integral 
scale. Second, for the shorter integral scales, the vari- 
ance remained as high as 100 even for large separation 
distances (e.g., 10 integral scales). Further, it may be  
inferred that the variance for the larger integral scales 
was lower than otherwise might be anticipated due to 
the influence of the boundaries of the numerical model 
(i.e., the proximity of the constant head boundaries). 
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Figure 7. Comparison of the variance of the estimate of orien- 
tation angle (angle in degrees) for various values of log K vari- 
ance. Variance (log K) values are: solid - 0.111: dashed - 
0.444; dotted - 1.00. 
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Discussion 
These results provided insight into the use of three 

observation points to estimate the horizontal compo- 
nents of the hydraulic gradient. One major conclusion 
indicated by the results presented in Figures 5a and 6a 
is that unbiased estimates of both the magnitude and 
orientation of the hydraulic gradient are possible using 
three observation points. In particular, unbiased esti- 
mates of the orientation angle can be obtained using 
either the h-method or the h2-method at nearly any 
separation distance. In contrast, and under the condi- 
tions of this analysis, only the h2-method will provide 
unbiased estimates of the magnitude. This is an impor- 
tant result as it demonstrates that estimation of the 
hydraulic gradient in an unconfined aquifer using the 
h-method (Le., through use of hydraulic head rather 
than the square of the hydraulic head) will produce 
estimates of the magnitude of the gradient that are con- 
sistently in error. Even with the h'method, unbiased 
estimates are obtained only when the wells are separated 
by significant distances &e,, several integral scales). Fur- 
ther, although not covered in this paper, the h2-method 
remains unbiased at large distance only if the base of 
the aquifer is at constant, known elevation. 

The results presented also provide insight into the 
variability of the estimates of the magnitude. The results 
presented in Figure 5b indicate that substantial estima- 
tion variance will be present for the estimate of the 
magnitude when the three observation points are closely 
spaced (Le., separated by less than one integral scale). 
The variance in the magnitude drops rapidly when the 
observation points are separated by more than one 
integal scale, resulting in a relatively reliable estimate 
of the magnitude for large separations. 

Similar confidence cannot be expressed for estimates 
of the orientation angle. While the orientation angle 
was found to  be unbiased, the results presented in 
Figures 6b, 7, and 8 show that the variation in the orien- 
tation angle may be large, even at large separation dis- 

Figure 8. Comparison of variance of the estimate of the orien- 
tation angle (angle in degrees) for different integral scales. 
Lines represent integral scales of the following: solid - 
160 feet: dashed - 410 feet: dash-dot - 1160 feet: dotted - 
3730 feet. 

tances (Le., relatively large multiples of the integral 
scale). At short separation distances, the standard devia- 
tion in the orientation angle may be as high as 25 to 
30". While the standard deviation declines with separa- 
tion distance, it was observed to be as high as 10" at 
separation distances of 10 integral scales. Such a large 
standard deviation may be significant in many applica- 
tions. For example, if the observation wells are close 
together such that the standard deviation of the orienta- 
tion angle is 30" (see Figure 6b), a 95 percent confidence 
interval on the orientation angle would include an 
approximately 120" arc (Le., the angle estimated from 
the three-point scheme f 2 standard deviations). Even 
at large separations, the 95 percent confidence interval 
covered an approximately 40" arc in our results. Clearly, 
such a large uncertainty could have significant impact 
on a site characterization, assessment of the movement 
of a chemical species, or design of a monitoring network. 

For each of the results presented, it is apparent that 
the separation distance is a critical parameter in deter- 
mining the bias and variance of the estimate of the 
hydraulic gradient. Unfortunately for field hydrologists, 
review of the recent literature points to two difficulties 
in estimating the integral scale from limited site-specific 
data. First, there is significant variation in the integral 
scale from one site to another. Hoeksema and Kitanidis 
(1983, for example, found variation of the integral scale 
of more than one order of magnitude when comparing 
results for unconsolidated sediments. Hence, there does 
not appear to be a "generic" integral scale for a given 
geologic setting. Second, the integral scale appears to 
be dependent on the scale of measurement. The com- 
ments of Anderson (1991) and the reply of Neurnan 
(1991) to Neurnan's scaling paper (Neuman 1990) pro- 
vide an interesting introduction to the scaling issue. 

Fortunately, the literature also provides some evid- 
ence that this problem is tractable in the general sense. 
As mentioned by Anderson (1991), the changing scales 
of heterogeneity are most likely related to  changes in 
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facies. Hence, prior knowledge of the geology of region 
may aid in estimating integral scales appropriate in a 
given setting (see, for example, Davis et al. 1993). 
Hence, the field hydrologist may be able to glean 
information from the local sedimentary geologir 
regarding the length scales of the local facies, and these 
facies scales, in turn, may be used as initial estimates 
of the local integral scales. 

In a separate study, Silliman and Frost (1995) have 
looked at  the three-point gradient estimate for three 
field sites at which multiple wells were present. Using 
measured heads in these wells, it was observed that the 
variance of the estimate of the magnitude became negli- 
gible for well separations between 220 feet (for a field 
site covering approximately 500 feet X 1300 feet) and 
5000 feet (for a field site covering approximately 0.5 
miles x 2 miles). The distances required for the variance 
of the estimate of the orientation to become negligible 
were larger by a factor of approximately two. While the 
initial investigation of these field sites does not provide 
a definitive measure of the scale of measurement neces- 
sary to obtain low variance estimates of the gradient, 
it does provide an initial indication of the order of mag- 
nitude of the separation distances required. 

Conclusions 
The results presented demonstrate that at least two 

factors influence our ability to estimate the magnitude 
and orientation of the horizontal components of the 
hydraulic gradient in unconfined aquifers. These are the 
nonlinear head distribution inherent in unconfined aqui- 
fers and the variation in the distribution of hydraulic 
head caused by heterogeneity in the hydraulic con- 
ductivity. The nonlinearity of the head distribution leads 
to the observation, as noted in this paper and previously 
by other authors, that a three-point scheme based on 
the h-method will lead to biased estimates of the magni- 
tude of the gradient. Heterogeneity leads to bias in the 
estimated magnitude even when using the h2-method 
for small separation distances. This bias in the h’- 
method declines, however, with increasing separation 
distance. 

The observation that hydraulic heterogeneity leads to 
uncertainties in the estimated orientation of the hydraulic 
gradient is considered the most significant result 
presented. With standard deviation of the estimate as high 
as lo” even when the observation wells are separated by 
large distance (e.g., as large as 10 integral scales in this 
study), this result implies that orientation angles deter- 
mined from three-point schemes should be used only with 
great care and with consideration of the potential ramifi- 
cations of error in this parameter. 

One might conclude from this discussion that the 
best estimates of the hydraulic gradient, using only three 
wells, will be obtained when the three wells are sepa- 
rated by large distances. From the viewpoint of estimat- 
ing regional flow in the absence of local sources and 
sinks, this conclusion is believed to be correct. This 
general conclusion is tempered, however, by realities 
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such as the impracticality of separating monitoring 
points by distances on the order of thousands of feet, 
the additional uncertainties associated with data errors 
or hydraulic transients, and the difficulty associated with 
avoiding local sources or  sinks (wells, creeks, wetlands, 
etc.). We conclude, therefore, that  uncertainty is 
inherent in the estimation of the hydraulic gradient (par- 
ticularly in the estimation of the orientation of the gradi- 
ent) and that this uncertainty should be factored into 
the analysis of a field investigation. 
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Capture Zones for Passive Wells 
in Heterogeneous Unconfined Aquifers 

by Bryce E. Colea and Stephen E. Sillimanb 

Abstract 
Many piezometers/wells produce at such low rates and frequency that their impact on local hydraulics is negligible, e.g. 

monitoring piezometers or homeowner wells installed in highly permeable soils. Defining a deterministic capture zone for such 
wells is often of limited utility as the capture zone is effectively a single flow line directed upgradient. In order to provide more 
insight into the capture zone of such wells, a statistically based capture zone, termed a “percentile capture contour” (PCC), is 
introduced and analyzed. The capture zone is defined by quantifying, for a given travel time, the variation of the length and 
orientation of the flow line emanating upgradient from the well. Capture zone variation herein depends on second-order stationary 
random hydraulic conductivity fields and is calculated using Monte Carlo analysis. 

Monte Carlo analysis yielded increases in mean travel distances as the variance and/or integral scale in log K increased, but 
decreases as the angle between the principal direction of the correlation structure and the regional flow increased. The average 
travel distance exceeded the travel distance estimated by a homogeneous solution using the geometric mean hydraulic conductiv- 
ity. Transverse variation depended both on the variance and integral scale of log K, but was insensitive to the orientation of the 
principal correlation direction. The mean orientation of the flow path varied with the principal direction of the correlation 
structure, deviating up to 20’ from the orientation of the hydraulic gradient. These observations are consistent with flow following 
preferential pathways and indicate that signifcant uncertainty exists for source prediction of water feeding passive wells. 

1.0 Introduction 
A number of authors have studied the influence of spatial 

variation of the hydraulic conductivity on prediction of ground- 
water flow and transport processes. These studies have included 
consideration of effective hydraulic properties (e.g., Indelman 
and Dagan, 1993; Neuman and Orr, 1993), dispersive spread 
(Russo, 1993; Neuman, 1993; Schwartz, 1977), particle transport 
(Silliman, 1995 and 1996; Harvey et al., 1993), and distribution of 
hydraulic head (Bakr et al., 1978; and others). From these 
studies, it can be concluded that regional flow within a heteroge- 
neous aquifer will involve significant local variation in the pore- 
water velocities. As a result, significant uncertainty exists regard- 
ing the flow path followed by ground water subjected to a 
regional hydraulic gradient. 

In the present study, we consider the problem of predicting 
the source region of water arriving at an effectively passive 
ground-water well. The term passive refers here to a well from 
which water is produced at such a low rate that no noticeable 
impact occurs to the distribution of hydraulic head within the 
aquifer. Such a well might represent a monitoring well which is 
sampled over time in order to monitor the movement of a plume 
(i.e., a sampling design problem) or a well drilled for a single- 
f a d y  dwelling which is producing from an aquifer with high 
hydraulic conductivity and specific yield (a wellhead protection 
application). 

The confidence associated with prediction of the geometry 
of the flow line supplying water to the passive well depends on 
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the uncertainty present in our knowledge of the spatial distribu- 
tion of the hydraulic conductivity. This uncertainty is addressed 
herein through generation of multiple realizations of the spatial 
distribution of hydraulic conductivity, numerical solution of the 
flow equation for steady-state flow in an unconfined aquifer, and 
reverse particle tracking to delineate the flow line passing 
through the center of the well. Variation of the flow line is 
quantified (for a set transport time) in terms of the distance 
traveled by the particle both upgradient of the passive well and 
transverse to the path predicted for a homogeneous, isotropic 
medium. The distribution of travel distance is based on a five- 
year travel time. The variation in transverse location of the flow 
line is based on 50-year travel times to ensure that most particles 
travel to the upstream boundary of the flow domain. 

Applications of this study fall within the realm of both 
physical situations mentioned above. In the case of a monitoring 
well, field design is often based on centering a monitoring well 
network along the centroid of the plume in a direction predicted 
from analysis of the regional gradient. If a monitoring well shows 
negative for the contaminant, it is normally assumed that any 
contamination which has occurred directly upgradient (based on 
regional analysis) has not yet reached the well’s location. If 
variation in the flow field led to contamination upgradient 
bypassing this monitoring well, the conclusion that the contami- 
nation remains upgradient may be in error. Of interest, then, is 
the reliability of the monitoring well in detecting chemicals 
emanating from a source location which is upgradient as esti- 
mated from a regional analysis of flow. 

For singledwelling wells in which contamination occurs, 
investigations may be undertaken to delineate potential sources 
of the contaminant so as to plan for short- and long-term 
solutions, as well as to determine liability. Source identification 
efforts will be based, in part, on determination of the flow lines 
which are likely to pass near the well. Similar concerns regarding 
identification of potential sources will also arise should wellhead 
protection efforts be pursued prior to contamination. 
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2.0 Problem Statement 
In the present study a flow line extending upgradient from a 

passive well is considered within a heterogeneous, unconfined 
aquifer. Flow in the aquifer is driven solely by the regional 
gradient between regions of constant potential (see Figure 1) and 
is assumed to be both two-dimensional (i.e., in the horizontal 
plane designated by Points A, B, and C) and at steady state. This 
square aquifer has a side dimension of 5025 meters. For 
mathematical solution of this problem with spatially varying 
hydraulic conductivity, the flow domain is divided into 201 cells 
in both the x- and ydirections. Hydraulic conductivity values are 
assigned to each of the cells as described below and K is assumed 
everywhere to be locally isotropic. The well is located at (3513, 
2513). The regional gradient is aligned, on average, with the 
x-axis from left to right (Figure 1) between constant head bound- 
ary values of 70 and 45 meters. First type boundary conditions 
are utilized along the upper and lower edges as well, with linear 
variation for the square of the hydraulic head of 4900 m2 and 
2025 m2 (Le., the squares of the boundary values). 

The upper surface of the (nonleaky) confining layer under- 
lying the aquifer is presumed to be at constant elevation, which 
for steady, two-dimensional flow renders the flow equation 
linear (using the base of the aquifer as datum) in terms of the 
square of the head as follows: 

a d d d - (K(x, y) ax h2) i- - (K(x, y) - h') = 0. 
ax dY dY 

(1) 

Solution of the flow equation is accomplished using the 
method of finite differences as represented by MODFLOW 
(McDonald and Harbaugh, 1988). Hydraulic conductivities are 
assigned to the cells as discussed below. Due to the linearity of 
equation (1) in terns of the square of the hydraulic head, the 
confined aquifer option was employed in MODFLOW using the 
hydraulic conductivities as input in place of the transmissivities 
and the square of the fvted boundary heads in place of the 
boundary head values. The result of this substitution provides a 
solution in terms of hZ, thereby requiring that the square root of 
the output be calculated in order to provide the distribution of h. 
The advantage of this implementation, as compared to utilizing 
the unconfined aquifer option in MODFLOW, was that solution 
of the matrix via the Modified Incomplete Cholesky Conjugate 
Gradient package (Hill, 1990) required only one half the compu- 
tation time required of the nonlinear, unconfined aquifer option. 

A further consequence of linearization is that the inter- 
cellular flows calculated by MODFLOW are incorrect. The 
ground-water velocity, however, can be estimated from Equa- 
tion (41) in McDonald and Harbaugh (1988, pp. 5-8) combined 
with the predicted distribution of head. From nodal velocities, 
reverse particle tracking is accomplished using the interpolation 
scheme proposed by Prickett et aI. (198 1) and a fourth-order 
Runge-Kutta integration method (Shafer, 1987). 

Since the well pumping rate is taken as zero, no singularity 
occurs in the two-dimensional representation of the hydraulic 
head. The capture zone for the well is herein represented by a 
single flow line (as shown in Figure l), which can be estimated 
using rzverse particle tracking from the well. 

3.0 Monte Carlo Simulation 
The generation of statistics regarding the distribution of 

flow lines is accomplished through Monte Carlo simulation. As 

applied here, one redization refers to generation of correlated, 
random hydraulic conductivities for each of the cells in the mesh 
used in MODFLOW, followed by solution of the flow field as 
described in the previous section and reverse particle tracking 
from the well. One set of Monte Carlo simulations refers to 
hydraulic conductivity generation through flow line determina- 
tion for 250 realizations. 

Two random field generators, turning bands (Tornpson et 
al., 1989), and discrete analysis (Silliman and Wright, 1991), were 
utilized to generate realizations of log K (log of the hydraulic 
conductivity). Since the two generators led to similar results, 
only the discrete analysis results are presented herein. The ran- 
dom fields were constrained by requiring that the well be located 
in a region for which the hydraulic conductivity was greater than 
the mean log K. This condition provided continuity with addi- 
tional studies which were performed with actively pumped wells 
(Cole, 1995). In those studies, constraining the well to regions of 
high conductivity was justified based on the observation that 
most large capacity wells will be located in high conductivity 
units. For the present study, an arbitrary cutoff value for the 
hydraulic conductivity at the well was set as the geometric mean 
used for all the random fields, i.e., all realizations analyzed had a 
hydraulic conductivity for the cell containing the well which 
exceeded the geometric mean. 

Eleven sets of simulations were completed with random 
field statistics shown in Table 1. The correlation structure of the 
conductivity field is anisotropic (with a ratio between the maxi- 
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Fig. 1. Translation of the physical, hypothetical unconfined aquifer 
into its mathematical representation which is shown with one possible 
flow line to the well. 
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Table 1. General Parametric Description of the 11 Cases Used 

I 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 

-4.0 
-4.0 
-4.0 
-4.0 
-4.0 
-4.0 
-4.0 
-4.0 
-4.0 
-4.0 
-4.0 

0.01 
0.03 
0.075 
0.239 
0.378 
0.03 
0.03 
0.03 
0.03 
0.03 
0.378 

0 
0 
0 
0 
0 
0 
0 

30 
60 
90 
0 

‘Ratio of the integral scale to flow domain length in the xdkection. 
bOrientation of the primary correlation axis relative to the mean region 
gradient direction (the x-axis). 

mum and minimum integral scales of 4: I) in all cases. Cases 1-7 
were run with the hydraulic gradient parallel to the principal axis 
(large integral scale axis) of the correlation structure. Cases 8-10 
involve rotation of the correlation anisotropy relative to the 
mean regional gradient direction. 

For each set of simulations, flow lines emanating from the 
well were followed upgradient (i.e., via reverse particle tracking) 
for periods ranging from 5-50 years depending on the particular 
statistic sought. The statistics recorded from these simulations 
included: (1) mean, standard deviation, and skew of the distance 
between the upstream end of the flow line and the well for five 
years of travel, and (2) contour regions (termed percentile cap- 
ture contours and discussed below) indicating the uncertainty in 
the path of the flow line from the upstream point to the well. Of 
interest in the present paper is the variation of these statistics with 
changes in the log K variance, the integral scale of the hydraulic 
conductivity, and the orientation of the principal axis of the 
correlation structure. 

Measurement of the travel distance from the end of the flow 
line to the well is straightforward. Reverse particle tracking is 
utilized to follow the flow line upgradient from the well for the 
specified time period, five years here. Defining the uncertainty in 
the path taken by that flow line is less precise. In the present 
paper, a measure of this uncertainty is derived through definition 
of “percentile capture contours” (PCCs) for both finite travel 
time and infinite travel time. PCCs are geometric constructs 
which provide an estimate of the size and shape of the region of 
the aquifer containing a set percentage of the particle traces. 

To illustrate construction of a PCC for both finite time and 
infinite time, consider aset of 12 realizations of flow lines emanat- 
ing (upgradient) from a nonpumping well in which the mean 
regional flow is as shown in Figure 2. The well is located at x =  
50. For each realization, the flow line is tracked as it moves 
upgradient over a period of 50 years. The y-location of the flow 
line is recorded at a number of distances upgradient from the 
well (in this case, at x = 49, 47, 45, 40, 35, and 30). After 
completion of all M realizations in a simulation set (M = 12 in 
this case), the set of y-ordinates recorded at each x-location are 
ranked. The resulting data appear as the dots shown in Figure 2, 
and amount to histograms of y-locations for various distances 
upgradient of the well. 

To derive the Qth PCC for finite time, a closed curve is 
drawn through these histograms such that, at each x-location, 
the curve excludes a constant number of the dots, N, where N is 

chosen by maximizing N/ M 5 (1.0 - Q /  100). The PCC is closed 
at the furthest distance upgradient for which at least N dots are 
present. For example, a 50th PCC estimated from the data 
shown in Figure 2 is constructed by excluding 6 particles at each 
upgradient location (i.e., max {N/ 12 5 (1 .O - SO/ 100)) provides 
N = 6). The points excluded from the PCC are divided equally 
above and below the PCC, such that the PCC contains the 
median behavior of the realizations. mote: if the number of 
exluded points had been odd, the extra point is arbitrarily placed 
below the PCC, thus leading to a bias. This bias decreases as the 
total number of realizations increases.] In the example in Figure 
2, all 12 realizations produced flow lines which crossed x = 49. 
Hence, the PCC at x = 49 encloses the innermost 6 dots. At x = 
40, only nine realizations provided flow lines which crossed this 
x-location (the remaining three flow lines did not reach this 
location within the allotted time period). Therefore, the PCC is 
defmed by the innermost 3 dots (again, the outermost 6 dots are 
always exluded). At x = 30, only five realizations produced flow 
lines which crossed this x-location. As a result, it is impossible to 
exclude 6 dots and the PCC is closed at the previous location (in 
this case, x = 35). Figure 2 shows the final estimated PCC for this 
case as a dashed line. 

The infinite time PCC is defined by constructing a curve for 
which a percentage of the particle traces reaching a particular 
x-location are included. That is, rather than excluding a set 
number of dots, one includes a set percentage of the dots at a 
given x-location. To ensure that the PCC contains at least Q% of 
the flow lines, the number of points excluded is always rounded 
down to the next integer number [i.e., at most (100-Q) percent of 
dots are excluded]. The excluded points are once again divided 
equally above and below the PCC, with odd numbers arbitrarily 
being added below the PCC. These construction statements are 
once again illustrated in Figure 2 for the 50th PCC. As noted 
above, all 12 flow lines crossed x=49 within the allotted time. As 
a result, 6 dots were excluded (and 6 included) in the PCC. This 
results in the PCC being defined by the central 6 dots. Only 11 
flow lines crossed x = 47 within the allotted time. As a result, 5 
dots are excluded and 6 dots are included (Le., at least 50% of the 
dots are included in the PCC). The 5 excluded points are divided 
as 3 dots below the PCC and 2 above the PCC. Similar reasoning 
applies for each lateral location through x = 30 where only 5 

Mean Regional Gradient Direction 
w 
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Traces 

1 2 2 2 
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30 35 40 45 47 49 - 

Fig. 2. Example of particle trace ordinate sorting for various x- 
locations. Delineation of the 50th PCC is completed for infinite time 
(solid line) and finite time (dashed line). 
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realizations produced flow lines which had travelled this dis- 
tance. In this case, 50% of 5 leads to the exclusion of 2 dots (2.5 
rounded down), yielding the PCC as the central 3 dots. 

This construction method for the PCC is based on two 
general assumptions. First, with a finite number of realizations, 
the histogram of locations where flow lines cross a particular 
x-coordinate represents only an approximation of the true dis- 
tribution of flow lines which could be produced by a particular 
set of random field statistics. This problem can be minimized by 
utilizing relatively large numbers of realizations (see discussion 
in the next paragraph). Second, because the simulations are 
limited to finite transport times, the definition of the infinite time 
PCC is based on fewer data points as the distance upstream of 
the well increases (e.g., less than half the original 12 particles 
cross x = 30 for the problem illustrated in Figure 2). Fewer flow 
lines at a given x-location imply a poorer representation of the 
true distribution of flow lines at that location. This problem can 
be minimized by using large enough transport times that the 
majority of the flow lines cross the furthest upstream location for 
which the PCC is to be defined. 

Examples of 20th, 50th, and 90th PCCs generated for Case 
2 of the present study are shown in Figure 3. This figure contains 
only the finite time PCCs corresponding to a 50-year travel time 
(both finite and infinite PCCs are shown in subsequent compari- 
sons). The maximum widths range from 100 meters for the 20th 
PCC to 500 meters for the 90th PCC. As expected, a substan- 
tially larger uncertainty exists for the 90th PCC than the 50th 
PCC, since approximately five times fewer "extreme paths" are 
excluded. 

It is important to verify that the contours and statistics 
derived from 250 realizations approximate the population statis- 
tics to a reasonable degree. This assertion is tested by comparing 
the 99th PCC based on 250 realizations with that for 500,1250, 
and 2500 realizations. This should be a very conservative 
benchmark, since all results discussed below are based on the 
50th PCC. As shown in Figure 4, the estimated PCC does not 
vary significantly as the number of realizations increases. Larger 
numbers of simulations serve primarily to smooth the boundary 
as opposed to drastically relocating it. Hence, it is concluded that 
250 realizations provide reasonable statistics for the present 
study. (There is some indication that 250 realizations are inade- 
quate for very long integral scales-see Cole, 1995). 

4.0 Results for Five-Year Travel Distance 
Table 2 shows the statistics generated for the travel distance 

between the well and the upstream distance to the start of the 
flow line over a five-year period utilizing Cases 1-5, i.e., those 
involving variation in the integral scale. These results indicate 
that regardless of correlation scale, the average travel distance is 
at least 40 percent larger than the distance predicted by a homoge- 
neous solution (251 meters) based on the geometric mean 
hydraulic conductivity. Further, the average travel distance 
increases as the integral scale increases. The standard deviations 
are on the order of magnitude of the mean distance travelled and 
the skew is large for the longer integral scales. For the integral 
scale ratio of 0.38 (Case 5),  three percent of the realizations led to 
particles travelling further than the distance from the left edge of 
the grid to the well (approximately 3500 meters). 

Large standard deviations and a positive skew are indica- 
tive of ;low following preferential pathways in a number of the 
realizations. Specifically, as the integral scale increases, the 
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Fig. 3. Example 50-year (fiiite time) PCCs for: 20 percent-dash-dot 
line, 50 percent-dashed line, and 90 percent-sotid line. Note: y-axis 
is exaggerated. 
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Fig. 4. Convergence of the infinite travel time 99th PCC for Case 11. 
Contours correspond to: 250-dotted line, 500-dot-dash line, 
1250-dashed line, 2500 realizations-solid line. 

probability that a particle travels predominantly within a high 
permeability zone increases. Thus, preferential flow through 
high permeability regions appears responsible for the increased 
mean travel distance for the larger integral scales. 

T h e  consistently large mean traveldistance (as compared to 
that predicted using the geometric mean) for all integral scales is 

Table 2. Five-Year Travei Distance Statistics 
Generated from Cases 1-5 

Case A x / l x  Mean' Stand. dev. Skew 

1 0.010 352 m I63 0.650 
2 0.030 512 m 275 0.729 
3 0.075 625 m 353 0.863 
4 0.239 757 m 626 2.24 
5 0.378 875 m 139 1.97 

'The travel distance using a homogeneous geometric mean K was 251 
meters. 
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thought to be related to two effects. First, as just discussed, 
preferential pathways lead to a skewed distribution of travel 
distances and an increase in the mean. This argument appears 
consistent with theoretical derivations showing effective hydrau- 
lic conductivity to be anisotropic in conductivity fields for which 
the correlation structure is anisotropic (e.g., Indelman and 
Dagan, 1993). In such studies, it has been shown that the conduc- 
tivity parallel to the primary axis of correlation (in Cases 1-5, 
parallel to the regional gradient) is greater than the geometric 
mean conductivity, leading to larger travel distances under the 
flow conditions modeled here. 

Second, as noted previously, the realizations were limited to 
random fields in which the well was located in a region contah- 
ing higher than average hydraulic conductivity. As a result, each 
realization is biased towards longer travel distances. This second 
argument was investigated utilizing realizations without restrict- 
ing K at the well for a limited number of realizations. These 
efforts demonstrated that conditioning did increase mean travel 
times, but not to the degree required to explain the difference 
between the observed results and the travel time predicted based 
on the geometric mean. 

When the log K variance is increased while the integral scale 
is held constant, the mean and standard deviation of the travel 
distance increased. As shown in Table 3 for Cases 2,6, and 7, the 
skew also increases as the variance increases. Thus, similar to an 
increase in the integral scale, an increase in the variance of log K 
results in further concentration of flow along selected paths, due 
to the larger differences between low and high K regions. 

The influence of rotating the correlation structure relative 
to the regional hydraulic gradient is illustrated via the results 
reported for Cases 2,8,9, and 10 in Table 4. 6pncOrr is defined as 
the angle between the x-direction of the grid and the direction of 
the largest integral scale (for the hydraulic conductivity). It is 
observed that the mean and standard deviation of travel distance 
decrease as 6pncon increases. No dear pattern is apparent for the 
skew, which had a maximum at a 60° angle. Finally, the average 
direction of travel was not aligned with the x-axis for either the 
30° or 60° results. Such deviation from the x-axis is predicted by 
theoretical consideration of flow in statistically anisotropic 
media, e.g., Gelhar (1993). 

5.0 Fiftieth Percentile Capture Contours 
Construction of the PCCs was indicated in Figure 2, and 

their general shape in Figure 3 was seen to consist of elongated 

' 

Table 3. Five-Year Travel Distance Statistics for Cases 2,6, and 7 

Case ULog K Mean Stand dev. Skew 

346 m 106 0.343 
275 0.729 512 rn 

0.735 

2 

6 1/9 
2 41 9 
7 1 660 m 412 

Table 4. Five-Year Travel Distance Statistics for Cases 2,8,9, and 10 

Case h. con. Mean Stand. dev. Skew 

2 0 degrees 512 m 275 0.729 
8 30 440 m 228 0.673 
9 60 290 m 137 0.978 

10 90 266 m 108 0.536 

0 500 loo0 1500 2oOq 2500 3000 3500 4oM] 
Distance from Ongin (meters) 

1 I X X X n  x ~ x x x - ~ x x x x x x x x x x x x x x ~ x ~ w e u  
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Distance 6um Ongin (meters) 

Fig. 5. Fiftieth PCC for Cases 1-5 which involve various integral scales 
of the hydraulic conductivity using the (a) 50-year travel time esti- 
mate, and (b) inClnite travel time estimate. Line types utilized are: Case 
1-x, Case 2-dotted line, Case 3-dashed line, Case 4-dash-dot 
line, Case 5-sotid line. Note: y-axis is exaggerated. 

regions whose transverse width decreased as one approaches the 
well. The variability of the PCC shape is considered for the cases 
outlined in Table I. 

5.1 Zntegral Scale 
The dependence of the transverse width of the PCC on the 

integral scale was investigated. This investigation was based on 
analysis of Cases 1-5 and the 50th and 99th PCCs. For the 
present paper the 50th percentile contours were chosen, since less 
noise is apparent for them than for the 99th PCCs. Figure 5 
shows a comparison of the 50th PCCs for 50-year travel times. 
Figure Sa shows the results for a finte travel time and Figure 5b 
shows the results for infinite travel time, indicating a widening of 
the PCC as the integral scale increases. Further, based on Figure 
5a, an increase in the integral scale leads to an elongation of the 
PCC (consistent with the travel distance statistics reported in 
Table 2). Due to variability in the results for the larger integral 
scales, it is difficult to state with confidence how the PCC varies 
for Cases 3, 4, and 5, except to note that these PCCs are 
significantly, larger than those delineated for Cases 1 and 2. In all 
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cases, the lateral spread, even for the 50th PCCs, was quite 
substantial, amounting to approximately 500 meters at maxi- 
mum in this particular situation. 

It is noted in Figure 5b that the widths of the PCCs for 
infinite time increase with distance upstream from the well. 
However, for shorter integral scales (Cases 1 and 2) the width 
remains approximately constant for distances greater than 15 
integral scales upstream from the well. Due to the proximity of 
the upstream boundary, it cannot be determined whether the 
same behavior would be observed for the larger integral scales. 

5.2 Variance of the Hydraulic Conductivity Logarithm 
The maximum transverse width of the 50th PCCs increased 

for an increase in the variance of log K as shown in Figure 6 for 
Cases 2, 6 ,  and 7, but to a lesser degree than in the previous 
comparison. These data suggest that a larger log K variance 
increases the uncertainty of the flow path position near the well 
and the absolute distance travelled, while the transverse width of 
the PCC is dictated more by the integral scale. 

5.3 Maximum Correlation Direction 
The hydraulic conductivity statistics in the preceding 

examples have been evaluated for simulations where the maxi- 
mum integral scale was aligned with the regional flow direction. 
In Cases 8-10, the alignment of the statistical anisotropy is 
rotated relative to the regional flow. Figure 7 indicates that the 
primary result of rotating the correlation anisotropy is a rotation 
of the mean flow direction, up to 20' from the regional flow 
direction. Despite this significant deviation in the mean flow 
direction, however, the width of the 50th PCC remains approx- 
imately constant for all orientations of the anisotropy. The 
upstream extent of the contours also supports the earlier obser- 
vation that the mean travel distance decreases with rotation of 
the anisotropy (as reflected here in the shortening of the length of 
the 50th PCC progressively from Case 2 through Cases 8,9, and 
10). 

The deviation in the mean direction of transport with rota- 
tion of the anisotropy of the hydraulic conductivity correlation 
structure is a vivid illustration of the large scale anisotropy in 
effective parameters predicted by other authors through theoret- 
ical analysis (e.g., Gelhar, 1993; Indelman and Dagan, 1993). In 
these previous theoretical studies, it has been demonstrated that 
statistical anisotropy in a random field which is physically iso- 
tropic at each point in space will lead to overall behavior of the 
flow field which is consistent with an anisotropic effective 
hydraulic conductivity tensor. Although cornparkg the exact 
angles observed in our work with the angles predicted theoreti- 
cally is beyond the scope of the present paper (see Cole, 1999, the 
results shown in Figure 7 are clearly more consistent with an 
anisocropic hydraulic conductivity field (for the 30' and 60° 
rotations) than one which is isotropic, 

6.0 Conclusions 
rhrough examination of the variability of flow lines inter- 

secting a passive well in a heterogeneous, unconfined aquifer via 
Monte Carlo analysis, it has been shown that travel distance 
predictions based on homogeneous, isotropic K (specifically, 
predictions based on the geometric mean value for the site) may 
lead to substantial errors in terms of actual travel distance and 
direction of a conservative contaminant in a heterogeneous, 
statistically anisotropic system. Among the errors noted was the 

dependence of the mean travel distance on the correlation struc- 
ture of the conductivity field (with the mean traveldistance for a 
correlated field larger than the distance for a homogeneous field 
for all integral scales tested). Further, the mean orientation of 
travel deviated from that predicted for an isotropic medium 
when the correlation structure of the hydraulic conductivity was 
anisotropic. This latter observation is potentially of major signif- 
icance as it implies (consistent with earlier theoretical work by 
other authors) that even in media which are locally isotropic 
(such as coarse sands or gravels), the mean direction of water 
movement may not be perpendicular to regionally derived con- 
tours of hydraulic head if the correlation structure of the medium 
is anisotropic. 

Through this study of the variability in the flow line feeding 
a passive well, it was observed that in addition to variability in 
the mean transport properties (mean distance and mean orienta- 
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Fig. 6. Fiftieth PCC for Cases 2,6, and 7 involving variation in the log 
K variance and a 50-year travel time. Line types are: Case 2-dashed 
line, Case 6-dash-dot line, Case 7-soKd line. Note: y-axis is 
exaggerated. 
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Fig. 7. Fiftieth PCC for Cases 2,8,9, and 10, involvingrotation of the 
correlation anisotropy relative to the x-direction in the model, and a 
50-year travel time. Line types are: Case 2-dotted line, Case 8-dot- 
dash line, Case 9-dashed tine, Case 10-solid l i e .  Note: y-axis is 
exaggerated. 
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tion), substantial variability around these means was observed. 
In our effort to characterize this latter variability, the percentile 
capture contour (PCC) was defmed as a graphical representation 
of the uncertainty in the location of the travel path to the well. In 
the present study, the 50th PCC was the primary PCC used to 
investigate spatial variability in the flow line. Based on the 50th 
PCC, it was observed that the primary influences on the PCC 
were the integral scale and the primary axes of anisotropy of the 
correlation structure. The variance in log K also influenced the 
PCC to a lesser degree. Again, it is stressed that the mean 
orientation was aligned with the mean regional gradient only 
when one of the two primary correlation axes was aligned with 
the mean regional gradient. As noted above, these results corre- 
spond with theoretical arguments regarding effective hydraulic 
parameters in hydraulic conductivity fields characterized by 
anisotropic correlation structure. Sigdicantly, these results 
(and the theoretical results presented in the literature-e.g., see 
Gelhar, 1993, for a summary) indicate that the parameters to 
which the variability in the flow line is most sensitive (Le., the 
integral scale and anisotropy of the correlation structure of the 
hydraulic conductivity) are perhaps the most difficult parame- 
ters to estimate on a limited budget at a field site. 

The result of this study, then, leads to  the observation that 
there is significant uncertainty in defining the flow path to a 
passive well in an unconfined aquifer. This uncertainty can only 
be reduced through collection of additional field data via care- 
fully determined sampling, discussion of which is beyond the 
scope of the present paper. In the absence of information beyond 
a general knowledge of the mean hydraulic conductivity and the 
mean gradient direction, these results along with previous 
theoretical studies lead to  the conclusion that the field hydrolo- 
gist should add a degree of safety (e.g., a safety factor) to 
calculations of both the expected distance of travel and the 
expected orientation of travel. First, based on the results pre- 
sented, uncertainty in the flow direction may be as high as f 30 
degrees if no information on anisotropy of the conductivity 
structure is available. This uncertainty is in addition to the 
uncertainty in the estimate of the regional gradient due either to 
temporal changes in the gradient or estimation of the gradient 
based on limited data. These latter uncertainties have been 
shown to be quite large in the absence of reliable field data sets 
(e.g., Cole and Silliman, 1996). Further, other authors have 
observed, or their data have suggested, significant deviations 
between expected direction of chemical transport and observed 
chemical transport (see, for example, the comments of Gelhar, 
1993, p. 156). 

Secondly, uncertainty in the mean distance of travel 
appears to be generally covered, in the present study, by a safety 
factor between 2 and 3 relative to the geometric mean. This 
second sdety factor is more difficult to define from the present 
work, however, as two competkglimitations of the present work 
directly influence this number. First, as noted. above, the mean 
travel distance is artificially high here as the realizations are 
limited to those with high hydraulic conductivity in the region 
surrounding the well. Second, an additional uncertainty is inher- 
ent here as it is assumed that the geometric mean conductivity is 
known for the specific aquifer. Uncertainty in the estimate of the 
geometric mean contributes directly to a larger uncertainty in the 
ratio of the mean travel distance to the travel distance estimated 
using the approximate mean conductivity. Despite these latter 
uncertainties, however, it is felt that a factor of safety between 2 
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and 3 will cover the mean behavior under most situations hvolv- 
ing nearly steady flow in an unconfined aquifer. 

In summary, it is concluded that prediction of transport 
routes to a passive well without consideration of a PCC or safety 
factors (or collection of substantially greater amounts of data) 
does not accurately reflect the uncertainty inherent in character- 
izing flow/ transport in the presence of hydraulic heterogeneity. 
Hence, it is recommended that practicing hydrologists present 
field analyses in terms which recognize this uncertainty through 
inclusion either of factors of safety or another means of express- 
ing this uncertainty to the client. 
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Abstract. T h e  process of designing a piezometer network for estimating the sample 
variogram of the hydraulic gradient is used to  illustrate one strategy f o r  designing a 
sampling network which is bo th  appropriate  for  the  estimation of spatial statistics and 
efficient in terms of the measurement instrument. Constraints  which impacted this design 
can  b e  broken into three  categories: (1) constraints discussed by previous authors  and 
related to increasing confidence in the estimate of the sample variogram, (2) new 
constraints re la ted to t h e  spat ia l  distribution of sample location fo r  t h e  purpose of 
estimating the  sample  variogram, and (3) constraints re la ted to  the  measu remen t  
instrument.  After  assessing a number of sampling strategies, including uniform grids, 
randomized grids, various geometr ic  patterns, and scaled sampling patterns, an acceptable 
design for  t he  present application was developed from a scaled sampling pa t te rn  which 
was modified to  utilize t h e  instrument  more efficiently. In this situation the  final design 
could n o t  have been  established except through consideration of bo th  the statistics to b e  
derived from the sampling effort a n d  the instrument used to obtain the measurements. 

1. Introduction 
The covariance and semivanograrn (henceforth called the 

variogram) are important functions in groundwater hydrology, 
and the estimation of the sample variogram remains a funda- 
mental process in the analysis of geostatistical structures. The 
development of an efficient sampling design has long been 
recognized as a key step in this process, the goal of which is a 
quality estimation of the sample variogram. Annstrong [1984] 
provided an outline of the difficulties associated with vario- 
gram estimation from sampled data. Among the problems 
noted in that paper were (1) choice of distance classes which 
produced widely varying numbers of data pairs in each class, 
(2) sampling from mixed populations without separation of 
data by population, (3) the presence of outliers or highly 
skewed distributions, and (4) artifacts due to user errors (such 
as use of artificial values to account for missing data or adjust- 
ment of zero and negative values prior to taking the logarithm 
of the data). 

On the basis of the recognition of the importance of the 
spatial distribution of sample data as noted by Amstrong 
[I9541 and others, Riisso [1984] and Wam’ck and Myers [1987] 
have discussed algorithms whereby appropriate sample loca- 
tions may be identified for estimating the sample variogram. 
Focusing on the distribution of data pairs used in the estima- 
tion of the sample variogram, Wanick and Myers [1987, p. 4971 
formalized the analysis of sampling networks using an optimi- 
zation scheme based on the following five constraints: (1) For 
each distance-angle class (used in estimating the sample var- 
iogram), the number of pairs should be as large as possible, 
particularly for short distances; ( 2 )  the average of the distances 
in each class should be close to the plotted distance; (3) the 
variance of the distances in each class should be small; (4) the 
average of the angles in each class should be close to the 
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plotted angle; and (5) the variance of the angles in each class 
should be small. 

In the present study the constraints specified by Wum’ck and 
Myers [1987] were investigated for application to a design prob- 
lem involving placement ‘of piezometers for estimation of the 
variogram of the hydraulic gradient. This design required that 
three piezometers be utilized for each gradient estimate to be 
collected (following on the work of Sillirnan and Frost [1996] 
and discussed below). In placing the piezometers it was desired 
to maximize the efficiency of use of each of the piezometers 
while providing adequate gradient data to estimate the struc- 
ture of the sample variogram over a wide range of distance 
classes. I t  was determined that in addition to the constraints 
for selection of the sampling locations as presented by Wam’ck 
and Myers [1987], a modified set of constraints on the sampling 
design was required to explicitly include consideration of in- 
creasing the uniformity of sampling in space and the inclusion 
of the measurement instrument in the design process. 

2. The Experiment and Motivation 
The design problem discussed below is based on a series of 

ongoing experiments being conducted on constructed aquifers 
within the groundwater laboratory at the University of Notre 
Dame. The motivation for these experiments is the assessment 
of first-order stochastic theory for flow and chemical transport 
as applied to random fields subject to high-density sampling. In 
particular, recent developments [Zheng et al., 19961 have led to 
t.he observation that the integral scale and variance of the 
hydraulic conductivity field may be estimated directly from 
analysis of the variogram of the hydraulic gradient. The 
present discussion is centered on the design of the piezometer 
network used in these experiments to estimate the sample 
variogram of the hydraulic gradient. 

Within the work presented by Zheng et ai. [1996], local 
estimates of the hydraulic gradient, termed the “samples” in 
the present paper, are obtained from head measurements col- 
lected from sets of three piezometers arranged in right trian- 
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Figure 1. Basic geometry of instruments and samples (sam- 
ples shown as asterisks, piezometers shown as circles). 

gles, as illustrated in Figure 1 and following the work presented 
by Silfirnan and Frost [1996]. The arrangement of the three 
piezometers (both the placement as right triangles and the 
separation among the three piezometers) is herein termed the 
“instrument.” The sample variogram of the hydraulic gradient 
is therefore estimated from a series of samples (Le., gradient 
estimates), each measured with the same instrument (a cluster 
of three piezometers arranged in the prescribed geometry). 
The design problem for obtaining the sample variogram of the 
hydraulic gradient consists of two components. The first is the 
placement of sample locations so as to allow estimation of the 
sample variogram. The second is the efficient use of a set of 
instruments which will produce the desired samples. In this 
particular case the least efficient use of the instrument would 
require three new piezometers per sample location. Efficiency 
can be increased by considering sampling designs in which the 
head measured at one piezometer is used in the estimation of 
the gradient at two or more locations. Figure 1 illustrates one 
design in which individual piezometers contribute to more than 
one instrument. 

3. Constraints for the Sampling Design 
As noted in the previous paragraphs the design problem 

addressed involves placement of piezometers such that the 
variogram of the hydraulic gradient may be estimated. This 
design problem involves a number of constraints which can be 
broadly classified into three groups: (1) constraints common 
with the work of Wam’ck and Myers [1987] and related to the 
use of sample values in the estimation of the sample variogram, 
( 2 )  constraints which are in addition to those of Wum‘ck and 
Myers [1987] and which are related either to long lag distances 
on the variogram or to developing wider coverage of the sam- 

ple space, and (3) constraints related to the measurement 
instrument. These three groups of constraints are summarized 
in Table 1 and are discussed below. 

The three constraints in the fmt group are similar to con- 
straints listed by Wam’ck and Myers [1987] and are necessary 
constraints on sample location for any effort involving estima- 
tion of the sample variogram. In addition to this group, the 
fourth and fifth constraints are identified as a second group 
relating to distribution of sample pairs. 

The fourth constraint was established through consideration 
of two interests: (1) the intended use of the results of this 
sampling to assess both the short- and long-scale behavior of 
the variogram of the hydraulic gradient and (2) the lack of 
knowledge, a priori, of the length scales of interest for the 
present application. As a result, it is not possible to state, prior 
to the experiment, the distance classes which will be of primary 
importance to the final analysis of the variogram. Because of 
these competing interests, there is substantial motivation to 
maintain essentially constant numbers of sample pairs in each 
distance class of interest. 

The fifth constraint is related to ergodicity. From ergodicity 
one can argue that a spatial statistic will converge to an en- 
semble statistic only when the spatial statistic is averaged over 
a large region in space (see, for example, the discussion of 
ergodicity by Karlin and Taylor [1975]). In practical tenus the 
variability within a random field leads to a concern that reli- 
ance on tight groupings of sample pairs within one region of 
the field may lead to sample statistics (in this case, individual 
points on the sample variogram) which do not reflect the sta- 
tistics of the entire field. Corsten and Stein [1994], for example, 
attribute failure of a nested sampling scheme to reliance on 
sampling from only limited regions of the field. In the present 
design effort the fifth constraint is used to give preference to 
those designs which provide data pairs from multiple regions of 
the sample space over those designs for which all pairs in a 
particular distance class of the sample variogram are from a 
local, clustered region in space. 

As noted above, the efficient use of these instruments is an 
important consideration in this network design. As a result, a 
third category of three additional constraints is specfied which 
are related to the consistent and efficient use of a limited 
number of piezometers. As an upper bound to the amount of 
data which may’be gathered, considerations related to the 
laboratory facilities and the structural integrity of the container 
housing the experiment led to the assessment that it would be 

Table 1. Summary of Design Constraints 

Category Constraint 

Constraints discussed in previously published papers (1) for each distance class of interest, obtain a maximum number of sample pairs 
(with a minimum of 30 sample pairs, as derived from the suggestion of Jorrmel and 
Huijbregts [1978]) 

distance and the midpoint of the distance class (the plotted distance) 
(2) for each distance class, minimize the difference between the average separation 

(3) for each distance class, minimize the variance of the distance between sample pain 
(4) obtain approximately uniform numbers of sample pairs in all distance classes of 

(5) distribute the sample pairs such that the information contained in each distance 

( 6 )  limit the number of piezometers used to 130 
(7) maximize the number of samples obtained per piezometer installed 
(8) maintain a constant (right triangle) geometry and enclosed area for each sampling 

Constraints addressing long separation distances 
and the spatial distribution of data pairs interest 

class is sampled from multiple regions of the field of interest 
Constraints addressing measurement instrument 

instrument 
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difficult to install and handle more than 130 piezometers (con- 
straint 6). Given that the number of piezometers available for 
the design is limited, there is an obvious desire to use each 
piezometer efficiently. This involves obtaining as many gradi- 
ent samples per piezometer as possible and leads to constraint 
7. Finally, as mentioned earlier, to ensure that each sample 
used to calculate the variogram is obtained using a consistent 
instrument, only right triangles of constant area will be con- 
sidered, yielding constraint 8. 

The present discussion is limited to analysis of isotropic 
sample variograms (as evidenced by the lack of discussion of 
the angle of separation between data pairs). Extension to 
anisotropic variograms would involve the addition of con- 
straints related to division of sample pairs by direction as 
discussed by Wam'ck and Myers [1987]. Discussion of anisot- 
ropy is omitted from the present manuscript solely to simplify 
the following discussion of the impact of instrument on the 0.2 0.4 0.6 0.8 J 

0 1 

Figure 2. Uniform grid pattern for sample locations using 
144 sample points. 

sampling design. 
Finally, it is noted that an analysis of whether these con- 

straints lead to designs which can be shown mathematically to - 
lead to optimal parameter fits to the sample variogram (e.g., 
using the methods of Kitanidis [1987] or similar parameter 
estimation techniques) is beyond the scope of the present 
paper. While these issues are of extreme importance, the 
present discussion is limited to selection of a sampling design 
based on the listed constraints. Hence the recommendation of 
Joumel and Huhbregts [1978] of using at least 30 pairs per 
distance class and the initial constraints presented by Wam'ck 
arid Myers [1987] are accepted without further analysis. 

4. Evaluation of Sampling Designs 
The strategy used for the evaluation of sampling designs 

relative to the constraints outlined above involved modification 
of the sampling design through a controlled trial-and-error 
approach. The general steps involved in this approach were (1) 
selection of a pattern for the locations of samples, initially 
based upon a uniform grid, a randomized distribution, a geo- 
metric design, or scaled pattern; (2) placement of piezometers 
(three piezometers per sample) to produce the desired pattern 
of samples; (3) assessment of the adherence of the design to 
the eight constraints listed above; and (4) modification of the 
sampling pattern to increase adherence to the constraints. 

Various sampling strategies were investigated including a 
uniform grid, a randomized grid, a geometric pattern ap- 
poach ,  a scaled pattern, and a modified scaled pattern. In each 
case it was assumed that the sampling was performed in a field 
with dimensions of 1.0 by 1.0 arbitrary units. For each sampling 
design, pairs of sample locations were subdivided by separation 
distance, as would be performed for estimation of the sample 
variogram, and grouped into distance classes for analysis. The 
aaherence to the eight criteria specified above was then as- 
sessed for each sampling pattern. For the sake of brevity, only 
the uniform grid and modified scaled pattern are discussed in 
detail. 

4.1. Uniform Grid 
Consistent with the findings of other authors [e.g., Riisso, 

1984; Wanick and illyers, 19871, it was observed that the use of 
uniform grid sampling patterns (e.g., rectangular and hexago- 
nal) led to several difficulties. First, the distribution of sample 
pairs by distance is quite uneven for the uniform grid. For 
e?:dmple, a square grid consisting of 144 points, shown in Fig- 

ure 2, leads to a distribution of sample pairs by distance as 
shown in Figure 3. It is clear that this uniform grid fails to 
provide uniform numbers of pairs in each distance class. Fur- 
ther, as the minimum distance achievable with a regular grid is 
equal to the separation distance between neighboring sample 
locations, the only way to gain information for the variogram at 
small distances without increasing the number of sample loca- 
tions is by reducing the distance between samples. This leads to  
a reduction of the total area covered by the sampling design 
and minimizes the information gained at  larger separation 
distances. 

Despite these difficulties, the uniform grid sampling scheme 
fulfills many of the previously stated constraints. For example, 
information for each of a wide range of distance classes is 
gained from multiple regions of the field of interest. Further, 
the sample pairs used in estimating the sample variogram may 
be separated into discrete distance classes (as shown IR Figure 
3), thus providing strict adherence to constraints 2 and 3 since 
all distances within the class are equal and therefore show zero 
variance and zero bias. Finally, this distribution of sample 
points also performed relatively well with respect to constraint 
7 as this grid of samples may be estimated using only 169 
piezometers. In this manner the uniform grid yields 0.85 sam- 
ples (gradient estimates) per piezometer. It should be noted, 
however, that this number of piezometers violated criterion 6 
(maximum number of piezometers equal to 130). 

In an effort to gain a better distribution of sampling pairs by 
distance class and/or a wider range of distance classes covered 
by the grid, randomized grids based on an initial uniform grid 
(following on the discussion of Warnck and Myers [1987]) were 
investigated. In all cases involving randomized grids, greater 
adherence to the criteria based on distribution of sample pairs 
was accompanied by a sigruficant decrease in the efficiency of 
use of the piezometers. In the limit of a completely random 
grid of sample locations, the efficiency of the grid decreases to 
approximately 0.33 samples per piezometer (i.e., three piezom- 
eters for each sample). Hence it was concluded that random- 
ized grids would not lead to adequate sampling designs for t he  
present application. 

I 
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Figure 3. Number of sample pairs per discrete separation distance for uniform grid sampling design (shown 
in Figure 2). The number of discrete separation distances is 77. 

Modified Scaled Pattern 
aled sampling patterns were also investigated in an effort 

to distribute sample pairs more evenly in space and among 
distance classes. On the basis of a review of common fractal 
patterns, a two-dimensional extension of the Cantor set [Man- 
delbrot, 19831 was arbitrarily chosen as the starting point for 
this effort (Figure 4). This particular design appeared to work 
quite well in terms of many of the constraints. There were 
discrete distance classes into which the sample pairs fall. As a 
result, constraints 2 and 3 were met exactly. Also, there were 
sigmficant and relatively uniform numbers of sample pairs in 
distance classes from relatively smalI separation through rela- 
tively large separation. Hence constraints 1 and 4 were also 
fulfilled by this sampling scheme. 

There were, however, two major drawbacks to this scaled 
sampling scheme. First, the sampling pattern shown in Figure 
4 is reflective of a nested sampling scheme as discussed by 
Corsten and Stein [1994]. As noted by these authors, such a 
sampling scheme may lead to relatively sparse sampling and 
thereby to relatively poor statistics. In the case shown in Figure 
4 the short distance information was derived primarily from 
the outer four sampling regions within the sample scheme. 
Little short-length scale information was obtained along the 
vertical and horizontal lines bisecting the sample space. Sec- 
ond, the irregular spacing of the sample locations was such that 
it was difficult to make efficient use of the piezometers in 
generating these estimates. To obtain the 225 samples shown 
in Figure 4, a total of 435 piezometers was needed, violating 
constraint 6 and resulting in an instrument efficiency of 0.52. 
In order to address these two problems the sampling scheme 

was modified through a series of steps, including the following: 
(1) The Cantor set was truncated so that only selected sample 
points were included in the fourth generation, reducing the 
number of points at which samples were to be collected; (2) the 
sample points were shifted slightly to increase the efficiency of 
piezometer placement; (3) this increased efficiency allowed 

piezometers to be added to increase the density of sampling 
along the vertical and horizontal centerlines; and (4) eight 
additional piezometers were added to select locations to im- 
prove overall piezometer efficiency. Figure 5 shows the final 
design of the piezometer network (consisting of 125 piezom- 
eters) and the resulting locations of hydraulic gradient samples. 

In reviewing the design constraints the sampling network 
shown in Figure 5 appears to be efficient in terms of each 
constraint. First, as shown in Figure 6, the number of sample 
pairs exceeds 30 in a large number of discrete distance classes. 
In fact, a significant number of classes contain 48 or more data 
pairs. Hence constraint 1 is satisfied. Because these discrete 
distances classes may be used to estimate the variogram, the 
plotted distance for each distance class is unbiased and has 
zero variance, satisfylng constraints 2 and 3. Further, the num- 

0 0.2 0.4 0.6 0.8 1 

Figure 4. 
generations of Cantor set). 

Scaled pattern of sample locations (includes four 
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Figure 5. Modified scaled sampling pattern using 125 pi- 
ezometers to give 148 individual samples (samples shown as 
asterisks, piezometers shown as circles). 

bers of pairs per class is relatively uniform over a wide range of 
distances, from substantially less than 0.1 to greater than 1.0, 
which satisfies constraint 4. In terms of the efficiency of the use 
of the sampling instrument (constraint 7), this design provides 
for 1.2 samples per piezometer, a substantial improvement in 
efficiency over the previous designs. Finally, the number of 
piezometers required in this design is 125, satisfying constraint 
6, and the 148 resulting samples are relatively uniformly dis- 
tributed in space, as required in constraint 5. 

5. Discussion 
The development of the sampling design for this particular 

application provides a number of important observations re- 
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garding the general design of sampling patterns. First, these 
results are consistent with observations by other authors [e.g., 
Russo, 1984; Wam'ck and Myers, 19871 in noting that a uniform 
rectangular grid leads to two significant problems in terms of 
variogram estimation: (1) the number of sample pairs per class 
vanes dramatically within the different distance classes, and 
(2) it is expensive (in terms of number of measurements re- 
quired) to acquire information at  both the small and the large 
scale utilizing a uniform grid. In contrast, the use of the scaled 
sampling pattern appears to provide relatively uniform distri- 
bution of sample pairs over a wide range of distances. Assum- 
ing that care is taken to  avoid the sparsity discussed by Corsfen 
and Stein [1994] for nested sampling networks, a scaled sam- 
pling design represents a reasonable starting point for design 
of sampling networks. 

Second, and perhaps most significant, these results show the 
important relationship between sampling instrument and sam- 
pling design. In cases where the instrument requires combining 
measurements from more than one spatial location, the statis- 
tics derived from the sampling design will be impacted both by 
the desired distribution of samples and by the required distri- 
bution of measurement locations. In the present case study, 
practical considerations regarding the number of piezometers 
which could be used placed an indirect upper limit on the 
number of samples which could be obtained. As a result, cri- 
teria in addition to those discussed by Russo [1984] and Wum'ck 
and Myers [1987] were necessary in order to achieve efficient 
use of the instrument. Consideration of instrument efficiency 
made random sampling patterns undesirable for the present 
application, despite their enhanced performance with regard 
to uniformity of sample pairs per distance c,ass. In contrast, 
through consideration of the efficiency of the use of the instru- 
ment and the additional constraints, a final sampling pattern 
was chosen which is consistent with all constraints and leads to 
a final instrument efficiency of 1.2 gradient samples per pi- 
ezometer. It was only through consideration of constraints on 

0.5 

Figure 6. Number of sample pairs per discrete separation distance for final sampling design. The number of 
discrete separation distances is 411. 
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both the instrument and the sample design that the final design 
for placement of piezometers could be chosen. 
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MONITORING HYDRAULIC GRADIENT USING THREE-POINT ESTIMATOR 

By Stephen E. Silliman' and Craig Frost? 

ABSTRACT: A new method is discussed for garnering information from water level data. Using measured water 
level data, a series of local estimates of the hydraulic gradient are generated, By combining these estimates 
through a series of plots, significant insight can be gained regarding the regional gradient and local variability 
in the gradient. Utility of this approach for monitoring gradients and temporal changes in the gradient is discussed 
through application to experimental results from a constructed aquifer, field results from a site in northern 
Indiana, and numerical simulation. In each case, the estimator provided a measure of the regional gradient and 
local deviation from this regional gradient. It is shown that the shape of the plots generated is related to errors 
in measurement and local anomalies in the hydraulic gradient. It is suggested that the shape of the plot also 
provides insight into the relative scales of the measurement and the integral scale of the underlying transmissivity 
field. 

INTRODUCTION 

Monitoringhemediating a contamination event requires es- 
timation of the hydraulic gradient at the scale of the contam- 
inant plume or remediation effort. While the horizontal com- 
ponents of the gradient can be estimated from as few as three 
points in space, estimation from only three points is subject to 
significant error (Cole and Silliman 1996; Sudicky 1986). It is 
therefore recognized that the gradient estimates derived from 
depth to water measurements collected at only three wells 
should be used with extreme caution. 

When a larger number of wells are available at a field site, 
the classic approach to utilizing water level data is to contour 
the hydraulic head measurements [e.g., Fetter (1994), p. 1141. 
While contouring commonly provides a good overall view of 
the regional variation in hydraulic head, it can lead to uncer- 
tainty in the estimate of the regional hydraulic gradient (in 
terms of both the direction and the magnitude) and loss of 
detail regarding local fluctuations in the hydraulic head. The 
question therefore arises as to whether there are alternative 
approaches to interpreting hydraulic head measurements that 
provide additional information for the same effort in terms of 
data collection and analysis. 

A number of authors have addressed this, and similar, ques- 
tions related to hydraulic heterogeneity through Monte Carlo 
studies and theoretical analyses of heterogeneous conductivity 
fields leg., Freeze (1975); Gelhar and Axness (1983); Dagan 
(1986); Neuman and Om (1993); and a number of other au- 
thors]. Among the results from this significant body of litera- 
ture is the observation that the variability in the gradient will 
decline as the scale of measurement increases. That is, devi- 
ations in the hydraulic gradient tend to be local and related to 
the length scales of the hydraulic heterogeneity. Further, a 
number of authors have demonstrated that the variations in the 
hydraulic head can be used to gain information regarding the 
distribution of the hydraulic conductivity. The inverse method, 
in particular, has found wide application to the problem of 
parameter identification in ground-water projects [e.g., Poeter 
and McKenna (1995); Harvey and Gorelick (1995); Yeh 
(1986) 1. 
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Under a variety of field conditions, the data requirements 
and effort required for inverse modeling may not be justified 
for the application at hand. For example, one might be inter- 
ested in determining whether the distribution of the hydraulic 
gradient at a field site might be varying with time through 
analysis of data collected at the same site on two different 
dates. Alternatively, one might be interested in estimating 
whether a local surface water body represents a significant 
hydrologic feature in an unconfined aquifer. 

For these situations, it is suggested that additional insight 
can be gained beyond simple contouring of the data without 
necessitating additional data collection. By estimating the hy- 
draulic gradient locally (utilizing subsets of the entire data set), 
significant insight can be generated in terms of the character- 
ization of both the regional gradient and local variations in the 
gradient. While built on classic procedures for estimating the 
hydraulic gradient from depth-to-water data, this approach dif- 
fers from previous approaches in that it specifically recognizes 
and makes use of the local variations in the gradient estimate 
to increase the infomtion available for design of monitoring 
and remediation systems. 

METHOD 

The method discussed here is based on estimating the hor- 
izontal components of the hydraulic gradient for each possible 
triplet of wells (excluding those which are colinear). Given 
three wells with screens at similar depths, the magnitude and 
orientation of the horizontal components of the local gradient 
(relative to the local coordinate system used in locating the 
wells) can be d e t e d n e d  through calculation of the coeffi- 
cients in one of the following equations (assuming steady-state 
flow with no local sources/sinks): 

H(x, y )  = Ax + By + C (for a confined aquifer) ( 1 )  

(2)  

where x and y = spatial coordinates relative to some estab- 
lished coordinate system; H E measured hydraulic head in the 
wells; and A, B, and C = constants to be determined. Specif- 
ically, given measured hydraulic heads at each of three wells 
[i.e., measuring H(x, y )  at each of these three locations) in 
combination with the appropriate equation [(l) or (2)1, the 
problem of determining the constants A, B, and C reduces to 
a problem of solving three equations for three unknowns (see 
example given here). 
From these equations, the magnitude of the gradient is es- 

timated as 

(3) 

H(x, y )  = (A + By + C')'.' (for an unconfined aquifer) 

Magnitude = (A2 + p)'.' (confined aquifer) 

or 
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TABLE I, Hypothetical Well Data for Example Provided In Text 

Well 
(1 1 

~ ~~ 

Measured water 
level elevation 

X-coordinate Y-coordinate in well 
(m) (m) (m) 
(2) (3) (4) 

134.37 
236.34 I 422.13 I 162.33 

534.12 
439.43 

1 
2 
3 

Magnitude = 0.5 [(A2 + B2)/(Ax + By + C')]"5 

(unconfined aquifer) (4) 

Orientation = arctan(B/A) (5 )  

The orientation for both confined and unconfined aquifers is 

It is noted that the formulas for the unconfined aquifer [(2) 
and (4)] are based on the assumptions that the elevation of the 
base of the aquifer is approximately constant in space and that 
the datum used in the measurement of the hydraulic head is 
the base of the aquifer. 

As a simple example of the application of these equations, 
consider three wells located as shown in Table 1 and with 
measured hydraulic heads as shown in the table. Assume that 
these wells are screened at equivalent depths in a confined 
aquifer and that there is reason to believe that the flow field 
is at steady state. The three equations derived from these data 
K1)I are 

132.37 m = (534.12 m)A + (134.37 m)B + C (64 

131.86 m = (439.43 m)A + (236.34 m)B + C (66) 

132.01 m = (422.13 m)A + (162.33 m)B + C (6c) 

Note that these data provide for three equations [(6u)-(6c)] 
and three unknowns (A, B, and C). This set of simultaneous 
equations can be solved by hand, through simple formulas, or 
through simple matrix solution methods to provide unique so- 
lutions for A, B, and C. For the numbers given in (6a)-(6c), 
A is estimated as 0.002559 ( d m ) ,  B as -0.002625 (dm) ,  
and C as 131.3558 m. Thus the magnitude of the gradient is 
estimated as 

[(0.002559)' + (-0.002625)']0-' = 0.003667 (m/m) 

The orientation is given by 

~~tan[(-0.002625)/(0.002559)] = -45.72" 

or approximately 45" below the positive x-axis. 
By repeating this procedure for every possible triplet of 

wells at a field site (i.e., measuring H at each of three wells 
and solving for the magnitude and orientation of the gradient), 
a number of estimates of the magnitude and the orientation 
are produced. Three plots have been found useful in inter- 
preting these estimates. The first, the logarithm of the mag- 
nitude of the gradient versus the area enclosed by the three 
observation wells, provides direct evidence of the variability 
of the magnitude of the gradient, the regional magnitude (if 
one exists within the length scales tested), and the rate of con- 
vergence of the magnitude to the regional value (related to the 
integral scale of the conductivity distribution as discussed be- 
low). The second plot, the orientation of the gradient versus 
the area enclosed by the three observation wells, provides sim- 
ilar information for the orientation of the gradient. The third, 
a plot of the orientation versus the logarithm of the magnitude, 
provides a rapid means of identifying outliers in the original 
data and evidence of regions where the gradient deviates from 
the regional gradient due to local zones of low permeability. 

518 /JOURNAL OF ENVIRONMENTAL ENGINEERING /JUNE 1998 

132.37 
131.86 
132.01 

- - 

The utility of each of these plots is illustrated through the case 
studies presented later. 

CONSTRUCTED AQUIFER 

A confined "aquifer" was constructed in a laboratory flow 
cell for the study of hydraulic heterogeneity and chemical 
transport. The aquifer was constructed as a two-dimensional, 
stationary, correlated random field utilizing two well-sorted 
sands with two distinct hydraulic conductivities. Fig. 1 shows 
the random field (the black region shown in the figure is a dye 
moving from left to right across the aquifer). The lighter 
regions consisted of a fine sand with a measured hydraulic 
conductivity of approximately 0.057 c d s .  The darker regions 
consisted of a coarse sand with a measured hydraulic conduc- 
tivity of approximately 0.5 c d s .  The overall dimensions of 
the aquifer were 0.92 by 0.45 m. The aquifer was everywhere 
approximately 0.1 .m in depth. The correlation structure was 
modeled after an anisotropic exponential correlation structure. 
The integral scale in the 0.92 m direction in the flow cell was 
approximately 0.06 m. The integral scale in the 0.45 m direc- 
tion was approximately 0.03 m. The conductivity was uniform 
over the aquifer thickness @e., the conductivity varied in two 
dimensions). The pattern for the random field was generated 
using the discrete analysis field generator (Silliman and Wright 
1991) and the correlation structure was modeled after an ex- 
ponential correlation function. 

Flow was initiated through injection of water into a reser- 
voir at one end of the medium (Fig. 2) while the hydraulic 
head was held constant at the opposite end of the medium. 
Hydraulic head was measured at 25 piezometers distributed as 
shown in the figure. The impact of the distribution of mea- 
surement points on the results of the analysis of the gradient 
is discussed, in part, in the following using the numerical re- 
sults and is the focus of continuing research. For the distri- 
bution of piezometers shown, approximately 2,300 estimates 
of the gradient were obtained. 

As demonstrated in Fig. 3(a), the estimated magnitude of 
the gradient converged with increasing area enclosed by the 
three piezometers to a value of approximately 0.045-0.05. As 
demonstrated in Fig. 3(b), the estimated angle of orientation 
of the gradient also appeared to converge with increasing en- 
closed area, but at a slower rate than observed for the mag- 
nitude. The angle to which the orientation converged was es- 
timated at approximately 170" relative to the positive x-axis 
(the x-axis was aligned parallel to the 0.92 m dimension of 
the tank with x increasing from left to right). Given the con- 
stant influx on the left boundary and the constant heads main- 
tained at the right boundary, it was anticipated that this angle 
would converge to 180" (the orientation that would have been 
observed for a homogeneous medium with the given boundary 
conditions). The discrepancy in orientation is related to the 
large low permeability region in the upper right portion of the 
porous medium. Due to this low permeability region, observed 
flow in this tank demonstrated a consistent slope toward the 
lower right. 

The variation in the orientation was observed to be greater 
than 290" at small enclosed areas. One interpretation of this 
variability may be derived through consideration of the loca- 
tion of the piezometers in combination with review of the data 
shown in Fig. 3(c), a plot of the variation of the estimated 
orientation as a function of the estimated magnitude. The data 
in Fig, 3(c) indicate that there was a close relationship between 
the magnitude and the orientation. Specifically, the orientation 
deviated significantly from the regional orientation for those 
data triplets for which the magnitude was significantly greater 
than the regional magnitude. By isolating those particular data 
triplets (deviation in orientation combined with high magni- 
tude) and plotting them on Fig. 1, it was observed that these 



FIG. 1. Photograph of Constructed Aquifer Used in This Study. Overall Dimensions of Medium Are 0.92 m (Horizontal) by 0.45 
(Vertlcai) by 0.106 m 
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FlQ. 2. Location of 25 Piezometers Relative to Coordinates 
within Flow Cell 

triplets coincided with regions of low permeability where flow 
was moving under high gradient from one high permeability 
region to a second high permeability region. Hence, it is con- 
cluded that triplets that show both large deviations in orien- 
tation and high magnitude of the gradient are indicators of 
regions within the aquifer where flow is crossing low perme- 
ability lenses from one region of high permeability to a second 
region of high permeability. 

In this case study, therefore, the three-point estimator pro- 
vided not only high-quality estimates of the regional gradient, 
but also evidence of local variations in the flow field related 
specifically to regions of low permeability. 

DOUGLAS ROAD LANDFILL 

The Douglas Road Landfill (in north-central Indiana) is a 
hazardous waste landfill currently under study for remediation 
by the U.S. Environmental Protection Agency. The landfill is 
located in a glacial outwash aquifer consisting primarily of 
coarse sands and gravel with occasional silt and clay lenses. 
The aquifer is underlain by a discontinuous clay layer, which 
itself is underlain by additional sand. The local hydrology has 

been studied through installation of 22 wells at three elevations 
within the upper and lower sands. For the present discussion, 
consideration is limited to 10 wells located at consistent depths 
between 5 and 8 m (Fig. 4). Similar results are obtained for 
10 wells located at consistent depths between 17 and 20 m 
(also in the upper sand). However, insufficient data are avail- 
able (two wells) to interpret the data from the lower sand. 

In Fig. 4, the x-axis shown is parallel the east-west compass 
direction. Douglas Road passes south of the site. There are no 
significant topological or structural features in this area of the 
site. The landfill runs parallel to the north-south axis between 
approximately 670 and 760 m east on this plot. The landfill 
extends from approximately 600 to approximately 1200 m on 
the north-south axis. 

The analysis presented here involves comparison of data 
collected during two sampling periods (May 1994 versus Au- 
gust 1994). As shown in Figs. 5(a) (May) and 6(a) (August), 
both sampling periods provide convergence of the magnitude 
to approximately 0.003 (20.0005). 

As shown in Figs. 5(b) (May) and 6(b) (August), the ori- 
entation also converges for large enclosed areas for all the 
points from the May sampling period and the majority of the 
points for the August sampling period. This orientation, ap- 
proximately 40" relative to the positive x-axis (the x-axis here 
is oriented in the east-west direction, with east being positive 
x )  leads to the conclusion that flow is generally towards the 
southwest, in agreement with the contour analysis presented 
in the consulting report for this site ("Focused" 1995) and 
observed motion of a TCE plume. However, closer comparison 
of Figs. 5(b) and 6(b) shows that, for the August data, there 
is a second orientation of approximately 10-20" less than zero 
relative to the x-axis, which exists at relatively large enclosed 
areas. By identifying the well triplets that contribute to the 
points at this orientation [those triplets below the line in Fig. 
6(b)], it is observed that a single well (well 8 in Fig. 4) con- 
tributes to the majority of these points. A minimum of two 
hypotheses may be advanced to explain these observations. 
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FIG. 3. Results of Applicatlon of Three-Point Method to Data 
Collected from Piezometers in Constructed Aquifer 

Esthated Magnitude 

First, the data from this well may be in error (there is no 
evidence supporting this hypothesis). Second, there may be a 
local influence that causes a northerly component to the 
ground-water flow in this region of the site. 

As discussed in ''Focused" (1995), there is evidence of a 
secondary plume to the northwest of this site. The possibility 
of variation in the orientation of the gradient (towards the 
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northwest) is also suggested in the report. It is suggested here 
that the water level data are consistent with the interpretation 
that the orientation of the gradient, at least along the northern 
portion of the site, varies from southwest to west-northwest 
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during this sampling period. Significantly, the three-point es- 
timator provides direct evidence of which portion of the site 
might be influenced by this variation in gradient. As such, it 
represents a powerful tool for monitoring variations, over time, 
in the hydraulic gradient. 

NUMERICAL RESULTS 

Both of the data sets discussed indicate that the three-point 
estimator may provide a means of deriving unambiguous es- 
timates of the regional magnitude and orientation of the gra- 
dient. However, our efforts with this estimator indicate that the 
plots of magnitude versus area and the orientation versus area 
may also be useful in identifying the magnitude of the sam- 
pling scale (sample support) relative to the integral scale of 
the hydraulic conductivity field. In an effort to further under- 
stand this relationship, a random field was simulated and sam- 
pled at five different sample supports using the same number 
and pattern of piezometers. The simulation was based on the 
MODFLOW program (McDonald and Harbaugh 1988) using 
160 X 160 elements, constant head boundaries on the left and 
right ends of the grid, and no flow boundaries along the upper 
and lower edges of the grid. The simulation was run at steady 
state. 

Fig. 7 shows the random field along with the distribution 

of points for the largest sampling scale. In all cases, the pattern 
involved nine wells in the pattern shown. The scale of mea- 
surement for the five scales in addition to the largest sampling 
scale were 1/2, 114, 1/8, 1/16, and 1/32 of the largest scale. 
These translate into the sampling networks covering from ap- 
proximately 25 integral scales (the largest network), 12 inte- 
gral scales, 6 integral scales, 3 integral scales, less than 2 in- 
tegral scales, and less than 1 integral (the smallest network). 
In every case, the sampling pattern was centered on the center 
point of the numerical grid (Le., the center of the modeled 
aquifer). 

In Fig. 7, the hydraulic conductivity of the light regions was 
0.1 14 times the conductivity of the dark regions (the same 
ratio as used in the constructed aquifer). The locations of the 
wells are shown as white rectangles within the diagram. For 
graphical reasons, the size of the white rectangles has been 
exaggerated by a factor of 25 relative to the size of the nu- 
merical elements actually containing the wells. The sampling 
pattern geometry was maintained constant for all networks. 
Only the distance between monitoring locations was altered. 
All networks contained the center point of the aquifer as the 
center point of the network. The lower left quarter of this 
random field was the random field used in the experimental 
work (Fig. 1). 

In Fig. 8(a), the smallest sampling network, the maximum 
distance between wells is equal to approximately 1.6 integral 
scales of the correlation structure of the hydraulic conductivity, 
In Fig. 8(b), the maximum distance between wells is approx- 
imateIy 3.1 integral scales; in Fig. 8(c), it is approximately 

FIG, 7. Random Field and Largest Sampling Network for Nu- 
merical Simulation Resultn 
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FIG. 8. Variation of Estimated Magnitude verau8 Enclosed 
Area for Numerical Results and Dlfferent Areas of Coverage of 
Sampling Network 
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6.25 integral scales; in Fig. 8(d), it is approximately 12.5 in- 
tegral scales; and in Fig. 8(e), it is approximately 25 integral 
scales. 

As shown in Fig. 8, the variation of the magnitude of the 
gradient with the enclosed area was a strong function of the 
total sampling area. When samples were collected at the local 
scale [Fig. 8(a)], very little variation in the estimate was ob- 
served. By moving this sized sampling network relative to the 
numerical grid, however, it was observed that the magnitude 
estimate was very sensitive to the location of the sampling 
network within the aquifer. Such an estimate might be of sig- 
nificant use in local monitoring of the movement of a plume, 
but is an unreliable estimator of the gradient for purposes of 
predicting regional gradients or long term transport of a con- 
taminant plume. As the area covered by the sampling network 
increases relative to the integral scale of the conductivity field 
[Figs. 8(b)-8(d)], the variability of the magnitude estimate 
increases (apparently related to the amount of heterogeneity 
enclosed within the sample network). With further increase in 
the length scales of the sampling network, however, the vari- 
ability in the magnitude estimate once again decreases, ap- 
proaching zero as the sampling network extends over a large 
number of conductivity integral scales (approximateIy 25 in 
this case). It is noted that the convergence to a large-scale 
“homogeneous” behavior is consistent with conclusions 
drawn from the literature on stochastic hydrology [e.g., Gelhar 
and Axness (1983); Dagan (1986)l. 

Similar results are seen in Fig. 9 for the estimate of the 
orientation of the gradient (relative to the mean flow direc- 
tion). When the sampling network covers only a small area, 
there is little variation in the estimate of the orientation of the 
gradient. However, there is a significant probability in this case 
that the estimate will be biased. As the area covered by the 
network increases, noise is introduced to the system due to the 
sampling of different hydraulic heterogeneities. Hence, there 
is significantly more variability in the orientation estimate for 
the midsized sampling networks. Finally, as the area covered 
by the sampling network becomes large relative to the corre- 
lation integral scale, little noise is observed for the larger en- 
closed areas and a high precision estimate of the regional ori- 
entation is obtained. 

Returning to Figs. 3(a) and 3(b), it might be argued that the 
behavior of the gradient estimates for the constructed aquifer 
is similar, for the magnitude estimate, to the noise observed 
in Figs. 8(d) and 8(e). Further, the plot of orientation versus 
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enclosed area contains variability which reduces with enclosed 
area in a fashion similar to those shown in Figs. 9(d) and 9(e>. 
This comparison with the numerical results implies an integral 
scale in this medium on the order of 1/12 to 1/6 of the m a -  
irnum separation among the wells. In this case, this prediction 
would provide an integral scale in the range of approximately 
6.7 to 13 cm. This is relatively consistent with the design 
correlation structure of approximately 6 cm parallel to the 
principal flow direction. 

Returning to Figs. 5(a) and 6(a), these results imply that the 
integral scale at the Douglas Road site is on a scale signifi- 
cantly less than the maximum distance between the wells [e.g., 
the data shown in Figs. 5(a) and 6(a) show a larger degree of 
variation at all length scales than observed in Figs. 8(a,b) and 
9(a,b)]. Additionally, the presence of noise at the smaller en- 
closed areas indicates that this system is not to the stage rep- 
resented by Figs. 8(f) and 9(f) (low noise at all  length scales 
for large sampling network). One might therefore conclude 
that the integral scale of the conductivity distribution (if such 
a length scale can be defined) in this region of the aquifer is 
on the order of approximately 100-300 ft (Le., between six 
and 13 integral scales included within the area covered by the 
wells). Unfortunately, at the present time, there is no indepen- 
dent support for this estimate. 

ANALYSIS 
Within this paper, it has been shown that the three-point 

estimator of the gradient represents a valuable tool for moni- 
toring the hydraulic gradient at a field site. Specifically, for 
sampling networks that include more than 10 integral scales 
between the most distant wells, this method provides good 
estimates of the magnitude and orientation of the gradient. In 
addition, this method provides for a measure of the local var- 
iability in both the magnitude and orientation of the gradient. 
In terms of monitoring variations in the gradient over time, 
this method has proved quite useful in identifying relatively 
subtle, local variations in the gradient. Finally, for sampling 
networks for which the underlying integral scale of the con- 
ductivity structure is not known, this method provides insight 
into the length scale of heterogeneity in the conductivity field. 

In terms of monitoring, this method provides significant in- 
sight in addition to those insights that would normally be 
gained from contouring of hydraulic head data. First, this 
method provides a rapid method of identifying well locations 
for which the local data are inconsistent with the majority of 
the field data. Such inconsistency may be related to data col- 
lection error or anomalous hydraulic behavior in the vicinity 
of these well locations. As suggested for the Douglas Road 
data sets, such anomalies may provide key insight into local, 
transient variation in the orientation or magnitude of the hy- 
draulic gradient. Second, this method provides a means of es- 
timating the local variation in the gradient. Such information 
may be valuable in designing a monitoring network with suf- 
ficient coverage to capture the potential variability in the ge- 
ometry of a plume. Once again referring to the Douglas Road 
site, the information gained from the three-point analysis 
would be. valuable in designing a monitoring network for study 
of the secondary plume ,northwest of the site (specifically to 
determine whether the secondary plume is emanating from the 
Douglas Road site). 

In closing, it is stressed that this method is not designed to 
replace either contouring or more advanced analysis methods 
such as inverse modeling. Rather, this three-point estimator 
method has proved useful at a number of field sites for iden- 
tification of flow characteristics. As such, it is a valuable ad- 
dition to contouring (requiring no additional data collection) 
and may represent a useful precursor to more advanced study 
utilizing techniques such as inverse modeling. Additional 



I 
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f 
1 ’ dy to further prove this technique is required, particularly 

SW rvifi respect to an analyses of the robustness of the gradient 
cswates to errors in the measured hydraulic head, extension 
to three dimensions. extension to flow in converging/diverging 

fields, and extension to more complex geologic settings E: described here. 
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Observations of measured hydraulic conductivity in two 
artificial, confined aquifers with boundaries 
Stephen E. Silliman and Stephen Caswell 
Department of Civil Engineering and Geological Sciences, University of Notre Dame, Notre Dame. Indiana 

Abstract. Recent theoretical efforts have provided strong evidence that the effective 
conductivity varies with distance between monitoring wells and a point source. In the 
present study, two artificial confined aquifers were subjected to  steady state pumping tests. 
Analysis of these experimental results indicates dependence of the estimated hydraulic 
conductivity on distance from the pumping well and the form of the physical heterogeneity 
present. As the precision of the measured hydraulic heads within the experimental 
apparatus was limited to -0.5 mm, the experimental results were reproduced numerically. 
Although some minor discrepancies were noted between the numerical and experimental 
results, the primary observations were consistent. In all cases the Thiem equation was 
used in combination with image well theory (to account for the boundary conditions) to 
analyze the response at 25 observation points (87 observation points used in the numerical 
experiments), providing a number of estimates of the hydraulic conductivity. Within each 
experiment it was observed that the variance of the conductivity estimate decreased with 
the distance between the two observation wells used in the calculation. Further, the mean 
conductivity varied with distance from the pumping well. In an experiment in which the 
medium was constructed to mimic a second-order stationary random field the mean 
conductivity approached, at large distance from the pumping well, the conductivity for a 
random, anisotropic medium under mean uniform flow. In an experiment in which the 
medium was constructed to mimic a structured (scaled) medium the mean conductivity 
decreased, at large distance from the pumping well, below the geometric mean and 
approached a value between the geometric and the harmonic means of the conductivity 
field. While the boundary conditions make it difficult to fully analyze the large-dimension 
behavior of these two media, it is clear from the results that the structured medium 
performs quite differently than the random field at  large-measurement scale. 

1. Introduction 
A number of authors have considered the influence of hy- 

draulic heterogeneity on the Row and distribution of hydraulic 
head in the vicinity of a point sink. Specifically, there have been 
several recent studies of the relationship between the distribu- 
tion of hydraulic head and the water flu moving, toward a 
point sink. Goriiez-Her/znr~rlez arid Gorelick [ 19891 considered 
effective model parameters in two dimensions in the presence 
of point sinks. Among the conclusions reached by these au- 
thors was that the effective conductivity (as applied to flow to 
a point sink in isotropic correlation structures) evaluated at 
distance from the point sink was approximately equal to the 
geometric mean of the conductivity distribution. As such, the 
large-scale zffective conductivity was consistent with the result 
for uniform flow as discussed by other authors [e.g., Dngcinn, 
1979: Gelliar arid ilwess, 19831. These authors suggested that 
the effective conductivity varied with distance from the pump- 
ing well but was consistently between the harmonic and geo- 
metric means of the conductivity distribution. 

~VLY# [1991] completed a perturbation solution for flow to a 
well i n  three dimensions. Among the conclusions presented in 
this work were that when the solution was reduced to two 
diincnsions with an  isotropic covariance structure, the effective 
Cnpyrislit 199s by the American Geophysical Union. 

P:lpcr number 9SWROl37j. 
(J1)1?- 1397/c)d/9SWR-01?75509.00 

conductivity in the vicinity of the well asymptotically ap- 
proached the arithmetic mean of the conductivity distribution. 
As distance from the well increased, the effective conductivity 
approached the harmonic mean. 

Desbarcirs [1992] utilized a numerical-empirical approach to 
study how best to assign transmissivities to elements within 
numerical models in the presence of hydraulic heterogeneity 
and point sinks, Although much of the work described by 
Desbarats was focused on selection of parameters for numer- 
ical modeling, the author observed that the ensemble mean 
block transmissivity decreased from the arithmetic ensemble 
mean for small field sizes to the geometric ensemble mean for 
large field sizes, As with the earlier work, the transmissivity 
field was modeled as statistically isotropic. 

Neiirizaiz arid O r  [I9931 also studied flow toward a point sink 
as a portion of their study of conditional moments. Utilizing 
high-resolution Monte Carlo analysis, these authors concluded 
that the effective conductivity at distance from the pumping 
well approached the geometric mean (for a conductivity field 
which is statistically isotropic), while near the well the effective 
conductivity approached the harmonic mean. Specifically, 
these authors noted that while their results were consistent 
with those of Noff [I9911 in terms of the rate of reduction in 
the variance of the specific flux (with distance from the sink), 
the value for the laripscale effective conductivity obtained was 
inconsistent with the results reported by Naff. 

As is apparent from this review and by the discussion pre- 
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sented by 0uielinnn nridtlbroiiriviclr [1994], the exact nature of 
the effective conductivity remains a topic of investigation in the 
groundwater literature. One point which is consistent among 
these earlier papers is that the effective conductivity will vary 
with distance from a point source/sink. 

In the present study, pump tests were conducted within 
artificial aquifers. The philosophy of this effort was to illustrate 
two examples of how the estimated hydraulic conductivity 
might vary both with distribution of monitoring wells and with 
average distance of the monitoring wells from the pumping 
well. In particular, interest is focused on how the measured 
conductivity might vary if pump tests in heterogeneous media 
are analyzed on the basis of the assumption of a homogeneous 
conductivity (the typical field test). Two media are constructed 
and analyzed on the basis of simulating a confined aquifer with 
spatially varying hydraulic conductivity. In the first experiment 
the spatial distribution of the hydraulic conductivity is based on 
a second-order stationary random field (termed the “random 
medium” for the remainder of the paper). In the second the 
spatial distribution is based on a simplified version of a Sier- 
pinski carpet [Mnndelbror, 19831 (termed the “structured me- 
dium” for the remainder of the paper). As shown below, the 
results are strongly influenced by the distribution of the con- 
ductivity. Because of limitations in the precision with which 
hydraulic head can be measured in the laboratory, these two 
experiments were reproduced numerically to ensure that the 
ohsenations made on these two experimental results are re- 
producible (and not simply a function of experimental error). 

2. Experimental Design 
Both experiments were conducted in a flow cell as illustrated 

in Figure 1. The cell allows experimental media to be con- 
structed with dimensions of -0.89 X’O.45 X 0.106 m. For 
experimental convenience the flow cell was run with the plane 
of analysis (0.89 x 0.45 m) oriented vertically. The upper and 
lower boundaries on the tank were maintained as no-flow 
boundaries. The left reservoir (reservoir 1) consists of an open 
reservoir separated from the porous medium by a stainless steel 
screen on a square lattice support. Tests on this screenhpport 
system indicate that there is negligible head IOSS across this 
screen a t  the flow rates utilized in these experiments. Hence 
this edge of the flow cell is best represented as a constant head 
boundary. The reservoir a t  the right end of the flow cell (res- 
ervoir 2 )  was minimized in terms of volume to assist in chem- 
ical tracer tests. As a result, this reservoir could be modified to 
mimic either a no-flow or constant head boundary condition. 
In the first set of experiments discussed below this boundary 
was t ixd  as a constant head boundary. Because of concern that 
there inight be measurable hcad loss across this boundary, this 
boundary was changed to a no-flow boundary €or the second 
set of esperiments. 

Two fully penetrating wells and 75 partially penetrating pi- 
ezometers were installed as shown in Figure lb. Individual 
pump tests were run from both of the fully penetrating wells. 
Ths piezometers were connected to individual manometer 
tubes on a manometer board, thus allowing monitoring of 
hydraulic head. On the basis of working with these manome- 
ters i t  is estimated that the error in reading an individual 
manometer was slightly cO.5 mm. Manometer tubes were 
changcd on a regular basis to avoid both contamination and 
microbial growth within the tubes which could negatively im- 
pact ihe precision of the readings. As discussed below, this 

precision led to uncertainty in the reliability of the experimen- 
tal results and thereby motivated the use of a numerical model 
in confirming the overall conclusions of this study. 

Each experiment was conducted through establishing a con- 
stant head in reservoir 1 and either a constant head (experi- 
ment set 1) or no-flow (experiment set 2) in reservoir 2 .  Influx 
to the flow cell was established through injection into the well. 
The manometers were then monitored to determine when 
steady state had been achieved. Steady state was determined by 
monitoring the difference in hydraulic head between piezom- 
eters (as required for the Thiern analysis discussed below). 

3. Analysis of Experimental Data 
All analyses were performed assuming two-dimensional flow 

in a confined aquifer with the primary axis of flow parallel to 
the vertical orientation (the 0.89 X 0.45 m face) of the flow 
cell. As such, the pumping wells were fully penetrating (per- 
pendicular to the plane of flow), and the piezometers were 
distributed spatially within the plane of flow. As mentioned in 
section 1, the analysis utilized for this work was based on the 
assumption (as commonly used in the analysis of field data) 
that a homogeneous solution is sufficient for analysis of a 
pump test. In this case the additional requirement of steady 
state flow was also assumed. Steady state analysis was required 
to deal with experimental limitations in the laboratory as con- 
trol and measurement of the compressibility of the experimen- 
tal device (necessary to allow running of a transient analysis) 
was beyond the capability of the current equipment. 

Following completion of each experiment, the head mea- 
surements were utilized to generate conductivity estimates 
based on the Thiem equation (applied in the vertical cross 
section of the flow cell with dimensions 89 X 45 cm) in com- 
bination with image well theory and every combination of two 
piezometers. The Thiem equation [e.g., Fetter, 19953 provides 
an estimate of the transmissivity T through measurement of 
the pumping rate Q and the steady state hydraulic head It ( r )  at 
two piezometels which are at distances r1 and r2 from the pump- 
ing well. The Thiem equation, when applied for r1 < r 2  < R ,  
provides an estimate of the transmissivity as 

T = Q / { ( 2 r r ) [ h ( r 1 )  - h ( r , ) ] }  In ( rdr , )  

where R is the effective radius of influence of the well and Q 
is considered positive for pumping into the aquifer. For the 
present study it is assumed that R is large compared to the 
dimension of the flow cell. 

The boundary conditions present in the experiment were 
met through application of image wells (similar to the shape 
factors utilized by Desbnrnts [1992]). In theory the boundary 
conditions given here require an infinite number of image wells 
distributed around the region of the flow cell. For the present 
application, only a finite number of image wells were utilized. 
Convergence to the final solution was based on adding image 
wells in layers (Figure 2 )  to the solution until the change in the 
conductivity estimate was negligible. In this way it was deter- 
mined that -20 layers of image wells were sufficient to ensure 
convergence of the conductivity estimates within the precision 
required for the present study. For all results presented below 
a total of 30 layers of image wells was used. The  final conduc- 
tivity estimate was therefore estimated from the equation 

K = Q / { ( 2 ~ B ) [ h ( r , )  - ll(rd]}XIt In (rdrli)  
where B is the depth of the flow cell (10.6 cm in this case), r , l  
is the distance from the first piezometer to the image well i, 
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Figure 1. Schematic of flow cell used in both experiments. (a) Internal dimensions of region containing 
porous media is 89 X 45 X 10.6 cm. (b) The flow cell including 25 piezometers and two fully penetrating wells 
as shown (open circles are piezometers and asterisks are pumping wells). 

and ri7 is the distance from the second piezometer to the image 
wzll i. The parameter Ii accounts for the difference between 
injection and withdrawal at well i. In particular, Ii = + 1 if the 
well is an injection well, and li = - 1 if the well is a withdrawal 
well. The series goes from i = 0 through i = N ,  where N is 
the total number of image wells used. T h e  first term ( i  = 0) 
covers the real pumping well, while the remainder of the terms 
represent the N image wells. Analysis of thisgestimator on a 
numerical solution of the flow equation for a homogeneous 
medium demonstrated that when using 30 layers of image 
wells, the error in the conductivity was <1% over all pairs of 
sampling locations used in this study. 

Utilizing every possible pair of'piezorneters from the collec- 
tion of 25 piezometers in the physical model, there was the 

potential to generate -300 conductivity estimates for each 
experiment. As discussed below, the potential pairs increased 
to >3000 when 87 observation points were used in the numer- 
ical results. Because of heterogeneity and measurement error, 
however, not every pair provided a positive conductivity esti- 
mate. It was determined (through the numerical analysis de- 
scribed below) that the number of pairs for which / z ( r , )  < 
/z (r , )  because of heterogeneity was <-7% of all data pairs for 
all laboratory experiments conducted. Further, the points a t  
which h ( r , )  < k ( r , )  occurred were primarily for locations 
where the piezometers were close together and the distance 
from the pumping well to the piezometers was small (the same 
regions where experimental error is expected to  be significant). 
Hence it was assumed that all pairs for which / t ( r l )  < h ( r 2 )  
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Figure 2. 
the flow cell. The number of layers represented in these diagrams are 1, 3, 5, and 10. 

Locations of image wells (open circles) relative to the pumping well (asterisk) and boundaries of 

could be omitted from the analysis with negligible impact on 
the asymptotic means and variances estimated from the labo- 
ratory data. 

4. Two Experimental Media 
Two media were investigated for this study. In both cases the 

media were constructed with two differently sized sands (mesh 
sizes of 12-20 for the coarse sand and 40-50 for the fine sand; 
these give grain size ranges of -0.85-1.7 and 0.30-0.43 mm, 
respectively). The hydraulic conductivity of the coarse sand 
was measured as -0.5 cm s - ' ,  while the conductivity of the fine 
sand was measured as -0.057 cm s- ' .  The sands were not 
mixed such that both experimental media consisted of two 
distinct conductivities (with the potential for .a thin layer of 
mixing at the contact between the two grain sizes). All portions 
of both media were saturated. ' 

The media were packed in 1 cm layers utilizing plastic di- 
\,iders (with thickness <1 mm)  to establish sharp contacts 
between regions of different conductivity. Packing was per- 
formed under saturated conditions with the sand being poured 
through -1 cm of water. The flow cell was repeatedly vibrated 
lo maintain consolidation, and the plastic dividers were re- 
moved as packing progressed. 
h schematic representation and photograph of the first 

packing are shown in Plates l a  and l b  where the darker re- 
Zions represent the high-conductivity sand and the light re- 
.ions represent the low-conductivity sand. This pattern is a 
knplified version of the Sierpinski carpet [Mnndelbrot, 19831. 
 he present structure is not a true fractal as the structure is 
limited to three scales of high-permeability inclusions. The 
significant aspects of this particular packing for the present 
discussion are that this packing has a structure which does not 
tit the classical concept of a random distribution of conductiv- 
ity and that the high hydraulic conductivity regions are poorly 
connected. This latter observation refers specifically to the fact 
dint a How line will necessarily pass through a significant length 

-. 

of the low-permeability sand as it moves from the well to the 
constant head boundary. The horizontal to vertical scale of the 
high-conductivity zones was maintained at 2 : l  in order to 
mimic the anisotropy present in the second packing. 

The second packing is shown in Plates IC and ld ,  with the 
light material once again being the low-conductivity sand. This 
pattern was generated as a second-order stationary random 
field on the basis of the discrete analysis algorithm [SilZin7nn 
arid Wright, 19881. The correlation structure was approximately 
exponential with integral scales of 6 cm in the long (89 cm) 
direction of the flow cell and 3 cm in the short (45 cm) direc- 
tion of the flow cell. The medium was uniform over the 10.6 crn 
width of the flow cell. 

5. Results: Estimated Conductivity Versus 
Distance Between Piezometers 

Two length scales were investigated in analyzing the data 
generated in this study. As shown in Figure 3? the first length 
scale is the distance between the two piezometers used in 
applying the Thiem equation. The second length scale, also 
shown in Figure 3, is the distance from the pumping well to the 
midpoint between the two piezometers used in the analysis. 

Plate 1. (opposite) The two media used in these experi- 
ments. The dark regions represent coarse sand with a hydraulic 
conductivity of -0.50 cm s - ' .  The light regions represent a 
finer sand with a hydraulic conductivity of -0.057 crn s-'. (a) 
Distribution of conductivity for the structured field. The loca- 
tion of the pumping wells is denoted by the asterisks. (b) 
Photograph of the structured medium with a dye tracer being 
transport under mean uniform How from left to right. (c) 
Distribution of conductivity for the random medium. The  
location of the two pumping wells is denoted by the asterisks. 
(d) Photograph of the random medium with a dye tracer being 
transported under mean uniform flow from left to right. 
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Figure 3. The two length scales used to measure the support 
of a measurement: A, the distance between the piezometers 
used in the T h e m  analysis; and B, the distance between the 
pumping well and the midpoint between the piezometers used 
in the Thiem analysis. 

While it is difficult to justify these particular measures from a 
theoretical basis, these two measures provided significant in- 
sight into the data collected and represent measures easily 
determined in the field. Hence the current discussion will be 
limited to use of these two measures of length scale. 

The first analysis performed for both media regarded the 
variation of the hydraulic conductivity estimate with the dis- 
tance between the two piezometers used in deriving the esti- 
mate. Figure 4a shows results for the structured medium with 
the well in the center of the flow cell (open circles) and the well 
in the corner of the flow cell (asterisks). Results for the ran- 
dom field are shown in Figure 4b. These results indicate that 
the variance of the estimate of the conductivity decreases with 
increasing distance between piezometers. Both media produce 
similar results in this regard with the variance becoming quite 
small when the piezometers are separated by the equivalent of 
5-10 integral scales (30-60 cm) within the random medium. 
This result is not surprising for the random medium as increas- 
ing the distance between the measurement points decreases 
the influence of locol variations in the hydraulic head. 

While the general behavior of the hvo media is similar in 
tei-nis of a reduction in varianc.e with an increase in the sepa- 
ration distance between the piezometers, they are inconsistent 
i i i  terms of the asymptotic conductivity. Shown in Table 1 are 
the arithmetic. harmonic, and geometric means of the two 
conductivity distributions used in these experiments. Also in- 
cluded in Table 1 is the effective conductivity predicted by the 
equations provided by Gelliar arrd Axrtess [1983, equations 
(52)-(5j)] for an infinite, anisotropic, random conductivity 
field. Figure 4a shows that the results for -the structured me- 
dium fall below the geometric mean (and approach the har- 
monic mean for both experiments). In contrast, the results for 
the random field fall at or above 'the geometric mean. Hence 
there is an initial indication that these two media behave quite 
di:'f'erently in their asymptotic behavior. As discussed below, 
tl;is conclusion is further supported by the results of the anal- 
ysis of variation of the estimated conductivity with distance 
from the pumping well. 

6. Results: Estimated Conductivity Versus 
Distance From Pumping Well 

In order to address variation of the estimated conductivity 
with distance from the pumping well the individual estimates 
shown in Figures 4a and 4b were divided into distance classes 
based on distance from the pumping well. This distance was 
measured as the length from the pumping well to the midpoint 
between the two piezometers used (see Figure 3). The distance 
classes used for experiments in which the pumping well was in 
the corner of the flow cell were 0-10, 10-20, 20-30, 30-50, 
and 50-70 cm from the pumping well. For the experiments 
with the well in the center of the flow cell the distance classes 
were modified to 0-6, 6-12, 12-18, 18-24, and 24-30 cm. All 
conductivities within each of these subclasses were then aver- 
aged using a geometric mean. The geometric average was used 
in this case as it was observed that the estimated conductivities, 

0.9 

a 0  0 

Q 

Saparalion Distance - cm 

't O 

0 

0 4  

0 2  

0 
0 10 20 30 40 50 60 0 

Separalbn Distance - cm 

Figure 4. Variation of the estimated hydraulic conductivity 
with distance between the piezometers used in the Thiem anal- 
ysis. Each point represents a conductivity estimate derived 
from one pair of piezometers. (a) Results for the structured 

I medium (open circles are results when pumping from the cen- 
ter well; asterisks are results when pumping from the corner 

I 
I 

i 
well). (b) Results for the random medium (open circles are 
results when pumping from the center well; asterisks are re- 
sults when pumping from the corner well). 
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at short distances from the pumping well and for small dis- 
tances between piezometers, ranged over more than an order 
of magnitude and were highly skewed toward the higher con- 
ductivities. As a result, use of a statistic (e.g., the geometric 
mean) which provides a measure of central tendency in log 
space was considered an appropriate measure of the behavior 
of the conductivity estimates. Arithmetic and harmonic aver- 
ages were also investigated to determine if the form of the 
averaging had significant impact. Although the arithmetic av- 
erage showed somewhat higher variability (because of its sen- 
sitivity to high K values in a skewed distribution), all three 
averaging approaches led to very similar values for the mean 
estimated conductivity at both large distance from the pump- 
ing well and large distance between piezometers. 

Figures 5a and 5b show the resulting variation in the mean 
of the estimated K with distance from the pumping well. The 
results for the structured medium (Figure 5a) show a trend 
toward a mean estimated conductivity <0.1 or between the 
geometric and harmonic mean for this medium (Table I). For 
the random field (Figure 5b) the mean estimated conductivity 
appears to approach a value of -0.24 or approximately equal 
to the geometric mean. In both cases the mean appears to be 
approaching a relatively constant value after the equivalent of 
5-10 integral scales (30-60 crn) in the random medium. 

7. Experimental Error and Numerical Modeling 
Prior to discussing these results in detail the question of 

whether these experimental results are  accurate must be ad- 
dressed. As stated earlier in this paper, the piezometers were 
read with a precision of -0.5 mm. On a number of occasions 
in the laboratory the difference in hydraulic head between two 
piezometers was of the order of 0.5 mm. As a result, there was 
concern that experimental error could significantly influence 
the observations and conclusions from these experiments. In 
ordcr to address the question of experimental error, two ad- 
ditional activities were pursued. First, each experiment was 
repeated several times at different flow rates. In every case the 
results were reproducible in terms of both the magnitude of 
the conductivity estimates and the general relationships among 
the conductivity estimate, distance between piezometers, and 
distance from the pumping well. 

Second, MODFLOW [McDonald and Harbaugh, 19881, a 
finite difference solution of the flow equation, was used to 
simulate these experiments. In order to  utilize MODFLOW 
both conductivity fields were divided into grids of 320 X 320 
elements. The measured flow rates from the experiments were 
used 2s the flow rate input into MODFLOW. A discretized 
approximation of each conductivity field was input into MOD- 
FLOW to represent the conductivity distribution. No addi- 

Table 1. Various Mean Conductivities for the Two 
Esoerimental Media 

Parameter 
Structured Random 

Medium Medium 
~ 

Per cent  of medium containing high 39.5 33.7 

Arirhm&c mean conductivity. cm s-’ O.lS9 0.351 
Harmonic mean conductivity. cni 5 - l  0.077 0.138 
Creoi1ic:ric mean conductivity. cm s- 0.109 0.340 

conductivity sand 

Effxrive conductivity using G ~ 4 r n r  n r r d  0.123 0.270 
,-Lr/;c’Cj [!9S31 

0.3 -.-“I a 

0 

Figure 5, Variation of the estimated hydraulic conductivity 
with distance between the pumping well and the midpoint 
between the piezometers. (a) Results for the structured me- 
dium (open cjrcles are results when pumping from the center 
well; asterisks are  results when pumping from the corner well). 
(b) Results for the random medium (open circles are results 
when pumping from the center well; asterisks are  results when 
pumping from the corner well). 

tional calibration was performed. Upon completion of the 
MODFLOW simulation the heads at  the piezometers were 
estimated by recording the head at the center of the element 
containing the piezometer. 

Figures 6a-6d show the quality of the match between the 
predicted and observed hydraulic heads for the experiments 
analyzed above. The worst of the fits is considered to be that 
shown in Figure 6b. the match for the structured medium with 
the well in the center of the flow field. Even in this case. the 
match is quite reasonable. The close agreement between the 
observed and the predicted heads provided significant confidence 
in the overall results from the experiments as described above. 

The close agreement between the experiment and the model 
also allowed the experimental results to be “extended“ through 
recording heads at a larger number of locations. Specifically, 
the numerical model was used to generate 57 heads from which 
to reanalyze the results obtained in the laboratory. The distri- 
bution of these 57 ‘.piezometers” is shown in Figure 7 .  
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In repeating the Thiem analysis on these 87 points the re- 
sults shown in Figure 8 for the estimated conductivity versus , 

piezometer separation (equivalent to Figure 4) were obtained. 
It is noted that these plots are far more dense in terms of 
number of conductivity estimates (because of the increase in 
the number of sampling points) but that they reproduce the 
general structure observed in Figures 4a and 4b. Specifically, 
the variance in the estimate of the conductivity decreases with 
an increase in the distance between piezometers. 

With this larger number of estimates the mean and variance 
of the conductivity could be estimated by distance. Figures 
9a-9d show the first and second moments of estimated con- 
ductivity for all four experiments. Here it is noted that there is 
relatively small variation in the mean conductivity over the 
various distances and that the log variance decreases dramat- 
ically with distance between the piezometers. As with the ex- 
perimental results, the mean conductivity for the structured 
medium falls at or below 0.1 whereas the mean conductivity for 
the random medium is -0.25 for both placements of the 
pumping well. 

These numerical data were also analyzed in terms of the 
variation in the mean conductivity with distance from the 

pumping well. As greater distances were possible for the re- 
sults with the pumping well in the corner of the flow cell, only 
these results are presented here. Figure 10 shows the variation 
in the mean estimated conductivity for the random medium 
(asterisks) and the structured medium (open circles). The as- 
ymptotic behavior for the random medium appears to be ap- ' 
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Figure 7. Eighty-seven sampling points used in conjunction 
with the numerical solution of the flow equation. 
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proaching a value above the geometric mean for this medium. 
Interestingly, the values obtained a t  the largest separation dis- 
tances are nearly equal to the effective conductivity predicted 
by Gellrar arid /Lrrzess [1983] for uniform flow in a stationary, 
random medium with an anisotropy ratio of 2: 1 (as shown in 
Figure 10). The large distance behavior of the mean estimate 
of the conductivity for the structured medium falls below the 
geometric mean. 

8. Discussion 
The combination of the experimental and numerical results 

presented above lead to several observations. (1) The numer- 
ical efforts provide confidence that the experimental error had 
minimal impact on the observations derived from the labora- 
tory. ( 2 )  The experimental and numerical efforts indicate that 
the best estimates of the regional effective conductivity will be 
derived from a pump test when the observation well(s) is (are) 
at several integral scales distance from the pumping well, and 
for situations in which more than one observation well is nec- 
essary, the observation wells are separated by several integral 
scales. (3) The convergence behavior of the structured medium 
was quite similar to the behavior of the random medium (in 
terms of reduction in variance), but the large-scale behavior of 
the mean estimated conductivity in the structured medium was 
substantially different than the large-scale behavior of the 
mean estimated conductivity in the random medium. 

8.1. Experimental Error 
The original focus of this effort was on the interpretation of 

experimentally derived conductivity estimates. As a check on 
these experimentally derived results, a numerical model 
(MODFLOW) was used to verify the general conclusions from 
the experimental effort. The numerical model successfully re- 
produced the general trends in the distribution of the hydraulic 
head as observed in the experiments. Further, the conductivity 
estimates derived from the numerical model showed behavior 
consistent with that observed for  the experimentally derived 
estimates. Hence it is concluded that errors encountered in 
measuring the hydraulic head had only minimal impact on the 
observations made regarding the behavior of the estimated 
conductivity. 

8.2. 
From the work of such authors as Nnff [1991] and Neiunan 

mid O r  [I9931 one can argue that the effective conductivity 
varies with distance from a pumping well, approaching an 
asymptotic limit at a large distance from the pumping well. The 
results presented above for both -the structured and the ran- 
dom media are consistent with the observations of these au- 
thors in terms of the observation that the mean estimated 
conductivities varied with distance from the pumping well. The 
experimental and numerical results are also consistent with 
these earlier studies in that the mean of the estimated conduc- 
tivity appears to be converging to an asymptotic value at dis- 
tances of -10 integral scales from the pumping well. 

The current results also provide additional insight into the 
use of piezometers in conjunction with pump tests for estimat- 
ing the conductivity. As noted for both the experimental and 
numerical results. the variance of the estimated conductivity 
decreases with increasing separation between the piezometers. 
Further. the mean conductivity appears to be approaching a 
constant value. This suggests that should an estimate of the 
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Figure 8. Hydraulic conductivity estimate as a function of 
the distance between piezometers for the numerical results. (a) 
Results for the structured medium (open circles are results 
when pumping from the center well; asterisks are results when 
pumping from the corner well). (b) Results for the random 
medium (open circles are results when pumping from the center 
well; asterisks are  results when pumping from the corner well). 

conductivity be derived from a field technique requiring two or 
more observation points (e.g., in the application, for example, 
of the Thiem equation), the lowest variance estimate of the 
large-scale effective conductivity is likely to be obtained when 
the distance between the observation points is large (e.g., 
greater than a few integral scales). 

8.3. Comparison of the Results for the Structure Medium 
Versus the Random Medium 

Figures 4a, 4b, 8a, and Sb show that the structured medium 
behaves similarly to the random medium in terms of the vari- 
ance of the estimated conductivity. For both media the vari- 
ance decreases rapidly as the separation distance between the 
piezometers increases. This result is also reflected in the sta- 
tistics shown in Figures 9a and 9b for the numerical results. 

In contrast, the large distance behavior (both distance from 
the well and distance between piezometers) of the mean esti- 
mated conductivity is distinctly different for these two media. 
As shown for the numerical results in Figure 10, the mean 
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estimated conductivity for the random medium approaches the 
effective conductivity predicted using the expressions pre- 
sented by Gelhm. nnd h i l e s s  [1983] for uniform flow in a 
medium with a 2 :  1 anisotropy ratio in the correlation structure 
I effective conductivity parallel to the direction of the largest 
integral scale). In the structured medium the effective conduc- 
tivity drops below the geometric mean and remains between 
:he geometric and harmonic means. 

MODFLOW was used in an effort to understand why the 
results for the random medium approach the effective conduc- 
tivity estimated for a mean linear gradient. Using the random 
conductivity field 3s input, MODFLOW was used to simulate 
Bow through the random medium subject to constant head 
boundaries in the left and right reservoirs (and zero pumping). 
Figure 11 shows a comparison of the equipotentials and flow 
lines for the original simulation of the pump test and for the 
latter simulation using two constant head boundaries. AS indi- 
cated in Figure 11, the flow field established during the pump 
t s t  is essentially identical, in the left portion of the tank, to the 
:?ow field established by constant head boundaries at the left 
:!nd right ends of the flow cell (for the same total flux across the 
!eft constant head boundary). As a result, the distribution of 

head between piezometers a t  distance from the pumping well 
is nearly identical to the distribution of head at these same 
piezometers under mean uniform flow. It is therefore not sur- 
prising that the estimated conductivity approaches the effec- 
tive conductivity predicted for mean uniform flow [e.g., Gelhar. 
and &ness, 19831. 

The behavior of the estimated conductivity in the structured 
medium is, however, more difficult to explain. One hypothesis 
for the low estimated conductivity in the structured medium is 
illustrated by viewing the distribution of a dye tracer being 
transported through the structured medium. Shown in Plate lb 
is a photograph of the distribution of a (red dye) tracer during 
a tracer test in which the dye is being transported from left to 
right under mean uniform flow (established through injection 
into the left boundary and constant head overflow at the right 
boundary). The dramatic difference in the characteristics of 
this flow field as compared to the flow field in the random 
medium is apparent in comparing Plates l b  and Id (an iden- 
tical tracer test for the random medium). The flow paths in the 
structured medium follow patterns which indicate systematic 
velocity variations and clear symmetry within this flow field 
which is not present in the random medium. As such, it is not 

. 
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Figure 10. Mean conductivity estimated as a function of dis- 
tance from the pumping well (open circles are structured me- 
dium; asterisks are random medium). The various lines on this 
plot are 1, effective conductivity based on Gelltm and Axrtess’s 
[1983] equation for random medium; 2,  geometric mean con- 
ductivity for random medium; 3, harmonic mean conductivity 
for random medium; 4, effective conductivity based on Gelliar 
arid Rrrtess’s [I9831 equations for structured medium; 5 ,  geo- 
metric mean conductivity for structured medium; and 6, har- 
monic mean conductivity for structured medium. 

surprising that the large-scale behavior of the estimated con- 
ductivity in the structured medium does not reflect theoretical 
arguments for behavior in stationary, random permeability 
fields. 
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Figure 11. Flow lines and equipotentials estimated through 
numerical modeling for mean uniform flow (defined here as 
!low driven by constant head boundaries at the left and right 
boundaries of the numerical grid) versus flow to the pumping 
well, both in the random medium. 

9. Conclusions 
A series of experiments on two heterogeneous porous media 

have led to a number of observations. (1) The distribution of 
hydraulic head and the distribution of estimated conductivities 
as observed in the laboratory can be reproduced numerically, 
implying that the experimental error involved in the experi- 
ments is relatively insignificant. (2) For both types of media 
(structured and random) the results support work by other 
authors in illustrating that the estimated conductivity varies 
with distance from the well and approaches an asymptotic limit 
when the average distance between the piezometers and the 
pumping well is of the order of several integral scales. (3) The 
estimated conductivity for the random medium converged, a t  
large distance from the pumping well, to the conductivity pre- 
dicted from perturbation theory for mean uniform flow in a 
random porous medium. (4) In contrast, the estimated con- 
ductivity for the structured medium converged, at large dis- 
tance from the pumping well, to a conductivity between the 
geometric and harmonic mean of the medium. (5) The third 
and fourth observations together demonstrate that the struc- 
ture of the porous medium (random versus structured) had 
significant impact on the large-scale behavior of the estimated 
conductivity. 
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The use of laboratory experiments for the study of conservative solute 
transport in heterogeneous porous 

S .  E. Silliman . L. Zheng * P. Conwell 

Abstract Laboratory experiments on heterogeneous 
porous media (otherwise known as intermediate scale 
experiments, or ISEs) have been increasingly relied 
upon by hydrogeologists for the study of saturated and 
unsaturated groundwater systems. Among the many 
ongoing applications of ISEs is the study of fluid flow 
and the transport of conservative solutes in correlated 
permeability fields. Recent advances in ISE design 
have provided the capability of creating correlated per- 
meability fields in the laboratory. This capability is im- 
portant in the application of ISEs for the assessment of 
recent stochastic theories. In addition, pressure-trans- 
ducer technology and visualization methods have pro- 
vided the potential for ISEs to be used in characterizing 
the spatial distributions of both hydraulic head and lo- 
cal water velocity within correlated permeability fields. 
Finally, various methods are available for characteriz- 
ing temporal variations in the spatial distribution (and, 
thereby, the spatial moments) of solute concentrations 
within ISEs. It is concluded, therefore, that recent de- 
velopments in experimental techniques have provided 
an opportunity to use ISEs as important tools in the 
continuing study of fluid flow and the transport of con- 
servative solutes in heterogeneous, saturated porous 
media. 

R6suin6 Les hydrogiologues se sont progressivement 
nppu!.& sur des experiences de  laboratoire sur des mi- 
lieux poreux heterogknes (connus aussi par I’expression 
”Experiences B echelle intermediaire”, ISE) pour etu- 
dier les zones saturCes et non saturees des aquifkres. 
Parmi les nombreuses applications en cours des ISE, il 
faut noter 1’Ctude de l’ecoulernent de fluide et le trans- 
port de soIutCs conservatifs dam des champs aux per- 
ineabilites correlees. Les recents progrks du protocole 
des IS2 ont donne la possibiliti de crCer des champs de 
pernirabilitCs correlies au laboratoire. Cette possibiliti 
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media 

est importante dans I’application des ISE pour I’Cvalua- 
tion des theories stochastiques recentes. En outre, la 
technologie des capteurs de pression et les mithodes de 
visualisation donnent la possibilite d’utiliser les ISE 
pour caractiriser les distributions spatiales a la fois de 
la pikzomitrie e t  d e  la vitesse locale de l’eau dans un 
champs de perrneabilitCs correlies. Finalement, des 
methodes variees peuvent Ctre utilisies pour caractiri- 
ser les variations temporelles de la distribution spatia!e 
(et, par consequent, les moments spatiaux) des concen- 
trations de soluti dans les ISE. En conclusion, donc, 
des diveloppements recents des techniques expirirnen- 
tales ont fourni I’occasion d’utiliser Ies ISE comine 
d’importants outils d’itude en continu des Ccoulement 
de fluides et de  transport de  solutCs conservatifs dans 
des milieux poreux satures hittro,‘ oenes. 

Resumen Los experimentos de laboratorio en medio 
poroso heterogeneo (conocidos como Experimentos a 
Escala Intermedia o ISE) estAn cada vez mejor conside- 
rados para el estudio d e  10s sistemas saturados y no sa- 
turados. Entre las muchas aplicaciones d e  10s ISE se 
encuentra el estudio del flujo y el transporte de solutos 
conservativos en medios con permeabilidad que  pre- 
sentan una cierta estructura de correlacibn. Avances re- 
cientes en el diseiio de  10s ISE han proporcionado la 
capacidad de crear medios de este tipo en el laborato- 
rio. Esta capacidad es importante para la aplicacion de 
10s ISE a la evaluacion de las teorias estocasticas re- 
cientes. Adem&, la tecnologia de  10s transductores de 
presion y 10s metodos de visualizacion han permitido 
que 10s ISE se usen para caracterizar la distribucion es- 
pacial de niveles hidriulicos y de las velocidades locales 
del agua en campos de permeabilidad con determinada 
correlacion espacial. Finalmente, existen varios meto- 
dos para caracterizar las variaciones temporales en la 
distribution espacial ( y  por tanto 10s momentos estadis- 
ticos espaciales) de  la concentracidn de solutos en 10s 
ISE. Se concluye que 10s desarrollos recientes en las 
tecnicas experimentales han proporcionado una opor- 
tunidad para usar 10s ISE como herramientas funda- 
mentales en el estudio del flujo y transporte de solutos 
conservativos en inedio poroso heterogeneo y saturado. 

Key words laboratory experiments . tracer tests 
solute transport . intermediate-scale experiments 
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ntroduction angle to the mean hydraulic gradient) represented re- 
gions in which flow lines were deflected (as suggested 

-3ydrologists have a long history of utilizing laboratory by hydraulic theory) and. thereby, regions of conver- 
dxperiinents in the study of groundwater flow and so- gence/divergence of a solute plume. Skibitzke and Rob- 
lute transport. As early as 1905, with Slichter’s (1905) inson (1963) extended this early work on heterogenei- 

-remarkable observations regarding solute dispersion ties through a qualitative study of transport in porous 
hnd the impact of fluid density on solute transport, la- media containing lenticular heterogeneities. They de- 

&oratory experiments were being used to illustrate flow monstrate the impact of these heterogeneities on the 
and transport processes as they impact groundwater dispersion of a solute. Their paper contains one of the 

first schematics of which we are aware showing the dra- 
~ y s ~ ~ ~ y  use of Laboratory observations was made in matic impact of heterogeneities on the spread of a so- 

the 1950s and 1960s in an effort to better understand lute moving with the groundwater flow. 
the transport and dispersion of conservative solutes Skibitzke (1964) studied transport in layered media 
within homogeneous and heterogeneous porous media. and remarked that there are probably three regions of 1 -  These studies provided substantial insight into the interest in describing the dispersive process in a hetero- 
process of mechanical dispersion and the relationship geneous medium. These are the local scale in which lo- 
among the longitudinal dispersion coefficient, proper- cal dispersion is dominant, a transition scale in which 
ties of the porous medium (such as the hydraulic con- the dispersion process does not follow the available ad- 
ductivity, the uniformity coefficient of the grain-size vection-dispersion model (e.g., the Fickian model of 
distribution, or, in a fracture, the surface roughness), dispersive flux), and a large scale where Fickian advec- 
and/or the mean pore water velocities (e.g.. Orlob and tion-dispersion theory once again describes the aver- 
Radhakrishna 1958; Harleman et al. 1963; Rumer 1962; age transport behavior. This early insight into the dis- 
Pfannkuch 1963; Klotz et al. 19SO). As discussed by Da- persion process is remarkably consistent with recently 
gan (1989. Figs. 2.10.3 and 2.10.4, and associated discus- published theoretical analyses of the dispersion pro- 
sion), and based on data summarized in a publication cess. Gelhar and Axness (1983), for example, discuss 
by Pfannkuch (1963), early experiments involving the asymptotic behavior that can be consistent with Fickian 
study of the longitudinal dispersion coefficient within dispersion. Dagan (1989), summarizing much of his 
homogeneous porous media covered a range of velocity own earlier work on stochastic analysis of transport, il- 
regimes, including: (a) strongly diffusion-dominated lustrates that the dispersion process is evolutionary, a 
transport; (b) advection dominated transport; and (c) function of the distance traveiled relative to the integral 
transport velocities outside the upper limit of applica- scale(s) of the hydraulic conductivity. More recently, 
bility of Darcy’s Law. Dagan (1989) was able to demon- Neuman (1990) argued for universal scaling of the dis- 
strate general agreement between these early results persion process, suggesting a continual evolution of the 
and early theoretical arguments regarding dispersive dispersion process as the scale of transport, and thereby 
transport within homogeneous media (e.& Taylor the scale of heterogeneity, increases. 
1953; Ogata and Banks 1961; Poreh 1965; Saffman A review of these early laboratory efforts and t h e  
1960). associated analyses of results (e.g., Dagan 1989: Klotz 

Various authors also worked with transverse disper- et al. 1980; List and Brooks 1967) indicates that these 
sion within homogeneous media. Among these, Simp- exper iments  provide substantial insight into the proc- 
son (1962) studied lateral dispersion in a laboratory esses influencing the transport of conservative solutes 
flow cell by constructing artificial sandstones consisting through homogeneous and heterogeneous porous me- 
of crushed quartz cemented with an epoxy resin. The dia. 
results presented by Simpson (1962) were consistent Based in part on these earlier successful studies and, 
with several other studies (e.g., Blackwell 1962; Harle- in part, on the advancement of theories of flow, trans- 
man and Rumer 1963: Bruch and Street 1967; Li and port, and reactions in hydrologic systems, the use of la- 
Lui 1966) in showing that the ratio Dr/vd (where boratory experiments, herein termed interinediate- 
DT=transverse dispersion coeBicient; v =mean pore- scale experiments (ISEs), for the study of flow and 
water velocity: and d =mean grain diameter) generally transport behavior in heterogeneous media has been 
decreases with an increase in the mean pore-water vel- increasing over the past 15 years. Areas of application 
ocity. List and Brooks (1967) summarized the experi- have included the study of fluid flow in saturated and 
mental resu!ts reported by Simpson (1962) and several partially saturated systems (e.g.. Elsner 1994; Glass et 
other authors. and showed that this relationship be- al. 1988; Reible et al. 19’30), transport of conservative 
tween DThd  and v was generally appropriate with DT/ solutes under uniform- and variable-density flow fields 
VJ approaching a constant value as v became relatively (e.g., Sudicky et al. 198.5; Silliman and Simpson 1987: 
large. Elsner 1994: Schincariol and Schwartz 1990; Sternberg 

Among the earliest work on chemical transport in et al. 1996: Irwin et al. 1996; Huang et al. 1995), multi- 
heterogeneous porous media was the work of Hubbert phase transport (e.g.. Kueper et al. 1989; Reible et al. 
(1953). In this study, Hubbert demonstrated that re- 1990: Dullien and Dong 1996: Caruana and Dawe 
gions of contact within a layered medium (layers at an 1996). chemical reactions (e.g., Cobb and Bouwer 1991; 
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Starr et al. 19SS), particle transport (e.g., Harvey et al. 
1993; Silliman 1996), the impact of macropores (e.g., 
Wildenschild et al. 1994), and microbial interactions 
(e.,.., Szecsody et  al. 1994a,b; Murphy et al. 1997; Cun- 
ningham et al. 1991). 

These diverse applications of ISEs have contributed 
to the hydrologic literature in numerous ways, and a 
complete review of this work is well beyond the scope 
of the present paper. In the specific areas of fluid flow 
and transport of conservative solutes through satu- 
rated, heterogeneous media, however, the scope of the 
literature is more focused. Furthermore, the challenges 
to be faced in extending the use of ISEs to these specif- 
ic areas are very well defined. This paper focuses speci- 
fically on the continuing application of ISEs for the 
study of fluid flow and the transport of conservative so- 
lutes in heterogeneous media. Gene Simpson's histori- 
cal efforts in the laboratory continue to impact the ex- 
perimental design of ISEs used in these particular ap- 
plications. 

Recent Applications of ISEs to the Study of the 
Transport of Conservative Solutes 

In this section, a brief review is provided of selected 
papers representing the range of recent applications of 
ISEs in the study of the transport of conservative so- 
lutes through saturated, heterogeneous porous media. 
One of the earliest of the recent generation of ISEs was 
performed under the guidance of Gene Simpson (Silli- 
man 19S1) and was published by Silliman and Simpson 
in 1957. In this study, numerical experiments perform- 
ed by Smith and Schwartz (19SO) were mimicked in a 
series of laboratory experiments on artificial media 
containing constructed heterogeneities. By analyzing 
depth-averaged transport in various media, Silliman 
and Simpson (1987) were able to demons t r a t e  that the 
scale effect in dispersion (i.e., the observed increase in 
the dispersivity with distance from the source) could be 
reproduced through consideration of hydraulic hetero- 
geneity, a conclusion consistent with numerical results 
reported by Smith and Schwartz (1980) and more re- 
cent theoretical argume:its (e.g., Gelhar and Axness 
1983: Dagan 1989: Neuman 1990). They also discuss the 
observation that, for selected packings, the dispersivity 
appeared to be approaching a constant value at larger 
tr3nsport distances. This result was considered to be 
consistent in general terms with theoretical results that 
were published at approximately the same time (e.g.. 
Gzlhar and Amess  19S3). However, because the heter- 
ogeneities utilized were not consistent with the corre- 
lated random fields considered in the previous theoreti- 
cal efforts, no effort was made to  quantitatively com- 
pare the experimental results with predictions derived 
from stochastic theories. 

Sudicky et al. (1985) and Starr et al. (19S5) worked 
with layered porous media. Considering flow parallel to 
layering. these authors measured transport of both con- 
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servative (Sudicky et al. 1985) and reactive (Starr et al. 
1985) chemical tracers. Results from these experiments 
led the authors to conclude that one could match ob- 
served breakthrough curves with available transport 
theory as long as the transport was limited to conserva- 
tive solutes and the dispersion coefficients (longitudinal 
and transverse) could be fitted to the experimental 
data. In the case of reactive transport, however, the au- 
thors observed that unique parameters could not be 
identified and applied to  experiments run at different 
transport velocities. The authors concluded that, at 
least for the reactive chemical transport, the advec- 
tion-dispersion model was not correctly representing 
the physics and/or chemistry of the experimental sys- 
tem. 

Huang et  al. (1995) performed a similar study, work- 
ing with two-dimensional, non-layered heterogeneities. 
These authors demonstrated the impact of spatial het- 
erogeneities on the breakthrough curves observed at 
various locations within their flow field and concluded 
that the breakthrough curves observed within homoge- 
neous packings were predictable using classic convec- 
tion-dispersion theory, but that the breakthrough 
curves observed in experiments on heterogeneous rne- 
dia were distinctly non-sigmoidal in shape. 

Silliman et al. (1987) studied the variation of the lon- 
gitudinal dispersivity with variation in the mean flow 
direction within anisotropic media. These authors used 
an experimental design which allowed flow to be 
oriented in one of two perpendicular directions. By 
modifying the form of the local-scale heterogeneity, 
which led to the macroscale anisotropy, these authors 
were able to demonstrate that the ratio of the longitu- 
dinal dispersivity in the high-conductivity direction 
(DLH) to the longitudinal dispersivity in the low-con- 
ductivity direction (DLL) was strongly dependent on 
the mechanisms leading to macroscale anisotropy. 
Specifically, these authors contrasted (a) macroscale 
anisotropy in the hydraulic conductivity caused by 
layering at the microscale (leading to  DLH/DLL> 1.0) 
with (b) macroscale anisotropy in the hydraulic conduc- 
tivity caused by anisotropy in the tortuosity of flow at 
the microscale (leading to  DLH/DLL< 1.0). 

Schincariol and Schwartz (1990) built upon previous 
work on density-driven transport. These authors com- 
pleted a series of transport experiments involving fluids 
with different densities in a variety of homogeneous 
and heterogeneous porous media. Density contrasts 
ranging from 1000 to 10,000 mg/L were examined. The  
types of heterogeneities considered include layered me- 
dia and media composed of lenticular heterogeneities. 
These authors were able to  demonstrate the significant 
interaction of physical heterogeneity and hydraulic ef- 
fects related to density contrasts, and they suggest that 
density effects could be significant even at relatively 
low-density contrasts. These authors suggest that their 
results were qualitatively consistent with theoretical ar- 
guments regarding flow stability as presented by other 
authors (e.g., Wooding 1959). 
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Elsrier (1994) produced one of the first ISE studies 
which a random permeability field was constructed 

Bccording to specified statistics in order to test stochas- 
4 i c  theories involving both hydraulics and solute trans- 

port. Using a one-dimensional column of length 
3 0 0  cm, Elsner packed a series of 5-cm layers of sand 
dwit!in the column (see discussion below). Upon com- 

pletion of the packing of the column, Elsner was able to 
verify that the physical permeability distribution 

'created in the column was consistent with the numeri- 
dcally simulated random field. Based on flow tests and 

variable-density tracer tests, Elsner demonstrated that 
the distribution of hydraulic head within the column 
under steady flow and uniform density) was statistical- 

ly consistent with the predictions derived from earlier 
theoretical studies (e.g., Bakr et al. 1978). Furthermore, 
the observed dispersive properties of both high- and 
low-density plumes were observed to be qualitatively 
consistent with the properties predicted by the theory 
presented by Welty and Gelhar (1991, 1992). 1 Irwin et al. (1996) and Sternberg et al. (1996) also 
performed solute-transport experiments in one-dimen- 
sional columns packed in layers. Irwin et al. (1996) 
studied scale-dependent dispersion in layered media 
characterized by periodic heterogeneities. They con- 
cluded. based on analysis of breakthrough curves moni- 
tored both internally and at the outflow from their co- 
lumn, that the length scale required to reach asymptotic 
behavior in the dispersivity was a function of the length 
scale of the periodicity within the column. 

Sternberg et al. (1996) considered the potential for 
non-local dispersion in heterogeneous media. These au- 

'thors demonstrated that the shape of the observed 
brzakthrough curves at various locations within the co- 
lumn is dependent not only on the material present in 
the immediate vicinity of the measurement point, but 
also on the heterogeneity surrounding that measure- 
ment location. As a result, these authors concluded that 
the dispersion process is non-local. These authors also 
provide discussion regarding the design of their experi- 
ment and their efforts to limit the mechanisms which 
could impact their measure of macroscale dispersion. 

Conwell (1997) performed experiments in a two-di- 
rncnsional permeability field. This field was created to 
be consistent with a simulated, correlated random field 
(cliscussed in more detail below). The goal of Conwell's 
work was to determine whether the variogram of the 
pore-water velocity field could be quantitatively esti- 
matsd either from measurements of hydraulic head 
(subsequently used to estimate the local hydraulic gra- 
dient) or from measurements of the velocity of move- 

3 

mcnt of dFe tracers as recorded through the side of the 
flow cell. Conwell had mixed success in measuring 
these var ioqmls  in the laboratory, depending, to large 
degree, on rhe precision of the measurement instru- 
ments uscd and the distribution of sample points within 
the flow field. This work is discussed in additional de- 
t a I l be lo w. 
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of Flow and Conservative 

Extending the use of ISEs into the quantitative investi- 
gation of theories of fluid flow and the transport of con- 
servative solutes through heterogeneous media re- 
quires various capabilities in the design of the ISEs. 
Among these are the ability to: (a) design and pack 
ISEs with permeability distributions consistent with 
pre-defined structure, such as the correlated random 
permeability fields; (b) characterize local variations in 
hydraulic head; (c) characterize the distribution of local 
fluid velocities: and (d) characterize spatial and tempo- 
ral variations in the concentration distribution 

Abiliw to Create Porous Media With Correlated 
PermeabiIi& Structures 
As noted previously, one of the first examples of de- 
signing and packing a correlated, random permeability 
field with specified statistics is presented by Elsner 
(1994) and involves a one-dimensional laboratory ex- 
periment focused on the assessment of the stochastic 
predictions of transport behavior in the presence of sig- 
nificant density contrast. EIsner notes that the design of 
these experiments required consideration of the inter- 
action among various length scales. These include the  
maximum size of the experimental system that could be 
housed in the laboratory, the thickness of a sand layer 
necessary to allow in situ measurement of permeability, 
the number of sand layers desired per integral scale, 
and the minimum number of integral scales that were 
considered necessary to allow comparison with the 
asymptotic results provided by the stochastic theory of 
Welty and Gelhar (1991. 1992). 

Elsner (1994) constructed the random permeability 
field by packing layers of sand with different permea- 
bilities within a one-dimensional column. Based on the 
particular experimental design used to  measure per- 
meability (hydraulic heads were measured at pairs of 
piezometers placed within each layer of sand), Elsner 
argued that a minimum depth of approximately 5 cm is 
required in each layer of sand, Furthermore, he argued 
that a minimum of four layers of sand is desired per 
integral scale of the permeability distribution. As a re- 
sult, the integral scale of the final permeability field was 
set at 20 cm. By maximizing the length of column that 
could fit within the available experimental facility (ap- 
proximately 500 cm), Elsner (1994) was able to con- 
struct a column containiiig approximately 25 integral 
scales of the permeability field. This length was deemed 
sufficient to achieve asymptotic behavior, as indicated 
by theoretical analysis (Welty and Gelhar 1991, 1997,). 
After packing the column, Elsner measured the per- 
meability of the individual sand layers and calculated 
the spatial statistics of the final permeability field. He  
demonstrated that the sample statistics from the CO- 

lumn were in good agreement with the simulated statis- 
tics, Furthermore, by using 19 different mixes of sand 
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sizes. he was able to reproduce a permeability field that 
is approximately log-normally distributed. 

Silliman and Frost (1996) report on experiments 
conducted in a two-dimensional permeability field that 
was constructed to be consistent with a computer-gen- 
erated bimodal permeability field with an exponential 
covariance structure. This work has since been ex- 
tended (Conwell 1997) to a second realization of this 
second-order stationary field and to a porous medium 
consistent with three levels of a scaled medium. These 
efforts were performed in a flow cell that had overall 
dimensions of approximately 1.0 x 0.5 x 0.15 m (allow- 
ing a volume for the porous medium with dimensions 
of approximately 0.9 x 0.45 x 0.1 m). 

Design considerations in the development of these 
fields included considerations of length scales similar to 
those discussed by Elsner (1994). Firstly, the overall 
size of the flow cell was limited by the available facility. 
Secondly, the hypotheses to  be addressed (including 
hypotheses related to flow behavior, chemical trans- 
port, and measurement of pore-water velocities) led to 
the conclusion that a minimum of 15-20 integral scales 
was required in each random field. Finally, similar to 
the arguments of Elsner (1994), it was concluded that 
the integral scale of the random fields should be ap- 
proximately three to four times the minimum packing 
dimension. Based on experience in the laboratory, it 
was determined that the smallest sediment unit that 
could be reliably packed in a controlled manner was 
approximately 0.5-1.0 cm in the vertical direction and 
1.5-2.0 cm in the horizontal direction. Hence, the mini- 
muin integral scale that could be packed in the horizon- 
tal direction was approximately 6 cm, whereas the inte- 
gral scale could be reduced to  2-3 cm in the vertical di- 
rection. It was arbitrarily decided that an anisotropy ra- 
tio in the integral scale of 2 : 1 was to be used for these 
experiments. The integral scale in the horizontal direc- 
tion was therefore set at 6 c m  with a vertical integral 
scale of 3 cm, providing approximately 15 x 15 integral 
scales within the flow cell. Two realizations of these 
random fields as simulated on the computer and as re- 
alized in the flow cells are shown in Figures l a  and Ib. 
A scaled pattern with three levels of heterogeneity is 
shown in Figure IC. 

Packing strategies are significant considerations 
when designing ISEs in more than one dimension. As 
an example, the following multistep process was used 
to pack the sediment distributions shown in Fig- 
lire Ia.6: 
1. A random field generator (Silliman and Wright 

1991) was used to  simulate a series of realizations of 
bimodal, correlated random permeability fields with 
specified first- and second-order moments. 

2. Individual realizations of the simulated fields were 
assessed to determine which realizations best repro- 
duced the specified moments. From these, one reali- 
zation was randomly selected for the flow cell. A 
contour plot of this permeability distribution was 
transferred onto the outer wall of the flow cell. 

3. Sands were added to the flow cell, through approxi- 
mately 1 cm of standing water to ensure saturation, 
using the pattern drawn on the wall as a template. 
Separation between regions of sand with different 
grain sizes was maintained using thin (ca. 0.1 mm) 
plastic dividers. These dividers were removed as the 
packing proceeded, and the flow cell was vibrated to  
encourage uniform consolidation of sediments. 
This procedure for packing the flow cells benefited 

significantly from earlier work by Gene Simpson, who 
used various techniques in packing flow cells, including 
producing artificial sandstones (Simpson 1962), using 
gelatin to “freeze” sediments in predefined shapes pri- 
or to packing, and using thin dividers to separate re- 
gions of differing grain size (Silliman 1981; Silliman and 
Simpson 1987). As noted, this latter technique was used 
in the work described here. The ‘-freezing“ approach 
has been used in various forms by other investigators. 
For example, Murphy et al. (1997) use sediments frozen 
in ice to aid in the placement of low-permeability inclu- 
sions. 

Measurement of the Distribution of Hydraulic Head 
One challenge in using ISEs in the assessment of theo- 
ries involving hydraulics (e.& Osnes 1995; Neuman and 
Orr  1993; Dagan 1989; Rubin and Dagan 1988) is to  de- 
rive measures of hydraulic head that are of sufficient 
precision to allow characterization of hydraulics at ap- 
propriate length scales. To illustrate the level of preci- 
sion required to characterize the spatial variation in hy- 
draulic head within a typical flow cell, a sample prob- 
lem is considered here in which flow is occurring 
through a homogeneous medium with a hydraulic con- 
ductivity of lO-’m/s. The  Darcy velocity through this 
medium is set equal to lo-’ m/s (0.86 m/d). The result- 
ing hydraulic gradient is equal to lo-’. Consider two 
piezometers separated by 10 mm and the magnitude of 
the difference in hydraulic head between these two 
points. If these two piezometers are aligned parallel to  
flow, the difference in hydraulic head between these 
two points is 0.1 mrn. In order to measure this differ- 
ence in hydraulic head with an error of less than. for 
example, 10% of the true difference, the pressure 
measurement must be completed with a precision of 
greater than 0.01 mm. If the piezometers are aligned in 
a direction at an angle to flow, the difference in head is 
less than 0.1 mm (approaching zero as the angle ap- 
proaches 900). thus requiring still greater precision in 
the pressure measurement. 

References to measurement of differences in water 
levels using manometers of approximately 0.01 mm oc- 
cur as early as the work of Meinzer and Fishel (1934) 
and Fishel (1935). Furthermore. recent advances in the 
use of vibrating crystal-type pressure transducers re- 
portedly allow measurement of pressures with arbitrari- 
ly small precision (precision being a function of the 
time of integration of counts; C. Neuzil, U.S. Geologi- 
cal Survey pers. commun. 1997). Finally, recent efforts 
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Fig 1n-c Theoretical and packed permeability fields. a,b Images 
of  the permeability field generated on the computer (kff). and the 
packed sands in the flow cell (right: darker material has the liigh- 
e r  permeability). Fields were generated as second-order stationa- 
ry random fields with a horizontal integral scale equal to agprclx- 
imately 1/15 or the horizontal dimension of the medium and a 7:l 
horizontal to vertical anisotropy in the integral scale. The correla- 
tion structure was exponential. E A field developed from the Sier- 
pinslci model of a fractal system (Mandelbrot 19S3). Three levels 
of hetero5eneity are included 

in our laboratory have shown that averaging over mul- 
tiple readings derived from high-precision, low-range. 
strain-gauge pressure transducers can provide pressure 
measurements with precision greater than 0.02 mm. 
Hence. it is concluded that the technology exists to pro- 
vide prsssure measurements with the necessary preci- 
sion. 

In recent work. however, Conwell (1997) observes 
that significant experimental and electronic difficulties 
need to bz overcome in order to obtain head measure- 
ments from a large array of piezometers (using either 
maiioineters or  pressure transducers) with precision 
across the measurement set of approximately 0.04 mm. 
Problems observed by Conwell include electronic drift, 
instrument noise. minute amounts of trapped gas within 
the connections to the piezometers, problems in estab- 
lisliing ;I iew1 datum €or reading numerous manome- 
ters, prohiems with changing surface tension within 
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manometers related to  microbial growth and chemical 
interactions. and transients in the pressure response re- 
lated to  hydraulic storage within the piezometer tubes 
and connections, These probleins were in addition to 
any thermal effects that may have occurred had the ex- 
periments conducted by Conwell (1997) not been per- 
formed in a constant-temperaturekonstant-humidity 
chamber. Conwell observes that the errors in the pres- 
sure readings had greatest impact on  the measurement 
of head differences between piezometers oriented per- 
pendicular to  the mean regional gradient. As suggested 
by the simple example above, this observation is due to 
the typically small magnitude of the gradient compo- 
nent (and hence the need for greater precision of meas- 
urement) in this direction. 

Based on these observations. it is concluded that 
pressure transducers are available that, with sufficient 
care in choosing the recording devices and sufficient av- 
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erasing over measurements, can provide pressure 
measurements with sufficient precision for application 
to ISEs. However, significant experimental challenges 
remain in actually obtaining pressure measurements 
with precisions of 0.01 mm or  better. 

In various experiments on heterogeneous media, the 
difference in hydraulic head between inflow and out- 
flow reservoirs does not always match that which would 
be predicted from the mean gradient as measured with- 
in the sediments under study (e.g., using piezometers). 
Possible reasons for this mismatch include experimen- 
tal difficulties (e.g., error in measurement of the hy- 
draulic head in the reservoirs), significant head loss 
across the screens separating the reservoirs froin the 
sediments, or  non-local and boundary effects (e.g., 
Neuman and Orr  1993; Sternberg et al. 1996). We con- 
tinue to study this effect. 

Measurement of f oca1 Water Velocities 
An important component in many stochastic investiga- 
tions of longitudinal and lateral solute dispersion is the 
determination of the spatial variation of the velocity 
field (e.,.., Dagan 1989; Neuman and Zhang 1990). Two 
general approaches have been employed for measuring 
local velocities within ISEs: (a) visualization methods, 
whereby movement of dyes is monitored visually; and 
(b) estimation of local hydraulic gradients through 
measurement of hydraulic heads. 

An early quantitative study using visualization, or 
visual recording of the movement of dye tracer fronts, 
was published by Glass et al. (1958). In the work by 
Glass et al. (19SS), and subsequent work published by 
Nicholl et al. (1992, 1993), the advective velocity of an 
invading infiltration front was monitored by following 
the movement of a colored dye dissolved within the in- 
vading fluid. Using cameras and flow cells with trans- 
parent walls, these authors were able to study several 
aspects of fingering in infiltration through unsaturated 
systems. Dye tracing was also used by Schincariol and 
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Schwartz (1990) to monitor the movement of variable- 
density plumes and the formation of density fingering 
in heterogeneous porous media. 

Rashidi et al. (1996) worked at the microscale in sat- 
urated media by following the movement of latex 
spheres as they were transported through a porous me- 
dium. By employing a porous medium (glass spheres) 
and a fluid with matched index of refraction, these au- 
thors were able to measure the three-dimensional vel- 
ocity of motion of individual latex spheres as they 
moved through the pores of the porous medium. This 
allowed characterization of the details of the fluid vel- 
ocity at the pore scale. 

Conwell (1997) worked with both the visualization 
method and the estimation of local velocities through 
estimation of hydraulic gradients to characterize local 
velocities in saturated, heterogeneous media. The gra- 
dient method required that three piezometers be uti- 
lized to provide an estimate of the hydraulic gradient at 
a point within the ISE. Through knowledge of the per- 
meability and porosity at that point, an estimate of the 
water velocity was obtained for that point. Design con- 
siderations in 'developing an appropriate piezometer 
network for this application are discussed in Conwell et 
al. (1997). 

Conwell's (1997) study was designed to provide an 
assessment of the ability of an investigator to use an 
ISE to derive the variogram of the velocity field. Al- 
though detailed discussion of this work is beyond the 
scope of the present paper, Conwell produced velocity 

Fig2a,b Variogarns of the local water velocities developed by 
measuring the spatial distribution of hydraulic head. a Compo- 
nent of the water velocity parallel to the mean gradient (V,) eval- 
uated for separation distances oriented perpendicular to the 
mean regional gradient ( y ) .  b Component of the water velocity 
perpendicular to the mean regional gradient (V,) evaluated for 
separation distances in the same direction. Variogram window 
was 7.5" for both cases 
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Fig. 3a, b Variograms of the local water velocities developed by 
monitoring the movement of dye tracers. Conditions for a and b 1 are the same as in Figures l a  and 20 
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variograms using both measurement of hydraulic head 
and measurement of the velocity of motion of dye trac- 
ers. These variograms were quantitatively compared 
with the velocity variograms predicted using a highly 
discretized numerical solution. Figiires 2 and 3 provide 
examples of the results obtained. In both cases, the var- 
iograms of local velocities are estimated for distance 
classes oriented along a line perpendicular to  the mean 
direction of flow (herein termed the y direction) and 
using a 7 . Y  window. Figzrre2a shows the variogram of 
the component of the pore-water velocity parallel to 3 the mean gradient (herein termed the x direction). The 

J 
i 

agreement with the numerical result is very good. In 
contrast, the estimated variogram for the y component 
of the pore-water velocity (Fig. 2b) shows dramatic er- 
rors. As suggested above and discussed by Conwell 
(1997). this poor fit is a direct result of the failure to 
obtain sulficient precision with a pressure transducer to 
adequately quantify the distribution of the hydraulic 
liead (and thereby the hydraulic gradient and the pore- 
water velocity) in the direction perpendicular to  the 
mean gradient. 

Figure 3 shows the variograins derived from moni- 
torins the movement of colored dyes injected into the 
flow iield. Both variograms in Figure 3 provide relative- 
ly good reproductions of the numerically derived vario- 
grains. The overestimate of the variogram at short sep- 
aration distances observed in Figure 3a was shown by 
Conwell (1997) to  be a result of the particular choice of 
sample locations utilized. The underestimate of the sill 
(variance) in Figlire36 was shown by Conwell to be 
partially related to  the design of the sampling network 
and partially to a limitation of the visualization method, 
whereby dye spots become ill defined when they cross 
contacts between regions of different permeability. 

Measurement of Spatia/ Distribution of Solute 
Concentrations 
Much of the recent theoretical development concerning 
the transport of conservative solutes in heterogeneous 
media has involved the study of the evolution of the 
spatial moments of a solute plume (e.g., Dagan 1989; 
Neuman and Zhang 1990; Naff 1994; Dagan and Fiori 
1997). Estimating the evolution of these moments re- 
quires detailed spatial and temporal measurement of 
solute concentrations. 

Three approaches have been utilized for collecting 
and characterizing concentrations within ISEs. The first 
approach is based on visualization and involves relating 
dye concentration to visual intensity on a recording de- 
vice: the second is withdrawal of microsamples for anal- 
ysis with standard analytical chemistry techniques: the 
third is in-situ measurement. 

As noted above, other investigators have utilized 
visualization methods within ISEs to follow solute 
plumes. As discussed b y  Schincariol and  Schwartz 
(1990), visualization holds significant potential for 
quantification of tracer concentration when lighting 
and color contrast conditions can be optimized. These 
conditions, however, may be difficult to  achieve with- 
out careful design of the laboratory within which the 
ISE is to be housed. A review of this technology is 
available in Schincariol (1989). Although this approach 
has the potential to provide the greatest density of con- 
centration data (both in space and time), questions re- 
main as to  the precision with which the light intensity 
can be related to  chemical concentration, particularly in 
real sediments for which the background colors are not 
spatially uniform, As these questions are addressed. it 
is anticipated that visualization techniques will be in- 
creasingly relied upon to provide detailed spatial and 
temporal data sets on solute transport. 

The second technique, sampling of pore fluid. is 
based on withdrawal of a fluid sample from the flow 
field. This approach can be difficult when applied to 
ISEs, however, because the small volume of water pres- 
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ent within a flow cell combined with the minimal volu- Figure 5 shows typical results obtained from the net- 
metric fluxes moving through the flow cell make with- work of electrodes. In the experiment used to  generate 
drawal of significant quantities of water impossible the data in Figrlre5, an NaCl tracer was advanced 
without significantly affecting the flow field. Further- through the medium in Figure I b  from left to right. 
more, as discussed by Silliman (1995), the support of Data obtained from the platinum wire array allowed 
the sample can be strongly dependent on both the vol- monitoring of breakthrough curves at various points 
urne withdrawn and the permeability in the immediate within the medium. From these records of resident con- 
vicinity of the point of withdrawal. Solutions to these centration, the geometry of the tracer plume could be 
difficulties have typically involved use of microsampler monitored over time (e.g., Figs. 5a and 5b). The quanti- 
devices. Szecsody et al. (1994a,b), for example, provide tative nature of these data also allowed estimation of 
a description of the use of microsamplers in a series of spatial moments of the tracer plume. For example, Fig- 
experiments on microbial degradation of Quinoline. ures 5c and 5d show the temporal variation of the first 
This approach to sampling provides the significant ca- and second spatial moments of the tracer plume paral- 
pability of allowing complete chemical analysis (within lel to the mean flow direction (x direction in Fig. 4 )  for  
the limits of the sample size) of the pore fluid with- the depth-averaged resident concentration (averaged 
drawn from the flow cell, but limits the number of Sam- over the y direction in Fig. 4) .  These curves are trun- 
ples that can be withdrawn both temporally and spatial- cated at the time at which a substantial portion of the 
ly based on minimizing the impact of the sampling on tracer plume had first reached the outflow boundary. 
the flow field. Similarly, Figiires 5e and 5fshow the temporal variation 

The third approach expands on earlier designs by in the standard deviation of the vertical (y direction) 
Gene Simpson, his students (Silliman and Simpson variation of the resident concentration for two dis- 
1987; Dronfield and Silliman 1993), and other investi- tances from the inflow boundary (x = 16.5 cm and 
gators (e& Sternberg et al. 1996; Irwin et al. 1996; x=56.5 cm in Fig. 4). 
Huang et  al. 1995), and involves use of electrical probes 
in measuring the concentration of an ionic tracer. 
Sternberg et al. (1996) and Irwin et al. (1996), for exam- 
ple. used Ag/AgCl electrodes to measure the in situ 
concentration of a KC1 tracer, whereas Huang et  al. 
(1995) used electrical conductance to measure the in- 
situ concentration of an ionic tracer. 

Similar to the work of Huang et al. (1995), our re- 
cent efforts have involved estimating the concentration 
of a NaCl tracer through measurement of electrical re- 
sistance at  a series of twisted pairs of platinum wires. 
The small diameter of the wires (ca. 0.1 mm) and the 
ability to install these wires directly through the Plexi- 
glass sidewall of the flow cell allowed installation of 
over 3.50 electrodes in the permeability field shown in 
Figure Ib. The electrodes were arranged in the pattern 
shown in Figure 4. Using this network of electrodes, the 
variation in the spatial distribution of a NaCl tracer 
could be followed temporally during tracer tests. 

Conclusion 

The application of ISEs for the study of groundwater 
problems is very diverse and is expanding into consid- 
eration of such diverse problems as multiphase flow 
(including both unsaturated systems and systems in- 
volving NAPLs), transport and behavior of microbes 
and colloids, and co-transport of mixed systems (e.g.. 
mixed chemicalhicrobial systems, or  complex mixtures 
of reacting chemical species). In particular, ISEs will 
continue to be used both in the investigation of mecha- 
nisms (e.g., Kueper et ai. 1989; Wildenschild et al. 1994; 
Szecsody et al. 1994a,b) and in the assessment of specif- 
ic modeling approaches (e.g., Murphy et al. 1997). 

The technology for the use of ISEs has advanced to 
the stage where ISEs now have the potential t o  be used 
for quantitative studies of fluid flow and the transport 
of conservative solutes in media with complex hetero- 
geneity, such as correlated random structure. Due part- 
ly to the contributions of Gene Simpson, methods are 
available for packing complex, correlated permeability 
fields within these laboratory flow cells. Furthermore, 
advances in pressure-transducer technologies have pro- 
vided the hydrologist with the capability of m e a s u r q  
water levels with precisions of at least 0.01 mm. This 
precision provides the opportunity to characterize the 
details of the distribution of hydraulic heads within het- 
erogeneous media in a laboratory setting. Advances in 
pressure-transducer technology, combined with recent 
advances in the use and interpretation of visualization 

0 10 20 30 4o 5o 60 7o methods. have also provided the opportunity to  utilize 
multiple techniques for characterizing local fluid veloci- 
ties. Finally, various methods, including electrical meth- 
ods pioneered in part under the direction of Gene 
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Fig. da-f Results obtained from the measurements of concentration 
in the random lield shown in Figwe  Zb. using the electrode distribu- 
tion shown in Figlire 4. For a and b. the point measurements of con- 
centration were assigned to the rectangular region surrounding the 
1n~aSurt:ment point. thus providing the .'checkerboard" look to these 

Furthermore. electrodes that failed or were considered unreli- 
ablc \verct assigned a value of 2.0 and were not included in calculation 
of any sp:~[iiiI or temporal moments. a Spatial distribution of normal- 
ized cc>Ivxntration (CIC,, after approsimately 0.2 pore volumes of 
fluid 1 1 ~ 1 ~  passed through the flow cell. b Spatial distribution of 

normalized concentration after approsimately 035 pore volumes of 
fluid have passed through the flow cell. c First, spatial moment of 
the depth-averaged resident, normalized concentration (averaged 
over the y direction in Figlire J) as a function of transport time. d 
Second centered spatial moment of the depth-averaged resident. 
normalized concentration as a function of transport time. e Tem- 
poral variation in the variance of the resident. normalized concen- 
tration observed at s=16. j  cm from the inflow reservoir. f Tem- 
poral variation in the variance of the resident. normalized concen- 
tration observed at x = % j  cm from the inflow reservoir 
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Simpson, have been developed for characterizing the 
spatial distribution of the concentration of ionic tracers. 
The combination of these capabilities creates the PO- 
tentid for ISEs to become integral tools in the assess- 
ment of theories of fluid flow and the transport of con- 
servative solutes. It is anticipated that the use of these 
types of experiments will continue to  expand as the 

to improve. 

Acknowledgment This work was partially supported by a grant 
from the Subsurface Science Program, U.S. Department of Ener- 
gY* 

Harkman DRF, Mehihorn PF, Rimer  R R  (1963) Dispersion: 
permeability correlation in porous media. J Hydrol Div ASCE 
89: 67-85 

Harvey R, Kinner NE, MacDonald D, Metge DW, Burin A 
(1993) Role of physical heterogeneity in the interpretation of 
small-scale laboratory and field observations of bacteria, mi- 
crobial-sized microsphere, bromide transport through aquifer 
sediments. Water 

Huang K, Torida N, Van Genuchten M Th (1995) Experimental 

heterogeneous, saturated soil columns. Transport Porous Me- 
dia 15:253-302 

Hubbert MK (1953) Entrapment of petroleum under hydrody- 
namic conditions. Bull Am Assoc Pet Geol 37:1954-2026 

Irwin NC, Botz MM, Greenkorn RA (1996) Experimental investi- 
gation of characteristic length scales in periodic heterogene- 
ous porous media. Transport Porous Media 25 :235-246 

Klotz D, Seiler KP, Moser J, Neumaier F (19SO) Dispersivity and 
velocity relationship from laboratory and field experiments. J 

Kueper BH, Abbott W, Farquhar G (1989) Experimental obser- 
vations of multiphase flow in heterogeneous porous media. J 
Cont Hydrol 5:83-95 

Li W-H, Lui F-H (1966) Experiments on lateral dispersion in por- 
ous media. J Hydrol Div ASCE 92: 141-149 

List EJ, Brooks NH (1967) Lateral dispersion in saturated porous 
media. J Geophys Res 72: 2531-2541 

iMandelbrot BB (1983) The fractal geometry of nature. Freeman 
and Company, New York 

Meinzer OE, Fishel VC (1934) Tests of permeability with low hy- 

Murphy EM, Ginn TR, Chilakapati A, Resch CT, Phillips JL, 
Wietsma TW, Spadoni CM (1997) The illfluence of physical 
heterogeneity on microbial degradation and distribution in 
porous media. Water Resour Res 33 : 2087-1103 

Naff RL (1994) An Eulerian scheme for the second-order approx- 
imation of subsurface transport moments. Water Resour R~~ 
30:1439-1455 

Neuman SP (1990) Universal scaling of hydraulic conductivities 
and dispersivities in media. water R~~~~~ R~~ 
26: 1749-1758 

Neuman sp, on (1993) Prediction of steady state flow in non- 
uniform geologic media by conditional moments: exact nonio- 
cal formalism, effective conductivities, weak approximation. 
Water Resour Res 29:341-364 

Neuman SP. Zhang YK (1990) A quasi-linear theory of non-fick- 

with application to isotropic media. Water Resour Res 
26:887-902 

Nicho,l MJ. Glass RJ, Nguyen HA (1992) Gravity-driven finger- 

High Level Radioactive Waste Management, Las Vegas, Ne- 
vada 

ty in an initially wet unsaturated fracture. Proc Fourth Annual 
Int Conf on High Level Radioactive Waste Management. Las 
Vegas. Nevada 

Ogata A, Banks RB (1961) A solution of the differential equation 
of longitudinal dispersion in porous media. US Geol Surv Prof 
Pap 411-A: 1-7 

Orlob GT. Radhakrishna GN (1958) The effects of entrapped 
gasses on the hydraulic characteristics of porous media. Trans 
Am GeoPhys Union 39:64s-659 

Osnes H (1995) Stochastic analysis of head Spatial variability in 
bounded rectangular heterogeneous aquifers. Water Resour 
Res 3112981-2990 

Pfannkuch HO (1963 Contribution a I’etude des deplacemnets de 
fluides miscible dans un milieu poreux. Revue de I’Institute 
Franqais du Petrole 183215-270 

Poreh M (1965) The dispersivity tensor in isotropic and axisym- 
metric medium. J Geophys Res 70:1909-1913 

Res 29:s95-910 

technologies required for these experiments continue investigation of solute transport in large, homogeneous and 

References Hydrol 45: 169-184 

Bakr AA, Gelhar LW, Gutjahr A, Machfillan T (1975) Stochastic 
analysis of spatial variability in subsurface flow. 1. Compari- 
son of one- and three-dimensional flows. Water Resour Res 
141263-271 

Blacltweil RJ (19662) Laboratory studies of microscopic dispersion 
phenomena. SOC Pet Eng J 2: 1 4  

Bruch JC, Street RL (1967) Two-dimensional dispersion. J Sanit 
Eng Div ASCE 93: 17-39 

Caruana A, D a w  RA (1996) Flow behavior in the presence of 
wettability heterogeneities. Transport Porous Media draulic gradients. Trans Am Geophys Union 15 : 406-409 
25:  217-233 

Cobb GD. Bouwer EJ (1991) Effects O f  electron acceptors O n  ha- 
logenated Organic compound biotransformations in a biofilm 
column. Env Sci. and Tech 25 : 1065-1074 

Conwell M (1997) Evaluation Of two laboratory techniques for 
the estimation of the spatial statistics of the pore water veloc- 
ity field within a laboratory flow cell. Thesis, University of 
Notre Dame. 130 pp 

Conwell PM. Silliman SE, Zheng L (1997) Design of a piezometer 
network for estimation of the variogram of the hydraulic gra- 
dient: the role of the instrument. Water Resour Res 33:2459- 
2494 

(1991) Influence of biofilm accumulation on porous media hy- 
drodynamics. Env Sci and Tech 25:  1305-1311 

er. Berlin Heidelberg New York 
Dagan G, Fiori A (1997) The influence of pore-scale dispersion 

on concentration statistical moments in transport through het- 
erogeneous aquifers. Water Resour Res 33 : 1595-1606 

sion for transport through a single fracture of variable rough- 
ness. Water Resour Res 29: 3477-3483 

now transport coefficients i n  the coupled equations of two- 
phase flow in  porous media, T~~~~~~~~ Porous ~ ~ d i ~  

~l~~~~~ MM (1994) Laboratory investigation of dispersion of 
dense. viscous. miscible fluids in one-dimensional, correlated. 
random porous media. Thesis. Dresel University, 1S2 pp 

Fishel VC (1935) Further tests of permeability with low hydraulic 
qradients. Trans Am Geophys Union 16:499-503 

Gekar  LW. Asness CL (19S3) Three-dimensional stochastic 
analysis of macrodispersion in aquifers. Water Resour Res 
19: 161-180 

Glass RJ. Steenhuis TS. Parlange J-Y (19%) Wetting front insta- 
biliiy as a rapid and far-reaching hydrolo_eic process in the 
vadose zone. J Cont Hydrol 3:207-2?6 

Harleman DR. Rumer RR (1963) Longitudinal and lateral dis- 
persion in an isotropic porous medium. J Fluid Mech 
16:385-394 

Cunllingham AB* Characklis WG. Abedeen F, Crawford 

Dagan (Igs9) and transport in porous Spring- ian and fickian subsurface dispersion, 1. Theoretical analysis 

Drollfield DG. Silliman SE (1993) Velocity dependence of disper- ing in unsaturated fractures. Proc Third Int ‘Onf On 

Dullien FAL, Dong M (1996) Experimental determination of the Nicholl MJ, RJ* Ng‘yen HA (1993) from 

25:97-170 

Hydrogeology Journal (199s) 6:  166-177 @ Springer-Verlag 



Rashidi M. Peurrung L, Tompson AFB. Kulp TJ (1996) Experi- 
meiit:il analysis of pore-scale flow and transport in porous me- 
dia. Adv Water Resour 19:163-180 

Reible DD. Illangasekare TH, Doshi DV. Malhiet ME (1990) In- 
filtration of immiscible contaminants in the unsaturated zone. 
Ground Water 3S:6S5-692 

Rubin Y .  Dagan G (19SS) Stochastic analysis of boundary effects 
on head spatial variability in heterogeneous aquifers. 1 Con- 
stant head boundary. Water Resour Res 24: 1659-1697 

Ruiner RR (1962) Longitudinal dispersion in steady and unsteady 
flow. J Hydrol Div ASCE SS: 147-172 

Saffman PG (1960) Dispersion due to molecular diffusion and 
macroscopic mixing in flow through a network of' capillaries. J 
Fluid iMech 2 :  194-208 

Schincariol RA (19S9) Migration of dense aqueous phase liquids 
in homogenous and heterogeneous porous media. MSc thesis, 
Alherta 

Schincnriol RA, Schwarrz FW (1990) An experimental investiga- 
tion of variable density flow and mixing in homogeneous and 
heterogeneous media. Water Resour Res 26:2317-2329 

Silliman SE (19S1) Laboratory evidence of the scale effect in sol- 
ute transport through saturated porous media. Thesis. Univer- 
sity of Arizona, Tucson, 122 pp 

Silliinan SE (1995) Sample support in a single fracture: consider- 
ing the definition and control of the support of a water sam- 
ple. Geophys Res Lett 22: 145-1447 

Sillinian SE (1996) The importance of the third dimension on 
transport through saturated porous media: case study based 
on transport of particles. J Hydrol 179: 1S1-195 

Silliman SE. Frost C (1996) Monitoring of the hydraulic gradient 
using a three-point estimator. J Environ Div ASCE 

Silliman SE, Simpson ES (1987) Laboratory evidence of the scale 
effect in solute transport. Water Resour Res 23: 1667-1673 

Silliman SE. Wright AL (1991) Generation of random fields char- 
acterized by discrete regions of constant value. Appl Math 
Comput 45: 293-311 

Silliman SE. Koniltow LF. VOSS CI (19S7) Laboratory investiga- 
tion of longitudinal dispersion in anisotropic media. Water 
Resour Res Z3:2145-2151 

Simpson ES (1962) Transverse dispersion in  liquid flow through 
porous media. US Geol Surv Prof Pap 411-C: 1-30 

177 

Skibitzke H E  (1964) Extending Darcy's concept of ground-water 
motion. US Geol Surv Prof Pap 411-F 1-6 

Skibitzke HE,  Robinson GM (1963) Dispersion in ground water 
tlowing through heterogeneous materials. US Geol Surv Prof 
Pap 336-B: 1-3 

Slichter CS (1905) Field measurements of the rate of movement 
of underground waters. US Geol Surv Water Supply Irrisation 
Pap 140 : 2 9 4 9  

Smith L. Schwartz F (1980) Mass transport. 1. A stochastic analy- 
sis of inacroscopic dispersion. Water Resour Res 16: 303-313 

Starr RC. Gillham RW, Sudicky EA (1985) Experimental investi- 
gation of solute transport in stratified porous media. 2.  The 
reactive case. Water Resour Res 21 : 1043-1050 

Sternberg SPK, Cushman JH. Greenkorn RA (1996) Laboratory 
observation of non-local dispersion. Transport Porous Media 
23: 135-151 

Sudicky EA. Gillham RW, Frind EO (1985) Experimental inves- 
tigation of solute transport in stratified porous media. 1. The 
nonreactive case. Water Resour Res 21: 1035-1041 

Szecsody JE, Zachara JM. Bruclthart PL (1994a) Adsorption-dis- 
solution reactions affecting the distribution and stability of 
COIIEDTA in iron oxide-coated sand. Env Sci and Tech 

Szecsody JE, Brockman FJ. Wood BD. Streile GP, Truex IvfJ 
(1994b) Transport and biodegradation of quinoline in hori- 
zontally stratified porous media. J Cont Hydrol 15 :277-304 

Taylor GI (19S3) Dispersion of soluble matter in solvent flowing 
slowly through a tube. Proc R SOC Lond Ser A 219:1S6-203 

Welty C, Gelhar LW (1991) Stochastic analysis of the effects of 
fluid density and viscosity variability on macrodispersion in 
heterogeneous porous media. Water Resour Res 
27:2061-2075 

Welty C. Gelhar LW (1993) Simulation of large-scale transport of 
variable density and viscosity fluids using a stochastic mean 
model. Water Resour Res 2s: S15-S37 

Wildenschild D. Jensen KH, Villholth I<, Illangasekare TH (1994) 
A laboratory analysis of the effect of inacropores on solute 
transport. Ground Water 32:381-389 

Wooding RA (1959) The stability of a viscous liquid in a vertical 
tube containing porous material. Proc R SOC Lond Ser A 

28: 1706-1716 

252 : 120-134 

Q Springer-Verlag Hyclrogeology Journal (19%) 6: 166-177 



~. . . . . . . .. . . . . . .- . . . - - - - - - -. 

1 
I 
2 

3 
1 
3 
3 

1 
I 
1 
dl 

3 
1 
I 
1 
I 
1 

I- 

) 

WATER RESOURCES RESEARCH, VOL. 36, NO. 1, PAGES 361-366, JANUARY 2000 
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Li Zheng 
Kansas Geological Survey, University of Kansas, Lawrence 

Stephen E. Silliman 
Department of Civil Engineering and Geological Sciences, University of Notre Dame, Notre Dame, Indiana 

Abstract. We investigate from a theoretical basis the impacts of the number, location, 
a n d  correlation among measurement points on the quality of an estimate of the 
semivariogram. The unbiased nature of the semivariogram estimator T(r) is first 
established f o r  a general random process Z(x). The variance of yz(r) is then derived as a 
function of the sampling parameters (the number of measurements and their locations). In 
applying this function to the case of estimating the semivariograrns of the transmissivity 
and the hydraulic head field, it is shown that the estimation er ror  depends on the number 
of the data pairs, the correlation among the data pairs (which, in turn, are determined by 
the form of the underlying semivariogram y(r)), the relative locations of the data pairs, 
and the separation distance at which the semivariogram is to be estimated. Thus design of 
an optimal sampling program for semivariogram estimation should include consideration 
of each of these factors. Further, the function derived for the variance of Tz(r) is useful 
in determining the reliability of a semivariogram developed from a previously established 
sampling design. 

1. Introduction 

semivariogram y z ( r )  is defined as 
Given a trend-removed random field Z(x), the theoretical 

Var [z(x) - Z ( X  + r)]  = i ([z(x) - Z(X + r)]:), 

(1) 

y j r )  = 

where x is location, r is the vector lag distance, Var stands for 
the variance, and the bracket designates the ensemble averag- 
ing. Although the determination of the theoretical sernivario- 
Pram requires ensemble averaging, we are often limited in 
practice to one realization and a finite number of measure- 
ments of Z(s) .  Thus the ensemble average is commonly esti- 
mated from the spatial average by assuming ergodicity. For 
example, given 11 measurements [Z(x j ) ,  i = 1, , 111 from 
a single realization, the most commonly used semivariogram 
estimator T(r) for a specified vectorial lag distance r is 
[:C(crr/rerun. 19651 

. iVlrl 

where N(r) is the number of the data pairs, Z(X,) and Z(x, + 
r), available from the 17 measurements. 

The quality of the estimate of the semivariograrn for a given 
r thus depends on the bias and precision of ?(r), as an estima- 
tor €or y(r). Many have used N(r), the number of the data 
pairs, Z(x,) and Z(xi + r), as an index for measuring the 
reliability of ?(r). For example, a common “rule” applied to 
estimation of the semivariogram is that at least 30 pairs of 
Copyright 1000 by the American Geophysical Union. 
Paper number 1999WR900270. 
bo;.;- 1397/110/1990WR900270$09.00 
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measurements, Z(x,) and Z(x, + r), are required for each lag 
distance r in order to ensure a reliable semivariogram estimate 
[e.g., Joiii-ttel arid Mrijbregts, 19781. Review of the literature 
indicates that this rule is derived from a simplification of ear- 
lier work by Matherun [1965]. Webster and Oliver. [1992] have 
studied this rule through numerical sampling of a random field 
generated with a known semivariogram. Using a uniform, 
square sampling grid and comparing sample semivariograms 
against the known underlying semivariogram, these authors 
argued that a t  least 200-300 measurements are needed to 
estimate a semivariogram reliably. 

This emphasis on N( r) has also resulted in efforts to devise 
algorithms to maximize N(r) by adjusting the placement of a 
fixed number of measurements. Rirsso [1984] and Wairiclc nrtd 
Myers [ 19871, for example, present algorithms which optimize 
the location of sampling points based on a series of constraints, 
including constraints on the number of sample points in each 
lag distance. A recent paper by Coltwell et al. [1997] extended 
this earlier work by talung into account the role of measure- 
ment instruments in the sampling design. Monis [1991] argued 
that accurate estimation of the semivariogram depended not 
only on N(r) but also on the correlation among the measure- 
ments. He proposed an alternative index, the maximum equiv- 
alent uncor5elated pairs, as a measure of the estimation accu- 
racy. However, this index applies only to the special case of a 
concave semivariogram. 

Other methods for determining the accuracy of semivario- 
gram estimates involve Monte Carlo simulation [e.g., RLLSSO 
mid hrry, 1987; Corsteri and Stein, 19941 and the subsampling 
method [Chrlg,  1984; Slinfer mid Vnrirjen, 19901. The Monte 
Carlo approach obtains the confidence interval via repeated 
sampling from multiple realizations of a random field. The 
subsampling method involves subdividing a measurement set 
into subsamples and then estimating the semivariogram from 
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each subgroup of samples thus allowing characterization of the 
variation of parameter estimates between subsamples. 

In the present paper the variance of the semivariogram 
estimate &) is determined theoretically. This theoretical re- 
sult is used to obtain a functional relationship between o& 
and the sampling parameters (e.g., the number of the rnea- 
surements and their locations). This general relationship then 
enables us to examine the interactions between the magnitude 
of I&) and its various controlling mechanisms. The interac- 
tions among the number of measurements, sampling locations, 
the underlying semivariogram, and measurement error are il- 
lustrated through applying this relationship to the estimation 
of the semivariograms of the transmissivity and the hydraulic 
head field. Finally, the implications of these results are dis- 
cussed and extended to possible applications for sampling de- 
sign and interpretation of the reliability of semivariogram es- 
timates. 

2. Theoretical Background 

(9)  

where COV [S(x,, r), S(x,, r)] is the covariance between S(x,, 
r) and S(x,, r) and u&%.r) is the variance of S(x,, r). 

Equation (9) is essentially identical to equations provided in 
classical textbooks on statistics for the variance of the sample 
mean [e.g., Berzjnrnin nrzd Cornell, 1970, p. 378, equation 4.1.121 
with the exception that here the variable is S(x,, r) rather than 
Z(x,). The key to understanding the importance of (9) is to 
determine the dependence of Cov [S(x,, r), S(X,, r)] and 

As given in the appendix, for a Gaussian random variable 
on sampling design. 

Z(x), we can derive 

Cov [S(x,, r ) ,  Six,, r) l  

= 1 [y(r + R,) + y(r - R,,) - 2y(R,,)1', (10) 2 

The bias of the semivariogram estimator ?(r) can be exam- 
ined for a random field by determining the ensemble mean 
value of both sides of (2). This leads to 

where R , ~  = xj - xi is the separation distance between S(x,, 
r) and S ( x j ,  r). Since y(r) is not a function of X, Cov [ s ( x i ,  r), 
S(x,, r)] as given in  (10) is also independent of x but depends 
on the relative separation between x, and xi. It is noted further 
that Cov [S(x,, r), S(x,, r)] is anisotropic even if y(r) is 
isotropic. When K, = 0 in (lo), S has variance of [Z(xi) - Z ( x i  + r)I' 

, Nir) 
1 -- (3) Substituting (11) into (9), the expression for o-&r) may now be  

written as 

- ~( [z (x , )  - Z(X, i- r)12). 
N ( r )  , = I  

Thus ?(r), as given in (21, is an 

as 

estimator for Y(r). where the expression for Cov [ S ( s , ,  r), S ( x j ,  r)] is given in 
(10). A similar expression for +cr, is used by Cressie [I9931 in 
the context of performing weighted least squares fitting. 

To facilitate the comparison of various o&, at different lag 
distances, we divide uq(') by y(r) to obtain the coefficient of 
variation pi ( r ) :  

Since +(r) is an unbiased estimator, 4~ can then be written 

( 5 )  u;,,) = ([?(r) - y(r)l'>. 

Substituting ( 2 )  into (5) provides 

- -  

To simplify the notation, we define a new random variable, 
S(s. r), as 

S(x, r)  = [Z(x) - Z(x + r)]'/2 (7) 

and obtain 

( S ( , s ,  r ) )  = y(r). (8) 

Substituting (7) and (8) into (6) results in 

Cov [S(x,. r ) ,  S(x,, r ) ]  
2y'(r) 

coeff [S(x,, r),  S(X,. r?] = 

Hence p4(r) consists of two p,irts. The first part is completely 
determined by N (  r), the number of data pairs. The second part 
is a function of both the number of pairs and the correlation 
among the S(x,, r). 

In two special cases the expression for pi ( r )  can be simplified. 
First, when the S(x,, r) are independent, all coeff [S(x,, r), 
S ( x j ,  r)] are equal to zero and 
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In this case the estimation accuracy depends only onN( r). This 
relationship is identical to the result from classical statistics, 
where all the samples are taken independently. The second 
special case is when S(x,, r) are completely correlated with 
each other; all coeff [S(x,, r), S ( x j ,  r)] are then equal to one. 
Thus ptcr, reduces to a constant as follows: 

That is, the estimation accuracy becomes independent of sam- 
pling. An example of such extreme cases can be found in a 
random field whose semivariogram grows quadratically with 
the increasing separation distance. 

Other than in these special cases, the estimation precision of 
T(r) (defined here as the magnitude of ptcr,) is determined not 
only by N(r) but also by the summation of the coeff [Sjx,, r), 
S(x,, r)], the correlation coefficients among the squared incre- 
ments, [Z(xJ - Z ( x ,  + r)]'. This correlation coefficient, 
according to (lo), is determined by the separation distance 
between x, and 3 (i, j = 1, * * a ,  N(r)), the lag distance r, at 
which the semivariogram is to be estimated, and the underlying 
semivariogram y(r). Thus (13) gives an explicit expression de- 
scribing the interactions among the variance of the estimate of 
the semivariogram, the number of data, and the sampling de- 
sign. It is a general relationship that holds in any random field 
Z(x), provided that the increments of Z(x) are normally dis- 
tributed. 

3. Illustration Using Hydraulic Head 
and Transmissivity Fields 

In order to illustrate the impact of (13) on problems of 
interest to hydrogeologist, a comparison is made between es- 
timating the semivariogram of the transmissivity ( T )  and esti- 
mating the semivariogram of the head residual ( h ,  the hydrau- 
lic head minus the mean trend in the head). These particular 
parameters were chosen as they are two of the most frequently 
studied spatial processes in groundwater hydrology. 

For the following illustration it is assumed that T is log 
normally distributed. A new, normally distributed random vari- 
able Y is therefore defined as Y = In (T). It is further assumed 
that Y is second-order stationary, exists within an infinite spa- 
tial Bow domain. and is characterized by an isotropic, expo- 
nential covariance function 

yu(r) = - exp ( - r ' ) ] ,  (17) 

where u: is the variance of Y and r '  = Ir(/A is the magnitude 
of the separation vector r normalized by the integral scale A of 
Y. 

Dagm [1985] has presented the first and second moments of 
the distribution of the head residual under mean uniform flow 
within the type of transmissivity field described above. Of par- 
ticular interest here is Dagan's expression for the semivario- 
gram of the head residual: 

. [ exp ( - r ' ) ( r ' '  + 3r.' + 3) - 
r r ?  

31 + E(cos 9)2 - 

Normalized Separation Distance 

Figure 1. 
with the log transmissivity semivariogram. 

Comparison of the head residual semivariograrn 

- Ei(-r' + In ( r ' )  + exp ( - r '  + ( E  - 1) , (18) I 
where J is the magnitude of the mean regional head gradient J, 
9 is the direction of r relative to the orientation of J, Ei is the 
exponential integral function, and E is Euler's constant (equal 
to 0.5227). 

Figure 1 shows plots of y y ( r )  (normalized by a$) and yh(r )  
(normalized by J2A2u$J2) versus the normalized separation 
distance r ' .  The anisotropic y h ( r )  is plotted for two different 
directions, one being parallel with J, that is, $ = 0, and the 
other perpendicular to J, that is, J, = vJ2. As shown in Figure 
1, y y ( r )  asymptotically approaches a sill as the separation 
distance increases, whereas yh( r) grows logarithmically with 
the increasing separation distance. Here y y ( r )  also has a finite 
integral scale A, while the hydraulic head field is correlated 
over a much longer distance, and no finite integral scale can be 
defined. Hence these two variables have fundamentally differ- 
ent structure in their semivariograms. 

This difference in structure has dramatic impact on the po- 
tential to estimate these semivariograrns using data collected 
from a single realization. In order to simplify a comparison of 
the estimation of the semivariogram for the Y and h fields, the 
semivariograms are evaluated only for the cases in which the 
orientation of the lag r is parallel to the direction of the mean 
gradient J. (It is straightforward to exend the analysis and its 
results to other directions if necessary.) Under this condition 
and for fixed r the expressions for the theoretical semivario- 
grams ((17) and (18), respectively) can be substituted into (14) 
and (10) to obtain coeff [ S ( x , ,  r ) ,  S(x,, r ) ]  as a function of q,. 
Figures 2a and 2b illustrate the correlation functions for 
SAX, r )  and S h ( x ,  r). As R,, is a two-dimensional vector, these 
are three-dimensional plots with the horizontal axes defining 
the directional components of Rj and the vertical axis provid- 
ing the magnitpde of the correlation coefficient. In Figures 2a 
and Zb, r has a magnitude of 10 units and is oriented paraUeI 
to J. Both K j  and r are normalized by A. Figures 2a and 2b 
show that the correlation structures for both S,(x, r) and S,(x, 
r) are anisotropic. Further, a local maximum in correlation 
exists at Rl, = r. Finally, Figures 2a and 2b show that S,, (x, r) 
is correlated over longer distances than is S y ( x ,  r). 
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Figure 2. 
along the direction of J (a) for the transmissivity and (b) for the head residual. 

Distribution of the correlation coefficient as a function of the separation vector R,, with r = 10 

The contribution of the correlation between sample pairs 
can be illustrated only for a given sampling pattern. Hence a 
uniform square grid sampling network is utilized here to illus- 
trate the cumulative contribution of coeff [S(x,, r ) ,  S(xj ,  r ) ]  to 
the magnitude of pi.cr.,. This sampling network is set to be 
alignzd with the direction of J, contains n sample points in a 
square array (where 12 is the number of points at which T and 
h are measured), and has minimum spacing d between sample 
points (see Figure 3 for an example in which n = 36 and d = 
1.0). For the discussion below the minimum separation dis- 
tance between the S ( x i ,  r ) ,  m ,  was set to be equal to d. Thus 
specific to this sampling scheme, it is straightforward to show 
that a general relationship between the number of S(x,, r) (Le., 
the number of measurement pairs for a particular r )  and the 
number of sample points IZ exists as 

r yG 
N(r)  = 11 - - (19) n .  

Using the sampling scheme as defined above, it is possible to 
calculate p*r) according to (13) for a specific r .  By varying n, 
it is possible to adjust N (  r) and evaluate pdr) as a function of 
N ( r ) .  Figure 4 shows pBv(r) and P ? , , ( ~ )  versus N ( r )  when r = 
10 along the direction of J. This plot also includes the curve for 
P+(r) - - m, the result obtained by assuming zero 
correlation among the S(x,, r)  (see (15)). From this plot it is 
apparent that the correlation among S(x,, r) strongly influ- 
ences the rate of reduction of pi.(r) with increasing N(r). In 
order to achieve, for example, a value €or pB(r) of 0.8, N ( r )  
need only be around 5 for both uncorrelated data and the 
transmissivity field. For the head residual this number in- 
creases to approximately 100. Hence nearly 20 times the data 
pairs are required to achieve the same coefficient of variation 
for semivariogram of the head residuals as would be required 
for an uncorrelated variable or the random fields with short 
correlation range. 
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One interesting dependence which was further investigated 
was the relationship between the coefficients of variation, 
p-i.u(r) and P ? , , ( ~ ) ,  and r. On the basis of the same sampling 
scheme with N(r) = 64, pQr(r) and p?,,(=) vary with r as shown 
in Figure 5. Once again, P ? , , ~ ~ )  is consistently larger than p+y(r)  
for all r, a result of the head pairs being correlated over longer 

5 :: 
B 
: > 

4- 

m .- 

- 

distances than transmissivity pairs. Further, increasing r ap- 
pears to have a greater adverse impact on the head residuals 
than on the transmissivity (Le., P+, , (~ )  appears to grow with r, 
whereas p-i.r(r, appears to be relatively insensitive to r). These 
results imply that not only will the separation distance amang 
sample points need to be modified for estimating the semiva- 
riogram of Y versus the semivariogram of h ,  the basic design of 
the measurement locations must be modified as well (with 
approximately uniform distribution of data pairs among lag 
classes for Y and increasing number of data pairs with increas- 
ing lag distance required for h) .  

4. Discussion and Conclusions 
The theoretical analysis of the sample semivariogram shows 

that the semivariogram estimator as given in (2) is unbiased 
but that the coefficient of variation of the estimator pXr) de- 
pends not only on the number of the data pairs N(r) but also 
on the correlation among the data pairs. This correlation is, in 
turn, related to the form of the underlying semivariogram y(r), 
the relative locations of the data pairs, and the lag distance r, 
at which the semivariogram is to be estimated. When the in- 
crement, S(x, r), is Gaussian, knowledge of y(r) is sufficient to 
define the correlation structure among the squared increments 
according to (10). 

Equation (10) leads to at least three significant observations. 
First, the reliability of a semivariogram estimate derived from 
measured data is dependent not only on the number of data 
points collected but also on the parameter being measured 
(through the semivariogram of that parameter). Second, ran- 
dom variables exhibiting correlation over large distances are 
very likely to have squared increments which are highly corre- 
lated. Thus the sample semivariogram estimate for a random 
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0 0 . 0  8 0 . 0  0 

o 0 . 0  a o a o  o 

O O r n 0  tejo O 

a u a F - - 4  
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o o m , o  
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Locations of the measurements 

Locations of S(x,r) when r =  3 

Figure 3. An example of a uniform grid sampling network 
with an example in which 17 = 36 and d = rn = 1.0. 

100 150 I 
50 Number of S(xJ 

0 
0' 

Figure 4. Plots showing p? (r) and p?,,(=) versus N(r) with 
r = 10 along the direction of 5. Figure 4 also shows pi.(r) versus 
N (  r) for uncorrelated samples. 

variable which is correlated at large distances will tend to be 
unreliable, and caution should be used in interpreting sample 
semivariograms exhibiting a long-range correlation structure 
(e.g., a power law semivariogram). Should a field data set imply 
such a long-range correlation structure, (lo), or a modification 
thereof for nowGaussian random variables, should be used to 
determine an estimate of the coefficient of variation of the 
sample semivariogram at each lag distance thus providing a 
measure of confidence on the structure observed in the sample 
data. Third, the optimal distribution of data pairs over the 
different lag distances at which the sample semivariogram is to 
be estimated is also a function of the underlying semivario- 
gram. As was shown, a reliable estimate of the semivariograrn 
at various lags for the transmissivity (subject to the constraints 
outlined above) could be accomplished with relatively uniform 
numbers of data pairs in each lag class. In contrast, estimating 
the semivariogram of the head residual, with equal coefficient 
of variation in each lag class, would require increasing numbers 
of data pairs as the magnitude of the lag distance is increased. 

0.9r 1 

0.2 

4 6 a 
0 2 Separation Distance: r 
0'3t* 0.1 

Figure 5. The pt(r) versus r for TY(r) and ?,,(r). 
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Appendix: Detailed Derivation for Equation (‘0) 
Given the definition of s(X,, r) as in (7 )  and its ensemble 

mean (8), an expression for cov [ S ( x i ,  r), S ( 3 ,  r)] can be 
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written as 

cov [ ~ ( x , ,  rj,  s(xi, r:)]  = + ( [ Z ( X J  - z(xi + r)]’  

* [ Z ( x j )  - Z ( x j  + r ) ] ’ )  - y(r)2. (20) 
Using the’ joint moment generating function, Papoulis [exam- 
ple 7-6, page 158, 19841 shows that if two random variables,X, 
and X,, are jointly normal with zero mean, the following re- 
lationship holds: 

(X$Y?’) = (x;)(x;) + 2 ( X , X J 2 .  (21) 
Assuming that the increment Z ( x )  - Z(x + r) is jointly 
normally distributed (which holds, a t  least, for the case in 
which Z ( x )  is jointly normal), the application of (21) to (20) 
leads to 

COV [S(xi ,  r ) ,  S(xj,  r j l  

= ( [ ~ ( x , )  - z(xi + r ) ] ’ [ ~ ( x , )  - z(xj + r)12)  - y ( r l 2  

= 1 ( [ ~ ( x , )  - ~ ( x ,  + r ) 1 2 ) ( [ z ( x i )  - Z(xj  + r ) ] ’ )  
4 

+ t ( [ ~ ( x , )  - Z ( X ,  + r ) ] [ z ( x j )  - z(xj + r ) ~ ) ~  - y ( r l 2  

(22) 

Further expanding [ Z ( x , )  - Z ( x ,  + r ) ] [ Z ( x i )  - Z(x,  + r)] 
into four terms results in 

cov [ S ( x i ,  r),  S(xj ,  r?] 

= ( [ Z ( X J  - Z ( X ,  + r ) ] [ z ( x j )  - z(xi + r ) ] ) 2 .  

1 [ Z ( x i )  - Z(x, + r ) ] ’  [ Z ( x , )  - Z(xi  + r )I2  = - (  3 2 + 2 

[Z(x,) - Z ( x j ) I 2  [ Z ( x i  + r) - Z(xi + r ) ] -  
- l) 

- 
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Abstract. 
consists of a uniformly heterogeneous porous medium; these curves were previously shown 
to be indicative of scale-dependent transport and therefore inconsistent with the 
(macroscopic) advection-dispersion equation [Silliman and Simpson, 19871. Our analysis is 
based on an analytical expression for the first-passage time distribution (FPTD) of 
migrating contaminants in random media, developed with the use of a continuous time 
random walk (CTRW) formalism. The general CTRW has been shown to be effective in 
quantifying anomalous transport patterns frequently observed in fractured and strongly 
heterogeneous porous media [Berkowitz and Scher, 1997, 19981. We calculate a family of 
FPTD curves, usually referred to as “breakthrough curves,” which are a function of an 
exponent p; this exponent is related to the low-velocity tail of the velocity distribution. 
The FPTD curves fit well the measured data, with a single value of the p exponent over 
the spatiaMempora1 scale of the experiment. This is in contrast to previous analyses using 
solutions of the Gaussian-based advection-dispersion equation with the-independent 
parameters in a uniform flow field. We conclude that the CTRW may allow analysis of 
transport in porous media subject to  complex heterogeneities at large scale, which may not 
be amenable to  analysis using classical advection-dispersion theory. Hence the CTRW 
represents a potentially valuable tool in the assessment of dispersive processes in 
heterogeneous porous media. 

We analyze measured breakthrough curves in a laboratory model which 

1. Introduction 
The issue of how to quantify the migration of contaminants 

in groundwater systems has received overwhelming attention 
during the last 3 decades, and a vast literature dealing with the 
subject has developed (see, e.g., the recent reviews in the book 
by Dnyarz and Neriman [1997]). The basic conceptualization is 
that of contaminant “particles” moving continuously through 
space with variable velocities in a heterogeneous porous me- 
dium. One can view this phenomenon in a variety of ways. The 
initial, widely applied model emphasizing the fluid-like contin- 
uous spread of a conservative, neutrally buoyant chemical 
plume was the advection-dispersion equation (ADE). Labora- 
tory-scale and field-scale application of this equation is based 
on th? assumption that dispersion behaves macroscopically as 
a Fickiar! diffusive process, with the dispersivity being assumed 
constant in space and time. Following the development of the 
classical ADE, it was observed through field, laboratory, and 
Monte Carlo analyses that the dispersivity is not constant but 
is, rather, dependent on the time and/or length scale of mea- 
surement, leading to what has been referred to as the “scale 
effect”; we describe this as “anomalous transport.” The spatial 
dependence of transport coefficients measured in the field is 
usually attributed to the existence of hydraulic conductivity 
fields with coherence lengths varying over many scales. We 
Copyright 2000 by the -4merican Geophysical Union. 
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observe that chemical transport at the field scale is now often 
recognized to be non-Fickian, so that one can argue that the 
“anomalous” (non-Fickian) transport discussed here is actually 
the norm rather than the exception. 

This dependence on space (or, equivalently in some cases, 
time) has been the principal focus of many stochastic theories, 
and the ADE approach has been generalized by substituting a 
more detailed stochastic process for the Fickian assumption. 
Stochastic theories have examined, for example, the temporal 
variation of the first and second moments of the spatial distri- 
bution of a chemical plume, with specific interest in defining 
conditions under which macrodispersivities are obtained. Such 
analyses have provided substantial insight into the dispersion 
process and have been shown, through application to well- 
documented field experiments, to provide accurate prediction 
of the temporal variation in the first- and second-order mo- 
ments of tracer plumes for a number of geological formations 
characterized by relatively small degrees of heterogeneity (e.g., 
the Cape Cod site [Gurubedinn et al., 19911). These theories 
have been much less successful in providing reliable prediction 
of the temporal variation in the first two concentration mo- 
ments for field experiments carried out in highly heteroge- 
neous aquifers, such as the detailed tracer tests at the Colum- 
bus Air Force Base [ A d a m  arid Gelhnr, 19921. Further, Fitrs 
[1996] has recently argued that successful reproduction of the 
first two moments is not equivalent to successfully reproducing 
the details of the distribution of the concentration in space. 
Fins [1996] demonstrated substantial deviation between pre- 
dicted and observed concentrations in the Borden and Cape 
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Cod field sites despite close agreement between the predicted 
and observed spatial moments. 

Of particular interest for the present discussion are recent 
stochastic theories based on Lagrangian formulations, such as 
those developed by Dugan [1989] and others (see also the 
review by Rubin [1997]). One of the applications of the La- 
grangian approach is the estimation of effective dispersion 
coefficients at all scales of transport. The general formulation, 
based on analysis of particle trajectories and transition proba- 
bilities in random velocity fields, is developed in terms of a 
general probability density function of the velocity field with- 
out limitations on the types of velocity fields which can be 
considered. In practice, however, the majority of the theoret- 
ical results which have been obtained are based on the assump- 
tion that the velocity distributions can be completely charac- 
terized in terms of the first two moments. Many of these results 
are also limited to porous media in which the variance of the 
log hydraulic conductivity is small (less than unity). The reader 
is referred to Dugan und Ron’ [1997] for a brief discussion of 
the justification given for the use of these assumptions. 

If the variation in the velocity field is sufficiently large, a 
different picture of the particle motion can be developed, a 
highly discrete one. The formalism described below is partic- 
ularly appropriate for this picture. The particle motion is ap- 
proximated as a series of discrete steps, each having a different 
velocity. The particle’s position is determined at the points of 
transition between these steps. A continuous time random 
walk (CTRW) can then be introduced [Berkowitz and Scher, 
1995, 1997, 19981 to account naturally for the cumulative ef- 
fects of a sequence of transitions. The transitions are charac- 
terized by +(s, t ) ,  the probability rate for a displacement s with 
a difference of arrival times oft .  In the CTRW approach one 
can determine the evolution of the particle distribution 
(plume), P(s ,  t ) ,  for a general $(s, t ) ,  so there is no a priori 
need to consider the moments of P ( s ,  t ) .  The challenge is to 
map the important aspects of the physical picture of the par- 
ticle motion in the medium onto a +(s, t ) .  A mapping which 
results in a $(s, t )  with an algebraic tail for large time (such as 
the functional behavior discussed in detail in section 2 in equa- 
tion (7)) leads to the description of anomalous transport (e.g., 
non-Gaussian plumes). 
An initial hydrological application of the CTRW was to a 

series of Monte Carlo transport simulations based on discrete 
fracture networks [Berkowitz and Scher, 19971. In this case we 
used key characterizations of the particle motion, Le., the mea- 
sured velocity and flow distributions and the fracture fragment 
length distribution, to determine $(s, t ) .  The plausibility of 
this Zpproach to heterogeneous porous media was then dem- 
onsxated by the interpretation of field data from the Colum- 

to reproduce. for the fracture simulations, the development of 
highly skewed particle plumes. In particular, the CTRW was 
able to capture the variation of both the movement of the 
center of mass of the particles and the standard deviation of 
particle location around this center of mass. For these simu- 
lations both the mean and the standard deviation of the par- 
ticle position scaled as t P ,  an observation which cannot be 
reproduced with the advection-dispersion equation. The value 
of p -.vas determined from the algebraic behavior of the low- 
velocity tail of the distribution of velocities in the fracture 
segn:rn:s. Hence, through the parameter p, the range of ran- 
dom !ow velocities controls the character of the transport. For 
the Co!umbus site, a highly heterogeneous aquifer, the CTRW 

bu- :: ; A d  site [Berkoivirz arid Scher, 19981. The theory was able 

was capable of reproducing the observed behavior of the highly 
skewed plume, as well as the moments in the direction of flow, 
determined from field data [Adurns and Gelhnr, 19921. Once 
again, the interpretation of the moments suggested that the 
mean and standard deviation of the plume position scale as tP, 
with the same p as that governing the evolution of the plume. 

The CTRW has been applied by other authors in the analysis 
of transport behaviors in porous media. Hntano and Hutuno 
[ 19981, for example, examined concentration profiles measured 
from column studies. These authors found that the migration 
of sorptive ions in heterogeneous porous media could be ac- 
curately described by an anomalous transport model. 

Common to any transport analysis is the question of the 
degree and form of heterogeneity that gives rise to non- 
Gaussian transport over long transport distances; this issue 
remains to be fully addressed. One approach to investigate this 
question is to compare predictions of models such as the 
CTRW to tracer or contaminant transport experiments con- 
ducted under controlled laboratory conditions. The present 
paper represents one such effort. 

In section 2 we review the formalism of the CTRW and 
evaluate the first-passage time distribution (FPTD), commonly 
referred to as a “breakthrough curve.” A full critical discussion 
of the application of the FPTD to experimental data measured 
in a random porous medium (described in section 3) follows in 
sections 4 and 5. 

We show a range of FPTD curves (in section 2), each with a 
different value of p and degree of tailing in the early and late 
time concentration breakthrough. The application of the 
FPTD is to experimental results published previously [Sillinrun 
and Simpson, 19871 involving a uniformly heterogeneous po- 
rous medium (section 3). Silliman and Simpson [1987] argued 
that the curves presented in that paper are indicative of the 
so-called “scale effect” and are not consistent with the classical 
ADE. We show that the shape of a FPTD curve fits well the 
range of measured data, with a single value of the /.3 exponent 
over the spatial/temporal scale of the experiment (section 4). 
In sections 5 and 6 we discuss how the CTRW may allow 
analysis of transport in porous media subject to complex het- 
erogeneities at large scale, which may not be amenable to 
analysis using classical advection-dispersion theory. We con- 
clude that the CTRW represents a potentially valuable tool in 
the assessment of dispersive processes in heterogeneous po- 
rous media. 

2. Continuous Time Random Walk (CTRW) 
Theory 
2.1. CTRW Framework 

We review here the basic transport equations of the CTRW 
formalism [Scher and Lax, 19731. A standard random walk 
describes the accumulation of many random transitions be- 
tween points in space. If P,l(t‘) is the probability that the 
walker is at point t‘ after IZ transitions, then 

wherep(t, e’ )  is the transition probability for a jump from e’ 
to e,  with 

C p ( e ,  e ’ )  = 1. ( 2 )  
C’ 
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The CTRW is a generalization of this random walk, wherein 
discrete time n is replaced by continuous time t: 

R ( s ,  t )  = c [ 4l(s - s’, t - t ’ ) R ( s ’ ,  t ’ )  dt‘ ( 3 )  
1’ 

where R(s ,  t )  is the probability per time for a walker to just 
arrive at site s at time t ,  and $(s, t )  is the probability per time 
for a transition between sites separated by s with a difference 
of arrival times of t .  The discrete transition sites s lie on a 
lattice, and we assume periodic boundary conditions such that 
s = C,s,ai, with /ail = a the lattice constant, {si} integers and 
si  + j,N -+ si for arbitrary integer j ,  and where Nu is the 
length of the lattice and si = - ( N  - 1)/2, *. .  , ( N  - 1)/2 
for odd N .  

Analogous to P,,(C) in (I), the probability distribution func- 
tion P(s ,  t )  describing the spatial and temporal location of 
particles throughout the domain may be defined as 

P ( s ,  t )  = T(r - t ’ ) R ( s ,  t ’ )  dt’ ,  (4) I’ 
where 

q ( t )  = 1 - $0’) dt’ (5) l 
is the probability for a walker to remain on a site and 

$0’) = $(s, f‘). ( 6 )  
s 

The probability distribution P ( s ,  t )  is the normalized concen- 
tration distribution of particles as they migrate through a do- 
main. 

We stress that the random walk formalism considered here 
is distinct from the “random walk” models frequently invoked 
in the hydrology literature, wherein particles follow stream- 
lines and are then perturbed by a random component to ac- 
count for diffusion [e.g., Prickett et al., 1981; Kinzelbach, 1988; 
Ufinlc, 1995; LaBolle et al., 19981. In particular, the advective, 
dispersive, and diffusive transport mechanisms are inextricably 
combined in (3), rather than being treated separately. Hence 
the transport equation (3) represents a different point of de- 
parture from the usual formulations. This CTRW formalism 
has been used in a wide variety of applications (compare re- 
views by Sclzer et al. [1991] and Mafier et al. [1996]). 

The heart of the CTRW formulation of any transport be- 
havior lies in the identification of $(s, t )  with the physical 
process of the particle motion (see, e.g., Berkowitz and Scher 
[19YY] €or determination of q ( s ,  t )  in fracture networks). 
Anomalous transport arises in cases where the large time be- 
havior of $(s, t )  is algebraic [Scher and Montroll, 19751 

$(s, t )  +t- ’ -P  t-.rcrJ, 0 c p < 1 (7) 

Generally, the form of $(s, t )  at large time determines the 
time dependence of the mean position ? ( t )  and standard de- 
viation a ( t )  of P ( s ,  t ) .  In the presence of a “bias” (such as a 
pressure gradient) and for the particular behavior denoted in 
(7), it  can be shown [Shlesinger, 1974; Scher and Montroll, 19751 
that 

Z ( t )  - tP (8) 

I- 

Distance 
Figure 1. Schematic illustration of the contrast between 
anomalous and Gaussian transport (adapted from Scher et al. 
[ 199 11). 

8 ( t )  - t p .  (9) 

The unusual time dependence of 7 ( t )  and s ( f ) ,  which results 
from the infinite mean (over time) of $(s, t ) ,  is the hallmark 
of the non-Gaussian propagation of P (  s, f). Note that a $(s, t )  
following (7) does not fulfill the conditions of the central limit 
theorem. A highly pedagogical account of the content of the 
basic equations (7)-(9) is given by Sclzer et al. [1991, pp. 25- 
301. 

This behavior is in sharp contrast to Gaussian models where 
?( t )  - t ,  ;i(t) - t1‘2 (as an outcome of the central limit 
theorem), and the position of the peak of the distribution coin- 
cides with ?(t). Note that in Gaussian transport, ? ( t ) / ? ( t )  - 
t”’; an important distinguishing feature of anomalous trans- 
port is that ? ( t ) / ; i ( t )  - constant. The contrasting behavior 
between Gaussian and anomalous transport is shown in Figure 
1. Note that anomalous transport is characterized by a concen- 
tration peak which moves much more slowly than the Gauss- 
ian, with a longer forward advance of particles. As discussed in 
sections 2.2 and 5,  the relative shapes of the anomalous trans- 
port curves and the rate of advance of the peak vary strongly as 
a function of p. 

Equation (3) is a convolution in space and time which is 
solved by use of discrete Fourier transforms and Laplace trans- 
forms. Then from (4), using inverse transforms, the solution 
for P ( s ,  t )  which describes the evolution of the contaminant 
plume can be derived. In principle, this solution can be devel- 
oped analytically for arbitrary +(s, t ) ;  but in practice, because 
of the difficulty of dealing with the inverse Laplace transforms, 
analytical solutions for P( s, t )  are not readily derived. More- 
over, purely numerical solutions can be problematic, because 
of the extreme sensitivity of numerical routines that calculate 
inverse Laplace transforms. We have recently made use of a 
combined analytical-numerical solution [Berkowirz and Scher, 
19971. 

2.2. First-Passage Time Distributions 

The probability per time to reach site s at time t for the fist 
time is denoted by F ( s ,  t )  and referred to as a first-passage 
time distribution (FPTD). It can be determined from the irn- 
plicit relation 
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Solving (IO) using Laplace transforms, one obtains 1 

w ES (Tp/j3b)l-p, (15) 
F ( s ,  t) = 2 - ' [ R * ( s ,  rr)/R*(O, u)] s # 0, (11) 

with the saddle-point method [Copson, 19651; the lowest-order . -  

where 27' is the inverse Laplace transform and R * ( s ,  u) is 
the Laplace transform (2) of R ( s ,  t )  and zi is the Laplace 
variable. 

In the CTRW one can generally evaluate P(s ,  T) in an 
asymptotic regime, which in this case is 7 >> 1, where now T is 
a dimensionless time and will be defined in the discussion 
below. For a random fracture network [Berkowitz and Scher, 
19971, T = 2uot/s0, where u0 is a characteristic flow velocity, 
so is a mean fracture-fragment length, and T >> 1 simply 
corresponds to many (say, 2 10) transitions through fragments. 
We stress that this definition of "asymptotic" does not corre- 
spond to the limit of complete self-averaging in contrast to the 
usual definition of the term used in stochastic hydrology (e.g., 
in order to define macrodispersion coefficients). In the large T 

rzgime the transport is dominated by the long time tail of $(s, 
t ) .  In Laplace space this is the limit ZI + 0 [Scher et al., 19911. 

The CTRW problem of the propagation of particles in a 
domain with a pressure gradient (Le., a biased field), in the 
presence of an absorbing boundary (plane), has been consid- 
ered by Moiztroll and Scher [1973]. This problem is very similar 
to the one that we want to solve. One first averages over the 
coordinates parallel to the plane and defines f ( L ,  T ) ,  the 
avzrnge spatial distribution of tracer per unit time, as 

term is (w -=K l j  

f(L, 7 )  = ( F ( s ,  T ) ) ,  (12) 

flL, T)  exp r - 0 -  p)/(pw)V[2.rr(l- p)w] ' "~ .  (16) 

For p = 1/2 the asymptotic representation in (16) is the exact 
function (which can be obtained by summing the series in (14)) 

b 
f(L9 7)  = q p  exp (-;), (17) 

while for /3 = 1/3, one can obtain from (14) 

f(L, T) = T - ' X f % ( X )  (18) 

where x = b/(37)l13 and Ai(x) is the Airy function 
[Abramowztz and Stegun, 1965, section 10.41. The asymptotic 
limit of Ai(x )  for largex, inserted into (18), exactly yields (16) 
for /3 = 1/3. 

The representation for early times (16), before the effective 
transit time (Le., b/TP 55 l.O), is needed when it is numerically 
untenable to sum the series in (14). There is a range of b / @  
where both representations off(L, T), (14) and (16), are in 
excellent agreement. We choose a value of b/TP in this range 
as a crossover point for the use of (14) or (16) to computef(L, 
7). 

In Figure 2 we show semilog plots of both blIPf(L, T )  and 

M ( L ,  T )  3 f ( L ,  7 ' )  dr' (19) l where L is the distance between the inlet (origin) and the 
outlet ( x  coordinate of s) planes and the angled brackets 
denote average. For $(s, t) + t - ' -@ fort --., m ,  as discussed 
bp Sclzer. et al. [1991], the pertinent Laplace transform is de- 
termined by the dominant behavior as -+ 0 (e.g., $ * ( [ I )  -+ 

1 - C L L @ ,  with c a constant), and in this limit, and €or 0 < /3 < 
1. the evaluation of (12) reduces to 

versus T/b'/P for a range of p. The function M ( L ,  T) is the 
accumulated mass reaching L because of a pulse of solute at 
the origin at T = 0 (normalized to a total mass of unity). In the 
case of a uniform concentration C, injection starting at T = 0, 

' 

f ( L ,  T )  = %-'[exp ( - b u P ) ] ,  the concentration C reaching L is 
(13) 

wh::e b = L/( e )  is a nondimensional measure of L and ( e )  is 
the mean displacement for a single transition [&her. arid Mon- 
poil. 19751. The parameter b is a large number if there is a 
stparation between source and collection (measurement) 
plane greater than an intrinsic length scale of the heteroge- 
neous medium (which pertains to all of the cases we shall 
consider). 

The e-' expression in (13) can be evaluated exactly in terms 
of Fox's H function [Metzler et al., 1994, 19981, but for simplic- 
ity we use an infinite series for the case buP < 1, which 
corresponds to late times (Le., when the peak of the FPTD has 
a! ready reached the measurement plane). The function 

c ( L ,  T )  = c, i T f ( L ,  7 - T ' )  d T ' .  (20) 

A change of the integration variable, T - T' -+ T ' ,  reproduces 
(19), that is, C ( L ,  T ) / C ~  = M ( L ,  7 ) .  Hence the curvesM(L, 
T )  in Figure 2 are those of the typically measured normalized 
concentration. We note that in all curves C/C, = 1 /2  corre- 
sponds to T/blIP 1.0. 

The basic shape of the breakthrough curves and their rela- 
tion to b'lPf(L, T )  (the spatial distribution of tracer due to 
pulse injection) changes dramatically from p = 0.33 to p = 0.9. 
For p = 0.33 the dispersive front occurs over about six log 
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Figure 2. Semilog plots showing a range of first-passage time distribution (EPTD) curves (probability density 
function b’/@f(L, T) and cumulative M ( L ,  T ) )  versus T / b ’ / @  for a range of p. (a) Plots of b’’@f(L, r )  versus 
./b’/D, p = 0.33, 0.50, and 0.65. (b) Plots of b’IPf(L, T) versus r/6”@, p = 0.75, 0.80, and 0.90. (c) Plots of 
M ( L ,  T )  versus .r/b‘/@, p = 0.33, 0.50, and 0.65. (d) Plots of M ( L ,  T) versus T/b’’*, p = 0.75,0.80, and 0.90. 

cyc!es in time, and the peak of b l l P f ( L ,  T )  occurs at .r/b’/@ = 
0.02. while for /3 = 0.9 the values of r/b”@ for the peak 
mlLuirnum and C/C, = 1/2 are nearly coincident. The tem- 
pord extent of the dispersion for p = 0.9 is reduced to ap- 
prosimately one and one half log cycles. The breakthrough 
cumes in Figure 2 have highly variable basic features as a 
function of p with the common attribute of a large asymmetry 
behwen the dispersion before and after the CIC, = 1/2  
“transit time” (Le., long trailing tails). It is to be emphasized 
that the time dependence of C ( L ,  r ) /Co  is determined by the 
limiting behavior of INS, t )  at large r which, in turn, is con- 
trolled by the range of low velocities in the flow field. This 
result was shown explicitly by Brrkorvitz and Scher [1997, 19981. 
The spatial dependence appears in the parameter bl’@; a 
change in L rigidly shifts C ( L ,  I) along the x axis in the 
szniiog plots in Figure 2. 

As p increases (0 < /3 < I), there is a “stiffening” of the 
concentration front. The plume approaches a box-like shape 
with a front steeper than a Gaussian yet with a trailing tail 
longer than a Gaussian. For /3 > 1/2 the peak of P ( L ,  L )  is 
displaced from the origin [McLeatt and Awman, 19771. These 
shape changes with p cannot be associated simply with a 
change in an effective (longitudinal) dispersion, either con- 
stant or time-dependent. It is interesting to consider the expo- 
nent p as the parameter controlling the effective dispersion. 
We recall that p is determined by the range of random veloc- 
ities. The other significant parameters are those that scale 
distance and time; they correspond to a characteristic velocity 
and intrinsic length scales of the medium. Values for these 
parameters are determined by the experimental conditions, for 
example, the characteristic fluid velocity and the size of the 
heterogeneities, as discussed in section 4. 
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Figure 3. Experimental setup showing the flow cell and the 
uniformly heterogeneous packing (adapted Gom Silliman and 
Simpson [1987]). 

3. Experimental Setup and Measurements 
The experiments discussed here were first presented and 

discussed by Silliman [1981] and Silliman and Simpson [1987]. 
The original intent of the experiments was to demonstrate, 
experimentally, the scale effect in dispersion within a variety of 
heterogeneous media. As such, the analysis of the curves fo- 
cused on the spread of the center portion of the breakthrough 
curves; details of the shape of the breakthrough curves, par- 
ticularly in the tails for the more heterogeneous packings, were 
not fully analyzed in the original effort. It is these details, along 
with the fact that the (macroscopic or “field scale”) ADE does 
not properly describe the full evolution of the migrating tracer, 
which led to the reanalysis of these experiments which is pre- 
sented here. 

The experiments were conducted in a laboratory flow cell 
with internal dimensions of 2.44 X 1.07 X 0.10 rn. Flow was 
maintained across the medium through use of constant head 
reservoirs (Figure 3). The upper surface of the medium was 
unconfined and was penetrated by a series of dividers extend- 
ing approximately 10 cm into the experimental medium. These 
dividers were intended to reduce the potential for surface 
water flow along the upper surface of the medium should the 
head in the inflow reservoir accidentally exceed the height of 
the upper surface of the medium. As the medium was uncon- 
fined, the difference in heads in the two reservoirs was kept to 
a minimum to reduce the variation in the velocity field (related 
to curvature of the water table). The maximum difference in 
head across the flow cell over all experiments was approxi- 
mately 0.03 m (Le., there was approximately a 3 cm change in 
saturated thickness). 

Sillirnaiz and Simpson [1987] considered four different per- 
meability distributions; of interest for the present discussion is 
the fourth packing (shown in Figure 3) which represents a 
“homogeneously heterogeneous” medium. Within this partic- 
ular medium, blocks of fine sand (with dimensions of approx- 
imately 7.5 cm by 2.5 cm and uniform over the 0.1 m width of 
the flow cell) were placed within a matrix of coarser sand. The 
blocks occupied approximately 16% of the total volume, and 
the contrast in permeabilities between the coarse (high per- 
meability) and fine (low permeability) sand was approximately 
a factor of 20. Owing to difficulties in packing the mean per- 
meability in the lower portion of the flow cell appeared to be 
somewhat lower than the mean permeability near the upper 
surhce of the flow cell. Hence, in addition to the heterogeneity 

introduced by the presence of the low-permeability cubes (with 
the resulting drop in velocity within each cube), there is a lower 
mean permeability in the lower portion of the medium. This 
latter heterogeneity leads to an overall trend (although with a 
high degree of variability along the flow cell) in mean velocity 
with depth [e.g., Silliman and Simpson, 1987, Figure 8aJ. 

Tracer was added to the experimental medium as a step 
change in concentration in the upgradient reservoir [Silliman, 
19811. Once introduced, the movement of the tracer was rnon- 
itored at five different distances from the inflow reservoir 
through use of five columns of electrodes. Each column con- 
sisted of 72 metal wires at spacings slightly greater than 1 cm. 
Electrical resistance was measured between each pair of wires 
(providing 71 readings per electrode column), and the electri- 
cal resistance was calibrated to concentration in situ. For a 
particular measurement time, 71 readings were recorded at a 
single electrode column, transformed to concentrations utiliz- 
ing the calibration curves, and then vertically averaged (a flow- 
weighted average was used as discussed by both Silliman and 
Simpson [1987] and Silliman [1981] to yield approximate flux- 
averaged concentrations). Breakthrough curves could then be 
plotted for each electrode column [e.g., Silliman and Simpson, 
1987, Figure 41. 

The instrumentation used to measure electrical resistance 
(see details given by Silliman [19Sl]) was relatively crude com- 
pared to what we currently use. As a result, it is anticipated 
that errors in individual measurements may have been as high 
as 2% of the input concentration in the tails of the curve and 
as high as 5-10% of the input concentration in the center of 
the breakthrough curve (the lower error in the tails is related 
to the fact that the initial and final concentrations in each 
experiment were used as calibration points). However, because 
the measurement errors are considered to be uncorrelated 
among the 71 readings within an electrode column, the stan- 
dard deviation of error of the vertically averaged concentra- 
tions will be lower than the error in individual readings by a 
factor of approximately V‘% J 8.4. It is therefore concluded 
that the standard deviation of error in the vertically averaged, 
normalized concentrations is, at maximum, of the order of 
0.25% in the tails of the curves and is slightly greater than 1% 
in the center of the breakthrough curves. It should be noted 
that the experiments discussed herein (the fourth packing) 
were the last experiments run by Silliman [1981] so that many 
of the sources of error in the electronics from the earlier 
experiments had been identified and corrected. This improved 
performance can be seen, for example, in the reduced noise in 
the data for the first electrode column in the homogeneously 
heterogeneous medium compared to the data for this elec- 
trode column in the original homogeneous medium [cf. Silli- 
man and Simpson, 1987, Figures 4 and Sb]. 

It is unfortunate that the breakthrough curves presented for 
the fourth packing [Silliman and Simpsoti, 1987, Figure sa] do 
not extend to concentrations higher than approximately 70- 
80%. The reasons for the limited data are twofold. First, as the 
tracer front moved through the medium, choices had to be 
made as to whether early time data were to be collected at 
electrode columns farther down gradient or whether late time 
data were to be collected at electrode columns located closer 
to the inflow reservoir (time did not allow data collection from 
multiple locations). A decision was made to focus on the early 
time data. Second, it was observed that the rate of increase in 
concentration at late time was quite slow (as supported by the 
data fits presented in section 4). AS a result of this slow in- 
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crease in concentration, in combination with the facts that no 
automation was available for these experiments (all readings 
were collected by hand using a handheld multimeter) and the 
curves for relative concentrations up to approximately 70- 
80% were adequate to illustrate the scale effect, a decision was 
made not to pursue these curves to full breakthrough. In hind- 
sight it would have been preferable to run these curves to 
larger times; our later studies using a more automated sam- 
pling system have produced curves including both early and 
late time tails [e.g., Sillimaiz et nl., 19871. As illustrated in 
section 4, however, our analysis using the CTRW indicates that 
the available breakthrough curves contain sufficient informa- 
tion to differentiate between behavior reflective of the advec- 
tion-dispersion theory and behavior of the CTRW theory cor- 
responding to L/(C)  >> 1, especially for electrode columns 4 
and 5 .  

4. Comparison of Theory and Experiments 
We focus our attention on concentration measurements 

taken at electrode columns 3, 4, and 5,  corresponding to dis- 
tances from the inlet of L = 0.91, 1.37, and 1.83 m, respec- 
tively. We determine the FPTD curves using (14), (16), and 
(19) and obtain breakthrough curves such as those illustrated 
in Figure 2. As shown in Figure 4, the FPTD curves fit well the 
complete range of measured data with a single value of the p 
exponent over the spatial/temporal scale of the experiment. 
The most complete set of measurements is given in Figure 4b; 
a choice of p J 0.87 2 0.01, obtained by fitting the FPTD 
solutions to the data, captures both the early and later time 
arrivals as well as the intermediate breakthrough times. The 
agreement of the FPTD curve with the measurements is clear 
and permits differentiation between the FPTD and ADE so- 
lutions (discussed below). As we note in the following, the 
ADE soIutions shown here represent "best fit" solutions 
wherein the dispersivity estimates vary by a factor as large as 
1.7 from one location to the next. In contrast, we use the same 
p as for Figure 4b to predict the FPTD curves at shorter and 
longer distances from the inlet (shown in Figures 4a and 4c). 
We emphasize, in particular, the agreement of these FPTD 
curves with the measurements of the short time arrivals. Thus 
we End that a single value of p determined from, say, the 
breakthrough cume at electrode 4, is sufficient to predict trans- 
port behavior measured at electrodes 3 and 5. 

Now as discussed in section 2, the .r axis shown in Figure 2 
is in dimensionless time units of T / b l i P ,  with T as the dimen- 
sionless time and 6 = L / ( t )  (recall that ( e )  is the mean 
displacement for a single transition and L is the distance from 
the inlet to the measurement plane). As such, for comparison 
to the data (Figure a), we must scale the (temporal) x axis 
appropriately. Our point of comparison is the time at which 
C/Co = 0.5 on the breakthrough curves. We recall that T is a 
dimensionless time, defined by T = ut / (C) ,  where 5, a char- 
acteristic flow velocity for the particle transitions, is larger than 
the average fluid velocity in the domain (to account for the 
influence of the higher-velocity transitions [Eerkowifz atid 
Schr., 19951) and t is the (dimensional) laboratory experiment 
time. The transport system is essentially characterized by two 
features: (1) the velocity field, which determines p, and (2) the 
mezium heterogeneities, which determine ( E ) .  The length (t') is 
used in both of the nondimensional ratios that determine the 
time (7) and the transport distance ( L ) .  We observe that for 
the r :qe of p values used here, r /b ' Ip  =5 0.9 at CIC, = 0.5 

, ' . I  ~ " ~ ~ ~ " " ' " ' ' ~ ~ ' ~ ' " ' ' ~ " " " ' '  
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Figure 4. (a-c) Comparison of measured concentrations 
(circles) to the FPTD theoIy (solid curves), with p = 0.57 C 
0.01. Also shown in Figures 4a-4c (dashed lines) are solutions 
of the advection-dispersion equation using the "best" esti- 
mated value [from Siflinzan arid Simpson, 19871 of dispersivity 
cy at each distance from the inlet (note that this value varies at 
each location). For electrode column 3 (Figure 4a), L = 0.91 
m and cy = 0.073 m. For electrode column 4 (Figure 4b), L = 
1.37 m and a = 0.075 m. For electrode column 5 (Figure 4 ~ ) ,  
L = 1.83 m and CY = 0.127 rn. 
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(see section 2.2). Thus the experiment time at which CIC, = 
0.5, t,., is given by 

As described in section 3, the mean size of the low- 
permeability heterogeneities is ~ 7 . 5  cm; it is reasonable to 
assume that the mean particle transition length will be some- 
what smaller than the size of these heterogeneities, so we 
choose ( 4 )  = 1 cm. With this choice and with any of the 
measured t ,  (found from the point CIC, = 0.5 on the break- 
through curves), it follows that V = 9 m/d. The average fluid 
velocity in the flow cell was about 5.7 m/d (see section 5 ) .  In 
agreement with these results, Berkowitz and Scher [1998] found 
the characteristic flow velocity for tracer particles in a hetero- 
geneous natural aquifer to be larger than the estimated mean 
fluid velocity in the aquifer. It is important to note that the 
single values of (e )  (1 cm) and V (9 mld) describe all values of 
1,. There is a degree of flexibility in choosing (e) (Le., similar 
estimates of the breakthrough behavior were obtained using, 
for example, ( 4 )  ;J 5 cm), since t ,  is weakly dependent on (e) 
for /3 - 0.87. 

Silliinaii and Simpson [1987] found from analysis of the mea- 
sured breakthrough curves that the data are indicative of scale- 
dependent transport [cf. Silliinan and Simpson, 1987, Figure 
Sb]; that is, they are not consistent with Gaussian transport 
(the ADE solution). Sillimaii and Simpson [1987] reported 
dispersivities that were estimated from the sample mean and 
variance, using their (14) and (15), which define the fit of the 
solution to the data through the point CIC, = 0.5. These 
dispersivities, which are determined individually at each elec- 
trode column, therefore represent “best fit” estimates for the 
data. Since the velocity is usually specified by the experimental 
setup, the dispersivity coefficient is the only real degree of 
freedom. Referring to Figure 4, even though the data are fit in 
the concentration range around CIC, = 0.5, deviations 
clearly occur outside this range. Moreover, the integrity of the 
fits is poor, given that the dispersivity values vary from one 
location to the next: for example, the value of the dispersivity 
increases significantly from 0.075 m to 0.127 rn between Fig- 
ures 4b and 4c. Imposition of a single overall dispersivity value, 
which is intrinsic to the theory underlying the ADE, leads to 
even greater discrepancy between the ADE solution and the 
data. 

The curves shown in Figure 4 provide a contrast between the 
ADE (Gaussian) solutions and the CTRW (non-Gaussian) 
results. In Figure l a  the difference in the two fits occurs at the 
early times. At the larger electrode distances in Figures 4b and 
Jc, there is a clearer difference between the fits for the devel- 
oping plume. The largest measured concentration range is in 
Figure 4b, and the CTRW theory accounts for both the early 
and later time breakthroughs. The evolving differences be- 
hveen the CTRW and ADE predictions become more substan- 
tial for the fully developed plume. Notwithstanding the fact 
that no measurements are available to fully define the very 
long time tails of the breakthrough curves (as discussed in 
section 3), we suggest that the consistency of the CTRW with 
the ,:sperimental results indicates the CTRW to have signifi- 
cant potential as a predictive tool. 

5. Discussion 
5.1. Experimental Considerations 

To further our understanding of the above results, two as- 
pects of the original data sets should be mentioned. As a 
reference system, Silliman and Simpson [1987] reported a se- 
ries of initial experiments in a homogeneous medium. As 
shown in their Figure 4, the breakthrough curves for the ho- 
mogeneous packing followed closely the shape predicted using 
a standard Fickian model with a constant dispersivity at all 
measurement columns. Moreover, Sillimnn et al. [1987] exam- 
ined transport behavior in a homogeneous sand interspersed 
with a random packing of vertically oriented, impermeable 
plastic disks. While the flow field was disturbed so that fluid 
and tracer paths were diverted around these disks, the overall 
breakthrough curves again exhibited Fickian behavior. As a 
result, we are confident that the consistent deviation obtained 
for the homogeneously heterogeneous medium experiments is 
a measure of true transport behavior and not an artifact of the 
experimental procedures or measurement error. These mea- 
surements reflect the complex interplay between the high- 
permeability and low-permeability zones and their effect on 
fluid flow and tracer movement. 

The second aspect of the experiments relates to an observed 
drift in the “average” seepage velocity reported by Silliinnn and 
Siinpson [1987]. In their experiments on the fourth packing the 
seepage velocities calculated from the arrival of CIC, = 0.5 
consistently increase from the first through the third electrode 
columns. The variation in this velocity was inconsistent from 
the third to the fourth column, but the velocity was always 
greatest at the fifth column. For example, in the experiments 
shown in Figure 4, the estimated velocities were 5.43, 5.70, and 
5.79 m/d at distances of L = 0.91, 1.37, and 1.83 m (elec- 
trode columns 3,4, and 5) from the source, respectively (while 
measurements taken at electrode columns 1 and 2, with L = 
0.15 and 0.46 m, led to velocity estimates of 3.97 and 4.22 d d ,  
respectively). While these experiments were run under uncon- 
fined conditions, the head differences used in these experi- 
ments were such that the maximum change in saturated thick- 
ness across the entire cell was less than 3%; as such, the 
increase in velocity cannot be explained by arguments related 
to the change in saturated thickness. 

Rather, we beIieve that the observed variation in measured 
velocities is due to a combination of non-Fickian behavior and 
measurement error. Note that these velocities were estimated 
from the breakthrough curve data, assuming the transport to 
be Fickian. However, as demonstrated above, the transport is, 
in fact, anomalous, and as a consequence, these estimated 
velocities can only be taken as rough values. The very minor 
variation in estimated velocities at electrode columns 3, 4, and 
5 ,  in particular, can easily be attributed to measurement and 
estimation errors. With our use of non-Gaussian solutions we 
require only one value of the velocity. 

Also, as noted above, the process of packing the tank led to 
unavoidable heterogeneities, with the result that the mean 
permeability in the lower portion of the flow cell was evidently 
somewhat lower than the mean permeability near the upper 
surface of the flow cell. Silliinan mid Simpson [1987] found that 
the breakthrough curve at the first electrode column in the 
homogeneous medium was consistent with both Fickian trans- 
port and the large-scale dispersivity, so that the upgradient 
boundary condition is probably not the cause of the spatial 
variation in the velocity in the homogeneously hetero, oeneous 
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Figure 5. Schematic illustration of contaminant transport in heterogeneous porous media. As shown by the 
white arrows, we present a conceptual mapping of contaminant flow paths onto a mixture of discrete paths 
with varying lengths and ranges of transition times. The underlying velocity field map [after Grindrod and 
Impey, 19931 is representative of flow in heterogeneous media; lighter shading represents regions of higher 
velocity. 

medium. Rather, it appears that the flow distance at least up to 
the second electrode column is not sufficiently large to ade- 
quately sample the velocity field and to yield representative 
behavior. As discussed in section 2, the calculation of the 
FPTD is valid for T >> 1, which is the appropriate time range 
for b >> 1, that is, L >> ( e ) .  The analyses of these experi- 
ments therefore neglect measurements from the h s t  and sec- 
ond electrode columns. 

5.2. Additional Theoretical Considerations 
The statistically complex geometry and morphology of aqui- 

fer heterogeneities give rise to a mixture of preferential path- 
ways and stagnant regions, which can lead to non-Gaussian 
transport behavior. Such behavior was clearly demonstrated in 
the context of fracture networks by, for example, Berkowitz and 
Sclwr [1997, 19981 and was demonstrated for heterogeneous 
porous media by, for example, Scheibe and Cole [1994]. The 
CTRW framework is based on particles making discrete tran- 
sitions in space with a distribution of transition times. 

In 3 fracture network these discrete transitions are defined 
physically by the fracture segments (distances between fracture 
intcrsections). In a heterogeneous porous medium the defini- 
tion of these discrete transitions is more subtle. Figure 5 pre- 
sents a schematic of our conceptual picture of transport 
through heterogeneous porous media; particles move lengths 
con trolled by the coherence properties of this velocity field and 
the scattering features between different velocity values. The 
prcsence of a large range of velocities is necessary but not 
sutficient to produce non-Fickian, anomalous transport. As 
discussed by Berkowitz and Scher [1995], the encounter of the 
pardcles with this range of velocities is crucial. Anomalous 
transport arises if the encounter-range relationship produces a 
wide spread of different sequences in the flow paths for the 
migrating particles. The arrows shown schematically in Figure 
5 ar: dn illustration of this encounter-range relationship where 
particlzs in high- and moderate-velocity paths interact sporad- 
ically with low-velocity regions. Plausibility for this conceptual 
picture is provided in the work of Berkowitz and Scher [ 19981 in 

their application of the C”’RW to the heterogeneous Colurn- 
bus aquifer. 
As noted in section 2,  transport is anomalous for 0 < p < 1, 

and the peak of the concentration distribution lags behind the 
mean plume position. It can be shown that for /3 2 1, the peak 
is more nearly coincident with the mean position [see Montroll 
and Scher, 1973, Figures 3 and 41. However, because ?(f) does 
not vary as [Shlesinger, 19741, the transport is therefore still 
“anomalous.” The propagating distribution resembles a Gauss- 
ian distribution but with broader (“heavier”) tails. The trans- 
port tends to a complete Gaussian form for @ 2 2 [MontroN 
and Scher, 1973; McLean and Ausman, 19771. It seems reason- 
able to expect a relatively large value of /3 (with 0 < /3 < 1) for 
the experimental system considered here since the heteroge- 
neities in the porous medium are not highly contrasted (Le., 
about 1 order of magnitude difference in hydraulic conductiv- 
ity between the two types of sand). As such, our finding (recall 
Figure 4) that p 
As we have discussed above, the value of p is dominated by 

the low-velocity tail of the flow field distribution; this feature 
was shown explicitly from numerical studies of fracture net- 
works by Berkowitz arid Scher [1998]. We stress that fl  is an 
experimental parameter which is physically identifiable from 
analysis of the flow field. Moreover, ij is determined directly by 
measurements of the mean flow, while the length scale (e) is 
determined by details of the medium heterogeneities. 

0.87 is satisfying. 

6. Concluding Remarks 
As shown by Berkowik and Scher [1997, 19981 and Hornno 

and Haran0 [1998], the CTRW theory for anomalous transport 
qualitatively and quantitatively describes observed transport 
behaviors in geological media which have not been adequately 
explained by previous theories. The FPTD curves in the 
present study fit well the measured data from a “hornoge- 
neously heterogeneous” porous medium, with a single value of 
the /3 exponent, The consistency of the CTRW with the mea- 
surements over the spatialhemporal scale of the experiment 
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suggests that the CTRW may quantify transport in heteroge- 
neous porous media at scales which are not amenable to anal- 
ysis using classical advection-dispersion theory. Hence the 
CTRW represents a potentially valuable tool in the quantita- 
tive assessment of contaminant transport in such media. 

Questions still remain as to the generality of the CTRW 
theory for both fractured and heterogeneous porous media. In 
particular, it remains to investigate what properties of a ran- 
dom system result in the behavior +(s, t )  + t- ' -@ as t += m 
(Le., an algebraic drop-off in the low velocities), which leads to 
anomalous transport. These and related questions, including 
the use of complementary formalisms such as Livy flights and 
fractional derivative transport equations, which are special 
cases of the more general CTRW [e.g., Hiveer andAnton, 1995; 
Compte, 1996; Metzler et al., 19981, are the subject of our 
continuing investigations. 
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Correction to “Anomalous transport in laboratory-scale, 
heterogeneous porous media” by Brian Berkowitz, 
Harvey Scher, and Stephen E. Silliman 

In the paper “Anomalous transport in laboratory-scale, heterogeneous porous media” by Brian 
Berkowitz, Harvey Scher, and Stephen E. Silliman (Water Resources Reseurch, 36(1), 149-158, ~ O O O ) ,  an 
error appears in Figure 2c in the curve labeled p = 0.33, which was included only for illustrative purposes. 
The analysis, results, and conclusions of the paper remain unchanged. The correct Figure 2 follows. 

n 
I- 

lo-‘ 1 oo 10‘ 
T/ b ‘Ip 

Figure 2. Semilog plots showing a range of first-passage time distribution (FFTD) curves (probability 
density function b”@f(L, T )  and cumulative M ( L ,  T)) versus ~/b”*  for a range of p. (a) Plots of b”@f(L, 
T )  versus ~ / b l ‘ @ ,  p = 0.33,0.50, and 0.65. (b) Plots of bl’Pf(L, T )  versus 7/b11P, 0 = 0.75, 0.80, and 0.90. (c) 
Plots of M ( L ,  T )  versus 7/6“@, 0 = 0.33,0.50, and 0.65. (d) Plots of M(L,  T) versus r/bl‘@, p = 0.75, 0.80, 
and 0.90. 

(Received January 24, 2000.) 
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Estimating the variance and integral scale of the transmissivity 
fieId using head residua1 increments 
Li Zheng 
Kansas Geological Survey, University of Kansas, Lawrence 

Stephen E. Silliman 
Department of Civil Engineering and Geological Sciences, University of Notre Dame, Notre Dame, Indiana 

Abstract. A modification of previously published solutions regarding the spatial variation 
of hydraulic heads is discussed whereby the semivariogram of increments of head residuals 
(termed head residual increments HRIs) are related to the variance and integral scale of 
the transmissivity field. A first-order solution is developed for the case of a transmissivity 
field which is isotropic and whose second-order behavior can be characterized by an 
exponential covariance structure. The estimates of the variance .-$ and the integral scale A 
of the log transmissivity field are then obtained via fitting a theoretical semivariogram for 
the HRI to its sample semivariogram. This approach is applied to  head data sampled from 
a series of two-dimensional, simulated aquifers with isotropic, exponential covariance 
structures and varymg degrees of heterogeneity (a$ = 0.25, 0.5, 1.0, 2.0, and 5.0). The 
results show that this method provided reliable estimates for both A and .-$ in aquifers 
with the value of u’y up to  2.0, but the errors in those estimates were higher for a$ equal 
to 5.0. It is also demonstrated through numerical experiments and theoretical arguments 
that the head residual increments will provide a sample semivariogram with a lower 
variance than will the use of the head residuals without calculation of increments. 

1. Introduction 
The rapid development of stochastic groundwater theory has 

led to such diverse applications as the mapping of the trans- 
missivity distribution via kriging or cokriging [e.g., Hoehema 
and Kitanidis, 1984; Rubin and Dagan, 1987a1, conditional sim- 
ulation of transmissivities through the use of head and chem- 
ical data [e.g., Harvey and Gorelik, 19951, prediction of effective 
conductivities, transmissivities, or dispersivities [e.g., Dagan, 
1987; Gelhar and Axness, 1983; Neuman and Or, 19931, and 
prediction of uncertainties in capture zones for wellhead pro- 
tection [e.g., Cole and Silliman, 19971. All these applications 
require estimates of the variance and integral scale(s) of the 
conductivity field (or transmissivity field in a two-dimensional 
aquifer.) 

A common approach to this field problem involves the direct 
measurement of the conductivity (or transmissivity) via field 
tesring or collection of sediment cores for testing in the labo- 
ratory. From these field data, sample semivariograms for the 
conductivity (or transmissivity) can be constructed and fit using 
theoretical conductivity (or transmissivity) semivariograms 
[e.g., Sudicb, 1986; Hess, 1989; Rehfeldt et nf., 19921. The 
ad\antage of this approach is its simplicity, which has resulted 
in its wide use [Gelhar, 19931. The disadvantage, however, is 
that conductivity or transmissivity data are expensive to collect, 
aiid the estimates based on the sample moment can be unre- 
liable when there are insufficient direct measurements avail- 
able. 

h o t h e r  approach to parameter estimation is the maximum 
likelihood method, in which the corresponding variable’s like- 

Copyright 7000 by the hcrican Geophysical Union. 
P::per number 2000WR900015. 
U:J43- l~97:00/200OWR90001j$O9.00 

lihood function is maximized given the available field data 
[Kitanidis and Vomvoris, 1983; Hoeksema and Kitanidis, 1984, 
1985; Rubin and Dagan, 1987a, b; Sun and Yeh, 19921. This 
approach has the advantage that it provides direct quantifica- 
tion of the uncertainties associated with the parameter esti- 
mates. In addition, this technique can be extended to the com- 
bined use of other types of data such as hydraulic head 
measurements, solute concentration, etc. [e.g., Harvey and 
Gorelick, 19951. However, the use of this method requires an 
assumption that the data have a joint normal distribution. 
Further, the computation involved can be heavy, especially 
when the number of measurements considered is large. 

In the current report we target the groundwater sites where 
a large number of hydraulic head measurements are available. 
We explore the possibility of basing estimates of the variance 
and integral scale of the transmissivity purely on semivario- 
gram derived from head data. Examples of these sites can be 
found in the alluvial aquifer or the Ogallala Formation in 
southwestern and northwestern Kansas, where hundreds of 
head measurements have been collected annually through a 
multiyear water table monitoring program [Woods et al., 199SI. 

As argued in the theoretical work of a number of authors 
[e+, iMizell et al., 1982; Dagaii, 1982, 1985; Osnes, 19951, the 
sernivariogram of head residual (the head data with the mean 
trend removed) can be expressed as a function of transmissivity 
structure. As a result, it is theoretically plausible to estimate 
the variance and integral scale of the transdssivity field di- 
rectly from the semivariogram derived from the head measure- 
ments. In the current report we propose the use of increments 
in the head residual to construct semivariogram. We illustrate 
the utility of head residual increment (HRI) semivariogram 
through numerical experiments. Further, we demonstrate the 
greater reliability of sample HRI semivariogram as compared 
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H ( x ,  + Ar) CT 

H ( x ,  + r + A r )  

Qk 

Figure la. The length scales involved in estimating the head residual increment (HRI) semivariogram, the 
separation between measurement locations used in estimating the HRI (Ar) and the separation between HRIs 
used in estimating the semivariogram (r). 

to the head residual (HR) semivariograrn through numerical 
and theoretical arguments. 

The HRI-based approach is not proposed to replace the 
other existing parameter estimation methods. Rather, it will be 
used as an inexpensive (in terms of computation and field 
costs) tool for extracting information contained in a large hy- 
draulic head data set and for quickly obtaining initial estimates 
of the variance and integral scale of the transmissivity field. 
These initial estimates could then be used to facilitate the 
interpretation of existing field observations and to design fur- 
ther transmissivity sampling strategies for the use of more 
sophisticated techniques to refine these estimates. 

2. Methodology 
2.1. Definition of Head Residual Increment (HRI) 

The method discussed here is based on what is termed a 
head residual increment or HRI. In order to define the HRI, 
consider two head values, H(xl) and H(x,),  measured at two 
wells located at the points x1 and x, within an aquifer subject 
to a regional trend in the hydraulic head n(x). The corre- 
sponding head residuals, which represent the variation of hy- 
draulic head about its regional trend, are 

h ( x J  = If(%,) - A(%), 
h(xJ = H(XJ - R(x,j. 

(1) 

(2) 

It is assumed here that these residuals are zero mean random 
variables. The HRI, located at the point (xl + x2)/2, is defined 
as 

hh(x,, x2) = k(xJ - h ( x 4  = h ( x J  - h ( x l  + Ar), (3) 

where Ar = x1 - x?. 
The, : HRIs are to be used to estimate a sample semivario- 

gram; rhus it is desirable that each of the HRIs be collected in 
a ccnsistent manner. As a result, only those HRIs (constructed 
from point head measurements) with similar Ar are used in the 
anaivsis. This is similar to the requirement that only transmis- 

sivities measured with similar sampling supports can be in- 
cluded in the calculation of transmissivity semivariogram. 

2.2. Relationship of HRIs to the Transmissivity Field 
In pursuing an expression for the HRI semivariogram for a 

specified Ar, two distinct separation vectors are involved. As 
illustrated in Figure la, one is the separation between the head 
data pairs (H( x,) and H( xz)) used for estimating the HRIs, Ar; 
the second separation vector is the separation vector r between 
a pair of HRIs used in calculating the HRI semivariogram. 

The ensemble semivariogram for a pair of HRIs, Ahl (cal- 
culated from H( xl) and H( x, + Ar)) and Ah (calculated from 
H ( x ,  + r) and H ( x ,  + r + Ar)), is 

yuz(Ahi, Ah*) = ((Ah1 - Ahz.)’)), (4) 

where ( ) stands for ensemble averaging and yah denotes the 
HRI semivariogram. 

Substituting the definition of HRI (equation (3)) for Ah,  
and Ah, in (4) leads to 

y d A k 1 ,  Ah,) = ( { [h (x l )  - h(x l  + Ar)l  - [h (x l  + r) 

- h ( x l  + r + Ar)ll’> = Y&I, h ; )  + ~ d h ~ ,  hi) 

+ Y d l Z 1 ,  h 3 )  + Y, , (h i ,  hi )  - Yh(h1, hi) - Y/Lh;, hz), 

(5) 
- Z R  

where k , ,  h \, k , ,  ha are the head residuals at (xl), (xl + 44, 
(x, + r), and (xl + r + Ar), respectively, and y,, is the 
semivariogram of the head residual. If the head residual semi- 
variogram yh is spatially invariant, the semivariogram of the 
HRI yah can be simplified as 

y d h r ,  r) = [2y,,(Ar) + 2 ~ d r )  - ~ d r  + Ar) 

- Yk(r - Ar)l. ( 6 )  

The HRI semivariogram ya,, is now tied to the underlying 
transmissivity distribution via the relationship between yh and 
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the head residual semivariogram have been presented by a 
number of authors, including Mitell et al. [1982], Dagan [1982, 
19851, and Osnes [1995]. In the following illustration we take 
Dagan’s [1985] analytical result to demonstrate the estimation 
of variance and integral scale. 

0.8 t -I 

2.3. Estimating the Variance and Integral Scale 
To illustrate the parameter estimation procedure, we con- 

sider a field sampling design in which the sample semivario- 
gram can be constructed with rllAr (Le., the sample HRI semi- 
variogram is calculated in the direction parallel to the line of 
head data pairs used to estimate the HRIs, see Figure lb). In 
this case the theore tical semivariogram, (6), reduces to 

y d A r ,  8, r )  = [ ~ Y A A ~ ,  e )  + 2y/h-, 0 )  - Y,Lr + Ar, 0 )  

-Y/r(lr - Art, e)], . (7) 
where r is the magnitude and 0 is the orientation of the vector 
r or Ar. 

In a mean-uniform, steady flow field and a log transmissivity 
field (Y = In ( T ) )  with isotropic, exponential covariance, 
Dagan [1985] gave the first-order solution for the head residual 
semivariogram as 

Y d r )  = ( J 2 ~ W [ F ( r ,  e ) ] ,  (8) 
where the function F ( r ,  e )  is given as 

F(r,  e )  = 1 exp ( - d)(d* + 3d + 3) - 3 4 d 2   CO COS 6)’ - 

(cos 6)’  - 2 - Ei(-d) + In (d) 

‘I 
+ ( l )  

+ exp (-d) + ( E  - 1) . (9) I 
Within this expression, A is the integral scale and T$ denotes 
the variance; J is the magnitude of mean head gradient J, 
whose orientation is here assumed aligned with the positive x 
direction; 0 is the angle between r and J; d = r/A; Ei is the 
exponential integral function; and E = 0.5772 is the Euler’s 
constant. Formulae (8) and (9) are for exponential covariance 
only. Results for other covariance are also available [e.g., Mi- 
zell et ai., 19821. 

Substituting (8) into (7), we obtain 

?c Positive x direction A’ le 0 
Figure lb. An illustration of the case when rllAr. Here 0 is 
the angle between r and positive x direction. Within the Fig- 
ures l a  and l b  the open circles represent locations where the 
hydraulic head-is measured, and the closed circles represent 
locations where the HRIs are assigned. 

!z It 

50 100 150 200 250 
Distance 

Figure 2. Examples of sample HRI semivariogram and its 
corresponding theoretical semivariogram with cr,’ = 1 .O, A = 
10, Ar = 4.0, J = 0.003, and 6 = 0. 

yu,(Ar,  8, r )  = J2&A2W(Ar, 8, r),  (10) 

where 

W ( A r ,  6, r )  = 2F(Ar ,  e )  + 2F(r,  e )  - F(lr  - Arl ,  6) 

- F ( r  + Ar, e ) .  (11) 
In reviewing (10) and (ll), we note that A ,  J ,  u?, Ar, and 0 are 
all fixed parameters for a specific HRI semivariogram, and r is 
the only independent variable. Since the HRI approach is 
proposed as an initial screening tool for a large hydraulic head 
data set, we assume that J is known from the available head 
data via classical contouring or other simple methods [e.g., 
Silliman and Frost, 19981. Further, Ar and 0 are known based 
on the sampling design. Hence the only unknown parameters 
are the variance and integral scale of the log transmissivity 
field, T$ and A, respectively. Since d = r/A,  expressions (9) 
and (1 1) indicate a complex relationship between the theoret- 
ical HRI semivariogram and the value of A. The dependence of 
yah on u$, however, is simply linear. Taking the logarithm of 
both sides of (10) results in the expression 

log [yA,#(Ar,  8, r ) ]  = log [JZA2W(Ar, 6, r ) ]  + log ( ~ $ 1 .  
(12) 

Plotting log [ yah] versus the independent variable r ,  the value 
of cr,’ determines only the vertical location of the curve and has 
no impact on its overall shape. The curve shape, however, is 
determined by the selection of A. Thus a simple trial-and-error 
approach can be used to estimate A value by matching the 
curve shape. Subsequently, the value of crj can be determined 
via adjusting the curve’s vertical location. 

3. Application to Simulated Aquifers 
The proposed HRT approach is illustrated through applica- 

tion to a series of simulated aquifers containing log normally 
distributed, exponentially correlated transmissivity fields. Four 
values of u$ were evaluated in the simulations: 0.25, 1.0,2.0, or 
5.0. T h i s  provides results in a range from below to significantly 
greater than the limit on u$ considered appropriate for first- 
order theory [Dagan, 19851. For each CT$ used, 20 realizations 
of the transmissivity distribution were generated using turning 



1356 

Table 1. Mean and Standard Deviation (SD) of the Estimates of u$ As Derived From the Semivariogram Fits 
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8 - 0  8 = -d4 9 = d 4  e = nn 
T y e  Mean SD Me2n SD Me$n SD Mean SD 

0.25 0.25 0.02 0.25 0.02 0.26 0.02 0.26 0.02 
1.0 1.0 0.1 1.1 0.1 1.0 0.2 1.2 0.1 
2.0 2.2 0.2 2.4 0.3 2.2 0.3 3.0 0.1 
5.0 6.7 1.1 7.6 1.9 7.2 1.5 10.5 1.5 

vi, a:. Ut U? U: ut U: u: Ut 

bands [Tompson et al., 19891. As the head increments are 
independent of the mean of the log transmissivity field [Dagan, 
198.51, the mean of the natural logarithm of the transmissivity 
was arbitrarily set equal to zero. Further, the integral scale A 
was arbitrarily set equal to 10. The overall dimensions of the 
simulated aquifers were 50A by 50A. 

A fine level of discretization was used in the turning bands 
code in order to reduce artifacts in the flow solution related to 
discontinuity in the transmissivities. For u$ = 0.25 and 1.0, 10 
elements were employed per integral scale: for u$ = 2.0 and 
5.0,15 elements per integral scale were utilized. In all cases the 
covariance of the resulting transmissivity field was calculated to 
verify that the input exponential covariance function was suc- 
cessfully reproduced. 

The numerical transmissivity fields were then used in con- 
junction with MODFLOW [McDonald and Harbnzgh, 19881 to 
derive the head solution. When applying MODFLOW, con- 
stant heads were assigned along the eastern and western 
boundaries of the transmissivity field to establish a mean re- 
gional hydraulic gradient of 0.003. The southern and northern 
boundaries were maintained as no-flow boundaries. 

Following solution of the flow equation, heads were sampled 
at a subset of the numerical grids, which were at least 5A away 
from all boundaries, to minimize the boundary effects [Rubin 
and Dagun, 1988, 19891. The head measurements were then 
used to calculate the HRIs and construct the sample HRI 
semivariogram. The value of hr used in all calculations was 
selected as 4 times the size of one grid element. This magni- 
tude for Ar provided HRIs at  a scale less than one half the 
integral scale of the transmissivity field thus preserving the 
local variability in HRI. The angle 0 was varied, taking on 
values of -.rri4, 0, ~/4, and ~ 1 2 ,  with respect to the orientation 
of the mean regional gradient. Hence, for each realization of 
the transmissivity field, four sets of HRIs were determined, and 
four sample HRI semivariograms were constructed (parallel to 
the orientation of the HRI). 

Figure 2 shows a sample of the calculated HRI sample 
semivariograrn and its corresponding theoretical semivario- 
gram. The details of curve fittings for all 80 realizations in four 

different directions are given by Zheng [1998]. A summary of 
the resulting parameter estimates is reproduced here in Tables 
1 and 2. As shown, the parameter estimates are most exact in 
the direction of the mean regional gradient and decline in 
quality as 0 vanes from 0. Along the direction of mean regional 
flow (0 = 0) the first-order theoretical HRI semivariogram is 
valid up to u$ = 2.0. 

4. Reliability of Sample HRI Semivariogram 
As the HRI semivariogram is based on combination of semi- 

variograms of the head residuals (HR), it is natural to ask 
whether it would be more convenient and of equal utility to 
work directly with the HR semivariogram. The answer is no, 
because the HRI offers a more reliable sample semivariogram 
then the HR does. Figure 3 illustrates sample HR (Figure 3a) 
and HRI (Figure 3b) semivariograms for 10 realizations of the 
same numerical aquifers. Both semivariograrns were Calculated 
from all available head data on the numerical grids (over 
160,000) excluding the boundary strips. As shown in Figures 3a 
and 3b, there is substantial noise in the HR sample semivar- 
iograms, whereas the HRI sample semivariograrns show sig- 
nificantly less variability from one realization to the next. 

Further, theoretical analysis shows that the greater variabil- 
ity in the sample HR semivariogram is inherent because of the 
long range correlation existing in the head field. Zheng and 
Sillimait [2000] have recently completed analysis of the factors 
impacting the variance of the sample semivariogram and dem- 
onstrated that the variance of a sample semivariograrn depends 
on not only the number of data pairs included in the estimate 
but also on the correlation among the squared increments used 
in the summation. Quantitatively, this relationship can be sum- 
marized as [Zheng and Silliman, 20001 

where 4(r) denotes the sample semivariogram of its theoretical 
counterpart y(r); N ( r )  is the number of the data pairs for a 

Table 2. Mean and Standard Deviation (SD) of the Estimates of A As Derived From the Semivariogram Fits 

8 .= 0 0 = -nJ4 e = T J ~  e = mi2 

h A A h h h h A 
Mean SD Mean SD Mean SD Mean SD 

UJ 

0.35 10.1 0.5 10.1 1.2 9.9 1.1 10.1 0.4 
1 .fl 9.9 0.6 9.8 0.8 9.8 0.8 9.4 0.8 
2.0 
5.0 

9.1 0.6 8.8 0.7 9.0 0.9 8.9 0.4 
8.1 0.9 s.1 0.7 7.7 0.9 6.0 0.9 

The theoretical A = 10.0 for all the realizations. 
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Figure 3. (a) The sample HR semivariograms from 10 different realizations with the corresponding theo- 
retical HR semivariogram. (b) The sample HRI semivariogams from 10 different realizations with the 
corresponding theoretical HRI semivariogram with u; = 1.0, A = 10, Ar = 4.0, J = 0.003, and 8 = 0. 

specified lag distance r; S(x, r) is the squared increment be- 
tween a data pair located in r; Cov [S(x,, r), S(3, r)] is the 
covariance between S(x,, r) and S(g,  r) and can be further 
expressed as 

cov [ ~ ( x , ,  r), ~ ( x , ,  r)] = j [y(r + x, - x,) + y(r  - x, + x,) 

- 2y(x, - x,)]?. (14) 
Using the same sampling schemes for both HR and HRI and 

substituting the previously defined theoretical HRI and HR 
semivariograms into (13) and (14), we calculate and plot the 
coefficient of variation (the standard deviation normalized by 
the mean) of the sample semivariograms for both HR and HRI 
versus the number of data pairs used in Figure 4. Also given is 
the coefficient of variation of the sample semivariogram for an 
uncorrelated process. In the case of HR, head residual is cor- 
related over a long distance, which results in high correlation 
among the squared increments and thus prevents significant 
reduction of the variance of the sample HR semivariogram, 
even when a large number of data pairs are used in the calcu- 
lation (e+, Figures 4 and 3a). The head residual Increment, in 
contrast, is correlated over a much shorter range as illustrated 
in Figures 2 and 3b. As a result, the variance of the sample 

1.5 I + Head Residual - Head Residual Increment 
-s- Independent Random Variable 

C 
0 .- - 
.; I 
> 
0 
c 
a, 
0 

c - 
.- 
5 0.5 

3 

50 100 150 UP 
0 

Figure 4. The coefficient of variation of the sample semiva- 
rioyrams versus the number of data pairs used in calculation. 

Number of Data Pairs 

HRI semivariogram reduces at a much faster rate, very much 
resembling the uncorrelated process, as the number of data 
pairs used increases. 

5. Discussion 
Using numerical experiments and theoretical arguments, we 

have demonstrated that the HRI approach holds promise as an 
inexpensive tool for quick assessment of u$ and A for aquifers 
with u; at least up to 2.0. The primary advantage of the 
proposed HRI method is that it is based solely on inexpensive 
head measurements. Although others have devised cokriging- 
based methods to incorporate the hydraulic head measure- 
ments in the transmissivity parameter estimation, the heavy ..- 
computational demand and the associated convergence prob- 
lem has put a limit on the number of head data that may be 
included in the inversion [Gelhar, 19931. The major feature of 
the proposed HRI approach is that the information contained 
in a large head data set can be summarized quickly to provide 
initial assessment of the transmissivity structure and thus fa- 
cilitate the  interpretation of existing observations and the de- 
sign of future explorations. The key in the proposed HRI 
approach is the conversion of HRs into HRIs thus reducing the 
correlation among the data pairs to improve the reliability of 
the sample semivariogram. A choice of a sufficiently small Ar 
is necessary to ensure this. In practice, the appropriateness of 
the choice of Ar can be judged from the smoothness of the 
resulting HRIs, because the reduction of correlation among 
the HRIs will manifest as an increased irregularity in HRI data 
in contrast to the smoothness in the original head data. 

The application of this approach in the field requires the 
further resolution of several other important issues, including 
how the number of the head data, the irregular sampling 10- 
cations, the restrictive geometry in constructing HRI, the mea- 
surement errors, the cross correlation between regional gradi- 
ent estimate and HRIs, and the deviations from mean linear 
flow (due, for example, to local pumping and uneven distribu- 
tion of recharge/discharge) impact the quality of the sample 
HRI semivariogram and the subsequent parameter estimates. 
Some of these issues have been addressed by Zlzeng [1998]; 
others are still under investigation. Results from these inves- 
tigations as well as the field applications of the HRI approach 
will be reported in a future paper. 
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Utility of els for Capture zone 
Delineation in eous unconfine 

by Bryce E. Cole" and Stephen E. Sillimanb 

Abstract 
Monte Carlo simulation is used to examine the utility of simple (homogeneous/isotropic) models for the delineation of well- 

head protection areas (WHPAs) in heterogeneous, statistically anisotropic, unconfined aquifers. Capture zone geometry is inves- 
tigated under two hydrologic conditions: regional gradient negligible compared to pumping and significant regional gradient com- 
pared to the local gradient due to pumping. Variability of capture zone geometry is quantified in terms of simple measurements 
(maximum transport distance and maximum width of the capture zone) and the probability of inclusion in the capture zone of a 
series of hypothetical contaminant source locations. These results indicate that substantial uncertainty exists in the delineation of 
a we!ibead capture zone. This uncertainty is related, principally, to flow that occurs along preferential pathways associated with 
zones of high hydraulic conductivity. It is suggested that these uncertainties can be accommodated in one of three fashions depend- 
ing on the value of land, the benefit of wellhead protection, and the availability of funds to perform more thorough field assess- 
ment. The first option is to modify the estimated capture zone by a factor of safety. In the absence of significant regional flow, a 
factor of safety of approximately three applied to the calculated fixed radius estimate of the capture zone appears to be sufficient 
for the conditions simulated in this project. In the case of a capture zone within a significant regional gradient, uncertainty in the 
location of the real capture zone will require safety factors on the width of the estimated capture zone on the order of 30, with a 
3afety factor of approximately three in the longitudinal direction. The second option reduces these factors of safety by increasing 
the risk that the estimated capture zone \vi11 not cover the entire area of the real capture zone. Work available in the literature 
provides insight into the trade-off between the size of the estimated capture zone and the risk endured. The third option is to reduce 
uncertainty in the vicinity of a wellhead through additional expenditure to allow the application of classic hydrologic techniques 
involving conditioning or inverse modeling. 

Introduction 
Wellhead protection applications, particularly for small munic- 

ipalities. create situations in which it is often difficult to justify the 
costs associated with the collection of large data sets from a field 
site to allow advanced parameter identification ( e g ,  inverse mod- 
eling) and computational analysis. Further, high demand for delin- 
eation of wellhead protection areas (WHPAs) and limited person- 
nel for performing the analysis can lead to a reliance by state water 
managers on simplified analytical solution techniques (Cross 1995). 
For example, one of the most widely used methods for designation 
of WHPAs involves the calculated fixed-radius (CFR) capture 
zone (U.S. EP.4 1987). 

While reliance on simple analytical models often allows delin- 
eation of n WHPA with minimal field data, there are often signif- 
icant assuinptions and uncertainties associated with the resulting esti- 
mates. ?'le CFR method, for example, requires only limited data 
input (:ingle values for the pumping rate, transmissivity, and poros- 
ity). but reasonable representations of the capture zones are achieved 
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only for negligible regional gradients in the presence of relatively 
homogeneous aquifer materials. One can conclude that because prac- 
tical considerations may limit the complexity of models used to ana- 
lyze capture zones for water supply wells, a question arises as to how 
to include the uncertainty associated with capture zones defined 
through the use of these simple models. 

Previous studies have addressed various aspects of uncer- 
tainty in capture zone delineation. Two studies (Bhatt 1993; Rifai 
et al. 1993) identified the sensitivity in capture zone shape to vari- 
ability of model input parameters (e.g., porosity, saturated thickness, 
transmissivity) in a homogeneous aquifer. Bair et al. (1991) used 
a time-of-travel model in a homogeneous aquifer with uncertain 
hydraulic conductivity and porosity to identify confidence intervals 
to quantify variation in the capture zone shape in  terms of the area 
and the ratio of the length and the width. Additionally, Bair et a]. 
(1991) suggest that the distribution of flow lines, as derived from 
Monte Carlo simulations, will be a useful indicator for placing mon- 
itoring wells. Several studies have used published spatial statistics 
(e.& log conductivity variance and correlation scale) to investigate 
various aspects of capture zone uncertainty through Monte Carlo 
simulation. Cole and Silliman (1997) investigated confidence inter- 
vals for passive (low production) wells in unconfined aquifers; 
other authors (van Leeuwen et al. 1999; Varljen and Shafer 1991) 
used simulations conditioned on both the measured spatial con-e- 
lation structure of the conductivity field and measured hydraulic con- 
ductivities to demonstrate that stochastically determined capture 
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zones can aid in finding confidence regions that will contain the 
actual capture zone. Recent attempts have been made to view cap- 
rure zone uncertainty in terms of transport time statistics from a con- 
tamination source to a production well (Guadagnini and Franzetti 
1999; Cole 1995). 

In this paper, a somewhat different approach to delineation of 
wellhead capture zones is presented. For the case of negligible 
regional flow, the potential for using safety factors in combination 
with the CFR method is investigated. For the case of nonnegligi- 
ble regional flow, the potential for modifying simple (assuming 
homogeneous/isotropic conditions) solutions with safety factors is 
considered. The effectiveness of safety factors is considered through 
the application of the Monte Carlo simulation and assessment of cap- 
ture zones in a series of hypothetical, unconfined aquifers with a sin- 
gle pumping well. 

The impact of recharge on the geometry of the capture zone is 
not considered herein. Recharge can have significant impact on the 
geometry of the capture zone. For example, if recharge is spa- 
tially uniform, the capture zone will be smaller. However, uni- 
form recharge is likely to have only a minor effect on the uncer- 
tainties associated with identification of the capture zone. In 
contrast, if recharge is spatially variable, particularly if poorly 
characterized, recharge may dramatically increase the uncertainty 
inherent in the identification of the capture zone. As the primary 
motivation of this study is to introduce safety factors as a means of 
incorporating uncertainty in the delineation of capture zones, these 
important issues related to recharge are left for future discussion. 

Problem Statement 
Cole and Silliman (1 997) used hypothetical case studies to 

examine the variation of the capture zone to a passive (low pro- 
duction/monitoring) well. This study is based on the same physi- 
cal geometry and boundary conditions used in the Cole and Silliman 
(1997) paper, but the pumping rate is increased to allow investigation 
of the variation of the capture zones under conditions of nonpassive 
wells. Specifically, two classes of problems are considered: In the 
first (termed the :ei-o-gmdient class), it is assumed that pumping at 
the well (at a rate of 0.004 m3/s) dominates the local hydraulics. 
This case is modeled as an aquifer with a zero regional gradient. In 
the second (termed the r-egionnl-g~-ndieizt class), it is assumed that 
both the pumping and the regional gradient influence the local 
hydraulics. This case is modeled with a regional gradient of 0.5% 
and a pumping rate of 0.0044 m3/s. For both classes of simulations, 
six individual case studies (discussed later and summarized in 
T.ible I )  were analyzed. 

The inathematicd representation of the flow field is shown in 
Figure I .  Flow is assumed to be two-dimensional and at steady state. 
The aquifer is square with a side dimension of 5025 m with a sin- 
g ! ~  m d l  located at (35 13 m, 25 13 m) relative to the bottom left cor- 
ner c.f the grid. Hydraulic conductivities are assigned by dividing 
the tlow doinaiii into 701 cells in both the x- and y-directions and 
usin2 the random field generator described in Cole and Silliman 
( 1997). For the zero-gradient simulations, a constant, prepumping 
saturated aquifer thickness of 45 m is used (Le., h, and h, in Figure 1 
are both set equal to 45 m). For the regional-gradient class, the 
regional gradient is aligned, on average, parallel to the x-axis 
bet\vsen constant head boundary values of h, = 70 m and h, = 45 m 
(Figure I) .  

The impervious base of this unconfined aquifer is presumed to 
Ix ;t constant elevation, which for steady. two-dimensional flow ren- 

Mean Flow Direction 
b 

4 

X 
c 

Figure 1. The hypothetical unconfined aquifer and its mathematical 
representation. Indicated is one possible capture zone for the well 
based on assumed parameters regarding the spatial distribution of 
hydraulic conductivity. The capture zone is delineated using both par- 
ticle tracking endpoints (dotted line), and the flow lines with the 
highest and lowest ordinate value (dashed line). 

ders the flow equation linear (using the base of the aquifer as 
datum) in terms of the square of the head (Cole 1995) as follows: 

where Q is the magnitude of pumping (0.0044 m3/s), and 6 signi- 
fies the Dirac delta function for the well location (3513,2513). The 
factor of 2 appears on the right-hand side of the equation due to lin- 
earization of the flow equation in terms of the square of the 
hydraulic head. 

Solution of the flow equation is accomplished using the method 
of finite differences as represented by MODFLOW (McDonald and 
Hxbaugh 1988), with the exception that the square of the hydraulic 
head replaces the hydraulic head and hydraulic conductivity replaces 
transmissivity for the input fdes. These substitutions allowed use 
of the linear solver for the confined aquifer solution that resulted in 
reduced computation times. Linearization of the governing flow 
equation caused intercellular flows calculated by MODFLOW to 
be incorrect. Tlus precluded use of MODPATH (Pollock 1989) 
for delineating the capture zones using particle tracking, hence, a 
modfied reverse particle tracking algorithm was used (Cole 1995). 

The Dirac delta function in Equation 1 indicates that the well 
is represented in the differential equation as a point in space. To mit- 
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Table 1 
General Parametric Description of the Six Cases Useda 

d Caseb h o g  K O2 Log K V X C  e ~ r i .  Corr. 

igate the numerical error in calculating the hydraulic head in the 
vicinity of the well and performing reverse particle tracking from 
the region surrounding the well, the cells in the 201 by 201 grid used 
for assigning hydraulic conductivity values were subdivided to 
create a finite difference grid with up to 3 1 by 3 1 cells for each orig- 
inal cell in the vicinity of the pumping well. This numerical reso- 
lution increase was required to adequately delineate capture zone 
boundaries for the simulations including regional gradients. 

The capture zone for the well in each realization was delineated 
using the endpoints for 360 particles placed at 1" increments on a 
circle surrounding the pumping well. This procedure proved adquate 
in applications involving the zero-gradient case studies. In the 
presence of a significant regional gradient, these endpoints were sup- 
plemented with the entire flow lines for the two particles having the 
largest and smallest ordinate values (see Figure 1). Detailed dis- 
cussion of the discretization method and capture zone delineation 
can be found in Cole (1995, Chapter 3). 

Simulation Statistics 
It is assumed for the present study that the primary cause of 

uncertainty in delineating capture zones is limited knowledge 
regarding aquifer heterogeneity. As a result, a series of hypotheti- 
cal aquifers were generated on the computer with heterogenous dis- 
tributions of hydraulic conductivity. Through use of a random field 
generator (Silliman and Wright 1991), 250 aquifers for six case stud- 
ies (described later) were simulated. The hydraulic conductivity was 
assumed to be lognormally distributed with a mean of 10" m/s and 
a variance of the base 10 logarithm of 419. The hydraulic conduc- 
tivity was subject to an anisotropic correlation structure (with a ratio 
between the minimum and maximum integral scale of 4: l), mean- 
ing the formation was more likely to have similar hydraulic con- 
ductivity values in one direction than in the direction perpendicu- 
lar to it. To consider a series of scenarios representative of various 
field condicions, the integral scale and orientation of the principal 
axis of correlation relative to the mean regional gradient were var- 
ied as outlined in Table 1. 

As these series of simulations were designed to represent real- 
istic cases in which water is actively produced from the pumping 
well, it was decied that those realizations in which the "well" 
would fall within a zone of low hydraulic conductivity should be 
eliminated as being unrealistic relative to the field situation. Based 
on this argument. the simulations were conditioned on the require- 
ment that the value of the hydraulic conductivity in the element con- 

taining the well was required to be greater than the geometric 
mean hydraulic conductivity. It is noted that the selection of the cut- 
off being equal to the geometric mean was arbitrary, and similar 
results could be obtained for other conductivity cut-offs. As reported 
previously (Cole and Silliman 1997; Cole 1995), the resulting sta- 
tistics indicate that 250 realizations were sufficient to adequately 
define the inclusion probabilities discussed later. 

As stated previously, the case studies perfoimed are grouped 
into those concerning capture zones for situations in which pump- 
ing dominates capture zone hydraulics (the zero-gradient class) and 
those in which the regional gradient significantly impacts the shape 
and orientation of the capture zone (the regional-gradient class). 
While results from both classes are characterized in terms of cap- 
ture zone geometry and inclusion of specified source locations 
(defined later), the actual measurements collected for the zero- 
gradient simulations are different from those collected for the 
regional-gradient simulations. 

For zero-gradient conditions the analytical solution for the 
capture zone in a homogeneous formation is a circle with the well 
at its center. The geometry of the capture zone for the zero-gradi- 
ent case studies was characterized in terms of the largest distance 
between the well and a point on the capture zone boundary. Due to 
statistical anisotropy, both the absolute distance and the orientation 
of this point were recorded. Final results are reported in terms of a 
histogram of the orientation on a unit circle, and statistics includ- 
ing the mean, standard deviation, and skew of the maximum radid 
distance of a point on the capture zone boundary from the well. All 
zero-gradient statistics were determined for a 25-year travel time 
to avoid boundary effects. 

The behavior of the capture zone was also analyzed by deter- 
mining the number of realizations for which a group of hypothet- 
ical source points (locations that might represent a known source 
of contamination or a potential threat to the ground water supply) 
were included in the simulated capture zone. For the zero gradient 
cases, four source points were examined. These include two points 
250 m from the well and two points 500 rn from the well. For eath 
distance, one point was placed directly to the right of the pumping 
well, and the other point was placed directly above the pumping 
well. The distances from the well were selected such that the two 
points at 250 rn from the well were located slightly inside the cap- 
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Figure 2. Fifty-year homogeneoushotropic capture zone with plus 
signs indicating potential source location. Note that only a portion of 
the 60 total potential source points are shown. 
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Figure 3. Orientation angle frequency of the capture zone boundary 
point farthest from the well. The primary correlation direction rela- 
tive tn the mean regional gradient is: (a) in alignment (Case 2), and 
(b) mtated 60" counter-clockwise (Case 6) .  

ture zone boundary predicted using the geometric mean K and 
assuming a homogeneous aquifer (the analyticd solution provided 
a predicted radius of approximately 270 m). The two points at 
500 in from the well were expected to be outside the capture zone 
predicted using the geometric mean K. 

To identify whether a particular location was included in the 
capture zone, forward particle traclcing was conducted for the spec- 
ified travel time starting at the potential pollution source. If the par- 
ticle 2ntered the cell containing the well during the specified time 
period (at most 1 m from the well itself), the source location was 

Table 2 
Maximum Radial Distance Statistics 

for Zero-Gradient Scenario 

Normalized Mean Max. 
Case Int. Scale Distance (m)' oMax. Dist. Skew 

I 0.010 503 60 0.59 
2 0.030 589 100 0.99 
3 0.075 490 128 1.20 
4 0.239 3 14 92 3.18 

k o t e :  Radius for 25-year CFR capture zone is 213 rn. 

considered to be included in the capture zone. 
For the regional-gradient class, the geometry of the capture zone 

for a particualr case study was characterized in terms of two mea- 
sures: (1) the maximum width of an individual simulated capture 
zone, and ( 2 )  the ratio of the largest width of an individual capture 
zone among a set of simulations to the width of the smallest region 
bounding all capture zones for a particular case study. Identificaticin 
of this region is accomplished using the approach discussed in 
Varljen and Shafer (1991) and involves recording the largest distance 
between the well and a point on the group of capture zone bound- 
aries (for the given case study) for a given angular increment. By 
finding this maximum for a number of angular increments, the 
region boundary can be constructed that represents the extreme of 
all capture zones simulated in the case study. For this study, half- 
degree increments were used. 

For the regional-gradient class of case studies, potential source 
locations were used at 60 locations: 21 along the line parallel to the 
mean regional gradient passing through the pumping well, and 39 
perpendicular to the mean regional gradient halfway between the 
pumping well and the left boundary (Figure 2 ) .  These points were 
chosen relative to the 50-year time-of-travel capture zone determined 
using the geometric mean conductivity and the assumption of a 
homogeneous aquifer (hereafter termed the hoinogeneo~is capture 
zone). The 60 potential source locations shown in Figure 2 are 
arranged to include points both within and exterior to the 50-year 
homogeneous capture zone. The 50-year travel time was chosen to 
allow statistical analysis with the homogeneous capture zone cov- 
ering from two (Case 4) to 45 (Case 1) integral scales. 

Zero-Gradient Results 
Table 2 provides the statistics calculated for the maximum 

distance between a point on the capture zone boundary and the well 
for Cases 1-4, Le., those involving variation in the integral scale. 
These results indicate that regardless of correlation scale. the cap- 
ture zones contain on average at least one point that is located 
more than 30% farther from the well than the distance predicted by 
the CFR method using the geometric mean conductivity (273 m). 
The average maximum distance is largest for a noimalized integral 
scale (integral scale divided by the width of the numerical grid) of 
approximately 0.03 and then decreases as the integral scale increases. 
The coefficient of variation (standard deviation divided by the 
mean) of the maximum distance increases with increasing integral 
scale through a normalized integral scale of 0.075 and then is 
approximately constant for the largest two integral scales at a value 
of approximately 0.25. 

The skew is large for the longer integral scales. This, combined 
with the observation that the average maximum distance from the 
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Figure 5. Capture zone inclusion probability comparisons for vari- 
ous primary correlation axis orientations along lines (a) parallel, 
and (b) perpendicular to the mean regional gradient. Case studies indi- 
cated are: 2 - x's, 5 - o's, and 6 - +'s. 

3Soiirce lowtion codin.ites :ire in m ,IS noted. Twenty-five-yew travel rimes were used. 
The wll is locati'd at ( 3 5  L3 in. 2513 rn). 

bThis point is io ,112 nght of the well and inside the homogeneous capture zone. 
'This point is to .lit n$it of the well and outside the homogeneous cq~ture zone. 
dThis point is ahow h e  well and inside the homogeneous capture zone. 
T h i s  point is above the well and outside the hornoeeneous capture zone. 

Table 3 
Potential Source Location Inclusion Probabilities 

for the Zero-Gradient Scenario' 

well decreases with increasing integral scale, is interpreted as indi- 
cating that, for large integral scales, a limited number of capture 
Zones are subjecr to significant preferential flow, thus channeling 
flow from large distances to the pumping well. In reviewing the indi- 
vidual realizations for the noimalized integal scale equal to 0.239 
(Cdse 4)) for cxuliinple, it was noted that one capture zone had 
boundary points [hat were more than 1000 m away from the pump- 

il 

1 
I 

I 

~ ~ 

ing well. This distance is nearly four times the distance predicted 
using the CFR delineation method. 

Figure 3 provides histograms of the orientation (relative to the 
positive x-axis on the numerical grid) of the farthest point on the cap- 
ture zone boundary from the well for Cases 2 and 6 .  These two case 
studies have identical parameters except for the primary orientation 
of the statistical anisotropy. The orientations around the well 
observed for Case 2 tend to cluster around 0" and 180" relative to 
the x-axis. In contrast, the orientation observed for Case 6 tend to 
cluster about orientations around the well of 60" and 240" relative 
to the x-axis. In both cases, these clusters of orientations coincide 
with the primary directions of correlation for these case studies 
(Table l), indicating that the oiientation of the farthest point on the 
capture zone boundary tends to coincide with the orientation of the 
largest integral scale in the underlying conductivity structure. 

Inclusion probabilities for Cases 1 through 4 (Table 3) illustrate 
the impact of the oiientation of the correlation structure of the 
underlying conductivity field. In each of these cases, the direction 
with the largest integral scale in the correlation structure is paral- 
lel with the x-axis. In a comparison of points equidistant from the 
pumping well, the results in Table 3 indicate higher inclusion prob- 
abilities for the points directly to the right of the we11 than for the 
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Table 4 
Maximum Capture Zone Width Statistics 

for the Regional-Gradient Scenario 

Case Mean Stand. Dev. Skewness Width Ratio - ~~ 

1 205 m 32.5 m 0.22 0.52 
- 710 m 63.8 m 0.22 0.40 
3 210 m 107.0 m 0.86 0.35 
4 170 m 135.0 m 1.77 0.28 
5 247 m 67.9 m 0.85 0.36 
6 316 in 83.9 in 0.47 0.29 

7 

two points dkectly above the well. 
As expected, the two points within the boundary of the capture 

zone calculated with the geometric mean conductivity (Le., the cap- 
ture zone that would be derived from the C m  method) have higher 
inclusion probabilities than the points located outside this capture 
zone boundary. The points inside the boundary predicted from the 
CFR method have inclusion probabilities as low as 30%. That is, 
the point above the well that was predicted to be in the capture zone 
(based on the CFR method) was deemed to be within the simulated 
capture zones (for Case 2 )  less than one-third of the time. At max- 
imum, the inclusion probability was less than 85% (this for the point 
to the right of the well in Case 2) .  Finally, a relatively large inclu- 
sion probability (maximum of approximately 14%) was noted for 
the source point located to the right of the pumping well at a dis- 
tance nearly twice as far from the well as the edge of the capture 
zone boundary derived using the CFR method. 

Regional-Gradient Results 
As noted previously, two lines of source locations were inves- 

tigated in the class of cases involving a non-zero regional gradient. 
The first line is parallel to the x-axis of the numerical grid and passes 
through the well. The second line is parallel to the y-axis of the grid 
and is upgradient from the well (Figure Z), halfway between the well 
and upstream boundary. For each realization, forward particle 
tracking was used from each of these locations to determine whether 
that location was within the 50-year capture zone. 

4 s  illustrated in Figure 4a, the inclusion probability decreases 
rapidly in the longitudinal direction for each of Cases 1 through 4. 
The rate of decrease in the inclusion probability near the well 
increases with increasing integral scale. While the homoge- 
neous/isotropic capture zone (after a semianalytical solution from 
Cole 1995) extends to approximately x = 1800 m (or 1713 m from 
[he well), the probability of inclusion for points significantly closer 
LO the well (q., x = 3000 m, 513 m from the well, for Cases 2 
hrough 4) are often less than 50%. The primary reason for these low 
inclusion probabilities is that heterogeneity near the well often 
leads to a deviation in the orientation of the capture zone in the 
immediate vicinity of the well, thus moving the capture zone off the 
line representing the mean regional gradient. 

The transverse line of source locations provided observed 
inclusion probabilities that were approximately syinnietric around 
die centmid of the homogeneous capture zone (Figure 4b). The width 
of the homogeneoushsotropic capture zone was slightly less than 
SO ni at t l ~ s  location (i.e., the capture zone extended 40 m above and 
below the centerline for the homogeneous capture zone:). It is 
obw-ved in Figlire 4b that the red capture zones cover a significantly 
:j.icier region, with inclusion probabilities greater than 10% extend- 
ing io approximately 100 m away from the centerline and inclusion 

probabilities greater than 1 % extending 200 to 300 m away from 
the centerline. Fuither, the probability of inclusion of points located 
at distances greater than 100 m from the center line appears to 
increase with increasing integral scale. 

Cases 1 through 4 each use a primary axis of the correlation 
structure parallel to the mean regional gradient. The impact of 
rotating this primary axis relative to the mean regional gradient is 
illustrated in Figure 5, which shows inclusion probabilities for 
Cases 2, 5, and 6. Figure 5a shows extremely rapid decline in the 
inclusion probability for points upgradient of the well when the pri- 
mary axis of the correlation structure is rotated either 30" or 60" from 
the mean regional gradient direction. Within 850 m of the well (one- 
half of the longitudinal dimension of the homogeneous capture 
zone), the inclusion probability is less than 5%. 

It would appear that the major effect of a rotation in the primary 
axis of correlation is a rotation in the orientation of the capture zone. 
Figure 5b shows the inclusion probabilities along the transverse line 
for Cases 2, 5, and 6. The maximum inclusion probability and 
general distribution of inclusion probabilities around the maxi- 
mum does not vary dramatically for these three case studies. 
However. the orientation of the maximum inclusion probability does 
vary, increasing the deviation from the center line of the homoge- 
neous capture zone (y = 25 13 m) for increasing rotation of the cor- 
relation structure. 

As indicated earlier, two general measures of capture zone 
geometry were considered. These were: (1) the maximum width of 
a capture zone within a given realization, and (2) the ratio of the 
largest individual width among a set of realizations to the width of 
the region required to enclose all capture zones generated for thal 
set of realizations (termed the width ratio). Table 4 contains sum- 
mary statistics appropriate to the discussion of these two mea- 
sures. In this table, the mean, standard deviation and skew refer tc 
the statistics of the maximum width of the capture zones frorr 
individual realizations within the case study. 

It is noted in Table 4 that the maximum width of the capture 
zones is, on average, two to four times larger than the maximurr 
width of the homogeneous capture zone (approximately 80 in). T h e  
mean maximum width also appears to increase with rotation of the 
primary axis of the underlying con-elation structure (as shown b) I 

comparing Cases 2, 5, and 6). Further. these widths are high11 
variable, with coefficients of variation ranging from 0.15 to nearl) 
0.8, generally increasing with increasing integrd scale or increas. 
ing rotation. 

In reviewing the width ratios in  Table 4, it becomes apparen 
that the maximum width from an individual capture zone explain: 
only a relatively small portion of the total width required to enclose 
the entire group of simulated capture zones. The highest valuc 
(0.52) is for the case study with the smallest integral scale. Even ir 
this case, however, only approximately 50% of the width require( 
in the ensemble is contained in any individual red' ization. 

Discussion and Conclusions 
The results presented here provide direct evidence that use o 

either the CFR method for delineation of capture zones in thc 
absence of a significant regional gradient or a homogeneous s o h  
tion based on the best estimates of the geometric mean coiiductiv 
ity and the regional gradient are insufficient to describe the intricate 
capture zones that will impact the water withdrawn at a water sup 
ply well. Neither of these simple solutions adequately incolporatc 
the uncertainty inherent in delineation of a capture zone. 



Two approaches are suggested for increasing the reliability of 
capture zone delineation for the purpose of protecting a wellhead: 
(1) using the CFR or other simple solution with appropriate safety 
factors, or ( 2 )  identifying the appropriate information that would 
decrease the uncertainty of the capture zone location. 

The latter approach becomes the only realistic opportunity 
for increasing reliability in situations where land-use practices 
lead to sipficant costs associated with increasing the area that must 
be protected in the vicinity of a wellhead. This situation might occur, 
for example, in a previously developed area where land-use patteins 
will need to be altered from commercial uses to residential or pub- 
lic uses. In this situation, several techniques are available for 
improving our predictive capability for a given aquifer. These 
include condititioning simulations on known information (e&, 
measured hydraulic conductivities or hydraulic heads; Varljen and 
Shafer 1991 and Gorelick 1997) or the use of inverse modeling 
strategies (Vassolo et al. 1998; Carrera et al. 1997). 

It must be recognized, however, that there is substantial cost 
in terms of preliminary data collection (e.g., additional boreholes 
and pump tests), hydrologic analysis, and continuing monitoring for 
this approach. Simply stated, there is a trade-off between accepting 
higher iisks associated with uncertainty and the increased costs asso- 
ciated with obtaining more information. From the results previously 
presented and a review of the literature, it would appear that the 
pieces of information most critical for reducing uncertainty regard- 
ing capture zone geometry are: (1) the geometric mean K (assumed 
known for this study), (2) the regional gradient (orientation and rnag- 
nitidue), and (3) orientation of anisotropy in the correlation struc- 
ture. The integral scale and variance of log K will impact this 
uncertainty to a lesser extent. 

In many situations, particularly for small communities, the costs 
associated with placing additional zoning restrictions on a wellhead 
protection area may be small compared to the cost of a more 
detailed hydrologic study. In this case, placing conservative safety 
factors on simple solutions may provide for reliable protection of 
a wellhead. 

As an example, we refer to the results for the zero-gradient case 
studies previously presented. The mean of the mrtvimum distance 
of the capture zone boundary away from the well was approximately 
twice the radius estimated using the CFR method. In addition, 
water was withdrawn from withtn a circle with a radius nearly three 
times the CFR radius for approximately 95% of the realizations. In 
the case previously outlined, this would require protection of a cir- 
cular region with a radius of approximately 520 m, compared to a 
homogeneous radius of approximately 270 m. In a sewered, resi- 
dential area without local commercial enterpiises such as gas st?- 
{ions or dry cleaning facilities, this increase in the protection zonk 
rmght be a reasomble compromise to ensure the protection of an 
important Water s:ipply. 

In the piesence of a nonnegligible regional gradient, working 
solely with factors of safety becomes more problematic. Refelling 
to Figure j b ,  it is observed that in the presence of an unidentified, 
anisotropic correlation structure, there may be a significant prob- 
ability of inclusion of source locations, which in the case dis- 
cussed were as far as 500 m away from the centerline of the homo- 
geneous capture zone (more than 10 times the expected deviation 
from the centerline based on the homogeneous capture zone). 
Further, these resuits are based on the assumption that the mean 
regional p d i x t  is known and constant in time. As noted previously 
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by Cole and Silliman (1996), it is unlikely that the regional gradi- 
ent will be known with certainty when based on limited field data 
sets. Finally, these results are based on relatively low vruiance in log- 
K and the width of the capture zones will likely increase with an 
increase in the variance (Cole 1995). 

It is concluded from the work of Cole (1995) and the results pre- 
sented here that if a factor of safety were to be placed on a homo- 
geneous capture zone based solely on an estimate of the geomet- 
ric mean K for the aquifer and a regional estimate of the hydraulic 
gradient, a factor of safety of approximately 30 would be required 
on the width of the capture zone (for a 99% probability of bound- 
ing the actual capture zone). The length of the capture zone in the 
direction of the mean hydraulic gradient would require a factor of 
safety on the order of three times the length predicted using the 
homogeneous capture zone. 

The factor of 30 is a direct result of two mechanisms. First, 
uncertainty in the orientation and strength of the anisotropy in the 
hydraulic conductivity correlation leads to uncertainty of the cap- 
ture zone orientation (e.g., Figure 5b). Without this uncertainty, the 
safety factor could be reduced to approximately 10. Second, lim- 
ited knowledge of the local hydraulic conductivity distribution 
leads to uncertainty in the location and width of the capture zone. 
As shown in Table 4, the region required to enclose all the simulated 
capture zones within a given case study was at least twice as large 
as the largest individual capture zone width observed over all real- 
izations for that case study. The width of this region was often eight 
to 15 times the width of the homogeneous capture zone. 

Reduction in these safety factors can be derived from two 
places. The first invovles ;I trade-off between factors of safety and 
risk. As noted previously (van Leeuwen et al. 1998; Cole and 
Silliman 1997; Bair et al. 1991; Varljen and Shafer 1991), it may 
be possible to place confidence bounds on the capture zone (e.& 
a capture zone boundary that has a 10% or 50% probability of 
being violated). As shown in Cole and Silliman (1997), the width 
of these capture zones tends to increase rapidly as one decreases the 
level of acceptable risk. As a result, one can lower the safety fac- 
tor required on a homogeneous capture zone by increasing the 
risk one is willing to accept that the capture zone will be inadequate 
to identify all regions contributing to the wellhead. 

The second means to reduce these safety factors is, as noted pre- 
viously, to increase the information available for the specific well- 
head and surrounding region. As noted above, there are a number 
of conditioning and inverse techniques that have been developed for 
this purpose. Unfortunately, the number of data necessary for 
obtaining accurate spatial statistics can be in the thousands of bore- 
holes (e.g., van Leeuwen et al. 1999). Further. one of the most crit- 
ical parameters to determine to reduce uncertainty in the capture 
zone in the presence of a significant regional gradient is one of the 
inost difficult to quantify: the coirelation anisotropy of the hydraulic 
conductivity (both magnitude and orientation). Substantial additional 
effort is required to more fully address identifying and quantifying 
this source of uncertainty. 

The results presented herein suggest that higher costs and 
additional effort are necessary for obtaining greater reliability asso- 
ciated with delineation of wellhead capture zones. These costs 
may take the form of additional data collection for application of 
classic conditioning or inverse modeling, or as suggested here by 
recognizing uncertainty through establishing larger capture zones 
via factors of safety. Additional research is required to more fully 
establish the trade-off between factors of safety, data availability, 



and risk. Further, it is suggested that choice of the technique for  
reduction of risk should be placed within an economic framework 
including costs associated with land acquisition, rezoning, data 
collection, development of alternative water supplies, and reme- 
diation of contamination events. 
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Abstract. Hydraulic and tracer tests were conducted in a flow cell containing a mixture of sediments 
clesigncd to niimic a two-dimensional, log-normally distributed, second-order stationary, exponcn- 
tially correlated random conductivity field. With 60 integral scales in the direction of mean flow and 
25 integral scales perpendicular to this direction, behavior of flow and transport in the interior of 
the flow cell can be compared directly with stochastic solutions for flow and transport. Using 144 
piezometers and 361 platinum electrodes, the distribution of hydraulic head and the concentrations 
of an ionic tracer could be monitored in substantial detail. The present discussion prcsents tfie details 
of the experimental equipment. Results and initial analysis of hydraulic measurements and chwac- 
terization of a two-dimensional tracer plume are also presented. Analysis using first-order hydraulic 
theory shows that the flow through the medium was consistent with an effective conductivity equal to 
the geometric mean of the conductivity distribution. Further, the seinivariogram of head increments 
as observed in the experimental results was consistent with the seinivariogram predicted by theory. 
The chemical transport experiments are here compared with the early solutions presented by Dagan 
(1984, 1987). The observed rate of longitudinal spread of two tracer plumes was slightly less than that 
predicted using this theory. Further, thc spread in the transverse dimension was observed to decline 
from thc initial plume dimensions and then remain constant or incrcose slightly, but at a rate lower 
than predicted by the theoiy. The difference between the hydraulic and transport results is believed 
to be related to the fact that the liydraulic results were averaged over a very huge portion of the flow 
cell such that ergodic conditions could be assumed. In contrast, the initial geometry of  tlie plume 
covered only approximately five integral scales in the transverse direction such that the validity of 
the assumption of ergodic conditions must be questioned i n  the analysis of results for the chemical 
transport. 

Key words: groundwater, transport, stochastic theory, experiments. 1 

1. In trodiiclion 

Stochnstic nwdels of  grcliindwnter flow and chemical transport hold promise to 
be idwblc  tools to nsyiqt in prnbnbilistic and deteiniinistic prediction of flow 
and transport processes in heterogenenns porous media. As early as the Monte 
Carlo studies of Warren and Price (1965) and Pireie (107.5), charsctcrization of 

Curreiitly with the lianstis Geolugical Survey. 



the hydraulic conductivity as a spatial random variable has been used as the basis 
for investigation and prcdiction ol the distribution of hydraulic hcad, the transport 
of chemicals, and (he uiicertaintics inhet ent in the prediction of these processes. 

In terms of prediction of flow pocesses, ew-ly work by Freeze (1975) illus- 
trated the variability in hydraulic head that can result from spatial variation in 
the hydraulic conductivity. This early study led to a number of additional papers 
including the work of Smith and Schwai-tz (1 979) incorporating spatial correlation 
into two-dimensional conductivity fields, and the work by B a h  et nl. (1981) ex- 
tending into three-dimensions. Study of hydraulics in heterogeneous fields also led 
to the identification of eHeclive hydraulic parameters in two- and three-dimensional 
flow fields subject to mean uniform flow (see, for example, the reviews of this 
work contained in Gelhar (1989) and Kitanidis (1997)). This work has also been 
extended to theoretical, numerical and experimental studies of effcctive parameters 
in the presence of active pumping from wells (e&, Naff, 1991; Neunian and Orr, 
1993; Indelinan and Abromowitz, 1994; Silliman and Caswell, 1998). 

The recognition of the link between the distribution of the hydraulic conduct- 
ivity (or transmissivity) and the distribution of hydraulic head has also led to the 
development of methods for estimating the distribution of the hydraulic conduct- 
ivity (or transmissivity) from head data. Calvete (1 997), for example, reviewed the 
inverse method as applied to heterogeneous media. More recently, Zheng (1998) 
and Zheng and Sillinian (2000) have presented a first-order methodology whereby 
the semivariograin of increments in the hydraulic head can be used to estimate the 
integral scale and variance of the transmissivity field. 

Substantial progress has also been realized in terms of transport of conservative 
chemicals within saturated media. Much of this work is reviewed in Rubin (1997), 
thus the details will not be repeated herein. Among the significant early results 
froin this literature was the development of expressions for the spatial variation 
and asymptotic limits for the dispersivity and discussion of Conditions under which 
transport will approach behavior which can be modeled appropriately using the 
Fickian assumption. Much of this work has been focused on ergodic conditions, 
with somewhat less atlention being puid to nonergodic conditions (e.& Kitan- 
idis, 1985; Dagan, 1990; Dagan, 1991; Zhang el ol., 1996; Zhang, 1997). Early 
theoretical efforts covering ergodic conditions have been the subject of a number 
of field investigations, including the Borden and Cape Cod sites (e.g., Freyberg, 
1986; Garabedian er ol., 1991). Results from the Borden site indicated relalively 
close agreement with theoretical expressions for the growth of the second spatial 
moments of the tracer plume in both the longitudinal and transverse directions. 
The results froin the Cape Cod site showed convergence to asymptotic behavior 
with reasonable dispersivities i n  the longitudinal and horizontal transverse direc- 
tions and a very small transverse dispersivity in the vertical direction. In contrast, 
obsnvnlions collected at the MADE site (e.& Adams and Gelliar, 1992) provided 
ficld eviclence of situations in which h e  ergodic theory was likely to be insufficient 
to describe the evnlutioii of the first a n d  second older moments of a tracer plume. 



With respect to these latter results, UerkowitL and Sclier (1998) and Berkowitz et d. 
(2000) have presented a noli-ergodic, continuous ti me random walk model which 
provides predictioiis consistent with the observed variation in the spatial moments 
of the tracer pluiiie at the MADE site. 

A significant niuiiber of coiitrolled laboratory experiments have been conducted 
on both flow and tlie transport of conservative chemicals in homogeneous and het- 
erogeneous porous media (see, €or example, the review in Silliman et al. (1998)). 
However, relatively €ew contiolled laboratory efforts have appeared in the liter- 
ature in which results predicted utilizing stochastic theory have been compared 
directly against laboratory results. Welty and Elsner (1997) report on a series of 
one-dimensional experiments in which a theory for the dispersive spread of a chem- 
ical plume under non-uniform density (Welty and Gelhar, 1982) was compared 
directly against observed transport in a one-diniensional laboratory column packed 
to reproduce a coiielated conductivity field. The agreement was qualitatively quite 
reasonable. These authors also discussed observations of head variance within 
these one-dimensional columns and showed consistency with first-order hydraulic 
theoiy. 

More recently, Silliinan arid Caswell (199s) report on the distribution of hy- 
draulic head (and, through pump test analysis, the distribution of effective trans- 
missivilies) in the presence of a pumping well within a laboratory flow cell. This 
latter work was based on a pair of two-dimensional conductivity fields consisting 
of bimodal distributions of transmissivity. One conductivity field was designed to 
reproduce a second-order stationary i-andom field and another was designed to 
reproduce a simple scaIed field. In the case of the second-order stationary ran- 
dom field, these authors found good qualitative and quantitative agreement with 
published stochastic theories. When the conductivity field was designed to deviate 
from the assumptions of the published Iheory (e.g., the scaled medium), the results 
were observed to deviate from the predictions generated with these theories. 

The present manuscript describes the experimental conditions, results, and ini- 
tial analysis of a series of laboratory experiments that are to be used to examine 
hydraulic and transport theories as applied to heterogeneous porous media. The 
hydraulic results are compared with results by Zheng and Silliinan (2000), Zheng 
(1998), and Gelhar and Axness (1983). The transport results are compared with 
predictions obtained from early stochastic theories describing the first and second 
iiiuriients of a plume of conservative tracer (e.g., Dagan, 1984, 1987: Freybeig, 
19S6; Sudicky, 1986). In both cases, the laboratory results allow direct comparison 
of predictions obtained from stochastic theory with observations obtained under 
controlled experimental conditions in which the underlying hydraulic distribution 
is well cliaractcrizetl ( i x . ,  known witliin the limits of our ability to pack the experi- 
riicnt:il apynratiis). It is recognized lhnt thc 3n;llysis to be prcsented, pnrticulai ly in  
the arca 01 tr:insporI. i s  preliminary with ~iime snpliisticaled modcls Iilccly provid- 
iiiz more insight into tlie vbserved behaviors. 'This F i i n p l i  lied analysis is accepted 
for the present ninnusci-ipf ;I< the gonl here is to piesenl I I IP  experimental design and 
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initial resulk and because a second series of laboratory experiments on a second 
realization 01 the heterogeneous medium is currently being completed. More ad- 
vanced analysis of these results, arid the second series of results, will be presented 
following completion ol the new experiments. 

2. The Experimentil Apparatus 

The experiments were conducted in a laboratory flow cell with dimensions for the 
sediment cornpartinelit of 1.6 m x 0.67 m x 0.094 m (Figure I ). The apparatus was 
designed to allow flow to be established with a mean gradient parallel to the 1.6-rn 
axis of the cell. The upper and lower borders of the flow cell were maintained as no 
flow boundaries. Three reservoirs were utilized on the inflow end of the flow cell. 
For hydraulic tests, these three reservoirs were hydraulically connected. For tracer 
tests, the central reservoir was hydraulically isolated for short periods of time to 
allow introduction of a tracer plume. 

Hydraulic tests were conducted by injecting water at a known volumetric flux 
into the three, hydraulically-connected inflow reservoirs. The outflow reservoir was 
maintained at a constant hydraulic head. The distribution of head within the porous 
medium was measured through 144 piezometers installed through the wall of the 
flow cell and distributed as shown in Figure 2(a). The heads in the piezometers were 
measured one at a time through a series of valves on a manifold. I-Iydraulic heads 
were measured with bath a pressure transducer and through visual measurement 
in a single manometer tube (one piezometer connected to the tube at a time). Due 
to electronic problems, the results from the pressure transducer were considered 
unreliable. Hence, only the results obtained using the manometer tube are analyzed 

Plastic Dividers (- 0.03 m in height) used to 
prevent short-circuit flow along top boundary 

Outer Walls of Flow Cell 
Constructed of Plexiglass 

A 
0.30 m 

0.0s ni 

0.29 m 

I 
Inflow 
Reservoirs 

\ /  
Conibined Plastic /Stainless 

ouinow 
Reservoir 

Steel Screens Used For Support 

Fi,yi//r 1. Schematic diagram of lhe flow cell used in t h e  experiments. On inflow (left) end. 
thc Iieights of the reservoirs are, from hottorn to top. 0 29,0.08, and 0.30 rn. 
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Figrirr 2. Internal instrumentation within flow cell: (a) 144 piezometers, and (b) 38 1 platinum 
electrodes. 

below. Error in the measurement of the hydraulic heads was estimated, based on 
oiir experience with using these manometer boards, to have a standard deviation 
of approximately 0.05 cm. As discussed below, this estimate of error is consistent 
with the results obtained. 

The distribution of piezometers was based on three considerations. First, as has 
been discussed in the literature (e.g., Rubin and Dagan, 1989), it is necessary to 
avoid measurements within a few integral scales of all no flow boundnry condi- 
tions (so as to allow comparison of the experimental results with those derived 
theorctically for infinite systems). So as to be conservative, five integral scales 
were maintained from both of these boundaries (in the numerical work of Ruhin 
and Dagan (1989) it was coiicluded that three integral scales was liltely sufficient 
to avoid boundary effects). Second, it was considered necessary to avoid measure- 
niriit i n  the irnmediate vicinity of constant head baundnry cnnrlitions (Rithin and 
Dngan, 1988). Hence, once again, a niinimiim dislance from the inllow and outflow 
boundaries of five integral scales was chosen as a conservntive nunirnum distance. 
Third, based on the work of Zhcng (1?913). it was concluded th;tt the first-order 
theory to be applied was optimal when the piezometers were spaced at distances 
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of approximately one intcgral scale in the horizontal direction and at distances of 
at least four integral scales in the vertical direction. This led to distributing the 
piezometers in four horizontal lines, separated vertically by four integral scales 
and separated horizontally by a minimum distance of one integral scale. 

The tracer tests discussed in this manuscript consisted of introducing a pulse of 
tracer through the central inflow reservoir. This pulse was introduced by first isol- 
ating the central reservoir (hydraulically) from the upper and lower reservoirs. This 
reservoir was then flushed, in the absence of flow through the flow cell, with tracer 
fluid. Fluid was then injected through all three reservoirs (the upper and lower 
reservoirs were hydraulically connected and driven by one pump while the cent- 
ral reservoir remained hydraulically isolated and was driven by a second pump), 
producing a f i d e  volume of tracer (with an approximately rectangular shape) into 
the flow cell. Flow was once again terminated and the central reservoir was flushed 
with non-tracer fluid. The three reservoirs were then hydraulically connected and 
flow was established (using a single pump for all three reservoirs) to advance the 
tracer plume. 

The movement of the tracer plume was monitored i17 situ through use of 381 
electrodes (Figure 2(b)). b c h  electrode consisted of a twisted pair of insulated 
platinum wires with a diameter estimated at approximately 0.1 mm and was in- 
stalled through the side wall of the flow cell. The tips of each pair of wires were 
clipped to expose the platinum to the fluid within the cell. The average separation 
between the tips of the pair of wires comprising a single electrode was substan- 
tially less than 1 mm. Hence, the measurements obtained were at a scale similai 
to the grain scale. The response at an electrode was recorded by passing an al- 
teriiating current siinultaneously through the electrode and a reference resistor, 
thus providing a measure of the voltage drop across the electrode. Each electrode 
was individually calibrated in sitir by passing various concentrations of sodium 
chloride (used as tracer) through the flow cell. The resulting calibr a t' ion curves 
showed a strong log-linear relationship between concentration and voltage drop 
across the electrode with minimal drift over the time pciiods used to complete 
these experiments. Within the range of concentrations used in these experiments 
(100-1000 mg/l NaCl), it was estimated that the error in readings from any given 
electrode was less than approximately 5 mg/l. 

Due to the fact that the tracer was introduced through the central reservoir, the 
sampling for thc tracer was concentrated in thc central portion of the flow cell. The 
distribution of the electrodes is shown in Figure 2(b) (with the inflow reservoirs 
located at the left on this image). Near the inflow reservoir, thp spacing of the 
electrodcs parallel to the mean direction of the gradient was set eqiial to 0.5 times 
tlw anticipntetl integral scale of the conductivily ficld with spacing perpendiculw to 
this direction set equal to 1.0 times the anticipated integral scale. Corresponding to 
the anticipated increase in the longitudinal dimension of the plume, the horizontal 
spacing of the electrodes was varied, increasing to a maximum of 2.0 integral scales 
at distance from the inflow reservoir. The distiibution of electrodes represents a 



compromise between providing a dense sampling array with which to sample the 
movement of the tracer plunie and the limits of our ability to install instiziments 
through the wall of the flow cell. The limit was a function of a number of factors 
including the strength of the plexiglass used in constructing the flow cell, the effort 
involved in installing these electrodes without leaks, and our ability to sample these 
electrodes with reasonable sainpljng times. 

3. The Porous Medium 

Two properties were of primary interest in chosing the distribution of the sands 
for this experiment. The first was in establishing a realization of a log-nomial, 
exponentially-correlated, second-order stationary, random hydraulic conductivity 
field. This choice was based on tying conditions witlun our experiments to condi- 
tions assumed i n  the stochastic theory used in  interpreting the experimental results. 
The second was in establishing a correlation between the hydraulic conductivity 
and the sorptive capacity of the medium. The latter property was important for 
particle and microbial transport experiments to be reported on elsewhere. 

In order to produce these fields, two field sands were obtained with various 
grain size distributions. The first consists of Accumin sands, a commercially avail- 
able sand used in our prior experimental efforts (see, for example, Silli~nan and 
Caswell, 1998). These sands‘are well rounded quartz sands with minimal surface 
coatings. The second consists of sands excavated from a research site in Oyster, 
Virginia. These sands include a far wider grain size distribution than the Accumin 
sands and are heavily coated with iron oxides. Both sands were sieved into various 
sizes to prodlice varying hydraulic conductivities. Ten final mixtures of sands were 
chosen for use in the flow cell. The source and hydraulic conductivity (determined 
in separate falling head permeameter tests on consolidated samples of sand with 
variation among repetitions of less than 5%) of each sand are provided in Table I. 

In order to pack these sands in the flow cell, a random field with exponential 
correlation was simulated on the computer using the Turning Bands field generator 
(Tompson ef d., 1989). The random field generated had an isotropic integral scale 
of approximately 2.75cm and a variance of In K of slightly less than 0.5. The 
final distribution generated on the computer is shown in Figure 3(a). The actual 
distribution of sand within the flow cell, as viewed through the front surface of the 
flow cell, is shown in Figure 3(b). TIUs image shows a slight blurring of the contact 
hetween regions of different grain size that is related to minor problems involved 
in pacliing within 1 mm of thc wall of the flow cell. Figure 3(c), a picture taken 
during dectiuctive sampling within the flow cell, shows the sharpness of the contact 
bctween regions with differcnt grain sizes approximately 5 cin away fiom Lwth 
walls of the flow cell $e., along the centerline of the flow cell). Table I provides 
the percentage of each said present within the How cell as predicted using the 
Tiiming Bmids gencrnlnr i\nd as estimated Iron1 menslireinents of the volumes of 
each sand entering the flow cell. 



lablc I. Saiids used in packing the flow cell 

Sand Source of sand Hydraulic Simulated Estimate of 
classification Coiiductivity percent of porous actual per cent 

(cm/s) mediuma of mediumb 

1 
2 
3 
4 
5 
6 
I 
8 
9 

10 

Oyster 
Oyster 
Accumin 
Accumin 
Accumin 
Accumin 
Accumin 
Oyster 
Oyster 
Oyster 

1.61 
0.58 

0.49 
0.224 
0.15 
0.1 1 
0.078 
0.04 1 
0.030 
0.01 5 

0.34 
1.91 
5.79 
13.78 
2 1.97 

24.41 
18.35 
8.95 

3.24 
1.22 

0.05 
0.9 
4.7 
11.0 

23.0 
26.0 
22.0 
7.8 

3.9 
0.6 

aPer cent of porous medium comprised of particular sand type as produced by random 
field generator on computer. 
bPercent of porous medium comprised of particular sand based on measured volumes used 
in filling the Row cell. 
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I;jSnIp 3. (a) Computer gcneraied disiribuiion ol' hydraiilic conductivity subdivided into 10 
clxses. Gray scale h:ised on In(K). (1)) Final tlk(ribution of sediments within the flow cell 
as seen th ia r iFh  the flont wall. (c) Final distribution of sediments wilhin the llow cell as 
o h s e i ~ ~ I  during thc process of unpacking the flnw cell. Darkest sands represent the lowest 
conductivities. 
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4. The Hydraulic Tests 

4.1. PROCEDURE 

The hydraulic test was run by injecting fluid iiito the inflow reservoirs (hydraulic- 
ally connected) and holding the outflow reservoir at constant head. Flow rate was 
measured at the discha~ge aud the system was allowed substantial time to come to 
steady state. 

Using a network of valves, each of the 144 piezometers was individually opened 
to allow the water level in that piezonieter to come to steady state; requiring 
between 2 and loinin depending on the piezometer and sand grain size in the 
flow cell surrounding the tip of the piezometer. A number of the piezometers were 
inadvertantly plugged by the sand grains either duriiig packing or during the initial 
saturation of the piezometer tubes and were unresponsive. Measurements could 
not he collected from these piezoemeters. Of the 144 possible water level measure- 
ments, therefore, reliable measurements were collected from 114. A nieasurement 
was considered reliable if the recorded water level at the piezometer repeatedly 
returned to the same level following small perturbations in the water level (created 
by repeatedly squeeziiig/release of the manometer tube). 

The head measurements were utilized to estimate both the effective hydraulic 
conductivity within the flow cell and the semivariogram of a parameter termed the 
head increment. The liead increment, I (x + Ar) ,  is defined as 

I ( x  + Ar) = H ( x )  - H ( x  + Ar), (1) 

where H(x) is the head measured at position x and H ( x  + Ar) is the head measured 
at position (x + AT). Zheng (1998) and Zheng and Silliman (2000) show that 
the senuvariogram of the head increment, under mean uniform flow, is closely 
related to the variance and integral scale of the underlying conductivity distribu- 
tion. Specifically, the semivariogram of the head increment, y ~ ,  in the presence 
of a log-normally distributed, exponentially correlated conductivity distribution is 
given by 

yI(r ,  0, AT) = 2)qJ(Ar, 0) + 2y1~(r ,  0) - ylI(Ir - Art, 0) - 
--yl1(r + Ar, 0) + 2a:, (2 1 

where )qJ is the semivariogram of the head rcsidual (h(.u) = N ( x ) - (  H(.v)); Dagan, 
1985), I' is the separation between two measurements of the head increment and is 
here taken as being parallel to AT, 0 is the orientation of r relative to the mean 
gradient, aL: is the variance of the measurement enor. 

4.2. RESULTS 

Llsiiig an I' oriented pnnillrl to the inraii gradient. a ningnitude eqiial to I 1  .O cm 
(fn~ii- I itncs rhe miniinuin pie;l.orneler spacing). and n ran=.e of possible stanclnrtl de- 
viations in the measurement enor of 0.03-0.06 cm, the theoretical semivariogram 
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1 
Dislancellntegral Scale 

Figure 4. Sainple (‘0’) and theoretical semivnriograms for the hcad increments. The theor- 
etical curves shown are for an assumed standard deviation in measurement error of 0.06 cm 
(upper curve) and 0.03 cm (lower curve). 

of the head increment parallel to the mean gradient was determined. Figure 4 shows 
the theoretical semivaridgrarns of the head increments for both the largest (0.06 cm) 
and smallest (0.03 cm) measurement errors considered. This figure also shows the 
sample semivariogram determined from measurements collected in the flow cell. 
It is noted that this figure was generated without calibration as all parameters re- 
quired in (2) with the exception of the measurement error were known apriori (the 
integral scale and variaiice of In K generated on the computer and I’ selected from 
the geometry of the piezometer locations). 

in Figure 4 is considered quite strong as the shape and vertical displacement of the 
theoretical curve is quite sensitive to both the variance and the integral scale of the 
underlying conductivity field, This is illustrated in Figures 5(a) and (13). Figure 5(a) 
shows the theoretical curves using a measurement error of 0.05 cm, the correct 
variance, and assumed values of the integral scale of 0.275, 2.75 and 27.5cm. 
These values for the integral scale represent a11 order of magnitude smaller than 
the true integral scale, eclual to the true integral scale, and an order of magnitude 
I q e r  than the t i  tlc inlcgi a1 scale. Pigitre 5(b) shows the t1icorctic.d curves itsing 
a menwement eiror oP 0.05 cni. the correct integral scale, and assumed variances 
of  0 . 1 .  0.5 and 2.5. These values for the variance repreqent 1/5th the true value, 
the true valiie. a n d  5 timrs the true v a l u ~ .  Baqecl 011 the results shown in Figures 4, 
S ( x )  and 5(b), i t  is cuiicluded that the iheoiy is appropriately applied to this random 

The agreement between the theoretical curves and the experimental results shown 
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medium and that the experimental procedures were sufficiently rigorous to provide 
a reliable sernivariogram of the head increment. 

The data were also used to estimate the eflective hydraulic conductivity via 
measurement of the volumetric flux through this medium with estimation of the 
large-scale mean hydraulic gi adient based on mcasurements from the piczometers. 
From the piezometer data, i t  was estimated that the mean gradient was approx- 
imately 0.033 when the flow rate was 145 cc/min. Based upon this gradient and 
flux, in coinbination with the cross sectional area of (67 x 9.4cni), the effective 
conductivity of this medium can be estimated to be 0.116 c d s .  However, given the 
number of uncertainties irivulved in making this estimate (the mean gradient, the 
exact width of the tanks, the measured Row rate), it is considered more appropriate 
to report the measured conductivity as being in the range of 0.11-0.1 2 cm/s. The 
effective conductivity that is predicted from the geometric mean of the conductivity 
field in the flow cell is 0.112 cink Given the experimental errors inherent in this 
type of experiment, this agreement is considered quite reasonable. The agreement 
with the genometric mean also contrasts sharply with comparison to the calcu- 
lated values for the arithmetic (0.139 cm/s) or harmonic (0.092 c d s )  means of this 
conductivity field. 

, 

5. Tracer Tests 

5.1. PROCEDURES 

Two tracer tests were performed, the first with a mean velocity approximately 22 
times slower than the second. In both cases, a two-dimensional plume of sodium 
chloride was injected through the central reservoir on the inflow end of the flow 
cell. The plume was allowed to travel down gradient until the entire plume was 
captured within the electrode array. At this point, the distribution of concentration 
within the plume was measured and this distribution was used as the initial con- 
dition for the tracer experiment. The subsequent motion of the plume through the 
flow cell was then monitored. 

Figures 6(a)-(d) show the motion of the tracer plume at several measurement 
times during the slower of the two tracer experiments. The temporal development 
of the plumes from the two experiments were characterized in teims of (i) the first 
spatial moment of the plume (the center of mass) in the direction of the mean 
gradient (herein termed the x direction), (ii) the first spatial moment of the plume 
in the direction parallel to the 0.67 ni dimension of the flow cell (herein termed the 
y direction), and (iii) the second centered, spatial moments of the plume i n  both 
the x and )J directions. 

Ac notcd carlier, concentrations within the flow ccll were monitored through 
tile 38 I electrodes (calibi :ited ill sitrr). These measurements required two levels 
of processing in order to allow deteimination of moments. The first level of pro- 
cessing involved thc identification of anom;dnus mcasurements. This identifica- 
tion involved locating electrodes that were not functioning propeily, identifying 
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Figwe 6. Movement of the hacer plume during the experiment with the lower velocity at 
times (after thc time recorded for the initial plume) equal to: (a) 500min. (b) 1440 niin, (c) 
2580 min, and (d) 3270 min. Outer dashed contour is for C / C ,  = 0.01. Solid contour is for 
C/C, = 0.1. Inner dashed contour, where present. is for C / C ,  = 0.2. 

electrical noise which was clearly electrical error not related to the tracer plume, 
and determining the miniinurn concentration which could bc considered reliahle. 
identifying electrodes that were not functioning properly was straight forward as 
these electrodes produced signals consistent either with a broken wire or an elec- 
trical short within the electrode. The second level of processing involved estimation 
of spatial moments from discrete spatial measurements and is discussed further 
below. 

Of the 381 electrodes installed within the flow cell, 21 failed to produce read- 
ings. In terms of electrical noise, the fact that some electrodes were never impacted 
by the tracer pluine allowed for identification of and correction for slight drift in 
the electrical readings. As one of the experiments discussed below was conducted 
over a period of approximately 4 days. there was a slight drift in the electronics 
during this experiment that was attributed to change in temperature of the refer- 
ence resistor. This drift was identificd throogh analysis of readings at electrodes 
not impacted by the plume and was then corrected for at a11 clectrodcs prior to 
analysis of the data. In addition, the contour of the final tracer concentratioiis 
Icd to ideiitification of sniall (normalized concentration less than 0.01) patches of 
measured ‘concentration’ at random electrodes at distance from the location of the 
plume. Those patches which were clearly unrelated to the moveinelit of the plume 
(e.g.. the reading a i  the electrode was inconsistent froin one time to the next) were 
eliminated prior to estimation of the spatial statistics of the plume. 



The estimated reliability of the electrodes (5  nigh), combined with the source 
strengths of the tracers used (500-900 mg/l), led to the conclusion that all nor- 
malized concentrations greater than 0.01 of the source strength would be con- 
sidercd reliably di lferent lha11 zero. This cutoff at normalized concentration of 0.0 1 
also appeared consistenl with the noise present within the filial data sets (e.& the 
background concentration within the cell appeared to have noise ranging in the 
normalized concentrations from slightly less than 0.0 to as high as 0.01). 

Once the reliability of the data was establislied and the final data set identi- 
fied, the second challenge was to estimate spatial moments from data collected at 
discrete points in space. These moments were estimated using linear interpolation 
within the regions enclosed by each quadruplet of sample locations, following the 
discussion of Garabedian et NI. (1991). For locations where an electrode had failed, 
the concentration at that electrode was first estimated via linear interpolation fiom 
the four surrounding electrodes, and the monient estimation was then based on 
these interpolated values. 

These moments, determined from the tracer test data, were then compared with 
the predicted variation in these moments. h i  terms of the first moments, the pre- 
dicted variation according to first-order stochastic theory is simply a linear increase 
with time of the first moment parallel to the mean gradient and a constant value 
for the moment perpendicular to the mean gradient. For the present manuscript, 
the second moments are based on the solution originally developed by Dagan 
(1984, 1987) and presented by several authors (e&, Freyberg, 1986; Sudicky, 
1986; Sposito and Barry, 1987; Bany et al., 1988) for tlie spread of a plume in two 
dimensions under ergodic conditions. It is noted that tlie analysis presented herein 
iiiiist be considered preliniinaiy as it assumes that the initial size of the plume in the 
transverse direction is large as compared to the integral scale (see, for example, the 
discussion of ergodicity in Dagan, 1990). Further, it does not consider the impact 
of tlie original shape of the tracer plume. It is noted, for the tracer plumes realized 
in these experiments, that the initial transverse dimension of the pluines was on 
the order of five integral scales. This transverse dirnension decreased with flow 
distance, reducing to a minimum of approximately 2.5-3.5 integral scales for some 
of the measurements. Additional analysis of these data, incorporating tlie initial 
geometry of the plume, the non-ergotic nature of the plume, and consideration of 
the variance of the predicted versus the observed concentrations, will be presented 
in a later manuscript. 

The expressions utif ked for the longitudinal (mA!, ) and transverse (o:J variances 
are therefore given as (Freyberg, 1986; Sudicky, 1986) 

. 

L 



where L = Velocity x time = displacement of the center of mass, A. = the integral 
scale of the medium, Ei is the exponential integral and E = Euler’s contstant. It 
is noted that all parameters within these equations are known n priori such that no 
calibration occurs in comparing these equations to the moments determined from 
the tracer test data. It is also noted that the factor, 0.74, was developed by Dagan 
(1 987) as a means of correcting for vertical averaging of the conductivity correla- 
tion structure as an analysis is reduced from tluee-dimensions to two-dimensions. 
The magnitude of this parameter is an artifact of Dagan (1987) assuming that the 
vertical depth of averaging was equal to one vertical integral scale. In our situ- 
ation, the covariance for the two-dimensional analysis is predetermined (assuming 
nunimal variation in conductivity in the third direction). Hence, an argument can 
be made that the 0.74 should be replaced with unity. As noted below, this modi- 
fication of the equation would result in  further deviation between the theory and 
the expeiiniental results. The theoretical results shown below are therefore based 
on the use of 0.74 with the recognition that a larger coefficient would lead to an 
increase in the estimates of both variances. 

5.2. RESULTS 

The two transport experiments were nin with mean velocities estimated at ap- 
proximately 0.015 cmhin  and 0.33 cmhin .  The total mass injected in the two 
experiments was estimated, based on the plume concentrations and geometry, to 
be approximately the same. Due to the inanner in which the plumes were injected 
into the flow cell, absolute mass balances on the tracer could not be calculated (the 
mass of tracer could only be estimated from the measured plume concentrations). 
It is noted that there was significant variation in this mass (up to +/-- - 15% 
of the mean estimated mass) for different measurement sets (different times) in 
both experiments. This variation in mass is attributed to the errors introduced by 
interpolating mass between measurement points in calculating the moments and 
measurement error (particularly at low concentrations). For further discussion of 
the impact of interpolation on moments, the reader is referred to Garabedian ef nl. 
(1991). 

Figures 7(a) and 7(b) show the first moments in  the s and y directions (parallel 
and pcrpendicular to the mean direction, respectively) for tlic two experiments 
peifornied. To allow direct comparison of these two results, the time axis for the 
experiment run at the higher velocity has been adjusted (multiplied) by the ratio 
of the volumetric fluxes iiscd i n  these two experiments (= 23.0). As expected. the 
center of mass moved in the s direction approximately linearly with time (with 
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Figrrrr 7. Variation of the first spatial moment with time for tlic longitudinal, or x, dircction 
(upper plot) and the transverse, or y, direction (lower plot). The slow experiment is represented 
by '0's and the fast experiment is represented by '*'s. 

somc slight variations around this mean behavior) and the center of mass in the y 
direction approached an approximately constant elevation after an initial period of 
adjustment. The fact that the two plumes were initially located at slightly different 
locations within the flow field is indicated by the difference in  the elevation ( y  
coordinate) of the center of mass tliroughoiit the experiment. It is interesting to 
note that despite the initial difference in the elevation of the center of mass, the 
center of mass for the two plumes converged to very similar elevations within the 
porous medium. It was not surprising to note that these latter elevations coincided 
with a region of high hydraulic conductivity. 

The second spatial moments in the x and v directions are shown in Figures 8(a) 
and 8(h). These plots show the value of the second moments cr:A and cr;), as func- 
tions of the diinensionless quantity D / h  (dimeiisionless distance) such that results 
froin the two experiments can be directly compared. For the spatial moments in 
the x direction, the initial value of the sample variance of each experiment has 
been subtracted from the calculated variances for all later measurements. Thus 
thrse results are dir-cctly comparable with the theoretical values for a:, . As the 
second sainplc moments in the y direction showed an initial decline in magnitude, 
no correction for the initial size of the pluine was pursued. 

It will be noted Illilt both experiments provide very siniil:~r bchsvior in terms 
nT both thc 1ongitudin:il niitl transve,i se spread with the exception of the last data 
points. While the deviatioii in the last data pints  is somewhat troubling, it is noted 
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Figure 8. Variation of the second spatial moments as functions of normalized distance of 
travel of the center of mass. In these plots, the symbol ‘0’ represents the slow experiment 
while the symbol ‘*’ represents the fast experiment. The dashed line represents the theoretical 
prediction. The longitudinal results are shown in (a) and the transverse results are shown 
in  (b). 

that these data points are extremely sensitive to ihe ‘cut-off’ value iised in analyzing 
ihe data. As notcd earlier in this manuscript. it was assumcd that all cnncentrations 
bclow C/C,,  = 0.01 were considered unreliable and were ignored (based on our 
analysis of the rrliability of the equipment). In Figure 9, the development of the 
longitudinal second moment for the slower exl~eriinent is shown for cut-off values 
of C / C ,  = 0.02, 0.01 and 0.005. This figure shows that while the majority of 



INIlIAL ANAISYIS CiF t l Y  DKAULIC A N D  'I'RACEK EXPERIMENTS 

0 

x 

0 10 15 20 25 30 35 
Distance I lnlegial Scale 

u p -  ~ 

e. This 1 Figwe 9. Sensitivity of calculated secoiid moment to assurncd cutoff vi t shows 
calculated second spatial moment in the longitudinal direction for the slow experherit 
assuming cutoffs of C / C ,  = 0.005 ('x'), 0.01 ('o'), and 0.02 ('*'). 

the data points are relatively robust to the choice of cutoff, the last data point 
is extremely sensitive to this value (the plume is relatively disperse at this point 
aiid contains large regions of low concentration). Hence, we place relatively low 
reliability in the last data points for both experiments (see discussion for further 
comment on this cutoff). 

The results for the longitudinal variance (Figure 8(a)) lead to two observations. 
First, the rate of increase in longitudinal spread is quite siinilar for tlie two ex- 
periments. This indicates that the dominant mechanism leading to the spread of 
the plume is likely the same in both experiments. If any difference exists, it would 
appear that the experiment run at the higher velocity is showing a slightly lower rate 
of spread. It is noted that, at the pore scale and using the mean velocity for the flow 
field, the Peclet number (ud/Dm = local velocity * mean grain diameter/Coefficient 
of molecular diffusion) was on the order of 100 for the experiment run at the lower 
mean velocity. Hence, it is concluded that local diffusion had only minimal impact 
on transport in  these two experiments. The resulting similarity in the longitudinal 
spread is therefore to be expected as mechanical dispersion is anticipated to be the 
dominant dispersive nieclianisin for both experiments. 

The second observation to be derived from these results is the fact that the 
ohsct-vcd longiludinal variance of the plume, while of the correct magnitude over 
thesc travel distances. is increasing at a rate lower than  the rate pi-cdicted using 
the soltit ion pi-csentrd above. Further, as iiotcd nbove, Ihe coefficient (0.74) used 
i n  this expression is likely lending to an iiiiderestiinate in the predicted rate of 
spreatl such that the difference bctween theory and observation is likely larger 
than that shown io tile figure. We anticipate that there are at least two reasons for 



this discrepancy. First, the solution used does not explicitly account for the initial 
dimension of the plume. A nunher of authors, including Sposito and Dagan (1994) 
and Fiori (this issue) have discussed the impact of initial geometry of the plume, 
and the correlation between the initial plume and the velocity field, on the final 
stochastic description of the transport process. Second, the initial concentration 
field for each of the two experiments covered only approximately five integral 
scales in the transverse dimension and, at the first measurement locations, was 
likely correlated with the velocity field. Hence, there is substantial reason to ques- 
tion whether the initial transverse diinensions of the plumes were sufficiently large 
and the concentration and velocity fields sufficiently independent to support the 
assumption of ergodicity (see discussion, for example, in Dagan (1 990) and Sposito 
and Dagau (1994)). Under these circumstances, there is interest in reassessing these 
results from the standpoint of nonergodic forniulations (e.& Zliang, 1997; Zhang 
el d., 1996; Dagan, 1991). New experiments are currently being performed using 
concentration fields with larger initial transverse dimension and lower correlation 
with the velocity field. However, these extensions are beyond the scope of the 
present manuscript. 

The results for the transverse dispersion (Figure 8(b)) indicate that there is min- 
inial spreading in the traiisverse direction, with some reduction in spread from the 
initial plume to the plume observed in the central region of the flow field. From 
the data shown in Figure S(b), it is apparent that o:,, is not increasing as fast as 
predicted by the theory presented above. Further, the results do not rule out the 
possibility of a zero (or possibly negative) rate of spread in the transverse direction 
as suggested in the early work of Dagan (1984). 

These rcsults lend support to the arguments made by other authors (e.g.. Ga- 
rabedian et d., 1991) that field observations of transverse dispersivities which are 
larger than predicted by theory may be related to the impact of transport mechan- 
isms that were not included in the formulation of the theory. Further, these results 
provide additional impetus to consider the impact of the finite size of the initial 
plumes and the corrclation of the initial concentration field with the velocity field 
on the observed second moments. In particular, both plumes were significantly 
impacted by a large region of low permeability sands near the point of initial 
measurement. Had the initial transverse dimension of the plume been significantly 
larger (e.g., 10-20 integral scales), the impact on this local low permeability zone 
would have played a much smaller role in deterininiiig the sample variance in the 
transverse dimension. As a result, there i s  suspicion that the transverse behavior of 
this plume may be specific to this combination of iealization of the conductivity 
field and location of the injection point. Further discussion of transverse dispersion 
is. thcrefore, delayed unt i l  completion of a second set of experiments (currently 
being performed) i n  a second I-ealization of this conductivity field. 
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6. Discussion 

Thcse results represent, to our knowledge, one of the few attempts to directly 
coiiipare stochastic theory with laboratory experiments. In this case, the medium 
was packed to iniinic a log-normally distributed, second-order stationary random 
field with an exponential correlation structure. As such, the medium reproduced the 
conductivity structure included in several previously published stochastic theories, 
including those by Zheng (1998) and Dagan (1984). 

Results from these experiments were consistent with the predicted effective 
hydraulic conductivity and showed excellent agreement with the solution for the 
semivariograrn of head increments. It was observed in the tracer tests, however, 
that the experimental results showed great sensitivity (at late time) of the calculated 
second moments to the choice of the concentration cut-off. Further, significant 
deviations were observed in comparison of the transport theory considered here 
and the results obtained from the transport experiments. In particular, while the 
theory reproduced the correct order-of-magnitude of the variance for the plume, it 
over predicted the rate of increase of the longitudinal second moment. The theory 
also predicted an increase in the transverse second moment when the experimental 
results indicated that the moment was constant, or decreasing, over much of the 
flow domain. 

The sensitivity of the estimate of spatial variance to the assumed cut-off for the 
concentration (Figure 9) illustrates a potentially significant difficulty that must be 
addressed in estimating the spatial moments of a tracer plume in the field. Spe- 
cifically, as the plume is transported through a heterogeneous medium, the second 
spatial moments become increasingly sensitive to the regions of the aquifer occu- 
pied by low concentration of the tracer. As the concentration decreases, however, 
analytical detection limits will often limit our ability to quantify th.:, concentration. 
The result, again as illustrated in Figure 9 €or the current series of experiments, is 
that estimates of the second spatial moments will become increasingly uncertain as 
a greater portion of the plume is occupied by concentrations below our analytical 
detection limits. Further, this result implies that two tracers, with different detection 
limits (relative to their initial concentrations) may provide different estimates of the 
second spatial moments. 

It is argued that sampling design may also help to explain the difference between 
the hydraulic results (in which theory matched experiment) and the transport results 
(in which theory failed to match experiment). The distribution of piezometers al- 
lowed relatively uniform sampling of the head and head increment over the central 
portion of the flow field. As a result, the data were sampled over a large number 
of integral scales in both the horizontal and vertical dimension, thus allowing con- 
fidwce i n  the assumption that ergodic conditions had been achieved. In contrast, 
ergodic conditions were likely not obtained in the transport experiments. Dagan 
(1990) argues that the transverse dimension oi  the plume should be much greater 
than the integral scale in order to observe transport behavior that is consistent with 
predictions based on assumptioils of ersodicity. The iesults presented here indicate 
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that the initial widths of these two pluines (less than five integral scales) were 
insufficient to achieve such ergodic conditions. 

Reassessment of these transport plumes accounting specifically for both the 
initial geornetry of the plume and non-ergodic conditions (e.g., Zhaiig, 1997) are 
lopics of continuing analysis. Further, these experiments are being repeated in a 
new realization of the conductivity field and with large initial plume dimension 
(and a different niethod of introducing the tracer) in an effort to minimize these 
non-erggodic effects. 
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within heterogeneous porous media 
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Abstract. A laboratory flow cell was used to study chemical transport to wells producing 
water from two realizations of a heterogeneous porous medium. The wells produced water 
from a confined aquifer which was otherwise governed by a mean uniform hydraulic 
gradient. For both realizations the aquifer was composed of a two-dimensional, 
lognormally distributed, second-order stationary, exponentially correlated conductivity 
field. For the first realization, response was monitored at  a single well 45 integral scales 
from the inflow boundary. Four wells were used in the second realization, with locations 
ranging from 10 to 45 integral scales from this boundary. The focus of this work was on 
the nature of the dispersion observed in the chemical arrival at the pumping well, and this 
work builds on an earlier study in which it was shown that results under mean uniform 
flow were relatively consistent with stochastic theories for fluid flow and chemical 
transport under mean uniform flow. Consistent results were obtained across the two 
realizations for the wells located 45 integral scales from the boundary as the breakthrough 
curves demonstrated an increase in dispersive behavior with an increase in the ratio of the 
pumping rate to the regional flow, consistent with existing theory for finite-sized sources. 
In contrast, results for the well located closest to the source (10 integral scales) 
demonstrated variability in the timing and shape of the breakthrough curves that did not 
correlate with the ratio of pumping at  the well to regional flow. The results indicate that 
the shape and timing of a breakthrough curve at a well producing within a regional flow 
field may be strongly dependent on the  distance of the well from the source. Further, the 
parameters (e.g., dispersivity) obtained from analysis of the breakthrough curve are shown 
to be functions of the ratio of pumping rate at the well to the regional flux. 

1. Introduction 
Stochastic models of chemical transport have provided use- 

ful insight into contaminant transport under mean uniform 
flow subject to a number of assumptions regarding the statis- 
tical description of the velocity or conductivity fields. For ex- 
ample, first-order theory based on an assumption of mean 
uniform flow in an exponentially correlated conductivity field 
[e.g., Rubin, 1997; Dagan, 19841 has been shown to be useful in 
a number of field situations, including the Borden and Cape 
Cod sites [e.g., Garabediun et ul., 1991; Freyberg, 19861, and has 
been compared against the results of laboratory experiments 
performed in heterogeneous porous media [e.g., Silliman et al., 
1Y9Y; Silliman and Zlieng, 20011. These early theories have 
been extended to discussion of ergodicity [e.g., Sposito and 
Dugmi, 19941 and to nonergodic solutions [e.g., Zhang et ul., 
19961 that have provided significant insight into the behavior of 
chemical plumes that have not converged to ensemble behav- 
ior. On the basis of different assumptions regarding the statis- 
tics of the underlying velocity field, Berkowitz and Scher [1998] 
have suggested an alternative model, based on their continu- 
ous time random walk model in a statistically stationary veloc- 
ity field, to reproduce observations from the macrodispersion 
experiment (MADE) field site [Adurns and Gelhar, 19921 and 
laboratory results on a “uniformly heterogeneous” medium 
[Bciiiowitz et al., 2000]. Meerschaert et al. [I9991 have discussed 
Copyright 3001 by the American Geophysical Union. 
Papcr number 2001WR900005. 
0043- i397;01/2001WR900005$09.00 

a dispersion model based on fractional dispersion. Di Fedenco 
and Neuman [1998] also considered transport (and the evolu- 
tion of the dispersion coefficient) in porous media character- 
ized by multiscale conductivity fields. 
In addition to transport under mean uniform flow, there has 

been substantial study of the delineation and behavior of cap- 
ture zones in thevicinity of pumping wells. Bair etal. [1991], for 
example, studied confidence intervals on the shape and area of 
capture zones through use of a time-of-travel model in a ho- 
mogeneous aquifer with uncertain hydraulic conductivity and 
porosity. Several studies have used published spatial statistics 
(e.g., log conductivity variance ,and correlation scale) to inves- 
tigate various aspects of capture zone uncertainty through 
Monte Carlo simulation. Cole and Siftiman [1997, 20001, for 
example, investigated confidence intervals for wells in uncon- 
fined aquifers. Working with confined aquifers, van Leeciwen et 
al. [1998, 19991 and Varljen and Shafer [1991] demonstrated 
that stochastically determined capture zones can aid in delin- 
eating confidence regions that will contain the actual capture 
zone. Similarly, Guadagnini and Granzetfi [1999] have studied 
capture zone uncertainty in terms of transport time statistics 
from a contamination source to a production well. Vussolo et 
al. [1998] and others have also looked to inverse modeling to 
illustrate the worth of data in delineating the capture zone of 
a production well. While these studies have provided substan- 
tial insight into the uncertainties involved in delineation of 
capture zones in heterogeneous media, they provide little in- 
sight into the dispersive behavior to be observed for a chemical 
being withdrawn at the pumping well. 
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Figure 1. Schematic of laboratory tank used in these experiments. For the experiments discussed here the 
three inflow reservoirs were hydraulically connected to form a single inflow reservoir. 

Toward the study of dispersive behavior at a pumping well, 
Silfirnan [1995] has suggested, for transport in a fracture, that 
the magnitude of dispersion observed at a well will be a func- 
tion of the ratio of the pumping rate at the well to the rate of 
flow through the fracture. He did not, however, support these 
arguments through either experimental observations or a gen- 
eral theory. This suggestion is consistent with the spirit of work 
performed for nonergodic solute transport under mean uni- 
form flow considering finite initial plume dimensions [e.g., 
Zhang et al., 19961. 

Dagan and Indelman [1999] and Indelman and Dagan 119991 
have recently provided a stochastic analysis of transport under 
both divergent flow from a single well and flow between an 
injection and a withdrawal well. Neuweiler et al. [2001] and 
Attinger et al. [2001] have extended this work for radial flow 
with finite Peclet numbers. These theoretical results do not, 
however, cover the very difficult problem of a well producing 
water from a flow field otherwise described by mean uniform 
flow. Neirman [1993] has provided a weak approximation that 
can be applied to this flow condition. However, to our knowl- 
edge, no published work has provided expressions for the dis- 
persive properties to be observed at the well. 

The present study is intended to provide insight into the 
dispersive properties to be observed during withdrawal of a 
chemical at a well producing from a heterogeneous aquifer. As 
such, this study builds upon the literature on delineation of 
well head capture zones referenced above but focuses on the 
dispersive characteristics observed at the well rather than on 
delineation of the extent of the capture zone. Further, it builds 
on the literature covering nonergodic transport and transport 
in the presence of diverging flow fields. This study is based on 
a series of experiments, performed under laboratory condi- 
tions, in which breakthrough curves for a conservative chemi- 
cal tracer were collected at a well that is pumping at steady 
state from a heterogeneous aquifer subject to a regional gra- 
dient. These experiments are an extension of flow and trans- 
port studies in the same media that were conducted under 
mean uniform flow as reported by Silfiman and Zheng [2001]. 
As discussed in section 4, these previous studies demonstrated 
relatively $cod agreement between experimental results ob- 

tained under mean uniform flow and theoretical results ob- 
tained from the literature. All work is based on two realizations 
of a constructed, two-dimensional aquifer that was designed to 
mimic a low-variance, lognormally distributed, exponentially 
correlated, second-order stationary random conductivity field. 

2. Apparatus 
The experiments were conducted in a laboratory tank with 

maximum dimension for the sediment compartment of 1.6 m X 
0.67 m x 0.094 m (Figures 1 and 2). The tank was designed to 
allow flow to be established with a mean gradient parallel to 
the 1.6 m axis of the cell. The upper and lower borders of the 
tank were maintained as no-flow boundaries. Mean uniform 
flow parallel to the long dimension of the tank was established 
through injection of fluid into the upstream reservoir (left 
reservoir in Figure 1) while maintaining a constant head in the 
downstream reservoir (right reservoir in Figure 1). 

Five weIls with locations as shown in Figure 1 were utilized 
in these experiments. In each case, the wells fully penetrated 
the 0.094 m width of the laboratory tank. The wells consisted of 
0.006 m OD copper tubing which had been penetrated with a 
large number of drill holes along its length. The tubing passed 
through a special fitting on the side of the tank and could be 
accessed on the exterior of the tank (see Figure 2). The interior 
of the copper tubing (that portion within the tank) was then 
lined with an 80-mesh stainless steel screen, thus preventing 
the migration of the sediments used to fill the tank. A peri- 
staltic pump was used to withdraw water from a well. No more 
than one well was active at any given time. 

The critical measure of the pumping rate used in these 
experiments was the ratio of pumping at the well to regional 
flow, R, and was defined as 

R = Q d Q n  (1) 

where QP is the volumetric rate of discharge from the well and 
Q, is the volumetric flux crossing the inflow boundary of the 
tank. For the experiments discussed here, R vaned from -0.06 
to -0.31. That is, the rate of fluid withdrawal at the well varied 
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the top or bottom of the reservoir (dependent on whether the 
tracer was of higher or lower density than the native fluid) and 
withdrawing fluid from the opposite end (bottom or top) of the 
same reservoir at an identical rate. The pumping rate was kept 
a t  a minimum to allow the vast majority of the fluid to pass 
through the open reservoir (rather than infiltrating into the 
porous medium). It was determined that -3 reservoir volumes 
were required to bring the reservoir to full concentration of the 
tracer; 5 reservoir volumes were used during these experiments 
to provide confidence that the reservoir was at the full con- 
centration at the beginning of the test. Following the flushing 
of the reservoir, flow through the porous medium was reiniti- 
ated with tracer fluid being injected at constant volumetric flux 
and concentration into the inflow reservoir and the valves 
leading from the well and outflow reservoir open. It is noted 
that this method produced a brief period of nonsteady flow 
within the porous medium. However, monitoring of the volu- 
metric flux from the outflow reservoir indicated that the period 
of nonsteady flow was substantially <1 min in all experiments 
and was therefore considered negligible. 

The breakthrough curve of the tracer was monitored at the 
well by passing the discharge through a calibrated, flow- 
through electrical conductivity cell. Sodium chloride was used 
as tracer in all experiments. The conductivity cell was cali- 
brated over the range of tracer concentrations used (calibrated 
from 50 to 1000 mg L-'), Because of the volume of water 
contained in the tubing leading to the conductivity cell and the 
volume of the conductivity cell the time of measurement a t  the 
cell was adjusted to account for plug flow through the tubing 
and the cell, The cell was always oriented such that higher 
concentration was at the bottom of the cell, thus minimizing 
rniving within the cell (because of density effects the response 
in the cell was unstable when lighter fluid entered from the 
base of the conductivity cell or heavy fluid entered from the top 
of the cell). Independent experiments on mixing in the cell 
demonstrated that dispersion arising from mixing of fluids in 
the cell was minimal in comparison to the temporal width of 
the breakthrough curves observed here. All tracer experiments 
were run until the conductivity cell indicated that the concen- 
tration at the well was steady and equal to the inflow concen- 
tration. 

3. Porous Medium 
The distribution of sands comprising the heterogeneous me- 

dium within the tank was selected so as to mimic a lognormal, 
exponentially correlated, second-order stationary hydraulic 
conductivity field. The variance of this field was selected to 
equal -0.5. In order to produce these fields, two sources of 
sand were obtained with different grain-size distributions. The 
first saurce (Accumin sand) was available commercially and 
has brcn used extensively in our prior experimental efforts. 
This source consisted of well-rounded quartz sands with min- 
imal iron oxides on their grain surfaces. The second source 
consisted of sands excavated from a research site near Oyster, 
Virginia. These sands included a far wider grain-size distribu- 
tion Ihan the first source, with substantial iron coatings on the 
fine grain-size fraction. While the Accumin sands were pur- 
chased already sieved into multiple size fractions, the sands 
from the field site required sieving into various grain sizes. 
Following sieving, the sands were remixed in various grain-size 
fractions (no mhing between the two sources) to provide 10 
final rnLstures of sands with a total range in hydraulic conduc- 

tivity of 1.61 to 0.015 cm s-'. The source, conductivity, and 
percent of the medium comprised of each grain size has pre- 
viously been reported [Sihi7za11 arid Zlzeng, 2001 1. 

In order to define the distribution of these sands a series of 
two-dimensional random fields with exponential correlation 
were simulated on  the computer using the turning bands algo- 
rithm [Toinpson ef  al., 19891. The random fields generated had 
an isotropic integral scale of 2.75 cm and a variance of In K of 
slightly < O S .  The simulated conductivities were then reduced 
to the 10 conductivities available in the laboratory sands. The 
statistics of the conductivity field (mean, variance, and corre- 
lation structure) were then recalculated on this reduced con- 
ductivity field to ensure that reducing the continuous conduc- 
tivity distribution t o  a discrete distribution with 10 
conductivities did not seriously impact the simulation statistics. 
Two of these realizations were selected for packing within the 
tank. These distributions were then printed out, to scale, on 
transparency sheets and attached to the wall of the tank to be 
used as templates. 

The sands were then added to  the tank following the tem- 
plate and using narrow plastic dividers to separate different 
regions in the tank. In the second realization, for example, the 
entire tank was subdivided into regions of size 6.9 mm X 6.9 
mm X 94 mm (94 mm is the width of the tank). Sand was 
added to each of these regions and the tank was regularly 
vibrated in order to ensure proper compaction (the plastic 
dividers were raised as the tank was filled with sand). The 
actual distributions of sand, as viewed through the front sur- 
face of the tank, are shown in Figure 2. As discussed by Silli- 
man and Zherig [2001], the distribution at the wall as shown in 
Figure 2 includes slightly blurred contacts between different 
regions (due to leakage around the plastic divider at the wall 
surface), and the contact between different sands in the inte- 
rior of the tank is much sharper than observed at  the wall. 

As discussed by Sillirnnri arid Zlieng [2001], correspondence 
between the computer-simulated random field and the random 
field actually packed in the tank was checked for the first 
realization both visually and through comparison with hydrau- 
lic measurements (i.e., the effective hydraulic conductivity and 
the second-order moment of the hydraulic gradient). It was 
concluded that the distribution of sands obtained in the labo- 
ratory was quite close to the simulated distribution. Further, 
the agreement between chemical tests run in the two realiza- 
tions (see section 4) and the agreement between biological 
transport experiments run in both realizations (S. E. Silliman 
et al., Bacterial transport in heterogeneous porous media: Ob- 
servations from laboratory experiments, submitted to Water 
Resources Resenrcli, 2000) suggest that both packings success- 
fully reproduced the desired random fields. 

4. Summary of Results Under Mean 
Uniform Flow 

Silhnaiz and Zlzeng [2001] report on results of hydraulic and 
chemical tracer experiments performed under mean uniform 
flow in the first realization of these two media. Experiments 
described in that paper included analysis of both the distribu- 
tion of increments in the hydraulic head and the transport of a 
finite sized plume of conservative chemical tracer. The hydrau- 
lic measurements described within that paper demonstrated 
good agreement with stochastic theory. 

Results for the chemical transport experiments showed 
agreement with the spatial trend in longitudinal dispersion 
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predicted by Dagnri [1984,1987]. However, it was reported that 
the :.symptotic longitudinal dispersivity was below that pre- 
dicted by this theory. This discrepancy was explained as being 
due to the small initial lateral dimension of the tracer plume 
relative to the integral scale of the conductivity field. This 
explanation has since been confirmed by comparing the asymp- 
totic dispersivity observed in those experiments with the pre- 
dicted asymptotic dispersivity predicted by Dngnn [1991] for an 
initial plume of finite width. On the basis of equation (29) in 
the work of Dagan 119911 it was estimated that for an initial 
plume of -3-5 integral scales (the minimum dimension of the 
observed plume) the asymptotic dispersivity will be in the 
range of 0.475-0.65 times $1 (where I is the integral scale 
(2.75 cm) and 2 is variance of the natural log of the hydraulic 
conductivity (0.49)). This provides a predicted asymptotic dis- 
persivity in the range of 0.64-0.88 cm. On the basis of the 
observed rate of spread of the tracer plume it is estimated that 
the observed asymptotic dispersivity is in the range 0.60-0.80 
cm (derived from Figure 8a of Silliman and Zheng [2001]). 
Hence the longitudinal transport results under mean uniform 
flow were consistent with stochastic theory. 

In terms of transverse dispersion, Silliman and Zheng [ZOOl] 
report inconsistency with the theoretical predictions obtained 
from the early theories of Dngan [1984, 19871. In reviewing 
these results relative to nonergodic theory for finite initial 
dimension on the plume, however, the results reported by 
Silliman and Zheng (their Figure Sb) are qualitatively consis- 
tent with the small asymptotic transverse dispersivities pre- 
dicted by Zhang et a f .  [1996]. Quantitative comparison has not 
been performed. 

Overall, therefore, it was concluded from the experiments 
on mean uniform flow that the medium and the apparatus were 
providing experimental results that compared favorably with 
stochastic theory for mean uniform flow. 

5. Experimental Results Under Flow 
to a Well 

Wells 1 through 5 are numbered as shown in Figure 1. Only 
well 5 was in place for experiments in the first realization. 
Wclls 1-4 were active for experiments in the second realiza- 
tion. 'Wells 4 (second realization) and 5 (first realization) are at 
the same distance from the source (45 integral scales), such 
that results from these two wells are directly comparable. Well 
4 (rather than well 5) was used in the second realization to 
obtain consistent measurements along the center line of the 
tank. 

Breakthrough curves for three tracer tests performed in the 
first realization using well 5 (with R = 0.06, 0.13, 0.31, 
respectively) are provided in Figure 3. The time axis on this 
plot litis been normalized as [ t  - ( V T / Q p ) ] ( Q / q ,  where t is 
the time since the start of flow following addition of the tracer 
to the inflow reservoir, Q is the volumetric flux entering the 
inflow reservoir, V is the total volume of the porous medium, 
Q, is the rate of pumping at the well, and V ,  is the volume of 
the tubing between the tank and the conductivity cell plus the 
volume of water within the conductivity cell. The ratio, V,/Q,, 
represents a correction for the time required for a sample to 
travel from the well to the conductivity cell. The concentration 
has been normalized as percent of total change in concentra- 
tion during the experiment. It is noted that the finite volume of 
the conductivity cell (-30 mL between the lower inlet to the 
cell and [he point of discharge from the cell) causes an aver- 
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aging of the concentration within the cell. Given the pumping 
rates at the well (see Table l), the maximum period of aver- 
aging was -2 min (that is, at any time, the water at the outlet 
of the conductivity cell was withdrawn from the tank a maxi- 
mum of -2 min earlier than the water at the inlet to the 
conductivity cell). In all experiments, the width of the break- 
through curve (e.g., from C/C, - 0.05 to C/C, - 0.95) was 
>10 min and was often >30 min. It was therefore assumed that 
the time averaging which occurs within the conductivity cell 
was insignificant. 

Using the same axes as in Figure 3, Figures 4a-4d show the 
results for tracer tests run at each of the four wells in the 
second realization, with Figures 3 and 4d representing the 
results for the two wells at the same distance from the source 

Table 1. Description of the Various Experiments Included 
in Figures 3 and 4" 
Well c, c, Q Q P  R 

1 134 510 183 13.5 0.075 
1 122 500 226 27.0 0.120 
1 120 510 220 80.0 0.364 
2 118 517 225 14.1 0.062 
2 120 505 235 32.0 0.136 
2 122 500 7-17 73.0 0.336 
3 115 506 253 13.5 0 . 0 3  
3 10s 521 24s 35.0 0.14 
3 116 196 209 71.0 0.34 
4 117 542 253 17.0 0.067 
4 117 519 298 32.5 0.109 
4 119 497 225 71.0 0.3 16 
5 216 536 258 15.4 0.06 
5 536 219 117 15.6 0.13 
5 219 117 10s 33.5 0.31 

"Definitions are as follows: Q is volumetric flux entering the medium 
through the inflow reservoir (mL min-I): 0, is volumetric flux being 
withdrawn at the well (mL min-'); R is QJQ; C, is starting concen- 
tration of NaCl (mg L-I); and C, is ending concentration of NnCl (mg 
L-'). 
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Figure 4. Breakthrough curves at wells 1-4 in the second realization: (a) results for well 1 with R = 0.08, 
0.12, and0.31,(b) resultsforwell2withR = 0.06, 0.14, and0.34,(c)resultsforwell3withR = 0.06, 0.14, 
and 0.34, and (d) results for well 4 with R = 0.07, 0.1 1. and 0.32. Time and concentration are normalized 
as in Figure 3. 

(wells 5 and 4, respectively). The flow rates, pumping rates, and 
starting and ending concentrations for each of the tests are 
provided in Table 1. Reproducibility of experimental results 
within a single packing was excellent. In addition, there was ex- 
cellent reproducibility of results at 45 integral scales (wells 4 
and 5 )  across the two realizations. For example, Figure 5 shows 
a comparison of results for one experiment conducted at well 4 in 
the second realization (with R = 0.32) as compared to an exper- 
iment conducted at well 5 in the f i rs t  realization (with R = 0.31). 
Because of the fact that only one well was available for the first 
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Figure 5. Comparison of breakthrough curve obtained at 
well 5 (realization 1 - R = 0.31) with breakthrough curve 
obtained at well 1 (realization 2 - R = 0.32). The solid line 
represents the results from the second realization. Time and 
concentration are normalized as in Figure 3. 

realization it was not possible to compare experimental results 
across realizations for the shorter flow distances. 

6. Observations and Discussion 
A number of observations are made regarding these results. 

These observations are summarized as follows: (1) The shape 
and timing of the breakthrough curves are functions of R .  ( 2 )  
At distance from the inflow boundary, there is a consistent 
relationship between R and the degree of dispersion observed 
in the breakthrough curves. (3) This relationship appears con- 
sistent across realizations. (4) This relationship breaks down at 
shorter flow distances. 

It is apparent from review of Figures 3 and 4 that the timing 
and shape of the breakthrough curve varies with the rate of 
production at the pumping well. Viewing Figures 3 and 4d, for 
example, one observes that while the initial arrivals of the 
breakthrough curve at wells 4 and 5 are nearly identical (in 
terms of normalized time) for all R (and across the two real- 
izations), the breakthrough curves reflect greater dispersion 
with an increase in R. Hence it is concluded that the degree of 
dispersion observed in the well was, for these experiments, 
dependent not only on the statistics of the conductivity field 
and transport distance between the source and the well but 
also on the ratio of production at the sampling point to the 
mean uniform flw moving through the aquifer. 

Comparison of Figures 3 and 4d leads to the observation of 
an apparently consistent relationship between R and the de- 
gree of dispersion observed at the well, at least at distance 
from the inflow boundary. Specifically, as R increases, the 
degree of dispersion observed at the well increases. At least 
two mechanisms, summarized in Figure 6, can be hypothesized 
as leading to such a relationship. 

The first mechanism (Figure 6a) is related to the degree of 
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convergence of the mean flow in the vicinity of the well. For 
small R ,  for example, the capture zone consists of a narrow set 
of flow lines extending upgradient from the well. In this situ- 
ation, one observes very little convergence of the mean flow 
field in the vicinity of the well, negligible variation in the mean 
transport time from the source to the well among all flow lines 
entering the well, and, therefore, a steep breakthrough curve 
(minimal dispersion at the well). As R increases, both the width of 
the capture zone and the degree of convergence of the mean flow 
field near the well will increase. The result is that mean transport 
time from a line source (perpendicular to mean flow) to the well 
increases with transverse distance away from the center line of 
the capture zone, resulting in the breakthrough curve observed 
at the well reflecting a greater degree of dispersion. 

The magnitude of observed dispersion at the well caused 
purely by convergence in the mean flow field can be examined 
either numerically or through an analytical solution provided 
by Bear and Jacobs [1965]. The results shown here are based on 
the analytical solution but have also been reproduced numer- 
ically using combinations of MODFLO W [McDonald and HUT- 
bacglz, 19881 and MODPATH [Pollock, 19891, and also MOD- 
FLOW and MT3D (Zheng [1992], setting the longitudinal 
dispersion coefficient to zero). The solution of Bear and Ja- 
cobs, based on the assumption of homogeneity in the conduc- 
tivity field, provides a measure of the time of travel from a 
specified point within the aquifer to the well and is given by 

r' = x '  f In (sin E e)) '  
where 

0 = arc tan (5) , 

where 
qo Darcy velocity of the mean uniform flow per unit 

thickness; 
Q rate of production at the well per unit thickness; 
n longitudinal distance from the well to the chemical 

sou xe; 
y transverse distance from the well to the chemical 

source; 
t time. 

Assuming that the well is sufficiently distant from the inflow 
boundary to ensure that there is mean horizontal flow at the 
boundary (this has been confirmed to be true for wells 4 and 5 
through numerical modeling), the mean width of the capture 
zone at the inflow boundary ( 2 L )  is given by 

where 0, is equal to the measured flow through the entire 
tank and D is the saturated thickness of the experimental 
medium along the vertical axis of the tank (0.67 m). Settingx = 
1.19 in (the distance Crom the inflow boundary to wells 4 and 

increasing R 
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Figure 6. Schematic illustration of two mechanisms leading 
to the dispersion of the breakthrough curve observed at the 
pumping well: (a) increased dispersion of the breakthrough 
curve related to the widening of the capture zone with an 
increase in R (R1 < R2 < R3)  and (b) increased dispersion 
of the breakthrough curve with an increase in R (R1 C R2),  
related to greater variability in fluid velocities along any trans- 
verse cross section through the capture zone. 

5)  and lettingy vary in the range of -L to +L, one can generate 
the predicted breakthrough curve at the well solely because of the 
convergence of the flow field in the vicinity of the well (i.e., zero 
dispersion due to local diffusion, local dispersion, or heterogene- 
ity). Figure 7a shows the predicted breakthrough curves for the 
three R values used in these experiments and illustrates that the 
observed dispersion in the well does increase with increase in R. 
Figure 7b, however, shows the comparison of this analytical so- 
lution against the observed breakthrough curves for two of the 
experiments at well 5, illustrating that there is substantially 
more dispersion observed at the well than predicted from con- 
sideration of advection via the mean flow field. Hence it is 
apparent that while an increase in pumping rate will result in 
increased dispersion of the breakthrough curve observed at the 
well, this increase is insufficient to explain the observed dis- 
persion at the well in these experiments. 

The second mechanism is directly related to the presence of 
heterogeneity within the porous medium. Figure 6b shows 
hypothetical capture zones at the same well for two pumping 
rates in a heterogeneous aquifer. Note that the capture zone at 
the higher pumping ratio ( R 2 )  will necessarily enclose the 
capture zone at the lower pumping ratio ( R l )  for the same 
orientation of regional flow. If we limit our attention to the 
portion of the capture zone that is far enough upgradient of 
the well such that flow is approximately mean uniform, we can 
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breakthrough curves. Rather, MT3D is used here as a tool to 
provide a simple measure of the relative dispersion among the 
different experimental results (as represented by the fitted 
dispersivity). In completing these simulations it was assumed 
that the medium was (1) homogeneous with a hydraulic con- 
ductivity equal to the calculated effective conductivity of the 
medium [Silliman nrzd Zheng, 20011, (2) at steady state with 
respect to flow, (3) subject to pumping at a rate and at a 
location identical to those used in the experiment, (4) subject 
to boundary heads €or the left and right reservoirs selected to 
provide the observed volumetric flux across the inflow bound- 

at the inflow boundary. The assumption of homogeneity (and, 
ary, and ( 5 )  subject to the input of the tracer as a step function 

thereby, the use of effective parameters) was justified in this 
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~ realizations, implying a lack of dependence of the large-scale 
transport process on the details of the local conductivity dis- 
tribution. Simulations were run at a variety of discretizations 
(from element dimensions of 0.4 cm on a side to element dimen- 
sions of 1.0 cm on a side) and with a variety of transport solution 
schemes (method of characteristics (MOC), modified MOC 
(MMOC), and the hybrid scheme provided in MT3D) in order to 
ensure that the solutions had converged and were not subject to 
excessive numerical dispersion. Further, the numerical solution 
was compared with the analpcal solution described above for the 
case of zero dispersion with excellent reproduction of the analyt- 
ical result. The solutions presented in Figures Sa-& were per- 
formed with element dimensions of 1.0 cm X 1.0 cm, the hybrid 
MOC/blMOC package, a Courant number of 0.9, and the fourth- 
order Runga-Kutta algorithm for particle tracking. For these sim- 
ulations it was assumed that the transverse dispersivity was equal 
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Figure 8. Fit to the data observed at well 5 in the first realization using MODFLOW and MT3D: (a) R = 
0.06, (b) R = 0.13, (c) R = 0.31, and (d) the fit to the data for R = 0.31 using the parameters estimated 
for the experiments with R = 0.06 and R = 0.13, Solid lines represent the fitted curves and the dotted lines 
represent the data. 

adequate explanation for this behavior is currently not known 
to this author. Hence discussion of the fitted porosity is left for 
future consideration. 

It is illustrative to compare the dispersivities obtained with 
MT3D against the asymptotic dispersivities predicted for mean 
uniform flow with a finite initial width of the source. As above, 
this prediction is based on equation (29) of Dagan [1991], 
assuming mean uniform flow and, in this case, an initial source 
width equal to the mean width of the capture zone at the inflow 
boundary. For the three experiments represented in Figure 8 
the initial widths were set equal to 1.46, 3.17, and 7.55 integral 
scales based on R = 0.06, R = 0.13, and R = 0.31, 
respectively, and an integral scale of 2.75 cm. The resulting 
predicted longitudinal dispersivities are listed in Table 2. It is 
observed that the magnitude of the dispersivities and trend in 
dispersivity with R are quite consistent between these labora- 
tory results and the results predicted using the theory for mean 
uniform flow. That is, the large-scale behavior within this ex- 
perirrental medium in the presence of a single pumping well 
appears quite consistent with the large-scale, nonergodic be- 
havior under mean uniform flow discussed by Dugun 119911 
and Z h i g  et af. [1996J. Hence these numerical results lend 

support to the conjecture that the observed increase in disper- 
sivity with increasing R ,  as observed in the breakthrough 
curves at wells 4 and 5, is related primarily to the increased 
mean width of the capture zone at higher R. 

While the dispersion results observed at wells 4 and 5 appear 
to be controlled by a consistent, large-scale transport behavior, 
it is apparent from review of Figure 4 that there is also a strong 
effect of scale (distance from the source to the well) on the 
observed breakthrough curve. At 10 integral scales from the 
inflow boundary (well I), for example, the shape and timing of 
the breakthrough curves vary inconsistently with R (Figure 4a). 
The inconsistency observed at the first well is less apparent at 
well 2 (15 integral scales fiom the boundary and shown in 
Figure 4b), where the breakthrough curves are apparently be- 
ing averaged over sufficient length scales of heterogeneity to 
provide some consistency in the variation with R. Specifically, 
the initial arrival time appears quite similar'for the three R 
values tested. The relationship between dispersivity and R con- 
tinues to become stronger through well 3 and. finally, through 
wells 4 and 5. This result is, of course, quite consistent with 
existing transport theory for mean uniform flow. 

Table 2. Parameters Used in MT3D to Produce Fits Shown in Figure 8" 
Dispersivity 

Used in Using Dagart 
Range of Porosity Dispersivity Predicted 

R Porosity cm Figure Figure, cm [1991], cm 
Range of Dispersivity, Used in 

0.06 0.7,55-0.190 0.2-0.4 0.288 0.2 0.21 
0.13 0.290-0.295 0.3-0.7 0.295 0.4 0.50 
0.31 0.330-0.335 0.7-1.5 0.335 1.2 1.0 

"Dispcrsivity is longitudinal. Transverse dispersivity is 0.1 times the longitudinal dispersivity. Ranges on porosity and dispersivity represent the 
range of  parameters outside of which reasonable match of theory to observation could not be obtained. 
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7. Conclusions 
The results of this experimental effort lead to several con- 

cIusions: 
1. The shape of the breakthrough curve a t  a well producing 

from a heterogeneous aquifer will be a function of R ,  the ratio 
of pumping rate at the well to the volumetric flux moving 
through the aquifer under the mean regional gradient. 

At distance from the source, the degree of dispersion 
reflected in the breakthrough curve at  the well will increase 
with W faster than would be expected simply through consid- 
eration of the change in the mean flow field (with R )  in the 
vicinity of the well. 

The heterogeneity-related dispersion reflected in the 
breakthrough curve appears to be a function of two length 
scales: (1) the distance from the source and (2) the mean width 
of the capture zone upgradient of the well. The dependence on 
the mean width of the capture zone at distance from the source 
is quantitatively consistent with the literature on nonergodic 
transport of chemical plumes of finite initial dimension being 
transported within mean uniform flow fields. 

4. A t  45 integral scales from the inflow boundary the be- 
havior (shape, timing, and dependence on R )  of the break- 
through curves was nearly identical over the two realizations 
tested, suggesting that transport is approaching asymptotic be- 
havior at or near this length scale. 

The advection-dispersion equation, applied under the 
assumption of homogeneity, provided reasonable reproduction 
of the center portion of the breakthrough curves. However, the 
experimentally derived curves consistently showed an overly 
steep early time behavior and an extended tail a t  late time. 

2. 

3. 

5 .  
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Abstract. Transport of bacteria through heterogeneous porous m e d a  was investigated in 
small-scale columns packed with sand and in a tank designed to allow the hydraulic 
conductivity to vary as a two-dimensional, lognormally distributed, second-order stationary, 
exponentially correlated random field. The bacteria were Pseudomonas fluorescens R8, a 
strain demonstrating appreciable attachment to surfaces, and strain M1, a transposon 
mutant of strain R8 with reduced attachment ability. In bench top, sand-filled columns, 
transport was determined by measuring intensity of fluorescence of stained cells in the 
effluent or by measuring radiolabeled cells that were retained in the sand columns. 
Results demonstrated that strain M1 was transported more efficiently than strain R8 
through columns packed with either a homogeneous silica sand or  a more heterogeneous 
sand with iron oxide coatings. Two experiments conducted in the tank involved monitoring 
transport of bacteria to wells via sampling from wells and sample ports in the tank. 
Bacterial numbers were determined by direct plate count. At the end of the first 
experiment, the distribution of the bacteria in the sediment was determined by destructive 
sampling and plating. The two experiments produced bacterial breakthrough curves that 
were quite similar even though the similarity between the two porous media was limited to 
first- and second-order statistical moments. This result appears consistent with the concept 
of' large-scale, average behavior such as has been observed for the transport of conservative 
chemical tracers, The transported bacteria arrived simultaneously with a conservative chemical 
tracer (although at significantly lower normalized concentration than the tracer). However, the 
bacterial breakthrough curves showed significant late time tailing. The concentrations of 
bacteria attached to the sediment surfaces showed considerably more spatial variation than did 
the concentrations of bacteria in the fluid phase. This contrast between behavior in the fluid 
phase and on the solids is consistent with field observations by other authors and initial 
modeling of these heterogeneous media. 

1. Introduction 

Interest in the deposition and transport of bacteria in 
groundwnter systems ranges from the study of subsurface eco- 
systems. to analysis of biorernediation efforts, to the study of 
the movement of pathogens. A number of tield and laboratory 
investiipions have addressed the mechanisms controlling mi- 
crobiai transport. Among the best documented field studies are 
those at the field site maintained by the US. Geological Survey 
on Cape Cod [e.g.: Hnivey er al., 1989; Hnrvqj aid Galabedim, 

'Also at Marine Science Program and Department of Biological 
Scienc;s. University of South Carolina, Columbia, South Carolina. 
USA. 
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1991; LeBlnnc et al., 1991; earnbedinn et ai., 1991; Bales et ai., 
19953. From the diverse range of experiments conducted at 
several locations within the Cape Cod site, these authors have 
demonstrated that microbial transport is strongly influenced by 
subsurface geochemistry (in particular, pH), physical hetero- 
geneity, and the flow path taken by the bacteria. Hnivev et a/. 
[1993] also demonstrated that tests performed in the field are 
often governed by different mechanisms than those in re- 
packed columns in the laboratory. 

Laboratory studies have demonstrated that even in homo- 
geneous media, transport is influenced by complex factors such 
as microbial activity and behavior. Clement er nl. [1997], for 
example, used both laboratory studies and a numerical model 
to study the growth and transport of bacteria under denitrify- 
ing conditions and found that a first-order attachment- 
detachment model could describe the transport observed in 
the column studies. These authors suggest, from analysis of 
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their results, that the rate of detachment may increase with 
growth rate. Johnson et al. E19951 combined laboratory exper- 
iments with a series of detachment models for bacteria to 
argue that only detachment functions that allow an initial pe- 
riod of rapid release combined with a longer term release 
mechanism were successful in reproducing observed break- 
through curves. They also argued that for their experiments a 
number of preferential (irreversible) sorption,sites must exist 
within their columns and that bacteria must sorb to these sites 
prior to the onset of breakthrough. Hendiy et al. [1999] dem- 
onstrated the impact of mean pore water velocity on the sorp- 
tion (attachment/detachment) behavior of bacteria in homo- 
geneous columns. 

A number of these studies have focused on the influence of 
geochemical properties on microbial attachment/detachment. 
f i ~ f l p p  et al. [I9981 performed a series of column experiments 
demonstrating that the iron oxyhydroxide coatings on mineral 
surfaces of a porous medium can lead to a substantial decrease 
in the percentage of bacteria remaining in the fluid phase, and 
observed in the column effluent. Detachment can vary consid- 
erably in space and time for media in which the pH and ionic 
strength vary significantly [Scholl and Harvey, 19921. Also, at- 
tachment-detachment behavior can change from first-order to 
second-order processes depending on the ionic strength of the 
fluid phase [Deshpande and Shonnard, 19991. Clearly, environ- 
mental factors can have a significant influence on transport 
through homogeneous media. 

Bacterial transport processes become even more complex in 
heterogeneous media. Teutsclz et al. [1991] constructed several 
experimental devices (1 m columns and an 8 m long flume) for 
the study of bacterial transport in various sediments. These 
authors found that the breakthrough curves for bacteria and 
viruses were highly variable and strongly dependent on the 
composition of the medium. Foortres et al. [1991] found that the 
ability of a bacterium to travel through a laboratory column 
was a function of the composition of the artificial groundwater, 
the mean grain size of the porous medium, and the length of 
the flow path through the column. They also found that het- 
erogeneity can lead to multipeaked breakthrough curves be- 
cause of strong variation in mean transport time along differ- 
ent flow paths through the column. Morley et al. [1998] have 
studied transverse miving of bacteria between regions of dif- 
ferent hydraulic conductivity. On the basis of observations 
from a IaboratoIy column containing a vein of coarse sand 
within an otherwise homogeneous column of fine sand, they 
argued that transverse mixing is not significant in aquifers. 

Microbial transport also has been investigated in intact sed- 
iment cores [Bolster et al., 19991, with destructive sampling 
revealing substantial (two orders of magnitude) spatial varia- 
tion in microbial deposition. The authors concluded that this 
spatial variability was due, in part, to heterogeneity but also to 
multiple attachment behaviors among the source bacteria. 
They argued further that destructive sampling of cores is nec- 
essary to fully understand the bacterial deposition occurring 
within such laboratory experiments. Arfeider et al. [1997] have 
made similar arguments regarding the need for sediment cores 
based on comparison of fluid samples and cores samples col- 
lected in the field. 

The present laboratory study builds on these previous re- 
ports by investigating microbial transport through two hetero- 
geneous media for which the local hydraulic conductivity var- 
ied as a stationary, correlated random field. Further, the 
conductivity was inversely correlated with the coating of sand 

grains with iron oxyhydroxide. Although the flow field was 
mean uniform, it was fully two-dimensional and subject to local 
pumping at a well. Bacterial breakthrough curves were deter- 
mined by analysis of water collected at the well. In addition, 
fluid samples were collected at several points in space and at 
several times during the transport experiment. Finally, bacte- 
rial abundance on the solid phase was determined, for one of 
the experiments, by destructive sampling. These experiments 
represent an extension of the flow and transport studies re- 
ported by Sillimon and Zlzeng [2001] and Silli~naiz [2001]. 

2. Methods 

2.1. Laboratory Tank 
The experiments were conducted in a laboratory tank with a 

sediment compartment of 1.6 m X 0.67 m X 0.094 m (Figures 
1 and 2).  The design allowed flow to be established with a 
mean gradient parallel to the 1.6 m axis of the tank and with 
no-flow boundaries along the upper and lower borders of the 
tank. Tests were conducted by injecting water at a known 
volumetric flux into the inflow reservoir (Figure 1) while con- 
stant head was maintained at the outflow reservoir. Water was 
withdrawn at well 5 (the first test) or wetl 4 (the second test) 
with the ratio of the pumping rate at the well to the volumetric 
flux across the inflow boundary between 0.24 and 0.25. 

Chemical and microbial tracers were add concurrently to 
artificial groundwater, AGW (140 pM NaHCO,; 140 pA4 
MgSO, X 7H20; 80 pA4 NaCI; 70 pM CaSO, x 2H,O; 15 
p M  KNO,). The chemical tracer was sodium chloride at con- 
centrations of 100 mg L-' in the first experiment and 200 mg 
L-' in the second experiment. The microbial tracers are de- 
scribed below. Both tracers were added to the inflow reservoir 
through a flushing process used previously [e.g., Sillinzan, 20011 
to provide sharp Gont and back faces to tracer pulses. The 
pulse volumes were -8.0 L for the first experiment and 6.6 L 
for the second experiment. Tracer-free AGW was used to 
chase the pulses through the tank for -9 pore volumes in the 
first experiment and 4 pore volumes in the second experiment. 

Chemical breakthrough was monitored at the well using a 
calibrated conductivity electrode. Microbial concentrations 
were determined by plating (see below) samples from (1) the 
discharge at the well, (2) fluid samples collected from sampling 
ports during the course of the experiment, and (3) samples 
collected destructively after termination of the experiment and 
opening of the tank (first experiment only: the second tank 
remains sealed for additional experiments). 

Mixtures of sands from two sources were utilized to create 
the porous media for all experiments completed. The first, 
Accumin Sand (AS) (Unimin, Le Sueur, Minnesota), was 
available commercially and has been used extensively in our 
previous experiments. AS is comprised of well-rounded quartz 
sands with relatively minor surface coatings. The second type 
of sand was excavated from a U.S. Department of Energy 
research site in Oyster, Virginia [DeFlaun et al., 19991 and is 
referred to here as Oyster Sand (OS). This sand includes a far 
wider distribution of grain size than AS, with substantial iron 
coatings on the fine-grain size fraction. All sands were sieved 
into multiple grain size categories to produce varying hydraulic 
conductivities. Ten final rnktures of sands were chosen for use 
in packing the flow cell, providing a total range in hydraulic 
conductivity of 1.61-0.015 cm s-' (Table 1 provides a summary 
of these 10 mixtures; conductivities were determined using 
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Figure 1. Schematic diagram of laboratory tank. Well 5 was active for the first realization. Well 4 was active 
for the second realization. For the experiments discussed here the three inflow reservoirs were hydraulically 
connected to form a single inflow reservoir. - 

constant flux permeameters packed with homogeneous sam- 
ples of each sand). The fines containing the bulk of the iron- 
oxide coatings were limited predominantly to the three finest 
grain size mixtures (Le., those with the three lowest hydraulic 
conductivities), thus establishing a negative correlation be- 
tween coating and conductivity. 

The spatial distribution of the sands within the tank was 
selected so as to mimic a lognormal, exponentially correlated, 
second-order stationary hydraulic conductivity field. The vari- 
ance o,f this field was selected to equal -0.5, and the intergral 
scale was 1.75 cm. The process of selecting an appropriate 
ranciom field and transferring this computer-generated ran- 
dom tield to the tank and the sand packing process are de- 
scribed elsewhere [Sillininn, 20011. Figures 2a and 2b show the 
two final realizations of the random field. The dark material 
represents the three categories of sand with the lowest hydrau- 
lic conductivity and highest degree of iron coatings. 

2.2. Microbes 
Two strains of Pseirdoo,nonas flziorescens, R8 and M1, were 

utilized in the first experiment, and only P. fiiiorescens M1 was 
used in the second experiment. Strain M1 is a transposon 
1nut;lr.t of strain R8, selected for its reduced attachment ability, 
;IS pr2viously described [CVilliai?~ and Fletcher, 19961. P. firlo- 
I ~ ~ I ? S  RS is a spontaneous rifampin-resistant mutant of P. 
,fi71wmmis BO267 (US. Department of Energy (DOE) Subsur- 
face Vicrobial Culture Collecrion, Florida State University), a 
strain collected from an uncontaminated subsurface site at the 
U.S. DOE Savannah River Site [Balbvill et nl., 19891. 

Transport of P. Puorescem RY and M l  were compared in 
small-scale sand columns (methods described by Willinins arid 
F/erchrr. [ lC396]), constructed from 20 cc syringes with silanized, 
glass wool plugs used as frits. These were packed with the 
following sands: (a) a previously studied AS sand size fraction 
quite similar to one of the size fractions used in the large tank 
(sand 0; Table I), (b) onfractionated OS, and (c) the 10 sand 
size fractions used in the tank (Table 1). All of the sands were 
waslied with distilled water followed by deionized water to 
reniox smaller sediment particles. The wet sands were steril- 

ized by autoclaving for 90 rnin and then baked overnight at 
250°C to dry. 

Bacteria were grown to early stationary phase in peptone 
and yeast extract broth (PYE: 0.1% weight/volume peptone 
and 0.07% weightholume yeast extract) with shaking (125 
rpm) at 23°C. The cells were subsequently harvested by cen- 
trifugation, washed, and resuspended in AGW to a density of 
2.2 X lo9 cells mL-'. To equilibrate the columns, AGW was 
passed through each column at 1 mL min-' for 20 min. One 
milliliter of cell suspension was then loaded onto each column, 
at the rate of 1 mL min-', just as the last of the AGW passed 
into the sand. As the bacterial suspension passed into the sand, 
an additional 20 rnL of AGW was passed through the column 
at 1 mLmin-'. 

To determine bacterial numbers eluted from the column, 
cells were stained with the fluorochrome Syto 11 (molecular 
probes). Syto 11 was added to a final concentration of 2 p M  in 
2 mL of effluent and incubated for 30 min. Fluorescence was 
measured with excitation at 509 nm, and emission was mea- 
sured at 530 nm and compared to a calibration curve prepared 
from known densities of stained cell suspensions. 

In separate experiments, retention of strains R8 and M1 in 
the sand columns was determined by radiolabeling the cells 
and then measuring the amount of radiolabel retained on sand 
samples. The bacteria were grown to stationary phase, har- 
vested by centrifugation, and washed and resuspended in 
AGW (to a final density of 0.6-0.8 optical density (OD) umts 
at Ajg0). Suspensions of strain R8 or M1 were labeled by 
adding 3H-leucine (1 pCi mL cells) or "C-leucine (0.5 pCi 
mL-' cells), respectively, along with 10 p L  mL-' of €'YE 
followed by incubation for 2 hours at 23°C with shaking (300 
rpm). Subsequently, the cells were harvested by centrifugation, 
washed and resuspended in an equal volume of AGW, and 
then incubated without nutrient amendment at 23°C for a 
further 24 hours. The cells were again harvested by centrifu- 
gation and washed three times in AGW before being applied 
to the columns. After passing the bacteria through the columns 
as described above, the columns were frozen at -70°C for 24 
hours and then cut into -1 g transverse sections. Each section 
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Table 1. Sands Used in Packing the Flow Cell 

Hydraulic Approximate Significant 
Conductivity, Range of Grain Surface Percent of 

Sand Source of Sand cm s-' Size, mm Coating? Medium 

0 Oyster 1.61 2.4"4.8 no 0.05 
1 Oyster 0.58 0.9"-2.4 no 0.9 
2 Accuminb 0.49 0.55-1.5s no 4.7 
3 Accumin' 0.224 0.425-1.58 no 11.0 
4 Accuminb 0.15 0.425-0.600 no 23.0 
5 Accumind 0.11 0.300-0.600 no 26.0 
6 Accuminb 0.078 0.300-0.425 no 22.0 
7 Oyster 0.041 0.425"-Q.600 Yes 7.8 
8 Oyster 0.030 O.30Oa-0.425 Yes 3.9 
9 Oyster 0.01s C0.300 Yes 0.6 

".U sieving on the Oyster sediments was performed dry. As a result, fines with a smaller grain diameter than the minimum reported grain size 
are likely to be attached to grains retained on the sieves. 
"As provided by manufacturer without further sieving. 
'Mixture of sands 2 and 4. 
dMixture of sands 4 and 6. 

ples contained -1.5 cc of sediment and the accompanying 
fluid. These samples were homogenized prior to separation of 
the bacteria (described below). 

For the second experiment, well 4, also located 45 integral 
scales from the inflow reservoir (Figure l), was used as the 
pumping well and location for collection of outflow samples. 
For this experiment, -2.1 X lo'* cells of strain M1 were 
passed into the porous medium, concurrent with the chemical 
tracer, through the upgradient reservoir over a period of 24 
min, and with an injected volume of 6620 mL. Only strain M1 
was used in this second experiment because of the very limited 
transport and enumerating difficulties encountered with strain 
R8 in the first experiment. In addition to samples a t  the well, 
samples were collected from 20 septa (the three remaining 
septa locations had been changed to wells prior to the second 
experiment). Samples were coliected from these septa at times 
(relative to the start of the tracer pulse) of approximately 0.5, 
1.1, 3.0, and 5.0 hours. No destructive samples were collected 
from this packing as additional experiments were in progress. 

Strains RS and M1 were enumerated in samples taken from 
the tank by differential plating. Serial dilutions of liquid sam- 
ples were plated in triplicate on PYE-agar plates (15 g agar per 
11 PYE) with either kanamycin (5 mg mL-') or rifampin (100 
nig mL-I). The combined density of strains R8 and M 1  in each 
sample was determined by direct count of colonies on PYE- 
rifampin plates (both strains showing resistance to rifampin). 
The density of strain iLI1 in each sample was determined by 
direct count using PYE-kanamycin plates (strain R8 is not 
resistant to kanamycin). Finally, the density of strain R8 in 
each wmple was determined by subtracting the density of 
strain lvfl from the combined density of strains R8 and M1. 

Bacrzria attached to sand removed during destructive sam- 
pling following the first experiment were assessed by dislodging 
the bacteria from the sand and subsequent differential plating. 
The samples were placed in 10 mL of extraction buffer (0.1% 
sodium pyrophosphate, 0.1% triton X-100) and vigorously 
shaken for 3 hours (300 rpm). Aliquots of the extraction buffer 
were then used for differential plating. Extraction efficiencies 
determined independently for each of the 10 sands were used 
to adjust all cell counts obtained from the destructive samples. 

It is noted here that determination of recovery percentages 
of '3a;::ria for the tank experiments was found to be unreliable 
and i s  not reported here. The reasons are twofold. First, it is 

recognized that no extraction method for removing live bacte- 
ria from a mineral surface is 100% efficient. Thus it is difficult 
to assess the exact numbers of bacteria that remain attached to 
the media (the methods used here were, however, based on 
optimal removal of cells and were consistent across replicate 
experiments). Second, the heterogeneity and limited sampling 
performed in the large tank made spatial estimation of the 
numbers of bacteria attached to the sands quite subjective. 

3. Experimental Results 

3.1. Small-Scale Sand Columns 
It was observed that the transport of strain M1 was generally 

greater than or equal to the transport of strain RS in all sands 
(Figure 3). The greatest transport differences between strains 
R8 and M 1  were with AS (sands 2-6), with strain M1 being 
transported with a significantly higher efficiency than strain 
R8. No transport of strain M1 was detected with the fine OS 
size classes (sands 7-9); however, transport of strain R8 within 
these size classes also was severely limited. Both strains were 
transported at relatively high efficiencies through the coarse 
OS size classes (sands 0 and 1). 

The results for the destructive samples obtained from the 
small columns filled with OS demonstrated that both strains 
R8 and M1 were retained in greater numbers near the top of 
the column (Figure 4). Very low numbers of strain RS were 
observed in the lower half of the column. Numbers for strain 
M1 also decreased markedly, but to a lesser degree than ob- 
served for strain R8. For  the AS, both strain R8 and strain M1 
were distributed throughout the column with a slight decline in 
numbers with distance into the column. For the AS the num- 
bers observed €or strain R8 were generally greater than or  
equal to the numbers for strain M1. The distribution and 
number of cells were similar whether the cells were initially 
added as pure cultures or  as a mixture of the two strains. 
Therefore the presence of the second strain did not appear to 
enhance or interfere with the attachment of the first. 

3.2. Experiments in the Heterogeneous Media 
Figure 5 shows breakthrough curves for sodium chloride and 

strain M1 from the first tank experiment. Strain RS was either 
not detected in samples, or their numbers were low and incon- 
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Figure 3. Percentage of applied cells of (a) strain RS and (b) 
strain M l  eluted from the different classes of sand as listed in 
Table 1. "SGW" refers to a control without sediment and 
containing only the silanized glass wool used to support sedi- 
ments in the experimental columns. "Oyster Sand" refers to 
unsieved sand from the Oyster site. "Accu Sand" refers to 
Accumin sand used in prior biological transport studies with a 
grain size distribution similar to sand 6 .  The error bars repre- 
sent 21 standard deviation as determined from triplicate ex- 
periments for each sand. 

sistent among replicates, thus leading us to conclude that the 
data for strain R8 were unsuitable for analysis. The concen- 
trations given in Figure 5 have been normalized to the total 
mass injected. The shape and timing of the sodium chloride 
curve is quite consistent with previous results [Silliman, 20011, 
whcre a series of chemical breakthrough curves at wells 4 and 
5 were compared and analyzed. The curves in Figure 5 also are 
consistent with the shape and timing of the strain M1 and 
sodium chloride breakthrough curves for the second tank ex- 
periment. 

Three significant features of the chemical and bacteria 
curves (Figure 5 )  are noted. First, the timing of the initial peak 
of ihe bacteria breakthrough was the same as that of the 
sdiain chloride. Second, the bacteria breakthroyh curve 
showed a significant tail with a near-uniform concentration for 
times >200 min after injection. Third, the peak normalized 
concentration of the bacterial breakthrough was an order of 
magnitude lower than the peak normalized concentration of 
the sodium chloride. 

A comparison of the breakthrough curves for strain M1 in 
the two experiments demonstrates several notable features 
(Figure 6). First, the timing and (normalized) peak concentra- 
tion cf the initial portion of the breakthrough were approxi- 
mateiy t h e  same for the two experiments. Second, both exper- 
imems showed significant tailing at later times. Third, the 
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Figure 4. Representative retention of strains R8 and M1 in 
columns containing OS and AS sands. Counts are in bacteria 
per gram of d q  sediment. Distance is measured from the 
inflow end of the column: (a) retention on AS and (b) reten- 
tion on OS. Triangles represent strain R8; circles represent 
strain M1. 

width of the peak was somewhat narrower, and the concentra- 
tion in the tail portion was lower for the second experiment. 

The concentration of strain M1 in fluid samples from differ- 
ent septa changed with time, illustrating movement of bacteria 
with respect to the inflow boundaries, As shown in Figure 7, for 
the second experiment, the spatial distribution of bacteria set- 
tled into a consistent pattern for the samples collected >2 
hours after the injection of the bacteria. Figure 8 shows, for the 
first experiment, the distribution of strain M1 on the solids as 
a function of distance from the inflow boundary. The numbers 
of bacteria on the solids generally showed high spatial variabil- 
ity, with the numbers of bacteria being particularly high in the 
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Time in Minutes 
Figure 5. Breakthrough curves at well 5 for NaCl (solid line) 
and strain M1 (circles) for the first realization. The concentra- 
tions have been normalized to the total mass injected. 
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Figure 6.  Comparison of the breakthrough curves for strain 
M1 in the two realizations. The concentrations have been nor- 
malized to the total mass injected. First experiment is shown by 
circles, and second experiment is shown by triangles. 
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fine-grained sediments: 2-5 orders of magnitude above the 
concentrations observed in the remainder of the tank. 

4. Interpretation of Results 
The bacteria breakthrough curves obtained in the two tank 

experiments are quite similar to those obtained from labora- 
tory experiments with homogeneous media that have been 
reported in the literature [e.g., Johnson et af., 1995; Hendy et 
ai., 19991. Specifically, these curves show initial breakthrough 
of the bacteria timed quite similarly to that of the conservative 
chemical tracer (compare, for example, with Figures 1 and 2 of 
Hendry et al., [1999]). Further, these breakthrough curves show 
a nearly constant bacterial concentration in the late time por- 
tion of the breakthrough, consistent with the observations of 
both Hetidy et af. [1999] and Johnson et al. [1995] (who term 
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Figure 7. Distribution of concentration of strain M1 cells in 
the fluid phase (cells per mL) for the second realization. Three 
sampling periods after the start of injection of the cells are 
shown: 85 rnin (circles), 1% rnin (triangles), and 305 rnin 
(diaxonds). The horizontal axis represents the horizontal 
(1.a in) axis in the tank. One point at 11 cm from the inflow 
boundary sampled at 85 rnin was truncated from this plot 
(due  IO a concentration - 3  orders of magnitude higher than 
the remainder of the data). 

l.E+00 ! J 
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Figure 8. Distribution of the concentration of strain M1 cells 
on the solid phase (cells per gram) for the first realization. The 
horizontal axis represents the horizontal (1.6 m) axis in the 
tank. The samples collected in sands 7-9 are denoted by cir- 
cles, and the remainder of the samples are denoted by trian- 
gles. 

this late time concentration of bacteria an “elution plateau”). 
This demonstrates that the transport process at large scale 
(relative to the integral scale) in these heterogeneous media 
showed fundamental characteristics similar to those of a ho- 
mogeneous medium. 

These results also are consistent with some, but certainly not 
all, field observations. The field results of Harvey et  nl. [1993], 
for example, show very similar breakthrough behavior for their 
bacteria (relative to the conservative chemical tracer) at two of 
the depths sampled at their field site (9.0 and 9.5 m). Their 
results for a third sampling depth (8.8 m), however, provided 
bacteria breakthrough times quite inconsistent with the ob- 
served arrival of the bromide tracer. Similar comparisons with 
our results can be made with other field studies, such as the 
bacteriophage experiments reported by Ryan et al.  [1999]. 
Hence, while the present results may provide insight into cer- 
tain aspects of the field transport problem, these experiments 
clearly do not represent the range of behaviors one is likely to 
observe in the field. 

The bacteria breakthrough curves for the two realizations 
showed good reproducibility. Specifically, the peak concentra- 
tions in these two experiments were quite similar, the timing of 
the initial peak was the same, and despite a significant post- 
peak decline in the second realization, the concentrations at 
the well were similar at late time. This result is quite significant 
as it provides initial evidence that bacterial transport, at least 
under select conditions, may show consistent large-scale be- 
havior that may be a function of the statistical description of 
the conductivity/mineralogy, but that is not a function of the 
details of each realization of these fields. Although conclusions 
regarding large-scale behavior would be premature at this 
point, these results suggest that large-scale, mean behavior 
may exist in these media (as suggested by Rehrnarzn et al. [1999] 
on the basis of stochastic theory for viral transport). 

There remains, however, some distinct differences between 
the two results shown in Figure 6. Although the peak bacterial 
concentration for the second realization was quite similar to 
that of the first, the width of the bacterial peak for the second 
curve was narrower than that of the first. Further, the decline 
in bacterial concentration following the peak was substantially 
greater for the second realization than for the first. Finally, the 
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second realization showed a delayed secondary arrival of bac- 
teria in the form of a slow increase in the bacterial concentra- 
tion in the outflow fluid at late time. 

While the reduced width of the breakthrough curve for the 
second experiment (relative to the width for the first experi- 
ment) may be related to the reduced width of the input pulse 
of bacteria in the second experiment, the remaining differ- 
ences in postpeak behavior of the two curves are not as easily 
explained. It is possible that the presence of strain R8 in the 
first experiment had some influence on transport of strain MI. 
However, as mentioned above, we concluded from the column 
experiments that the presence of strain R8 did not impact the 
transport behavior of strain M1. Hence we suggest that any 
interference effect between strains R8 and MI is unlikely to be 
the primary mechanism leading to the differences in these two 
rzsults. Further, the lack of nutrients and short duration of the 
experiments make it unlikely that growth or death of bacteria 
played a significant role in either of these experiments. We 
conclude therefore that the observed differences in the strain 
M1 breakthrough curves in the two tank experiments must be 
related to the interaction among the flow field, the bacteria, 
and the spatial distribution of the sands. Hence, while it may be 
suggested that certain characteristics of the bacterial transport 
may be approaching a large-scale, averaged behavior (as indi- 
cated in the previous paragraph), the portion of the bacterial 
breakthrough curve beyond the initial peak continues to show 
significant sensitivity to the details of the spatial distribution of 
the sands. 

A second set of observations relate to the numbers of bac- 
teria in the fluid samples and those remaining on the solids at 
the termination of the first experiment. As indicated by the 
data shown in Figure 7, the concentration of bacteria in the 
fluid phase approached an approximate steady state (the later 
time concentrations declined at a very slow rate). Further, and 
again at late time, the concentration showed a consistent spa- 
tial pattern with slightly higher concentrations near the inflow 
boundary and generally decreasing or constant concentrations 
with increasing distance from this boundary. The concentra- 
tion in the fluid phase near the well was also consistent with the 
concentration observed in the well. This general spatial pattern 
of nearly uniform concentration at late time (total variability in 
concentration was -1 order of magnitude) and consistency 
between the fluid samples and the concentration observed at 
the well were observed in both experiments. 

In contrast to the minimal variation in concentration in the 
fluid phase, the destructive samples collected after completion 
of the first experiment showed >5 orders of magnitude varia- 
tion in the concentration of strain M1 remaining on the solids: 
the highest concentrations were associated with the low per- 
meabilityihigh iron sediments (Figure 8). This result is gener- 
ally consistent with those of the small column experiments 
(Figures 3 and 4) in which it was demonstrated that strain M1 
attached in higher numbers (near the column inflow) and had 
suhsrantially reduced ability to transport in the OS as com- 
pared to the AS. 

The contrast between the concentration in the fluid phase 
and the concentration on the solid phase is consistent with the 
discussion by Afieideer et 01. [1997], in which they infer from 
field samples that relatively uniform concentrations of bacteria 
in fluid samples may coexist with tremendous spatial variation 
in conccntrations in the attached microbial populations. This 
distribution of bacteria on the solids and in the fluid is also 
consistent with initial numerical simulations of our experi- 

ments using a kinetic sorption-desorption model (L. Zheng, 
Kansas Geological Survey, Personal Communication, 1999). 

The different attachment behaviors of strains M1 and RS in 
the small column experiments on these two different sediment 
types also illustrated the significance of substratum chemistry 
in assessing comparative bacterial attachment characteristics 
[Wiencek and Fletcher, 19951. Strain RS demonstrated a higher 
attachment ability than M1 with the AS sediment, while both 
strains attached readily to the high-iron OS sediments. It is 
premature to speculate on the mechanisms for thcse observed 
differences in attachment to the two sediment types, but they 
are presumably related to the compatibility in chemistries on 
the particle and bacterial surfaces [Retcher, 19961. 

These results suggest two implications of the difference be- 
tween sampling from the solid phase and sampling from the 
fluid phase. First, as noted by Alfreider. et al. [1997], sampling 
from the fluid phase will provide a measure of the spatial 
variation in bacterial concentrations that (1) represents an 
average of the microbial behavior in the porous medium over 
a scale which may be quite large relative to the local hetero- 
geneities and (2) does not reflect the variation observed on the 
solids. Second, it is likely that following injection of a pulse of 
bacteria into a heterogeneous medium, the bacteria on the 
solids will represent a continuing source of bacteria for the 
fluid phase, such that bacteria are likely to be found in fluid 
samples (albeit at low concentrations) well after the initial 
breakthrough and subsequent decline in concentration has oc- 
curred. In our case, we suspect that the late time tail was due 
primarily to release from the lower conductivity zones. This 
appears consistent with the preliminary modeling performed 
relative to these experiments (L. Zheng, Kansas Geological 
Survey, personal communication, 1999). In the field it is likely 
that the concentration in the fluid phase will be a function both 
of release and growth of the bacteria remaining in the system. 
Both of these mechanisms would be tempered by the rate of 
death of the bacteria. 

5. Conclusions 
A pair of biological transport experiments have been con- 

ducted in two realizations of a porous medium consisting of 
exponentially correlated hydraulic conductivities. The results 
of these experiments provided several significant observations, 
including the following. 

1. The two experiments produced bacterial breakthrough 
curves that were quite similar, even though the similarity be- 
tween the two porous media was limited to first- and second- 
order statistical moments. This result appears consistent with 
the concept of large-scale average behavior previously ob- 
served for the transport of conservative chemicals. 

2. The transported bacteria arrived at the outflow port 
simultaneously with the conservative chemical tracer (although 
at significantly lower concentration). 

3. The bacteria breakthrough curves showed significant 
late time tailing. This tailing was probably related to high 
concentrations of bacteria remaining in regions characterized 
by small grain size, low hydraulic conductivity, and high degree 
of iron-oxide coating. 

The behavior of the bacteria breakthrough, compared to 
the breakthrough of the conservative chemical tracer, was con- 
sistent with observations made in the laboratory on homoge- 
neous sediments and with select field observations. 
5. The concentrations of bacteria attached to the sediment 

4. 
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surfaces showed considerably more spatial variation than the 
conczntrations of bacteria in the fluid phase did. 
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