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ABSTRACT 

The transport of reactive solutes in the subsurface is influenced by a variety of 

physical and chemical processes. The processes are characteristically heterogeneous and 

often operate simultaneously at different temporal and spatial scales. In modeling reactive 

solute transport different models take different approaches, dependent on the scale of the 

system and the objective of the study. Two major approaches have been used to incorporate 

heterogeneous rate-limited mass transfer into mathematical models for solute transport. One 

focuses on processes operative at the microscopic scale and associated grain-scale 

heterogeneity, while the other stresses the macroscopic variability of the medium and the 

field-scale behavior of solute transport. In this work, I first examine the conceptual 

framework and model formulation of these two approaches in an attempt to evaluate 

potential commonality, then present a two dimensional numerical model that integrates the 

first approach with traditional stochastic modeling for reactive transport. In this model 

multiple processes are explicitly accounted for, including spatially variable flow, spatially 

variable sorption, locally heterogeneous diffusive mass transfer, locally heterogeneous rate-

limited sorption, and locally heterogeneous first-order degradation. Finally, the model is used 

to 1) examine the individual and concurrent effects of multiple heterogeneous processes on 

reactive transport, and 2) evaluate the impact of microscopic-scale mass transfer 

heterogeneity on field-scale transport in systems for which hydraulic conductivity is spatially 

variable. 

The comparison of the two approaches shows that despite differences in 
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conceptualizatioa and formulation, both microscopic and macroscopic based models produce 

comparable behavior for smaller-scale systems. However, greater deviations are observed 

at larger scales. This suggests that caution should be taken when using mathematical 

modeling for elucidating the specific processes that may be influencing reactive-solute 

transport for a given system. Results from 2-D simulations of the new model reveal that 

inclusion of locally heterogeneous mass transfer does not appear to significantly influence 

the mean transport behavior for systems with field-scale heterogeneity. However, it does 

appear to influence low-concentration tailing. For simulations of reactive transport over 

extended distances, models with locally heterogeneous mass transfer may "preserve" the 

non-equilibrium effects associated with rate-limited mass ttansfer better than the models 

incorporating locally uniform mass transfer when both pore-scale and field-scale 

heterogeneity coexist. 
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CHAPTER 1. INTRODUCTION 

1.1 Introduction 

The transport and fate of reactive solutes in the subsurface has become a major 

concern in the area of environmental, hydrological, and earth sciences. This interest is 

generated by the need for predicting contaminant migration, and for developing and 

implementing remediation programs. Significant progress has been made during the last two 

decades in terms of understanding and predicting solute transport, with mathematical models 

playing an indispensable role in conjunction with experiment-based research. 

It is recognized now that a variety of physical and chemical processes may influence 

the transport of reactive solutes in natural media. These processes are characteristically 

heterogeneous and often operate simultaneously at different temporal and spatial scales. Four 

processes have been considered as principal, as they generally characterize the major 

transport behavior of reactive solutes in the subsurface. In particular, advection controls the 

mean motion of solutes, dispersion describes the deviation of concentration from the mean 

motion (spreading), mass transfer retards the movement of solutes, and transformation causes 

total mass reduction. 

In previous modeling of reactive transport in porous media, assumptions were often 

made of homogenous medium and equilibrium mass transfer. With these assumptions, ideal 

transport is predicted. However, solute transport in the field often exhibits non-ideal 

behavior, one of them being tailing, which is primarily attributed to rate-limited processes 
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and associated heterogeneity. 

Two major approaches have been recently used to incorporate heterogeneous rate-

limited mass transfer into mathematical models for solute transport. One approach focuses 

on microscopic-scale processes, and associated grain-scale heterogeneity. Conversely, the 

other stresses the macroscopic variability of the medium, and the field-scale behavior of 

solute transport. Despite their obvious differences, models with these two approaches bear 

a significant amount of similarity, therefore, comparable simulation results maybe expected 

from these two under certain conditions. However, the strength and weakness of each 

approach are still unclear, and an in-depth comparison is needed in the aspects of model 

conceptualization, formulation, and performance. 

Despite differences in modeling approach, most models for reactive transport only 

include a single or a lumped process of rate-limited mass transfer. Some models incorporate 

two rate processes, with both diffusive mass transfer and rate-limited sorption explicitly 

represented. The double-rate models demonstrate a better performance for data simulation 

and parameter identification compared to the one-rate models. However, the influence of 

medium heterogeneity has yet to be incorporated. For field-scale reactive transport, the 

impact of rate-limited mass transfer has been considered much less fi-equently in comparison 

to spatially variable advection and equilibrium sorption. Question remains regardmg the 

significance of microscopically heterogeneous rate-limited mass transfer. Its influences on 

the long-term, low concentration tailing of reactive transport are also unknown. 

Accurate modeling of rate-limited processes and of chemical as well as physical 
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heterogeneity is critical for better prediction of contaminant transport, fate and remediation. 

The overall purpose of this work is to present a model that attempts to provide an improved 

simulation for reactive transport in heterogeneous subsurface systems. It is expected that 

such a model would be useful for examining the individual and concurrent effects of multiple 

heterogeneous processes, including microscopically heterogeneous rate-limited mass 

transfer, on reactive solute transport. It may also be useful to provide insight on the influence 

of these processes on the remediation of contaminated subsurface systems. The information 

gained from numerical simulation may help better imderstand reactive solute transport 

influenced by heterogeneous rate processes at both lab and field scales. 

1.2 Objectives 

The specific, primary objectives of this research are to: 

1. Review a variety of rate-limited transport models developed in the past two decades, 

and to generalize modeling approaches. 

2. Examine the conceptual framework, mathematical formulation and numerical 

simulation of the microscopic and macroscopic based, heterogeneous rate-limited 

transport models, and to evaluate their potential commonality. 

3. Develop a two-dimensional model that explicitly accounts for multiple heterogeneous 

processes at both pore and field scales, including spatially variable flow, spatially 

variable equilibrium sorption, microscopically heterogeneous diffusive mass transfer, 

microscopically heterogeneous rate-limited sorption, and microscopically 
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heterogeneous degradation. 

4. Investigate the significance of microscopically heterogeneous rate processes for 

field-scale reactive transport when large-scale processes and spatial variability are 

present. 

1.3 Overview of Chapters 

Chapter 2 contains background information and a literature review. A brief 

introduction of two types of rate-limited mass transfer mechanisms and the concept of 

medium heterogeneity are presented, followed by an overview of major rate-limited transport 

models developed during the past two decades (objective 1). Chapter 3 is the basis for a 

manuscript that is being reviewed for publication in the journal Water Resources Research. 

It provides an in-depth, detailed comparison of two major approaches that are commonly 

used for incorporating heterogeneous rate-limited mass transfer processes into reactive 

transport models (objective 2). Comparison is focused on the conceptual framework, 

mathematical formulation and modeling performance of each approach. Numerical 

simulations are conducted for two systems, each incorporating one of two types of mass 

transfer mechanisms. Transport behavior is also examined for two spatial scales, one 

representative of laboratory systems and one for field scale-tracer tests. 

Chapter 4 is the basis for a manuscript to be submitted to the Journal of Contaminant 

Hydrology. It presents a two-dimensional, multi-process, multi-scale heterogeneity model 

for the simulation of reactive solute transport in the heterogeneous subsurface (objective 3). 
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A series of 2-D simulations were conducted to demonstrate the individual and concurrent 

effects of multiple heterogeneous processes on the spatial (first and second moments) and 

temporal (breakthrough curve and tail) behavior of reactive solute transport. These processes 

include the spatially variable flow, spatially variable equilibrium sorption, microscopically 

heterogeneous diffusive mass transfer, and microscopically heterogeneous rate-limited 

sorption. The results were presented at the 1998 Fall Meeting of the American Geophysical 

Meeting {Li and Brusseau, 1998). Chapter 5 is the basis for a manuscript that is being 

reviewed for publication in the journal of Water Resources Research. It examines the 

significance of microscopically heterogeneous rate processes on field-scale reactive transport 

when both spatially variable hydraulic conductivity and the sorption capacity are present 

(objective 4). Numerical simulations were performed with different combinations of 

hydraulic gradient, travel distance, and degree of non-equilibrium for two cases: one with 

a representation of a traditional, microscopically homogeneous mass transfer process, and 

the other with a representation of a microscopically heterogeneous mass transfer process. 

Chapter 6 summarizes the conclusions of each work presented In the previous chapters. 

Finally, a list of models developed and used in each chapter is provided in Appendix A. 
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CHAPTER 2. BACKGROUND AND LITERATURE REVIEW 

2.1 Introduction 

The influence of rate-limited mass transfer on the transport, fate and remediation of 

contaminants in the heterogeneous subsurface has become a recent focus. One recent interest 

is the development of transport models that incorporate rate processes and associated 

medium heterogeneity. In this chapter, an overview of a variety of rate-limited transport 

models is presented. A brief introduction of rate-limited mass transfer mechanisms and 

medium heterogeneity are also provided to better understand the conceptualization and 

formulation of each model. 

2.2 Rate-limited Mass Transfer Mechanisms 

Mass transfer of solute between pore water and the solid phase of a porous medium 

can be considered as either instantaneous or rate-limited, depending on the relative 

magnitudes of the characteristic times of mass transfer and advective-dispersive flux 

(residence time). Generally speaking, physical adsortpion and ion exchange based mass-

transfer are relatively fast and hence considered as instantaneous processes with respective 

to solute transport. Conversely, chemisorption and intra-sorbent diffusion based mass 

transfer are relatively slow and therefore often categorized as rate-limited processes. 

Two types of mechanisms can act as the bottleneck to inhibit mass transfer from 

reaching equilibrium. First, certain chemical reactions (chemisorption) between the solute 
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and the point of association in the solid particle might limit the overall approach to mass 

transfer equilibrium. An example is the sorption of salicylate on the surface of alumina or 

the condensation of organic amines with carbonyl moieties of the solid phase natural organic 

matter [Schwarzenbach, et al., 1993]. For these chemisorption processes, the total mass 

transfer rate is determined by the rates of individual reactions involved. The second type of 

limitation occurs when the solute molecule is physically constrained when it moves to all the 

points of association within the sorbent at the residence time. This is because some of the 

association points may be at quite inaccessible positions, such as in the dead-end pores, 

between the layers of minerals, or deep inside of aggregates and natural organic matter. To 

reach these points, difi^sion through the immobile water and organic matter may be required. 

Factors related to the chemical aspect of natural media and solute molecules may 

influence the operation of the first type of rate-limited mass transfer mechanism. These 

include the type of the mineral coating and composition of solid particles as well as the 

structure of the reactive solutes. Conversely, the operation of the second type of rate-limited 

mass transfer mechanism is associated with the physical aspect of natural media and solute 

molecules, such as the size and shape of particles, and the size of both reactive and non-

reactive solutes. 

Natural porous media are inherently heterogeneous, chemically as well as physically, 

at multiple scales. It is to be expected that this heterogeneity will influence the mass-transfer 

process, and concomitantly its impact on solute transport. For example, the magnitude and 

rate of mass transfer is likely to be influenced by (e.g., Haggerty and Gorelick, 199S): (1) the 
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type of minerals present and their grain-scale distributions, (2) the quantity, type, and 

distribution of organic matter, (3) the geometry and composition of surface coatings, (4) the 

geometry and volume of microporosity in particles and aggregates of particles, and (5) the 

composition and distribution of lithologic features. The non-uniformity of these factors and 

its influences on mass transfer need to be incorporated into mathematical models to allow 

accurate simulation of reactive solute transport. 

2.4 Overview of Rate-limited Mass Transfer Models 

In this section, an overview is presented for the major rate-limited mass transfer 

models that have been developed in the past two decades. The focus of the overview will be 

placed on their conceptualization and mathematical formulation. The strength and weakness 

of these models will also be discussed to show the progress of modeling approaches. 

The most extensively used reactive transport model is the classic advection-

dispersion model. The equation governing the advective-dispersive transport can be written 

as follows: 

— = VY-Vq- —-VC (2-1) 
dt R R ^ ^ 

where C [m/L^]is the concentration; D [L^/T]is the dispersion tensor; V [L/T]is the pore 

water velocity vector; velocity, and R [dimensioniess]is the retardation factor, which can be 

further defined as R= (l+pK^/B ). Here, Kj is the equilibrium sorption coefficient, p is the 

bulk density, and 6 is the total water content 
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Generally, the classic advection-dispersion model predicts the ideal behavior of 

reactive transport, for example, a symmetric breakthrough curve. When solute transport 

exhibits non-ideal behavior, large deviation is observed between the experimental data and 

model predictions. The rate-limited transport model is developed to characterize the early 

breakthrough and tailing as observed in many solute transport experiments. Dependent on 

the specific mass transfer mechanism, the rate-limited model focuses either on chemical 

sorption based retention, such as one-site and two site models [Selim et al, 1976; Cameron 

and Klute, 1977], or on physical diffusion based retention, for instance, the two-region (two-

domain, dual-porosity or mobile-immobile) model [van Genuchten and Wierenga, 1976; De 

Smedt and Wierenga,\911\ However, both types of retention models use the classic 

advection-dispersion equation to delineate the transport of reactive solutes in the solution 

phase. An additional rate equation is attached, together with an individual term in the original 

advection-dispersion equation to account for the retention of solutes in the solid or immobile 

phase. 

For the one-site model, the sorption rate is simply taken as a function of the 

concentration difference between the sorbed and solution phases; 

^+i^^ = v.^Dvg-v.vc 
dt 9 dt 

(2-2a) 
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(2-2b) 

where S is the concentration sorbed in the solid phase. 

For the two-site model, the effect of equilibrium sorption sites is also included in 

addition to that of rate-limited sites: 

^ + £^ + ̂ ^ = VrDVC;-V.VC (2-3a) 
dt 0 dt 9 dt 

where St and Sn are concentration sorbed by equilibrium and rate-limited sites, respectively, 

kj is the sorption rate coefficient, and F is the mass firaction for the equilibrium portion of 

sorption. 

A three-site model has been proposed by Boesten, et al [1989] to simulate the 

transport of a pesticide in a non-structured arable soil under field conditions. In this model, 

sorption sites are classified into three levels. Sorption at level 1 is assumed to be at 

equilibrium, whereas sorption at levels 2 and 3 is calculated using rate equations. Two 

sorption rate coefQcients are used; it is assumed that level 2 sites equilibrate on a time scale 

of days and level 3 sites equilibrate on hundreds of days. 

(2-3b) 

^  = k,J( I -F)KjC-S„]  
at 

(2-3c) 
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The two-site or three-site model generally provides closer matches to experimental 

data, particularly the tailing, than the one-site model, possibly due to the fact that it explicitly 

accoimts for different types of sorption sites, each with unique scales of mass transfer 

characteristic times. Similarly, the two-reeion model accounts for two types of transport 

domains, one is the mobile or advective region, and the other is the immobile or stagnant 

region. Generally, advective-dispersive solute transport is assumed to be limited only to the 

mobile region. While the immobile region, a representative of intra-aggregate microporosity, 

dead-end pores, absorbed water, and matrix porosity of fractured media, allows for solute 

transport by diffusion. Usually, retention of solute at the particle surface is considered to be 

instantaneous, whereas solute transfer between the mobile and immobile regions is a rate-

limited step, and it can be described in three ways: 

1. Explicitly, with the use of Pick's law to describe the physical mechanism of 

diffusive transfer; 

2. Explicitly, with the use of an empirical first-order mass transfer expression to 

approximate solute transfer; 

3. Implicitly, with the use of an effective or lumped dispersion coefficient that 

includes the effects of diffusive mass transfer, as well as hydrodynamic dispersion 

and molecule diffusion. 

Transport models that use the first approach (use of Pick's law) to incorporate the 

rate-limited mass transfer are usually referred as physical diffusion model, it has been widely 

used in chemical engineering applications since the 19S0s. The model is built with a detailed 
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delineation of the diffusion region [Haggerty and Gorelick, 1995]; 

(2-4a) 

a 
C,„, = ^y''Crdr (2-4b) 

dCr_  Da d  ,  , , ,dCr  j  
-Z ZJT-lr —J 

dt dr dr 
(2-4C) 

where and C„„ are the concentrations in the mobile and immobile regions, separately; f 

is the capacity ratio (ratio of total solute in the immobile region to the solute in the mobile 

region at equilibrium), is the actual immobile region concentration, varying with distance 

r from the center to the edge of the immobile region, D, is the apparent pore diffusion 

coefficient, a is the distance from the center to the edge of the immobile region, and v is the 

shape factor of immobile region. When v = 1, the immobile region is composed of layers; 

when V = 2, the immobile region is composed of cylinders; and when v = 3, the immobile 

region is composed of spheres. 

Due to the difficulty in the definition of immobile region geometry, the physical 

diffusion model is simplified by replacing the mechanistic description of diffusive mass 

transfer with a kinetic first-order mass transfer expression: 
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(2-5a) 

^ = a(C„,-aJ 
ot 

(2-5b) 

where a is the mass transfer rate coefficient. 

The resultant model is often referred as the first-order mass-transfer model. In this 

model, actual description of the porous medium's structure (particle shape) is then no longer 

required. Solute transfer is assumed to be a function of the solute concentration difference 

between the mobile and immobile regions. By visualizing the immobile region as a perfectly 

mixing cell, an average immobile- region concentration is used. This is in contrast to the 

physical diffusion model, in which a concentration gradient is allowed. 

The third approach employs a lumped or effective dispersion coefficient in the 

classic advection-dispersion equation (2-1), The effective dispersion coefficient implicitly 

accounts for any dispersive factor contributing to the spreading of solute moving in porous 

media [Pickens etal. 1981; Lee el al, 1988]: 

where is the dispersion caused by molecule diffusion, is the dispersion caused by 

hydrodynamic dispersion, is the dispersion caused by physical diffusive mass transfer, 

is the dispersion caused by rate-limited sorption, and D|,c is the dispersion caused by 

®e(r~ ®mol ̂  ®hyd •*" ®50fp Dhel 
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heterogeneity. 

Apparently, the physical diffusion model is the most conceptually accurate and 

complex among the three types of two-region models. The effective dispersion coefficient 

model, though, is the simplest but conceptually limited in application, while the first-order 

mass uransfer model is intermediate regarding complexity and conceptual accuracy. It has 

been confirmed that both the fu^t order mass-transfer and the effective dispersion model are 

simplified cases of the physical diffusion model. The simplification will be valid under 

certain conditions. 

Despite its popularity, the use of two-site and two-region models is still limited. As 

pointed out by Brusseau et al [1989], "a major constrain associated with a two-site or two-

region model is the assumption, implicitly or explicitly, that a single process is responsible 

for the observed non-equilibrium. There are likely to be situations where non-equilibrium 

is caused by more than one process. A model that explicitly accounts for multiple sources 

of non-equilibrium (refer to multi-process non-equilibrium model) would more accurately 

describe solute transport in porous media". 

Multi-process models are developed to avoid" global" or "lumped" kinetic terms in 

the rate-limited transport equation. In one example of such a model, the transport domain is 

discretized into two serially arranged bi-continuums (mobile and immobile regions), which 

are coupled in parallel. Diffusive mass transfer is assumed between the two regions. And in 

each region, both equilibrium and rate-limited sorption are allowed. 
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The mathematical formulation of multi-process model can be written as a set of 

partial differential equations \Brusseau etal, 1989]: 

Sml~ Fm K J. m Cm (2-6a) 

Sml~ Fin, KdmCim (2-6b) 

^ = K„,2 [ 0 - FJ Kj.n, C„, - J (2-6c) 
at 

=  K m  [  ( I  -  F i J  K u m  C , „ ,  -  (2-6d) 
at 

(0.,  + /pF.Ki.)^ + fp^f- = V-(BVCJ-V-'Vc.-a(c.-C„) (2-6e) 

(0,,-i-f PFi,Ki,. +(l-f)p =a(c.-cm) (2-6f) 
at at 
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where m denotes the mobile region, and im denotes the immobile region. S„2 ^im2 

sorbed-phase concentrations (MM*'); and kj„ are the first-order desorption rate coefficients 

(T'); and are firactions of sorbent for which sorption is instantaneous; and Kj^are 

the sorption capacities (L^M '); and Gjn, are the fractional volumetric water content of the 

mobile and immobile region; and fm and fim are the mass fraction of sorbent in the mobile 

and inmiobile region, respectively. 

Multi-process models have been used to examine the influence of multiple processes 

and factors on reactive solute transport at both local [Brusseau et ai, 1989; Brusseau and 

Zachara, 1993; Spur lock et ai, 1995; Sireck, et ai, 1995; Hu and Brusseau, 1996] and field 

[Brusseau, \992, Burr et ai, \994; Srivastava and Brusseau, 1996; Xu and Brusseau, 1996; 

Brusseau and Srivastava, 1997; 1999] scales. And more accurate simulations of measured 

data are reported in comparison to the lumped, one-rate models. 

Generally, both the multi-process and the two-site/region models are able to predict 

the asymmetric breakthrough curves associated with non-equilibrium transport. However, 

the long-term, low concentration tailing associated with the flushing of aged or highly 

heterogeneous soil is rarely reproduced, possibly due to the exclusion of the microscopic 

variability of rate process in these models. 

The multi-rate models recently proposed have incorporated the influence of 

microscopic-scale heterogeneity on rate-limited transport. Dependent on the dominant mass 

transfer mechanism, these models either segregate the retention zone into N types of 

immobile regions (as it does in multi-region model), or classify the retention sites into N 



29 

types of sorption sites (multi-site modelV Or just ignore the specific transfer mechanism, and 

order multiple mass retention phases by the magnitude of rate coefficient of each region and 

site. All the retention points are assumed to act in parallel, each with rate-limited mass 

transfer with the solution phase (multi-rate model). 

An example of a multi-rate model is the model proposed by Haggerty and Gorelick 

[1995], in which the rate-limited mass transfer process is defmed as surface sorption and 

diffusion into various sizes and shapes of low permeability zones of porous medium. N-l 

sets of furst order equations are used to approximate the microscopically variable rate 

process, the formulation of the equation is written as the following: 

(2-7a) 

'^'k,(C.-CU i = l,2,...N 
at 

(2-7b) 

where 

(2-7c) 
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One of the earliest multi-reeion model is proposed by Rasmuson in 1985, who 

simulated solute transport in the aggregated soil with a particle size distribution. Rather than 

approximate the whole rate-limited process using a first-order formulation as done in the 

multi-rate model, the pore diffusion process inside the aggregate is separately described with 

a spherical diffusion equation. 

The model is one-dimensional. Mass balance in the mobile region is given by: 

F(b)i is the volume fraction of aggregate size class i with radius b (i.e., the ratio of the total 

volume of aggregate size class i to the total aggregate volume. 

Mass balance in the immobile region is given by the spherical diffusion: 

The total external surface area of aggregate size-class i per total bed porosity is given by the 

following formula. It serves as a weighting factor in (2-8c). 

8t dx' dx eX bi 
(2-8a) 

where NOi = kn (C™ - (C/„, i = 1,2,...N (2-8b) 

ot dr' r or 
i = l,2,...N-l (2-8c) 

( f .  +  l ) F ( b ) ,  

e b 
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F(b)j may be obtained from a sieve analysis and the following equation: 

f j^) b' 
F(b)r (2-8c) 

Pedit and Miller developed a general multi-particle class (multi-site) model with both 

first order mass transfer [1994]and Fickian diffusion [1995] approaches for batch systems. 

In their first-order mass-transfer model, the mobile and immobile fluid phases are viewed as 

the bulk (Cb) and intraparticle fluid phases (Cp), respectively. For each class, both 

equilibrium and diffusion controlled sites coexist. Two diffusion processes are allowed, i.e., 

pore and surface diffusion. 

Mass balance in the bulk phase without advection-dispersion component is given by: 

(2-9a) 

/ L  [ M  ( S ' . ( t )  -  S ' m  +  / ;  X ' .  q ' j o ] - A .  c u o  

S'e(t)= C,(t) (2-9b) 
Pa 
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s ' ( t ) =  ^ + a - f j K ' u  c , ( t )  (2-9c) 
Pa 

Mass balance in immobile phase is given by: 

[ c M - C p O ) ) -
dt 

[ e U ' p + p ' J ^ - f ' J K W r J  ,., 
[ e ' ,  +  p [ ( l - f o ) K ' a ]  

(2-9d) 

where X.^ and Xt stand for the first order reaction rate coefficients at equilibrium type solid 

phase and bulk fluid phase separately, and S, is the sorbent-phase solute concentration at 

equilibrium with bulk fluid phase solute concentration. The multi-particle class (sorption 

site) models were tested on long-term sorption rate data for a herbicide transport in a 

subsurface material. Results indicated that multi-particle class models provided a more 

accurate representation than traditional single-particle class model. 

All in all, the multi-rate (region, site) model made a huge improvement on 

reproducing measured concentration profiles of solute elution from the natural material for 

an extended time period. However, the formulation and calibration of such a model require 

prescription of a large number of parameters, such as the number of sites or regions, the 

fraction of the mass in each region at equilibrium, and at least one rate or distribution 

coefficient for each type of sites (region). While at most situation, it is difScult to define such 

a set of parameters a priori. A superior approach would be to consider a continuum of regions 

(sites) ordered by their rate coefficients. A histogram can be plotted with these coefScients. 

Such a histogram may follow a statistical probability density function (PDF), such as the 
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lognormal or gamma distribution. In these cases, only a limited number of parameters (the 

mean and variance for the lognormal PDF) are needed to characterize the distribution, hi 

reality, the PDF can be obtained either from experimental analysis, for instance, the particle 

size analysis, or by directly assuming that one of the statistical distributions is applicable 

(curve fitting). 

Models using a probability density function to describe the distribution of rate 

coefficients are referred as PDF models. One of the earliest PDF models that actually use 

a statistical probability density function is proposed by Connaughton et al, [1993]. In their 

model, a gamma distribution of sorption rate coefficient is employed. This model 

successfully predicted the release rate of naphthalene from suspension of both freshly 

contaminated (days to weeks) and aged (30 years) soil samples. 

Pedit and Miller upgraded their multi-particle class model into a PDF model [1995] 

using both lognormal and gamma distributions. In the models, both the sorption equilibrium 

coefficient and the rate coefficient are treated as continuously distributed random variables. 

Therefore, a bi-variant distribution is used. 

The PDF model with a lognormal distribution is written as the following: 

k,[SM-S(0]dK,dk,-WO 
' 0 0  

(2-10a) 



34 

f„, ( Kd •ko)~ 
exp(-4/2) 

(2-1 Ob) 
2 JC o-Ka CFko Kj ko(l- p')"' 

1  ( I n K j - P t ^ , ) '  ( I n K j - M t c a ^ ( I n k o - M k J  ( I n k o - ) ' ^  
(2-1 Oc) 

where p is the correlation coefficient, and are means of In (KJ and In (kj, 

respectively, and crkj and cr^o are the variance of In (K^) and In (kj. 

Compared with the multi-particle class model, the above formulation ignores the 

presence of equilibrium-type sorption sites because these sites are represented by large 

values of the first-order mass transfer coefficient. The model formulation also ignores the 

direct mass transfer between adjacent collections of sorption sites within a particle (i.e., only 

mass transfer in parallel is allowed). With these exceptions, the first order PDF model is 

essentially the same with the first order multi-particle class model regarding the mass 

transfer mechanism and model conceptualization. In addition, the bivariant lognormal 

distribution can be reduced to the univariant distribution, simply by assuming Ink^ and InKj 

are perfectly correlated to each other, and a linear firee energy relationship [Bnisseau and 

Rao, 1989] as the follows is available: 

The first diffusion-based PDF model was developed by Haggerty and Gorelick 

[1998]. They use the model to inversely fit the solute releasing profiles for four natural soils. 

The model is in dimensionless form, and is composed of the following equations 

lnk„ = Co + C,hiK, (2-11) 
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^ ^ as, ^ 1 a-c 8C 

d T  P d X -  d X  
(2-12a) 

/ 

Si ~ JS r,; dti  (2-12b) 

d S r . . _ ,  d ' S r J  
• - ki • 

dT d r j  
i = I,2,...N (2-12C) 

/=^ 
yfTrc (J k 

exp 
(Ink - n) 

(2-I2d) 

where f,o, is the total capacity ratio, fj is discretized from f so that both the probability 

density function (PDF) and the cumulative distribution flmction (CDF) of fj are exactly the 

same as f at each mode kj 

Other models that include a distribution of mass transfer rates can be found in the 

works conducted by Villermaux [1981, 1987], Chen and Wagenet [1995], Culver et al. 

[1997] and Cunningham et al.[1997]. These models all demonstrate improved simulations 

of the long-term, low-concentration tailing than the widely used two-site or two-region 

models^ 

In general, the PDF model appears to effectively incorporate the influence of 

microscopic material heterogeneity into the rate-limit«.u process, and its reproduction of 
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various shapes of breakthrough curves seems quite successful. However, it should be noted 

that this type of model focuses only the microscopic-scale processes and associated grain-

scale heterogeneity, thereby its application to the field-scale transport studies are 

significantly limited. 

Stochastic rate-limited models are developed primarily for field-scale transport 

studies. In contrast to the PDF models, these models stress macroscopic-scale processes and 

the spatial heterogeneity of the porous medium. Factors such as the spatially variable 

hydraulic conductivity and sorption capacity have been considered as predominant in 

controlling large-scale transport behaviors. The influence of rate-limited mass transfer 

process is less significant, and often represented as either a lumped, macroscopically 

homogeneous [Cvetkovic and Shapiro, 1990; Andricevic and Fougoula-Geogiou, 1991; 

Selroos and Cvetkovic, 1992; Dagan and Cvetovic, 1993; Quinodoz and Valocchi, 1993; 

Rabideau and Miller, 1994; Harvey and Gorelick, 1995] or heterogeneous process [Valocchi, 

1989; Destouni and Cvetkovic \99\ -,Xu and Brusseau, 1996; Hu et al, 1997a, b; Cvetkovic 

et ai, 1998], The formulation of stochastic rate-limited models is identical to that of two-site 

or two-region models, except that the rate coefficient is a spatial random variable (for the 

heterogeneous representation) just as are the hydraulic conductivity and sorption capacity. 

Usually, the same type of spatial structure (covariance function) is assumed for the three 

parameters, and the influence of different types of correlation among these parameters are 

examined for both spatial (distribution) and temporal (breakthrough or elution curve) 

behaviors of reactive transport. 
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In summary, two-site and two-reeion models focus on either chemically or physically 

induced mass-transfer mechanisms. They are the basis for most advanced rate-limited mass-

transfer models. Multi-process models explicitly account for multiple sources of non-

equilibrium, which helps to elucidate different types of rate processes and identify distributed 

parameters. For incorporating medium heterogeneity, the PDF models provides a detail 

description of pore-scale heterogeneity and resultant "multi-rate" mass transfer, but it ignores 

large-scale spatial variability of material properties. Conversely, the stochastic rate-limited 

models account for large-scale heterogeneity of the porous medium, but mass transfer is 

typically represented as a lumped, microscopically uniform process. The comparison of 

these models demonstrates the need for a new approach to predict the heterogeneous rate-

limited transport at both lab and field scales— an approach combining the strengths of the 

multi-process, PDF, and stochastic rate-limited models. 
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CHAPTER 3. MICROSCOPIC AND MACROSCOPIC APPROACHES FOR 
INCORPORATING HETEROGENEOUS RATE-LIMITED 

MASS TRANSFER 

3.1 Introduction 

Mass transfer of solute between pore water and the solid phase of a porous medium 

can have a significant impact on the transport and fate of contaminants in the subsurface. 

Mass transfer may be considered as an equilibrium or rate-limited process, depending on the 

relative magnitudes of the characteristic times of mass transfer and advective-dispersive flux 

(residence time). For example, physical adsorption and ion exchange are processes that are 

relatively fast and therefore usually considered as instantaneous processes with respect to 

solute transport. Conversely, chemisorption and intra-sorbent diffusion are relatively slow 

and often result in mass transfer being rate limited during solute transport. 

The potential impact of rate-limited mass transfer on the u-ansport, fate, and 

remediation of contaminants in porous media has been a major focus of research during the 

past 10 to 15 years. One aspect of recent interest is the influence of material heterogeneity 

on the mass-transfer process, and the resultant impact on transport behavior. It is now 

recognized that natural porous media are inherently heterogeneous, chemically as well as 

physically, at multiple scales. It is to be expected that this heterogeneity will influence the 

mass-transfer process, and concomitantly its impact on solute transport. For example, the 

magnitude and rate of mass transfer is likely to be influenced by (e.g., Haggerty and 

Gorelick, 1995); (I) the type of minerals present and their grain-scale distributions, (2) the 
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quantity, type, and distribution of organic matter, (3) the geometry and composition of 

surface coatings, (4) the geometry and volume of microporosity in particles and aggregates 

of particles, and (5) the composition and distribution of lithologic features. The influences 

of these factors on mass transfer need to be incorporated into mathematical models to allow 

accurate simulation of reactive solute transport. 

Two major approaches have been used to incorporate heterogeneous rate-limited 

mass transfer into mathematical models for solute transport. One approach focuses on 

microscopic-scale processes, and associated grain-scale heterogeneity. Conversely, the other 

stresses the macroscopic variability of the medium, and the field-scale behavior of solute 

transport. 

For the first approach, grain-scale heterogeneity is considered to result in the 

existence of multiple characteristic time scales of mass transfer (e.g., multi-rate mass 

uransfer), reflecting the influence of factors such as muhiple sorption sites of different 

reactivity, diffusion-controlled domains of differing path lengths and resistances, and the 

occurrence of multiple retention processes. Initially, multi-rate mass transfer was 

incorporated into mathematical models using deterministic approaches, resulting, for 

example, in the widely used two-site/two-domain models [e.g.. Coats and Smith, 1964; van 

Genuthen and IVierenga, 1976; Cameron and Klute, 1977]. More recently, stochastic 

approaches have been used wherein the system is represented as a continuum (e.g., a 

distribution of) of sites/domains. In this case, a probability density function (PDF) is often 

used to characterize the distribution of characteristic times or rate coefficients. This approach 
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was initiated in chemical engineering [Villermaia, 1973,1981, 1987; Sardin et al, 1991] and 

has recently been employed in the environmental field [Comaughton et al., 1993; Chen and 

Wagenet, 1995; Pedit and Miller, 1994, 1995; Haggerty and Gorelick ,1995; Chen et al., 

1997; Culver et al., 1997; Cunningham et al., 1997; Haggerty and Gorelick, 1998]. These 

models appear to provide more accurate simulations of the low-concentration tailing 

behavior observed in laboratory studies. However, large-scale transport processes and 

associated spatial variability have not been incorporated into these models, which limits their 

field-scale applicability. 

The second approach describes rate-limited mass transfer as a locally homogeneous 

process, using a single rate coefficient. However, the magnitude of the mass transfer 

coefficient is considered to be spatially variable. This variability may be represented as a 

stochastic process, with a joint probability density function describing the spatial structure 

of heterogeneity [Valocchi, 1989; Destouni and Cvetkovic 1991; A'm and Brusseau, 1996; Hu 

et al, 1997a, b; Cvetkovic et al, 1998]. 

As discussed above, stochastic approaches have been used to incorporate the 

influence of porous-medium heterogeneity on rate-limited mass transfer at both the 

microscopic and macroscopic scales. Despite their obvious differences, these two approaches 

bear a significant amount of similarity. For example, both of them treat the mass-transfer rate 

coefficient as a random variable, with its variability described using a specified statistical 

distribution. Furthermore, both of them use the classic advective-dispersive transport 

equation as well as the first-order mass transfer formulation to describe the rate-limited mass 
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transfer process. Thus, it is likely that models based on the two approaches may produce 

comparable results under certain conditions. The objective of this chapter is to examine the 

conceptual and mathematical formulation of the two approaches, and to evaluate potential 

commonality. Numerical solvers will be developed for both sets of governing equations, and 

the performance of these two models will be tested for two systems, each incorporating one 

of two types of mass transfer mechanisms. Transport behavior will be examined for two 

spatial scales, one representative of laboratory systems and one for field-scale tracer tests. 

3.2 Microscopic and Macroscopic Approaches 

Conceptual Framework 

In modeling the impact of porous-medium heterogeneity on rate-limited mass 

transfer, the microscopic approach depicts the mass-transfer rate coefficient as a random 

variable. Such a variable is characterized by a univariate probability density function (PDF), 

which is defined at a scale much smaller than the REV. Physically, each rate coefficient of 

the PDF corresponds to a specific class of retention domains. The PDF is assumed to be 

applicable everywhere (i.e., potential larger-scale spatial variability is ignored). The PDF 

may be described using one of several statistical functions, such as the lognormal or gamma 

distributions. When coupled with the transport equation, a deterministic concentration 

history is produced for the location of interest. 

For the macroscopic approach, mass transfer is considered to be a spatially stochastic 

process. A lognormally distributed multivariate joint probability density function is typically 
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used to represent the spatial variability of the mass-transfer coefficient. In contrast to the 

PDF used in the microscopic approach, the joint PDF of the macroscopic approach is defined 

macroscopically over the entire transport domain, a scale much larger than the REV. It is 

determined from the sample statistics for the rate coefficient, i.e., a single realization of the 

stochastic process, once the assumptions of second-order stationary and ergodicity are 

ensured. Mass-transfer variability caused by pore-scale heterogeneity is not explicitly 

considered. The predictions produced with these models are ensemble means, which do not 

necessarily represent a specific measurement obtained at a given location or time. The 

uncertainty associated with each prediction is provided by the variance, which is obtained 

simultaneously with the mean concentration value. 

Mathematical Formulation 

As stated above, both microscopic and macroscopic approaches use the classic 

advective-dispersive transport equation as well as a first-order mass transfer formulation to 

describe rate-limited solute transport. Therefore, a set of generic transport equations can be 

written as follows, in terms of one-dimensional transport: 

(3-1) 

B-^ = co(rjCa-Cr) 
ot 

(3-2) 
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where a denotes the aqueous phase, and r denotes the retention phase. and are 

concentrations (ML'^); A and B are parameters that relates concentrations within the 

aqueous and retention phases to the concentration within the unit volume of porous medium; 

D is the dispersion coefficient (L'T"'); Q is the darcy velocity (LT'); o is the genetic first 

order mass tranfer rate coefficient (ML'^ P' or T'); t] is the distribution coefficient relating 

retention to C, at equilibrium; t is the time (T); and X is the spatial coordinates (L) 

The above two equations are identical for both the microscopic and macroscopic 

approaches. Differences are in the definition of the generic rate coefficient o), which 

incorporates the impact of porous-medium heterogeneity on rate-limited solute transport. 

For the macroscopic-based model, co is a spatially random parameter, which is 

characterized by a joint probability density function of multiple spatial rate coefficients. The 

joint PDF usually follows a multivariate (multiple spatial rate coefficients) lognormal 

distribution, but is difficult to specify exactly. For practical applications, it is routinely 

substituted by a spatial covariance function, such as the isotropic exponential covariance 

function as follows: 

cov{cu{X)MX+4)} = C(^) = £[(tyW-//)(G>(X+#)-//)] = ffLexpK//,„J (3-3) 

where ^ stands for lag (separation) distance (L); ^ stands for mean; and I (L) stands for 

integral scale for the covariance function. Alternatively, the covariance flmction can be 
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generated from the spatial sample statistics of rate coefficients, once the assumptions of 

second-order stationary and ergodicity are ensured. The stochastic characterization of co turns 

equation (3-1) and (3-2) into stochastic partial differential equations, and consequently, a 

stochastic resolution is required. 

For the microscopic-based model, o) is a single random variable with zero 

autocorrelation. A univariate lognormal distribution is often assumed to be appropriate to 

characterize its variability [Pedit and Miller, 1995; Haggerty and Gorelick, 1998]: 

= (3^) 
A yJjTtOXT 2(j-

where cr stands for variance and p,^, stands for mass Section between the aqueous phase and 

the retention phase. The physical meaning of the microscopic approach is clear when 

equations (3-1) and (3-2) are written in a discretized form, which is referred to as the multi-

rate transport model [e.g., Haggerty and Gorelick, 1995]: 

D^.y  ̂  (3-5) 
d t  ^  d t  d X -  d X  ^  ^  

1 = 1,2 N 
ot 

(3-6) 
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where N represents the total number of mass-transfer rate classes. Equation (3-4) is 

discretized in such a way that the summation of (B/A)j equals to P,o,. 

When the variance of each PDF is close to zero, both microscopic and macroscopic 

based models will reduce to the same set of equations ((3-1) and (3-2)), with gj being a 

constant. This implies that these two models will provide very similar results for small 

degrees of heterogeneity. We will test this with a series of simulations. 

Numerical Simulations 

Two simplified systems are selected to serve as illustrative examples for examining 

the performance of the microscopic and macroscopic heterogeneity based models. System 

1 represents a porous medium characterized by local-scale physical heterogeneity, such as 

an aggregated soil with a distribution of aggregate diameters. For this system, transport of 

both non-reactive (case I-A) and instantaneously sorbing (case I-B) solutes is influenced by 

diffusive mass transfer. For system II, conversely, solute transport is influenced by 

microscopic-scale chemical heterogeneity and rate-limited sorption/desorption. In addition, 

the equilibrium sorption coefficient can be considered to be uniform (II-A) or variable (II-B). 

However, the system is physically homogeneous at both local and macroscopic scales. To 

compare the performance of the microscopic and macroscopic heterogeneity based models, 

numerical simulations are conducted for these four representative cases. In each case, the 

mean and/or variance of the PDFs are varied to represent different degrees of rate-limited 

mass transfer and heterogeneity. Simulations are also conducted for three scales, one 
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represents laboratory column systems (domain size 5 cm) and the other two represent typical 

field-scale tracer tests (domain size 500 or 5000 cm, respectively). 

For purposes of simplicity, one-dimensional simulations are performed and the 

following assumptions are made in terms of model formulation. They are: (I) sorption is 

linear; (2) rate-limited sorption can be approximated by a first-order equation; and (3) 

probability density functions for both the microscopic and macroscopic based models are 

assumed to be lognormaily distributed. The mathematical equations describing each transport 

case are listed in Table 3-1. Values for all parameters common to these two models were the 

same in all simulations, as summarized in Tables 3-2 and 3-3. The initial and boundary 

conditions are also identical; i.e., at the beginning of each simulation, the transport domain 

is firee of solute. A pulse solute injection is imposed at the left boundary, and concentration 

history is measured at the right boundary. 

The pertinent transport equations, along with initial and boundary conditions, were 

solved numerically with the Galerkin Finite Element Method. The criteria for the mesh 

Peclect Number and Courant Number (Pe <=2, Cr <=1) were embedded into the solver to 

minimize numerical dispersion and oscillation. For the macroscopic model, the random 

number generator program RFG_FFT (Alan Gutjahr, unpublished) was modified to produce 

the random fields for the rate coefficient, for which an isotropic exponential covariance 

flmction was used. 50 realizations were generated. For the microscopic model, the lognormal 

probability density Action was segregated unifomily (along cd axis) into 100 sets of (O; and 

(B/A)i values, and incorporated into the multi-rate model (equations (3-5) and (3-6)). 
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Table 3-1 Governing Equations for simulation cases 
Case No. Governing Equations 

^Cni , q^ C i m  _ o d'Cni j. ^Cnt 
dt ^ dt dx' ' dx 

dt 
I-A 0i«,-^ = a(C^-Cin,) 

' P ( a )  =  - ^ f r - e x p ( - » h . r e  = ! = •  
ylJTcaa 2 a' 

** co\{a{X)MX + ̂ )} = C(^) =fT,;„expK//,„„] 

( d „  +  / / ? / i : + / •  - J)pKaJ^ =0«, -V„9 m 

i-B [0in.+(l-J)pKu]^ = a(c„-OJ 
at 

dt ' q ^ 2  dX 

,dCn, _ 

•0(a) = , where ^  
yJlTiaa 2 a- RJ„, 0„,+fpKj 

-cov{a(jr),a(X + ̂ )} =C(^) = crLexp[-^//,„ J 

d C ^ p d S _ ^ d ' C  ^ , d C  

d t  e  d t  d x - '  d X  

^ ' k ^ K u C - S )  
dt 

n-A,C • fi(k,) = ), where ^ 
yl27ck^(T 2 a' 0 

- c o v { k . S ^ ) X { X + 4 ^ }  = C(^) = cr^«expK//,„,,] 

d t  0  d t  d x - '  d X  

^ ' k / K j C - S )  
dt 

I1.B .^^; = -^i^expf.52&h££;,„hc,eA„=y 
>i27tk^<T 2 a' 0 
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]nk2 = lO-1.5]nKj 

**co^{k,{X),k,{X^4)} = C(#) = <T,;,2exp[-^//,„,J 

* microscopic-based model, ** for macroscopic-based model. 

c concentration in aqueous phase [ML'^]. 
C. concentration in immobile region [ML"']. 
C.-. concentration in immobile region [ML'^]. 
D dispersion coefficient [L"T']. 
f the fraction of mass sorbed by equilibrium sorption sites [dimensionless]. 

distribution coefficient between aqueous and solid phase at the equilibrium 
[dimensionless]. 

k-, rate-limited sorption coefficient [T']. 
I integral scale for the exponential covariance function[L] 

K retardation factor for mobile region [dimensionless]. 
Rim retardation factor for immobile region [dimensionless]. 
S concentration in solid phase [ML'^]. 
t time [T]. 
V velocity in the aqueous phase [LT"']. 
V. velocity in the mobile region [LT']. 
X distance [L]. 
a rate coefficient for diffusive mass transfer [T']. 

P mass fraction between immobile and mobile region, [dimensionless]. 

P,o. equivalent to p. 
0 total water content [dimensionless]. 
e. water content of mobile region [dimensionless]. 
9im water content of immoble region [dimensionless]. 

n distribution coefficient relating retention C, to C, at equilibrium 
[dimensionless]. 
mean 
bulk density of medium [ML*^]. 

cr variance 

4 lag distance of covariance function 
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Table 3-2 System Parameters Used in Microscopic and Macroscopic Model 
Simulations 

Small scale Large scale 

Domain length L = 5 cm, L = 500, 5000 cm 
Bulk density of medium p = 1.5 g cm"' 

Total water content 0 = 0.5 

Immobile water content e™ = 0.25 
Mobile water content e„ = 0.25 
Flux for case (I) q= lOcmh' 
Flux for case (II) q = 30 cm h' ,  q = 1.0 cm h"' 
Dispersion coefficient D= lOcm'h'  D = I cm* h ' 
Initial concentration Co = 0.0 mg r' 
Boundary concentration Cb = 2.0 mg r' 
Pulse width for case (I) t ,  = 2.5h 
Pulse width for case (II) t^ = 0.5 h, t^= 1500h 
Element length dx = 0.1 cm. dx =3.0 cm 
Time step dt = 0.005 h. dt = 5.0 h 
Correlation scale for macro, model I = 2.5 cm. I = 250 cm. 
Mesh Peclet Number Pe = 0.6 
Courant Number Cr = 3.0 
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Table 3-3. Mass Transfer Parameters Used in Microscopic and Macroscopic 
Model Simulations 

System Microscopic Macroscopic 

I-A local PDF for a spatially variable a 
^„ = 0.001,0.5,100.0 h' 
ffa* = 0.5 h'^ 

I-B same as I with retardation 
= 0.001,0.5, 100.0 h' 

a„- = 0.5h-
K, = 0.5 
f=0.5 

II-A,C local PDF for k, only spatially variable k, only 
^k2 = 0.5h•' 
0^^ = 0.2,0.5, I.Oh"^ 
K, = 3.l 

II-B local PDF for k, & Kj spatially variable ki & 
= 0.5 h"' 
= 0.2,0.5,1.0 h-

MKd = 3.1 
CTKd- = 0.22,0.44 
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3.3 Results and Discussions 

Solute transport in a medium with local-scale physical heterogeneity 

Nonideal transport phenomena as influenced by local-scale physical heterogeneity 

is often observed when non-reactive tracers travel through aggregated, macroporous, or 

fractured media. Two-region (or dual-porosity) models with mass transfer between "mobile" 

and "immobile" zones (Table 3-1, case I-A) have been used extensively to simulate transport 

for such systems. Rather than representing rate-limited mass transfer as a lumped, 

homogeneous process as is done with the two-region model, the microscopic and 

macroscopic heterogeneity based models describe mass transfer as a heterogeneous process, 

with the rate coefficient as a randomly distributed variable. In this case, a probability density 

function/covariance ftmction is incorporated into the two-region formulation. 

Three sets of simulations were conducted using the microscopic and macroscopic 

heterogeneity based models, with the variance of the rate coefficient set as 0.5, and the mean 

equal to 0.001 h', 0.5 h"', and lOO.O h' (CV values are 707.1, 1.414 and 0.00707). 

Simulations obtained with the traditional two-region model are also presented for 

comparison. In these cases, the rate coefficient of the two-region model was set equal to the 

mean value of each PDF. 

The results show that the impact of heterogeneous rate-limited mass transfer is 

minimal when the mean rate coefGcient of the system is either relatively small or large, as 

would be expected (results are not shown). However, for the intermediate rate coefficient 

(^a= 0.5 h '), there are clear deviations between the simulations obtained with the three 
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models, as illustrated in Figure 3-1. For example, the elution tailing is greater for the 

microscopic and macroscopic heterogeneity based models, compared to the two-region 

model, which implies that characterizing rate-limited mass transfer as a lumped, uniform 

process will lead to the overestimation of mass removal and underestimation of cleanup 

times for contaminated systems. 

The breakthrough curve generated by the microscopic heterogeneity based model 

exhibits a slightly higher peak concentration and less tailing than that of the macroscopic 

heterogeneity based model (Figure 3-1). This reflects the impact of the different methods 

used for these two models to characterize mass-transfer variability. However, the general 

shapes of the two simulated curves are similar, as indicated by the concentration peaks and 

persistently long tails conmion to both. The consistency in the major characteristics indicates 

that predictions by the microscopic and macroscopic heterogeneity based models are 

comparable for non-reactive solute transport at small scales (e.g. laboratory) in a medium 

with local-scale heterogeneity. 

The transport of reactive solutes will also be influenced by physical heterogeneity. 

For this system, the transport equations are usually formulated by incorporating a constant 

distribution coefGcient Kj, into the two-region model to represent the assumed equilibrium 

sorption (Table 1, case I-B). For this case, similar probability density functions and identical 

covariance functions as used for case I-A are incorporated into the models. 

Figure 3-2 shows the breakthrough curves simulated with the models. To illustrate 

the impact of equilibrium sorption, the simulations for case I-A are also plotted in Figure 3-2. 
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The breakthrough curves obtained for equilibrium sorption coincide with those obtained for 

case I-A (no sorption) when the pore volume axis for the case I-B simulations is normalized 

with the retardation factor, R„. This indicates that sorption has an identical impact for all 

three models. Thus, for reactive solute transport in a medium with physical heterogeneity, 

the addition of equilibrium sorption is not expected to alter the fundamental performances 

of microscopic or macroscopic heterogeneity based models. 

Reactive solute transport in a medium with rate-limited sorption 

Transport of reactive solutes is often influenced by rate-limited sorption. A first-order 

kinetic sorption model (Table 1, case II-A) has been widely used to simulate rate-limited 

solute transport. To capture the impact of chemical heterogeneity, the sorption rate 

coefficient, k,, is considered to be a random variable in the microscopic/macroscopic 

heterogeneity based models. The same lognormally distributed PDF/ covariance functions 

used in the previous cases are employed for this case. In addition to the stochastic 

characterization of the rate-limited sorption process, the equilibrium distribution coefficient 

can be represented as either uniform [Haggerty and Gorelick, 1995] or variable \Pedit and 

Miller, \995, Xu and Brusseau, 1996, Huetal, \^1, Cvetkovic et al, 1998]. In either case, 

an empirical Liner Free Energy Relationship (LFER) of the following form is assimied 

[Brusseau e/. al, 1991]: 

lnk2 = I0-1.5\nKj (3-7) 

For the case using a uniform Kj, the value is calculated &om the mean of k2 based on 
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equation (3-7); for the case with a variable Kj, equation (3-7) is applied to each set of values 

to generate a distribution of Kj values. 

For the case using uniform (Table I, case II-A), the mean of k, is set as 0.5 h ', 

depicting a non-equilibrium system, and the variance of k, is equal to 0.2, 0.5 and l.O to 

represent different degrees of heterogeneity. As illustrated in Figure 3-3, the differences 

among the simulations for the microscopic-heterogeneity, macroscopic-heterogeneity, and 

homogeneous based models are primarily in the peak and tail portions of the breakthrough 

curves. This is consistent with the behavior exhibited for case I (Figures 3-1 and 3-2). In 

addition, the deviations between the microscopic/macroscopic heterogeneity based model 

simulations and those of the homogeneous-based model increase as the variance of k2 

increases. Finally, the general trends exhibited by the microscopic and macroscopic 

heterogeneity based models are similar, as observed for case 1. 

For the case using a variable K^, Pedit and Miller (1995) used a bivariante 

iognormally distributed probability density function to characterize variability of both and 

k, for the microscopic-based model. The PDF can be reduced to a univariante PDF (Table 

1, case II-B) as it is for case II-A, simply by assuming that equation (3-7) is valid. For the 

microscopic heterogeneity based model, the PDF is discretized to obtain a distribution of k2 

values, and the corresponding values are calculated from each k, based on equation (3-7). 

For the macroscopic heterogeneity based model, the multiple kj values are generated 

randomly from the covariance function and the corresponding values are calculated from 

each kj using equation (3-7). For the purpose of comparison, the parameters used for case 
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and macroscopic heterogeneity based models with random sorption rate coefficient and uniform 
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II-A are used for this case. 

The results (Figure 3-4) show that both microscopic and macroscopic heterogeneity 

based simulations produce longer tailing when is variable (Figure 3-4) than the 

simulations when Kj is uniform (Figure 3-3). The enhanced tailing is related to the impact 

of spatially variable sorption on advective-dispersive transport [e.g., Chrysikopoulos et. aL 

1990, Schafer and Kinzelbach, 1992; Tompson, 1993; Srivastava and Brusseau, 1994; Sugita 

and Gillham, 1995]. The tailing simulated by the microscopic heterogeneity based model is 

relatively similar for the different kj/Kj variances. Conversely, it is significantly different for 

the macroscopic heterogeneity based model because of the greater sensitivity of this model 

to the spatial variability of equilibrium sorption. Thus, despite generally similar results, 

differences between the two model approaches are apparent. 

All simulations conducted above represent laboratory-scale systems with a small 

transport domain and rapid flow. To examine the impact of heterogeneous mass transfer on 

transport at the field scale, case II-A simulations are conducted using a slower velocity (1.0 

cm h"'), and larger domain sizes (5m and 50m) typical to tracer tests. In this case, the 

dispersion coefficient and die correlation scale for the heterogeneous rate coefficient were 

modified (Table 2) to represent transport at larger scales. For purposes of comparison, the 

time and space discretization parameters were also adjusted to keep the Peclet and Courant 

numbers for case II-C as close as possible to those of case II-A. 

The results show that breakthrough curves for the microscopic heterogeneity based 

model are similar to those of the first-order model (Figures 3-5 and 3-6). Conversely, the 
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breakthrough curves for the macroscopic heterogeneity based model are significantly 

different, exhibiting delayed arrival and greater asynmietry. The differences between these 

two groups of breakthrough curves increases as the travel distance increases from 5m (Figure 

3-5) to 50m (Figure 3-6). The impact of travel length is more significant for the macroscopic 

heterogeneity based model because in this case transport is influenced by the number of 

correlation lengths the solute pulse has traveled. Such behavior is primarily due to the fact 

that the macroscopic heterogeneity based model has a finite correlation scale, reflecting the 

spatial structure of the variable kj field, whereas the correlation scale for the microscopic-

based model is zero. 

To monitor mass conservation, zero moments are calculated for breakthrough curves 

generated in case I-A (Figure 3-1) and case II-C (Figure 3-6). Results (Table 3-4) indicate 

that zero moments for the BTCs by microscopic, macroscopic and their base model (two-

region for case I-A and one-site on case II-C) are fairly close to the total mass injected in the 

left boundary of simulated systems. Therefore, mass are balanced for the developed 

microscopic, macroscopic and two-region or one-site kinetic models. 

Table 3-4. Zero Moments for BTCs Generated by Microscopic, Macroscopic 
and Their Corresponding Base Models 

System Microscopic Macroscopic Base Mass Injected 

I'A 19.95 19.81 20.01 20 

II-C 0.599 0.571 0.599 0.6 

* reported moments are for microscopic and macroscopic simulations with variance of 0.5. 
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3.4 Summary 

Reactive solute transport in the subsurface is often rate-limited and is influenced by 

porous- medium heterogeneity at multiple scales. Accurate modeling of the rate-limited 

processes and of chemical as well as physical heterogeneity allows better prediction of 

contaminant transport, fate, and remedition. Two major approaches have been used to 

incorporate heterogeneous rate-limited mass transfer into mathematical models for solute 

U'ansport. One focuses on microscopic-scale processes and associated grain-scale 

heterogeneity, while the other stresses the macroscopic variability of the medium and the 

field-scale behavior of solute transport. Despite differences in conceptualization and 

formulation, under certain conditions, the microscopic and macroscopic models provide 

comparable solute transport simulations. However, larger deviations are observed at larger 

scales. This suggests that caution should be taken when using mathematical modeling for 

elucidating the specific processes that may be influencing reactive-solute transport for a 

given system. 

The conceptualization and formulation of microscopic and macroscopic models 

suggest a new approach to modeling large-scale transport wherein multiple mass-transfer 

processes operate simultaneously at multiple scales. Rather than depicting the mass transfer 

variability of the system as either a locally unifomi but macroscopically variable process, or 

a microscopically variable but spatially homogeneous process, processes occurring at 

different scales could be incorporated into the model separately by conjunctive use of both 

microscopic and macroscopic approaches. Thus, parameters with explicit physical meaning 
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can be used to account for the individual influences of grain-scale mass transfer variability 

and macroscopic-scale spatial variability. 
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CHAPTER 4. PHYSICAL AND CHEMICAL HETEROGENEITY 
AT MULTIPLE SCALE 

4.1 Introduction 

Transport of reactive solutes in natural media can be influenced by a variety of 

physical and chemical processes. These processes are characteristically heterogeneous and 

often operate simultaneously at different temporal and spatial scales. Solute transport 

modeling efforts are usually focused on a subset of the entire suite of operative processes, 

with the specific focus dependent upon the scale of the system and the objectives of the 

study. Transport models developed for the field scale have been primarily focused on the 

impact of physical heterogeneity, and to a lesser extent chemical heterogeneity, on solute 

transport. Stochastic approaches are now widely used to represent the field-scale spatial 

variability of material properties (e.g., hydraulic conductivity, distribution coefficient) and 

their influence on transport [Dagan, 1984, 1986; Gelhar et al, 1983; Garabedian, 1988; 

Chrysikopoulos et ai, 1990]. When local-scale mass transfer is considered in field-scale 

modeling, it is usually incorporated as a lumped, macroscopically homogeneous [Cvetkovic 

and Shapiro, 1990; Andricevic and Fougoula-Geogiou, 1991; Selroos and Cvetkovic, 1992; 

Dagan and Cvetovic, 1993; Quinodoz and Valocchi, 1993; Rabideau and Miller, 1994; 

Harvey and Gorelick, 1995] or heterogeneous process [Valocchi, 1989; Destouni and 

Cvetkovic 1991; Xi/ and Brusseau, 1996; Hu et ai, 1997a, b; Cvetkovic et ai, 1998]. These 

models appear to provide representative simulations of the gross, mean transport behavior 
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expected for reactive solutes influenced by mass-transfer processes. However, the long-term, 

low-concentration tailing behavior often associated with contaminated sites is rarely 

reproduced by these models, possibly due at least in part, to the exclusion of the microscopic 

variability of rate processes. 

Current modeling efforts focused on local-scale mass transfer and transport are 

attempting to explicitly account for the influence of microscopic-scale heterogeneity on 

transport. For example, statistical probability density functions, such as lognormal and 

gamma distributions, have been used to represent pore-scale variability of rate-limited mass 

transfer [Connaughton et ai, 1993; Pedit and Miller, 1994,1995; Haggerty and Gorelick, 

1995; Chen and Wagenet, 1995, 1997; Culver et ai, 1997,' Cunningham et ai, 1997; 

Haggerty and Gorelick, 1998]. These models appear to provide more closed match of the 

low-concentration tailing behavior observed in laboratory studies. However, large-scale 

transport processes and associated spatial variability have not incorporated into these models, 

which limits their field-scale applicability. 

While most modeling efforts are focused on one or two primary factors, some efforts 

have examined the influence of multiple processes and factors on reactive solute transport 

at both local {Brusseau et ai, 1989; Brusseau and Zachara, 1993; Spurlock et ai, 1995; 

Streck, et ai, 1995; Hu and Brusseau, 1996] and field [Brusseau, 1992; Burr etai, 1994; 

Srivastava and Brusseau, 1996; Xu and Brusseau, 1996; Brusseau and Srivastava, 1997; 

1999] scales. In these models, an attempt is made to explicitly account for each process and 

factor influencing transport. As recently reviewed by Brusseau [1998], these multi-process 
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models have been shown to provide more closed match of measured reactive solute transport 

in comparison to lumped-parameter models. However, locally heterogeneous rate processes 

have yet to be incorporated in the multi-process models. 

A comparison of advanced models developed for field-scale versus local-scale 

systems indicates a discontinuity in approaches. Field-scale models incorporate explicit, 

detailed descriptions of large-scale spatial variability of material properties. However, mass 

transfer is typically represented as a lumped, microscopically homogeneous process. 

Conversely, while some local-scale models account explicitly for pore-scale heterogeneity 

and resultant "multi-rate" mass transfer, large-scale variability of material properties is 

ignored. Furthermore, the existence of multiple processes is often not explicitly considered. 

In this chapter, we present a two-dimensional model that explicitly accounts for multiple 

heterogeneous processes at both pore and field scales. These processes include spatially 

variable flow, spatially variable equilibrium sorption, locally heterogeneous diffusive mass 

transfer, and locally heterogeneous rate-limited sorption, and locally heterogeneous 

degradation. Such a model may be useful for examining the individual and concurrent effects 

of multiple heterogeneous processes on reactive solute transport when spatial and/or local 

heterogeneity are significant. It may also be useful to provide insight on the influence of 

multiple heterogeneous processes on the remediation of contaminated subsurface systems. 

However, the model is built for theoretical study, a vertical, rectangular domain is used. For 

many real transport scenarios, the shape of the simulation domain and boundary condition 

may need to be modified to suit specific application. 
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4.2 Mathematical Model 

Conceptual Framework 

The conceptualization of this model is based on the multi-process non-equilibrium 

approach originally proposed by Brusseau et al. (1989). This model was ftirther developed 

for field-scale application with the inclusion of spatially variable flow and sorption 

(Sirvastava and Brusseau, 1996). Our current work extends this approach by allowing for 

both local-scale diffusive mass transfer and rate-limited sorption to be microscopically 

heterogeneous. The first-order degradation process is also microscopically heterogeneous 

due to the microscopically variable concentration. 

As illustrated in Figure 4-1, the conceptualization of the current model leads to the 

discretization of the porous media into two zones, and further six types of domains at the 

local scale. The dark boxes (domains) represent the advection (solution) zone of porous 

media, while the light domains stand for the non-advection (solid) zone. A dissolved 

contaminant molecule in the aqueous solution (domain 1, CJ may be sorbed to the particle 

surface at either the equilibrium site (domain 2, FK^C J or the rate-limited site (domain 3, 

SJ. It may also diffuse into the micropores (domain 4, C^) of the solid particle and further 

is bonded to the instantaneous (domain 5, FKnC^) and rate-limited (domain 6, S^) sorption 

sites located inside of the particle. Within each domain, the first-order degradation is 

allowed. At the field-scale, the parameters for hydraulic conductivity, sorption capacity and 

degradation are considered as a flmction of space. 
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Figure 4-1 Conceptual illustration of the multi-process, multi-scale heterogeneity model 

There is more than one branch of non-advective zone m Figure 4-1, which represents 

different lengths of diffusion paths caused by the variation of particle size and shape. 

LikeAvise, multiple sorption sites are also used to account for the multiple characteristic mass 

transfer time due to the variation of mineral coating and composition. All types of non-

advective zones and rate-limited sorption sites are assumed acting in parallel with their mass 

transfer domains, and multiple diffusion and rate-limited sorption rate coefBcients are used 
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to represent mass transfer rate of each type of non-advective zone and rate-limited site. The 

lognormally distributed Probability Density Function (PDF) is assumed to be appropriate for 

the distribution of both diffusion and sorption rate coefficient. For the macroscopic 

heterogeneity of natural medium, such as the spatial variation of lithologic feature, its impact 

on solute transport is accounted for by using an isotropic exponential function for the 

spatially variable hydraulic conductivity, sorption capacity, as well as degradation rate. 

Governing Equations 

For simplicity, we assume that sorption is linear and reversible, and that rate-limited 

sorption can be approximated by first-order kinetic equations as follows: 

^ CC") 
«r (4-i) 

^ e(') 

- j f -  = ^„[(1- F„ )K„C:' - S^l]-/ = 1,2 ni (4-2) 

where a denotes the advective zone, and n denotes the non-advective zone. and C„ are 

aqueous-phase concentrations (ML"^); and S„2 are sorbed-phase concentrations (MM"'); 

ka and k„ are the first-order desorption rate coefficients (T'); F, and F„ are fractions of 

sorbent for which sorption is instantaneous; K, and K„are the sorption capacities (L^M '); 

and are first-order degradation rate coefficients (T') for the rate-limited sorption 

domains; and nr and ni stand for total number of rate-limited domains in the advection zone 

and total number of non-advective zones, respectively. 

The advective-dispersive transport equation, assuming steady-state flow, governing 
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solute movement in the advective zone can be written as: 

(4-3) m nr 

-I "'"[C. - Ci- y,e, * iiJ.PKK,Y:, - KJ.P1 

where is the fractional volumetric water content of the advective zone; fa is the mass 

fraction of sorbent in the advective zone; p is the bulk density of the porous medium 

frs'^ is the mass fraction of total rate-limited sorbed concentration in the rth rate-limited 

sorption domain; D is the dispersion tensor (L"T'); q is the specific discharge (LT'); is 

the furst-order rate coefficient (T') for mass transfer between the advective and the ith non-

advective zone; |i, and are first order degradation rate coefficients (T') for the aqueous 

and the instantaneous sorption domains of advective zone; t is time (T); and .v/ is a spatial 

coordinate. 

Mass conservation for the non-advective zones can be described by the following set 

of equations: 

where (i) denotes the ith non-advective zone; 0„ is the fractional volumetric water content 

of the non-advective zone; fn is the mass fraction of sorbent in the non-advective zone; and 

-Irf' + VF./CJC -
i = 1,2 m (4-4) 
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and are first-order degradation rate coefficients (T') for the aqueous and the 

instantaneous sorption domains of the non-advective zone, respectively. 

The lognormal distribution is assumed to be appropriate for the description of 

heterogeneous rate processes at the local scale [Pedit and Miller, 1995; Haggerty and 

Gorelick, 1998]. With this assiunption, the relationship between the multiple diffusive mass 

transfer coefficients of the non-advective zones and their corresponding mass fractions is: 

J" =  I t " — — J  
la^ (4-6) 

m 

where = 1 - (?„ = X . and = I - /„ = Z ^ ^nd and a,, are the mean and 
;-l /.I 

Standard deviation of die lognormally distributed mass transfer rate coefficients, respectively. 

A similar assumption is applied to the locally heterogeneous rate-limited sorption process 

for the advective zone, with, 

frs - , 6Xp[- 2 ] 

where fii^jandOkaare the mean and standard deviation of the lognormal distribution for the 

desorption rate coefficient. 
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Numerical Methods 

Equations (4-1) - (4-7), in addition to a steady state flow equation at given initial and 

boundary conditions, are solved using the Galerkin Finite Element Method with rectangular 

elements and linear shape functions. The hydraulic conductivity and sorption capacity terms 

are considered as spatially variable. Furthermore, they are assumed perfectly negative 

correlated with each other. The random fields are generated from a random field generator 

using the Turning Bands Method [Mantoglou and Wilson, 1982]. An isotropic exponential 

covariance function is used. The locally variable rate coefficients for diffusive mass transfer 

and rate-limited sorption are obtained from the discretization of equations (4-5) to (4-7), 

together with their corresponding mass fractions. Both Peclet and Courant number criteria 

(Pe <=2, Cr <= 1) are embedded in the model to adjust the mesh size and time step when 

necessary to minimize numerical dispersion. The final set of linear equations is solved by the 

Jacobi Conjugate Gradient iterative solver [Young and Kincaid, 1981; Ortega, 1988]. Mass 

balance is monitored to help evaluate the accuracy of the solutions. 

Simulation Conditions 

The simulation domain represents a rectangular, confined aquifer, 60 meters long and 

3 meters thick. A constant flux of water enters from left, with the down-gradient boundary 

specified as a constant head boundary (Figure 4-2). Two flow rates are used, equivalent to 

mean pore-water velocities of 0.1 and 5 m day''. These are used to represent natural and 

induced gradients, respectively. An initial plume, 3.5 m long and 1.7 m high, resides 5 m 
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Figure 4-2 Simulation setting 
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from the lefr boundary of simulation domain. Two observation points located 5 and 55 

meters down-gradient from the center of the initial plume are used to collect data for 

constructing breakthrough curves (concentrations are from one node). There is no dispersive 

flux across any boundary of the domain. 

The aquifer is heterogeneous at both macroscopic and microscopic scales. A 

lognormal distribution is assumed to be appropriate for the characterization of the spatially 

variable hydraulic conductivity and the locally variable rate coefficients. The mean of the 

natural log of hydraulic conductivity is set at 2 day/m, and the correlation lengths in the 

horizontal and vertical directions are taken as 5.0 and 0.2 m, respectively. The variances of 

the natural log of hydraulic conductivity vary from 0.0 to l.O depending on the case 

simulated. Figure 4-3 shows the illustration of a generated random InK field. The variance 

of the rate coefBcients is set at 0.5 for all simulations incorporating local-scale heterogeneity. 

The means of the rate coefricients range from 0.01 to 1.0 day', representing different degrees 

of non-equilibrium conditions. The values used for other fixed parameters are as follows: 

bulk density is 1.5 k gm'\ porosity is 0.3, longitudinal dispersivity is 0.0005 m, vertical 

dispersivity is 0.00005 m, and the aqueous diffusion coefficient is 0.000063 m-day"'. 

A total of 14400 elements are obtained from the discretization of the simulation 

domain, with grid spacing of 0.125 m and 0.1 m in the horizontal and vertical directions, 

respectively. The initial mass (75.36 g), size, and position of the initial solute plume remain 

the same for all simulations. The initial aqueous concentration may vary case by case (6.92-

41.12 g/ml) because mass is assumed to reside in the advective zone initially and in 
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equiiibrium with the instantaneous sorbed phase of the advective zone. For cases where the 

rate coefBcients are relatively large, the initial mass is also distributed to the corresponding 

rate-limited domains. 

4.3 Results and Discussions 

To demonstrate the individual and concurrent effects of multiple heterogeneous 

processes on the spatial (first and second moments) and temporal (breakthrough curve) 

behavior for reactive solute transport in porous media, a series of 2-D simulations was 

conducted. In each simulation, parameter values for the following processes are varied: 

locally variable diffusive mass U'ansfer, locally variable rate-limited sorption, and spatially 

variable hydraulic conductivity and sorption capacity. A total of 12 cases are simulated. As 

shown in Table 4-1, cases 1-4 are based on a macroscopically homogeneous porous medium, 

while cases 5-8 incorporate spatially variable hydraulic conductivity field, and cases 9-12 

incorporate sorption capacity variability in addition to hydraulic conductivity variability. 

Due to the shape of the simulation domain and the direction of the mean flow, only 

longitudinal moments are reported. The first spatial moments, as described by equation 4-8, 

are normalized moments, which describe the mean position of the plume at the specific time. 

The second spatial moments are calculated based on equation 4-9. They are used to monitor 

the spreading of the plume over the space. 
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Table 4-1. Parameters used in the simulations presented in Figures 4-4 and 4- 5. 

Case MinK' <^tnK ^Ic2> (Titj C^Kd 

1 2.0, 0.0 0.0, 0.0 0.0, 0.0 l.o. 0.0 

2 2.0, 0.0 0.1, 0.5 0.0, 0.0 1.0, 0.0 

3 2.0, 0.0 0.0, 0.0 0.1, 0.5 1.0, 0.0 

4 2.0, 0.0 0.1, 0.5 0.1, 0.5 l.o. 0.0 

5 2.0, 0.5 0.0, 0.0 0.0, 0.0 1.0, 0.0 

6 2.0, 0.5 0.1, 0.5 0.0, 0.0 1.0, 0.0 

7 2.0, 0.5 0.0, 0.0 0.1, 0.5 l.o. 0.0 

8 2.0, 0.5 0.1, 0.5 0.1, 0.5 l.o. 0.0 

9 2.0, 0.5 0.0, 0.0 0.0, 0.0 1.0, 0.5 

10 2.0, 0.5 0.1, 0.5 0.0, 0.0 l.o. 0.5 

11 2.0, 0.5 0.0, 0.0 0.1, 0.5 l.o. 0.5 

12 2.0, 0.5 0.1, 0.5 0.1, 0.5 1.0, 0.5 

(1). fa denotes the mean; <r denotes the variance. 
(2). for cases with 0^^,=0.0, = F„ = 1; otherwise, F, = F„ = O.l 
(3). for cases with = 0.0,0, = 0 = 0.3,/a= I,; otherwise, 0^ = 0.293,0„ = 0.037,= 

0.1 
(4).The flow rate used for all cases above is 0.1 m/day. Breakthrough curves are collected 
from die observation point 5 meters down-gradient of the initial plume center and 1.5 m 
away from the top of the aquifer. All spatially variable hydraulic conductivity fields are from 
the same realization of the random field generator (single realization, with correlation scale 
as 5.0 and 0.2 m in horizontal and vertical direction, respectively). 
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fcxdx- fardx' 

" A/J ~ jcdX' (4-8) 

f ( ^ -  Ml fCdX 

K (4-9) 

The breakthrough curves and eiution tails for each simulation are presented in Figure 

4-4. As shown in the plots, the locally heterogeneous rate-limited processes (cases 2-4) cause 

significant tailing, as expected (Figure 4-4a). The presence of field-scale heterogeneity, in 

terms of spatially variable hydraulic conductivity (cases 5-8, Figure 4-4b), enhances the 

spreading compared to the corresponding cases without field-scale heterogeneity, also as 

expected. 

The behaviors of the first and second spatial moments for cases 1-8 are shown in 

Figure 4-5. For cases without field-scale heterogeneity (cases 1-4, Figure 4-5a), locally 

variable rate-limited sorption and diffusive mass transfer not only increase the mean travel 

distance of the plume at specific time, but also increase the spreading of the plume over 

space. The spatially variable flow (cases 5-8, Figure 4-5b) enhances the spreading of the 

plume relative to the spatially uniform cases. However, the general trends associated with 

the impact of locally variable mass transfer remain unchanged. The same is true for the cases 

wherein both sorption capacity and hydraulic conductivity are spatially variable (data not 

shown). 
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The above results suggest that the influence of locally heterogeneous rate-limited 

process may lead to an extended cleanup time for a remediation site. The coupling effect of 

local and field-scale heterogeneity not only causes longer elution tailing for a specific 

location but also retards the movement as well as enhances the spreading of the plume, 

comparing to the site without field-scale heterogeneity. 

4.4 Summary 

A multi-process, multi-scale transport model is proposed for the simulation of 

reactive solute transport in the heterogeneous subsurface. The model attempts to explicitly 

represent the most important processes that influence the movement of organic solutes in 

groundwater. The impact of medium heterogeneity at both pore and field scales is also 

incorporated. Numerical simulations are conducted to examine the individual and concurrent 

effects of some of these processes, including the spatially variable flow, spatially variable 

equilibrium sorption, locally heterogeneous diffusive mass transfer, and locally 

heterogeneous rate-limited sorption. Results indicate that locally heterogeneous mass transfer 

processes enhance the tailing of breakthrough curves significantly. When pore and field-scale 

heterogeneity coexist, maximum spreading is observed in terms of both breakthrough curves 

at a specific point and plumes over entire space. 

It should be pointed out that above conclusions are just based on a preliminary study 

using synthetic data, more simulation cases need to be conducted to understand reactive 

transport influenced by multiple heterogeneous processes at different spatial and temporal 
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scales. It would be also interesting to examine the model by a real set of data, in which the 

parameter for each process is individually obtained. 
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CHAPTER 5. SIGNIFICANCE OF LOCALLY HETEROGENEOUS 

RATE PROCESS 

5.1 Introduction 

The influence of macroscopic-scale spatially variable mass transfer on field-scale 

transport has been discussed in previous publications [Valocchi, 1989; Destouni and 

Cvetkovic 1991; and Brusseau, 1996; Hu el al, 1997a, b; Cvetkovic et ai, 1998]. 

However, the influence of microscopic-scale heterogeneous mass transfer processes on field-

scale transport has to our knowledge not been examined to date. The results of recent 

research have clearly shown that the incorporation of microscopic-scale heterogeneous mass 

transfer into models can in some cases provide more accurate simulations of local-scale mass 

transfer and transport [Connaughton et al, 1993; Pedit and Miller, 1994, 1995; Haggerty 

and Gorelick, 1995; Chen and Wagenet, 1995, 1997; Cunningham et ai, 1997; Haggerty 

and Gorelick 1998]. However, a key question is whether representing local-scale mass 

transfer process as being heterogeneous at the microscopic-scale will significantly improve 

the simulation of field-scale transport, where other factors, such as field-scale spatial 

variability of hydraulic conductivity, will influence behavior. The objective of this chapter 

is to examine the significance of locally heterogeneous rate process on the influence of field-

scale reactive transport. This was accomplished by conducting a series of simulations with 

different combinations of hydraulic gradient, travel distance, and degree of non-equilibrium 

for two cases; one with a representation of a traditional, locally uniform mass transfer 

process, and the other with a representation of a locally heterogeneous mass transfer process. 
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5.2 Methods 

The multi-process, multi-scale transport model, presented in Chapter 4, is used to 

conduct simulations. The numerical experimental setting is identical as simulations 

performed in chapter 4 (Figure 4-2), except that the stochastic parameters for mass transfer 

vary, as summarized in Table 5-1. All simulation are conducted on Supercomputer (SGI 

Origin 2000), which has 10.2 GB memory. Simulation time varys from several hours to a 

month depending on the specific combination of parameters for each case. 

Five sets of simulations are generated for locally uniform and heterogeneous mass-

transfer cases. The simulated systems are heterogeneous at both pore and field scales, with 

the variance of Ink, ranging from 0.4 to 8.52 and the variance of InK equal to 1.0. The mean 

Ink, ranges from -0.2 to -8.86 ln(day'') and Kj from 0.2 to 10.0. Cases lb-5b are simulated 

with the same sets of parameters as cases la-5a, except that the rate-limited sorption process 

is set as locally uniform, with the rate coefficient values equal to the harmonic means of the 

corresponding PDFs of cases la-5a [Harggerty and Gore lick, 1995; Cunningham, et ai, 

1997]. The selected range of PDF for k, is comparable with the rate values estimated from 

several batch experiments, in which lognormally distributed rate models were used to fit 

elution data of several solutes from natural materials. As reported by Pedit and Miller (1994), 

the mean and variance of Inkj are -9.0 ln(h'')and 13.0 for diuron sorption on unaltered 

Wagner material. Haggerty and Gorelick (1998) reported that the mean and variance for the 

lognormal distribution of diffusion rate coefficient are -3.48 and 4.6, respectively for PCE 
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Table 5-1. Parameters used in the simulation presented in Figures 5-1 to 5-7. 

Case ^InK' ^InK ^k2(^Inlc2)> 0'k2(0'l„lc2) o'a MKd» ®"Kd 

1-a 2.0, 1.0 1.0 (-0.20), 0.5(0.40) 0.05, 0.0 0.2, 0.0 

1-b 2.0, 1.0 *0.67, 0.0 0.05, 0.0 0.2, 0.0 

2-a 2.0, 1.0 0.5(-l.24), 0.5(1.09) 0.05, 0.0 1.0, 0.0 

2-b 2.0, 1.0 *0.17, 0.0 0.05, 0.0 1.0, 0.0 

3-a 2.0, 1.0 0.1 (-4.26), 0.5(3.93) 0.05, 0.0 2.0, 0.0 

3-b 2.0, 1.0 *0.002, 0.0 0.05, 0.0 2.0, 0.0 

4-a 2.0, 1.0 0.05(-5.64), 0.5(5.30) 0.05, 0.0 5.0, 0.0 

4-b 2.0, 1.0 *0.00025, 0.0 0.05, 0.0 5.0, 0.0 

5-a 2.0, 1.0 0.01 (-8.86), 0.5(8.52) 0.05, 0.0 10.0, 0.0 

5-b 2.0, l.O *0.000002, 0.0 0.05, 0.0 10.0, 0.0 

(1). ^ denotes the mean; cr denotes the variance. 
(2). For all cases, F, = F„ = 0.1; 0, = 0.293,0„ = 0.037,^ = 0.1 
(3). Values with * were calculated from the harmonic mean of PDF of corresponding case 
a, based on (^-k2+<^k2) 
(4). Values in () were calculated based on formula: cr|„|(2=ln (I 

h„k2=In(Mk2)-0.5*(r,„k2 
(5).The flow rate used for all cases above is 0.1 m/day or 5 m/day. Breakthrough curves are 
collected from the observation point either 5 meters or 55 meters down-gradient of the initial 
plume center, and 1.5 m away from the top of the aquifer. All spatially variable hydraulic 
conductivity fields are from the same realization of the random field generator (single 
realization, with correlation scale as 5.0 and 0.2 m in horizontal and vertical direction, 
respectively). 
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elution from Borden sand. For most simulations conducted in this Chapter, a single 

realization of the spatially random field is used for the spatially variable hydraulic 

conductivity. However, multiple realizations are conducted for a selected subset. 

5.3 Results and Discussions 

For the first set of simulations, the flow across the simulation domain is specified at 

0.1 m day ', which represents a natural gradient condition. The breakthrough curves are 

collected for a location that is 5 meters away from the center of the initial plume. 

Breakthrough curves generated with a locally heterogeneous or locally uniform rate 

coefficient are plotted in Figure 5-la. Clearly, concentration peak for case 5 appears latest 

among all of the breakthrough curves, due to the fact that it has the largest sorption capacity. 

It is also clear that when the sorption rate coefficient is either relatively large (case 1) or 

relatively small (case 5), the simulations for the locally uniform and locally heterogeneous 

processes match closely. For intermediate values of rate coefficients (cases 2-4), the 

differences between the two are more significant. However, the general shapes remain the 

same. Greater differences between the two cases are observed for the elution tailing, 

particularly at lower concentrations (Figure 5-lb). 

Similar trends are observed for the spatial moments (Figwe 5-2), Measurable, but 

relatively small differences are observed between the uniform and locally heterogeneous 

mass transfer simulations (case 2-4). These results indicate that describing mass transfer as 

a locally heterogeneous process does not have a major impact on mean solute transport 
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behavior in a system that is also influenced by "field-scale" heterogeneity. However, the use 

of locally heterogeneous mass transfer does appear to significantly influence low-

concentration elution tailing. This may be important when attempting to simulate systems 

undergoing pump-and-treat remediation. 

The influence of pore-water velocity was examined in a second set of simulations, 

with the mean flow rate set at 5 m day '. As illustrated in Figure 5-3a, breakthrough curves 

for both locally heterogeneous and uniform mass transfer processes show extreme "rate-

limited" behavior. The general degree of non-equilibrium is such that the breakthrough 

curves appear to exhibit pseudo-equilibrium behavior, but with extreme elution tailing (e.g., 

Brusseaii et al., 1989). The simulations for the two approaches are fairly similar for cases 2-

4, wherein larger deviations were observed for the small pore-water velocity (Figure 5-la). 

The elution tails also show less difference in terms of absolute values, and the slopes of the 

tails are much flatter (Figure 5-3b) than the small pore-water velocity simulations (Figure 

5-lb). The differences in spatial moment simulations are not as apparent for the two 

velocities. As shown in Figures 5-2 and 5-4, at ten days of plume transport, the deviations 

between the centers of mass predicted by these two models are less than 2 and I meter for 

the large and small pore-water velocity simulations, respectively. The differences between 

the predicted plume spreading are even less for a similar travel distance (e.g. 10m). 

It should be pointed out that the break points as shown in Figure 5-4 are artifacts due 

to limited data points. For large velocity simulations, the plume travels so fast that only a 

limited number of moments are recorded before it transports out of the simulation domain. 
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The influence of travel distance is examined by comparing breakthrough curves 

collected at two locations. Such a comparison differs from the comparison of breakthrough 

curves with different pore water velocities by allowing us to examine not only the effect of 

residence time but also the impact of spatial heterogeneity on the temporal behavior of solute 

transport. Figures 5-5a-l and 5-5a-2 show the breakthrough curves generated with the locally 

heterogeneous and locally uniform mass transfer models for a near-source location (5 meters) 

and a far-source location (55 meters), respectively. 

It appears that the deviation is larger between the locally heterogeneous and locally 

uniform simulations for the near-source observation. However, if we eliminate the effect of 

plume dilution at the far-source location by normalizing the breakthrough curves at both 

locations by the maximum concentrations, a larger difference is observed for the far-source 

location (Figures 5-5b-l and 5-5b-2). This is consistence with our previous observations of 

the impact of pore-water velocity, i.e., at larger residence time, the deviation is larger 

between the simulations for the locally heterogeneous and locally uniform breakthrough 

curves. This indicates that transport models with locally heterogeneous mass transfer may 

"preserve" non-equilibrium effects better than locally uniform models. 

As stated above, ail of the simulations with field-scale heterogeneity were conducted 

using one realization of the random field. To evaluate the impact of multiple realizations, 

simulations were conducted using 20 realizations for case 3, a case with a large degree of 

non-equilibrium and where relatively large deviations were observed between the locally 
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heterogeneous and locally uniform mass transfer simulations. As illustrated in Figures 5-6 

and 5-7, the deviations between the locally heterogeneous and locally uniform mass transfer 

models are not significantly different. Thus, the results obtained from the single-realization 

simulations should provide accurate representations of the relative impacts of locally 

heterogeneous and locally uniform mass transfer processes on field-scale solute transport. 

5.4 Conclusions 

The comparison of locally uniform and locally heterogeneous models indicates that 

a heterogeneous representation of local-scale mass transfer does not appear to significantly 

influence the mean transport behavior for systems with field-scale heterogeneity. However, 

it does appear to influence low-concentration tailing. For simulations of reactive transport 

over extended distances, the use of locally heterogeneous mass transfer appears to "preserve" 

non-equilibrium effects better than does locally uniform mass transfer. For field-scale 

transport, the use of locally heterogeneous mass transfer may not be necessary for describing 

mean transport behavior. However, it could be important for simulating the low-

concentration behavior pertinent to the remediation of contaminated subsurface systems. 

Further investigations are needed to better understand reactive transport influenced by 

multiple heterogeneous processes at different spatial and temporal scales. 
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Figure 5-6 Comparison of spatial moments simulated with 1 or 20 realizations of Monte 
Carlo simulation for a system under natural-gradient conditions. 



600 700 400 100 200 300 500 

14 

10 10 

II 

o 

— case 3-a, 1 realization 

— case 3-a, 20 realizations 

_ case 3-b, 1 realization 

_ case 3-b, 20 realizations 

600 700 400 
time (day) 

500 100 200 300 

Figure 5-7 Comparison of breakthrough curves and tails simulated with 1 or 20 realizations of Monte 
Carlo simulation for a system under natural-gradient conditions. 

VO vO 



100 

CHAPTER 6. SUMMARY AND CONCLUSIONS 

6.1 Overview of Rate-limited Transport Models 

Two-site and two-region models focus on either chemically or physically induced 

mass-transfer mechanisms. They are the basis for most cunent advanced transport models 

incorporating rate-limited mass-transfer. Multi-process models explicitly account for 

multiple sources of non-equilibrium, allowing elucidation of specific rate processes and 

identification of distributed parameters. For incorporating medium heterogeneity, the PDF 

models provide a detailed description of pore-scale heterogeneity and resultant "multi-rate" 

mass transfer, but ignore the spatial variability of material properties. Conversely, the 

stochastic rate-limited models account for large-scale heterogeneity of the porous medium, 

but mass transfer is typically represented as a lumped, microscopically uniform process. The 

comparison of these models demonstrates the need for a new approach ~ an approach to 

combine the strength of multi-process, PDF, and stochastic rate-limited models and to 

predict the heterogeneous rate-limited transport at both lab and field scales. 

6.2 Microscopic and Macroscopic Approaches for Incorporating Heterogeneous 
Rate-limited Mass Transfer 

Two major approaches have been used to incorporate heterogeneous rate-limited 

mass transfer into mathematical models for solute transport. One focuses on microscopic-

scale processes and associated grain-scale heterogeneity, while the other stresses the 

macroscopic variability of the medium and the field-scale behavior of solute transport. 

Despite differences in conceptualization and formulation, under certain conditions, the 
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microscopic and macroscopic models provide comparable solute transport simulations. 

However, larger deviations are observed at larger scales. This suggests that caution should 

be taken when using mathematical modeling for elucidating the specific processes that may 

be influencing reactive-solute transport for a given system. 

6.3 The Impact of Physical and Chemical Heterogeneity at Multiple Scales 

A multi-process, multi-scale transport model is proposed for the simulation of 

reactive solute transport in the heterogeneous subsurface. The model attempts to explicitly 

represent the most important processes that influence the movement of organic solutes in 

groundwater. The impact of medium heterogeneity at both pore and field scales is also 

incorporated. Numerical simulations are conducted to examine the individual and concurrent 

effects of some of these processes, including the spatially variable flow, spatially variable 

equilibrium sorption, locally heterogeneous diffusive mass transfer, and locally 

heterogeneous rate-limited sorption. Results indicate that locally heterogeneous mass transfer 

processes enhance the tailing of breakthrough curves significantly. When pore and field-scale 

heterogeneity coexist, maximum spreading is observed in terms of both breakthrough curves 

at a specific point and plumes over entire space. 

It should be stressed that above conclusions are based on a limited set of simulations. 

Additional analysis is required to further characterize reactive transport influenced by 

multiple heterogeneous processes at different spatial and temporal scales. It would also be 

interesting to examine the model by applying it to data sets, in which the parameter for each 
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process is individually obtained. 

6.4 Significance of Locally Heterogeneous Rate Process on the Reactive Transport at 
the Field-scale 

The comparison of locally uniform and locally heterogeneous models indicates that 

a heterogeneous representation of local-scale mass transfer does not appear to significantly 

influence the mean transport behavior for systems with field-scale heterogeneity. However, 

it does appear to influence low-concentration tailing. For simulations of reactive transport 

over extended distances, the use of locally heterogeneous mass transfer appears to "preserve" 

non-equilibrium effects better than does locally uniform mass transfer. For field-scale 

transport, the use of locally heterogeneous mass transfer may not be necessary for describing 

mean transport behavior. However, it could be important for simulating the low-

concentration behavior pertinent to the remediation of contaminated subsurface systems. 

Further investigations are needed to better understand reactive transport influenced by 

multiple heterogeneous processes at different spatial and temporal scales. 
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APPENDIX A; 

List of Models Used in Each Chapter 

Model Name Description 
Chapter 3 2reg-unir.x l-D two-region model with first-order mass transfer 

formulation 

2reg-spr.x l-D two-region model with a random field generator for 
the spatially variable first-order mass transfer rate coeff. 

2reg-ptr.x l-D two-region model with a lognormally distributed 
probability density function for the locally variable first-
order mass transfer rate coeff. 

Ist-unir.x l-D one-site kinetic model with first-order sorption rate 
coefficient. 

Ist-spr.x l-D one-site kinetic model with a random field generator 
for the spatially variable first-order sorption rate coeff 

Ist-ptr.x l-D one-site kinetic model with a lognormally 
distributed probability density function for the locally 
variable first-order sorption rate coeff. 

Chapter 4 Double.x 2-D mpne model (mpne2.x) with two lognormally 
distributed probability density functions for the locally 
variable mass transfer rate coeff. and sorption rate coeff 

Chapter 5 Double.x Same as above 
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