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ABSTRACT 

ObselVations that colloidal natural organic matter (NOM) enhances the 

migration of pollutants in groundwater have focused scientific interest towards the 

transport of NOM and its adsorptive properties. A small-scale tracer test was 

performed at a field site in Georgetown, SC, to investigate the movement of NOM 

under field conditions. Special emphasis was given to the hydrological heterogeneity 

of the site,with the idea that the flow field must be accurately known in order to 

distinguish adsorption from the effects of the hydrological processes. 308 slug tests 

were performed to characterize the spatial variability of hydraulic conductivity at the 

site. Using the hydraulic conductivity dataset, a three-dimensional transport model 

successfully reproduced the migration of a chloride plume. In this way, the 

uncertainties due to hydrological factors were minimized. 

NOM was then injected in a second tracer test. A two-site adsorption model 

was used to describe NOM transport. Adsorption on the first site of the model was 

described by a linear equilibrium isotherm, with adsorption on the second site being 

described by a linear time-dependent (first order kinetic) reaction. Modeling results 

indicated that the time-dependent process dominated the adsorption of NOM, with a 

fast attachment and slow detachment rates. An approximate retardation factor of 77 

was estimated for NOM. Because of the high velocities created by the forced gradient, 

chemical equilibria was not reached during the test. 
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Spatial variability of the chemical properties of the aquifer was identified at two 

different depths of aquifer. Furthermore, differences at late times between the 

observed and simulated NOM breakthrough curves suggested possible changes on the 

adsorption properties of the soil caused by continuous NOM adsorption. 
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Chapter 1 

INTRODUCTION 

The transport of colloidal particles in groundwater is a topic of increasing 

interest because of the role this particles play in po]]ution problems and remediation 

techniques. For instance, colloidal natural organic matter (NOM) has been observed 

to interact with and enhance the transport of contaminants, that would otherwise be 

immobile (McCarthy and Zachara, 1989). Laboratory and field studies have proved 

the significance of co]]oidal-NOM to the speciation of metals (Perdue, 1989) and 

radionuclides (Nash and Chopin, 1980; Nelson et al., 1985). 

Association of contaminants with colloids, whether organic or inorganic, in 

natural systems has been often reported in the literature. Investigators frequently have 

found that existing transport models inadequately predict the migration of pollutants 

when they interact with colloids. For example, Penrose et a1. (1990) reported 

plutonium and americium concentrations 3 km away from their source, although 

laboratory studies predicted that the movement of actinides in groundwater would be 

limited to less than a few meters. Their investigation of the properties of the mobile 

actinides indicated that the plutonium and part of the americium were tightly associated 

with colloidal material. Colloidal bound actinides were mobile and did not tend to 
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adsorb, whereas the fraction not associated with colloids was stable. This example 

points out the necessity to explore the hydrologic and chemical factors that control the 

movement of colloids, and find means to include them in the conceptual transport 

models. 

Usually, groundwater transport models treat the subsurface environment as a 

two-phase system where pollutants are distributed between the liquid (mobile) and the 

adsorbed (immobile) phase. However, the affinity of po11utants with an additional 

mobile phase, colloids, may alter their rate of transport. In these cases, actual transport 

occurs as a three-phase system (Figure 1-1), in which colloids play an important role 

in the spread of the pollutants. As noted by McCarthy and Degueldre (1993), colloid

facilitated transport processes have been ignored until recently because, among other 

reasons, little information was available on their mobility in subsurface environments. 

In this study, we are concerned with the transport processes that control the 

movement of colloidal natural organic matter in groundwater. Although NOM 

mobility and adsorption processes have been quantified at the laboratory scale, little 

is known about how they occur at the field scale. The heterogeneous nature of the 

hydrologic properties of the aquifer, and of its chemical 'properties as we11, are the 

major problems encountered in field experiments. Because of these problems, the 

chemical processes studied at the laboratory under ideal conditions may not be 

adequate to describe what occurs in a natural environment. Therefore, carefu11y 



MOBILE PHASE 
(GROUNDWATER) 

Two-Phase System 

= FLOW -

Three-Phase System 

MOBILE 
PHASE U =:FLOW 

22 

Figure 1-1.- The role of mobile colloids on the transport of dissolved contaminants. This figure 
emphasizes the dual relationship: colloid-aquifer matrix, and colloid-pollutant. From McCarthy 
and Zachara (1989). 
Reprinted with permission from McCarthy, J.F. and J.M. Zachara, Environ. Sci. and Teclmol., 
23(5),496-502, 1989, Copyright © 1989 American Chemical Society. 
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planned experiments that consider the ~mplexity of the field-scale cases are necessary 

to investigate the movement of colloidal particles, as NOM. 

With this idea in mind, small-scale two-well tracer tests were performed at the 

Hobcaw Field of the Baruch Forest Science Institute (Clemson University) in 

Georgetown, South Carolina, to investigate the transport of NOM, specifically its 

interactions with the aquifer materials. This study is a part of the research project 

coordinated by the Oak Ridge National Laboratory. Our task at the University of 

Arizona consisted of advising on the design of the field experiments and modeling the 

movement of the injected solutes. The reasons behind the experimental strategies, the 

field data, and the NOM transport modeling results are presented hereafter, and they 

constitute the main body of this dissertation. 

The ultimate goal of this research was to evaluate the importance of the 

hydrological and chemical factors that control the movement of NOM in the field. 

This study also attempts to provide some conclusions about modeling NOM transport 

in groundwater. 

Objectives. 

The scope of the problem of modeling field-scale NOM transport can be 

summarized in two main points: 

1.- How will the hydrologic heterogeneity of the aquifer affect the movement 
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of the solute? 

2.- How accurately do the current conceptual adsorption models, mainly based 

on laboratory studies, describe the transport of NOM in the field? 

Both questions are not independent of each other. One hypothesis of this 

research is that the hydrological factors (the flow field) must be perfectly known to 

clearly distinguish the chemical processes controlling the transport of NOM from the 

available field data. 

The first step of this research involves solving the hydrological problem by 

investigating the hydrological properties of the site, and their spatial variability. The 

difficulty consists of selecting the adequate sampling scale, so the "significant" 

heterogeneities will be captured. Much work has been done in terms of hydraulic 

conductivity in this regard (e.g., Sud icky, 1986; Hess et aI., 1992; Rehfeldt et aI., 

1992), and it has revealed a high variability of the hydraulic conductivity at small 

scales (meters). At the Georgetown site, the three-dimensional distribution of the 

hydraulic conductivity was measured at sampling intervals smaller than 1 m 

horizontally, and 0.15 m in depth. The purpose is to provide a detailed conductivity 

map for the numerical model, so the flow field can be correctly simulated. 

Chemical processes governing the adsorption of NOM on mineral surfaces have 

been studied in the laboratory (e.g., Jardine et aI., 1989, 1992, among others). These 

modeling attempts are mainly based on phenomenologic approaches; i.e., transport is 
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described by models accounting for the adsorption processes through the incorporation 

of phenomenologic coefficients, with limited ability to specify them on theoretical 

grounds or independently of the experiment (Hornberger et aI., 1992). Therefore, 

although laboratory results encourage the use of some models, the issue of NOM 

adsorption at the laboratory scale is not stiU definitely solved. Part of the problem 

concerns the subcomponents of NOM (Dunnivant et aI., 1992) and the hysteretic 

behavior of adsorption reactions (Gu et aI., 1993). 

Consequently, there is no certainty that models postulated from laboratory data 

wiIJ satisfactorily explain the movement of NOM in the field. Besides, scale 

differences between laboratory and field increase the importance of the problem. Such 

change of scale implies that other factors must be considered to understand the 

transport phenomena. Some of these factors are: the non-uniformity of the chemical 

conditions (mineral composition, organic matter content, water chemistry) in space as 

well as in time, the effect of water velocity fluctuations on adsorption kinetics, and 

site-competition among the different NOM subcomponents in a non-uniform 

environment. Furthermore, all these factors may add and combine their effects, 

making it increasingly difficult to identify their individual presence and magnitude. 

Our purpose is to address whether the adsorption models used in laboratory 

experiments are suitable to reproduce NOM transport in field-scale situations. If not, 

their weaknesses must be considered, and alternative solutions must be proposed. 
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Contents of the Dissertation. 

The ultimate goal of this dissertation is to study NOM transport. Nevertheless, 

the NOM tracer test is just a part of the experimental effort conducted at the 

Georgetown site to ensure an adequate framework for the study of collected NOM 

data. This framework includes previous experiments, the measurements of the 

hydraulic conductivity, and the chloride tracer tests performed to test our ability to 

reproduce the flow field. The contents of this dissertation presents each step 

conducted in the field, and in the computer lab too, with the purpose of studying the 

transport of NOM. 

The contents of the dissertation are as follows: 

Chapter 2 consists of a literature review of the NOM characteristics, and its 

adsorption processes. Two different modeling approaches, mechanistic and 

phenomenologic, are described and compared. Afterwards, the conceptual adsorption 

model selected for the Georgetown site experiment is described in detail. 

Chapter 3 is devoted to a brief description of the field site (its geology and 

hydrogeology), and the characteristics of the two-well tracer test method. 

Chapter 4 deals with the one-dimensional tracer test performed in May 1990. 

Chloride and NOM breakthrough curves are analyzed. It also includes some 

preliminary results on NOM adsorption. The conclusions from this experiment 

indicated the importance of the hydrologic heterogeneities on the site, and suggested 
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the use of a three-dimensional model as the appropriate means to study the migration 

of NOM. 

Slug tests conducted to measure the hydraulic conductivity of the site are 

examined in Chapter 5. Their analysis is based on three different solutions: Hvorslev 

(1957), Cooper et al. (1967), and Bouwer and Rice (1972). The resulting hydraulic 

conductivity distributions are presented, and their validity is discussed according to the 

assumptions of each method and the geological characteristics of the site. 

Furthermore, the geostatistical analysis of the Hvorslev dataset was conducted to offer 

a more rigorous description of the spatial variability of the conductivity at the site. 

Chapter 6 is devoted to the modeling of the chloride injection performed in 

May 1992. The goal of this test was to check our ability to reproduce the flow field 

using the three-dimensional conductivity dataset obtained by slug tests. The three

dimensional numerical model is described here, as well as its specific application at 

the Georgetown site. The movement of the plume was modeled using both the 

Hvorslev and Cooper et al. conductivity data as a test to decide which one offered a 

better representation of the aquifer properties. Observed and simulated data are 

compared using spatial and temporal moment methods. Finally, the same test was 

modeled using a simplified approach, a perfectly layered aquifer, with the aim of 

illustrating the benefits of using a three-dimensional heterogeneous model. 

Chapter 7 describes the third tracer test, which involved a simultaneous 
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injection of chloride and NOM. First, a second chloride injection was conducted to 

check that the correct simulation flow field was indeed reproducible. Results from that 

test are analyzed and compared with the previous one. Afterwards, the NOM data are 

qualitatively described. Retardation factors are calculated using the NOM mean arrival 

time at six sampling ports. 

The movement of the NOM plume was modeled using a two-site adsorption 

model described in chapter 2, which includes an equilibrium and a time-dependent site. 

Outputs from the simulations are compared with the observed data using the spatial 

moment for snapshots, and the temporal moments for individual breakthrough curves. 

The appropriateness of the adsorption model, the transport of the different NOM 

subcomponents, and the possible effect of chemical heterogeneities are considered in 

the interpretation of the observed NOM distribution. 

Finally, the conclusions of this dissertation and recommendations for future 

research are presented in Chapter 8. 
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NATURAL ORGANIC MATIER ADSORPTION MODELS 

IN SUBSURFACE TRANSPORT 

29 

Natural Organic Matter (NOM) in groundwater is found in solution as well as 

attached to the aquifer matrix minerals. The influences of this double presence of 

NOM are twofold: 

1.- The NOM fraction present in the liquid phase as a mobile solute may 

enhance the transport of pollutants that will adsorb or form complexes with it, and 

which will be less mobile in the absence of NOM (McCarthy and Zachara, 1989), and 

2.- The capacity of NOM to adsorb on the solid phase modifies the sorptive 

properties of the surface, which may enhance or impede the sorption of other solutes 

(Davis, 1980). 

For these reasons, the understanding of NOM interactions with the aquifer 

matrix is of great interest in studies on contaminant transport, and in particular the 

processes that govern its adsorption. 

The goal of this chapter is to present a brief review on the present knowledge 

of the adsorption processes of NOM on the mineral surfaces. A summary of the 

laboratory studies referent to NOM adsorption and results of some modeling efforts 
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are presented. Finally, the conceptual adsorption model to be used in this study is 

described in detail. 

2.1.- NOM: DEFINITION AND CHEMICAL CHARACTERISTICS. 

Dissolved NOM is a mixture of polymeric organic substances of different sizes, 

molecular weights and chemical composition, originating from the chemical decay of 

dead organisms, mainly plants. In the specific case of groundwater, NOM mainly 

refers to the dissolved organic carbon (DOC) fraction, which includes all the organic 

compounds with size ranging approximately from 10-6 to 10-9 m. The principal groups 

of NOM are humic substances (humic and fulvic acids), hydrophilic acids, and other 

simple compounds as carbohydrates, carboxylic acids, amino acids, and hydrocarbons 

(Thurman, 1985). Because of their dominant presence, NOM studies have been 

focused on the behavior of the humic substances and hydrophilic acids. 

Concentrations of both fractions are usually determined by measuring dissolved organic 

matter content (DOC). 

Humic substances consist of humic and fulvic acids, and they are distinguished 

by an operational criterion: the fraction that is soluble in alkaline solution but 

precipitates by acidification are humic acids; and the fraction that remains in the 

aqueous acidified solution (i.e., it is soluble over the entire pH range) are fulvic acids. 

Humic acids are of larger size (often up to the range of colloids), larger molecular 
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weight (3-300k Daltons), and less soluble in water than fulvic acids. The difference 

in solubility between humic and fulvic acids is due to the distinct amount of acidic 

functional organic groups present in their molecules, being the phenolic and carboxyl 

functional groups the most numerous. Deprotonation of the both groups gives an ionic 

character to the NOM molecule, and consequently, increases its overall negative 

charge. For example, for a carboxylic group 

R-COOH .... R-COO- + H+ (2.1) 

The acidity product for this reaction would be 

K _ [R-COO-] [H+] 
a [R-COOH] 

(2.2) 

The average Ka value for dissolved humic substances is 4.2 (Thunnan, 1985); therefore 

they behave as moderate acids. 

Humic substances from groundwater contain on average 5.5 meq/g carboxyl 

groups, whereas the typical concentration of phenolic hydroxyl groups is only 1.5 

meq/g (Thurman, 1985). In proportion, humic acids contain 20 percent less in 

carboxyl groups than the fulvic acid from the same environment. Because of this 

lower content of carboxyl groups, as well as their larger molecular size and weight, 

humic acids tend to precipitate. In the usual pH range of natural waters (6 < pH < 

10), these groups remain ionized and, therefore, the humic substance behaves as a 

solute. 
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Humic acids contain a sufficient amount of carboxyl groups to dissolve in 

water, which is a concentration of 1 carboxyl group for every 12 carbon atoms; in 

contrast, fulvic acids have a 1:6 concentration (Thurman, 1985). Using XAD resin 

chromatography, humic substances are fractionated on the basis of the carboxyl ratio, 

which in tum defines their hydrophobicity. The hydrophobic character of NOM, i.e., 

its tendency to reduce the contact with water and seek relatively nonpolar 

environments, is also considered as a sorption governing force. Strong attractive forces 

between water molecules can not be easily disrupted by NOM, and they repel NOM 

from solution and place it on the mineral surface. This type of bonding is considered 

an hydrophobic bonding. Thus, humic substances with concentrations of 3.5 meq/g 

or more of carboxyl group, called hydrophobic acid fraction, will elute the resin, 

whereas the fraction with a lower carboxyl concentration, named hydrophobic neutral, 

will be retained. 

The distinction between humic substances and hydrophilic acids is again based 

on an analytical criterion: humic substances adsorb to XAD resins at pH 2, whereas 

hydrophilic acids remain in the solution. The nature of hydrophilic acids consists of 

a mixture of simple organic acids, such as volatile fatty acids and hydroxyl acids, and 

complex polyelectrolytic acids that probably contain many hydroxyl and carboxyl 

functional groups (Leenheer, 1981). 

In summary, the mixture of organic compounds forming NOM can be 



33 

classified using operational criteria (usually adsorption on standard surfaces, as resins) 

which distinguish each NOM fraction by the number and type of functional organic 

groups in the molecule. Interestingly, analytical methods already suggest the 

importance of the NOM chemical composition on its sorptive capacity on solid 

surfaces, minerals in particular, under specific pH conditions. 

2.2.- THE CHEMISTRY OF SURFACES. 

Chemical properties of the surfaces, i.e., their charge and their chemical affinity 

to bond solutes, define the extent of NOM adsorption on the surface-water interface. 

Bonding processes may occur at very distinct rates and strengths because soils consist 

of many different mineral components. Due to the difficulty of dealing with such a 

variety of processes, studies on surface chemistry have focused on oxides, mainly Si, 

Fe and AI oxides and hydroxides, as some of the most reactive components in the soil. 

Surface layers of metal oxides present a reduced coordination number, because 

of their tendency to coordinate with H20 molecules. Consequently, they will typically 

carry hydroxyl groups (OH-) on the surface. Using this approach, acid-base reactions 

are written considering the loss or gain of a proton (H+) rather than an hydroxyl group, 

on the metal atom (Me) of the oxide surface 

(2.3) 



MeOH .... MeO- + H+ 
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(2.4) 

which illustrate the pH-dependence of the surface charge, and the basic character of 

the oxide surfaces. 

Surface charges arise from the chemical reactions that occur at the surface due 

to lattice imperfections and adsorption of surfactant ions (Stumm and Morgan, 1981). 

For surface reactions that are represented by an acid-base behavior, the net electric 

charge will depend on the pH of the solution, and this reactions are said to display an 

amphoteric behavior. Furthermore, different oxides will show different charge at a 

same pH depending on surface acidity constants. Figure 2-1 illustrates the charge of 

several oxides as a function of pH. The figure shows that an increase of pH tends to 

negatively charge the oxide surfaces. In particular, the silica surface is strongly acidic, 

releasing protons from its surface hydroxyls at pH values larger than 3 to form 

negatively charged surfaces. Iron and alumina surfaces are relatively basic, accepting 

protons at pH values less than 9 to create positively charged surfaces. Thus, silica will 

be negatively charged, aluminum oxides will present positive surfaces, and iron oxides 

may notably change their charge over the pH range usually encountered in natural 

waters. 

Clays are another group of minerals with active adsorption surfaces. However, 

isomorphous substitutions in clays usually lead to a net negatively charged surface, 

which becomes balanced by adsorbing cations. For instance, Figure 2-1 points out the 
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From Stumm, W., and J.J. Morgan,Aquatic Chemistry, pg. 613. Copyright © 1981 John Wiley 
and Sons, Inc. Reprinted by permission of John Wiley and Sons, Inc. 
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negative charge of montmorillonite at the common pH range of natural waters. In this 

case, direct adsorption of NOM on clay surfaces is less likely than on positively 

charged oxides. 

Organic coatings on oxide surfaces may also cause a dramatic change of the 

surface adsorption properties. This is the case with NOM adsorption. In general terms, 

the free acidic functional groups of the attached organic molecule create a negatively 

charged surface that may prevent the adsorption of more organics, because of electrical 

repulsion, and enhance the sorption of metals. 

Thus, solute and solid surface properties determine a particular arrangement 

of electrical charges in the solid-water interface, where the different attractive forces 

that control adsorption originate. These forces are: 

- short-range chemical forces, as covalent bonding, hydrogen bridges, and 

hydrophobic bonding, and 

- long-range coulombic forces, as electrostatic and van der Waals forces, 

The concept of a electrical double layer is applied to describe and model the 

processes of adsorption of simple ions and larger molecules as NOM. In an electrical 

double layer, the distribution of charge near the solid-water interface consists- of a 

double layer: one charge layer is close to the surface of the solid, and the other is 

adjacent to the bulk solution, which has a neutral charge. Such a charge distribution 

concept is then applied in the surface complexation models to calculate adsorption. 
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2.3.- ADSORPTION OF NOM ON SOLID SURFACES. 

In efforts to describe the processes governing NOM adsorption on minerals, 

studies seek to describe NOM sorption under different pH and ionic strength scenarios, 

the behavior of the functional groups involved and the type of bonding they develop, 

and finally, which one of the "acting forces" plays a more significant role on the 

sorption mechanism. generally, two conceptual approaches have been used to address 

the topic of adsorption. First, a phenomenologic approach is based on experimental 

relationships observed in controlled laboratory conditions. These relationships, 

described by isotherms, relate the adsorbed concentration to the solution concentration 

for a given substrate at constant temperature. Second, a mechanistic approach 

considers the specific reactions between solute and surface, and the effects of the 

electrical charge distribution. These are the surface complexation models. 

In this section, each conceptual approach is briefly reviewed. Afterwards, a 

summary of the laboratory studies pertaining to NOM adsorption, and results of some 

modeling efforts are presented. 

Isotherms: Linearity, Non-Linearity and Non-Equilibrium Concepts. 

Isotherms describe the relationship between the amount of solute sorbed onto 

a surface and the concentration of the solute in the liquid phase. This relationship is 

measured using batch experiments at a constant temperature. Thus, isotherms provide 
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a macro-scale description of the sorption phenomena, and they portray the affinity at 

equilibrium of a given adsorbate on a particular substrata, without relying on any 

specific mechanism. The mathematical formulation of this relationship is a critical 

step in transport models. Van Genuchten and Cleary (1979) and more recently 

Brusseau and Rao (1989) provide a detailed revision of adsorption processes and their 

mathematical formulation. 

Usually, models assume that local equilibrium and isotherm Iineality exist. In 

these cases, the linear sorption relationship takes the form 

s - K C p 
(2.5) 

where S is the adsorbed concentration in units of mass of solute per unit mass of soil, 

C is the solution concentration in units of mass of solute per unit volume of solution, 

and Kp is the equilibrium factor, or partition coefficient. The linearity of sorption 

isotherms is based on the partition coefficient being independent of the equilibrium 

solution concentration. This is true for sufficiently dilute systems in which activity 

coefficients are constant. Brusseau and Rao (1989) indicated that hydrophobic 

partitioning is an example of reactions where solute-solvent interactions are 

independent of the solute concentration, and therefore they can be represented by a 

linear isotherm. 

Non-linear isotherms may develop when solution concentrations are high 

enough that the activity coefficient is not constant, or when hydrophobicity is not the 
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single operating sorption mechanism. Sorption involving site-specific processes has 

a greater propensity for showing non-linear behavior. In particular, Langmuir 

isotherms occur when the characteristics of the surface limits in some way the extent 

of adsorption. Considering an adsorption process as 

X+A-XA (2.6) 

where X represents the adsorptive surface site on the solid, A is the solute, and XA is 

the adsorbed product. The mass law for this process can be written as 

[XA] 
Kod! - [X] [A] 

S 

[X] C 
(2.7) 

If the total number of adsorption sides SIJIIJJt is fixed, the mole balance for 

surface sites is 

Smax - [X] + S (2.8) 

Both equations (2.7) and (2.8) can be combined to yield the mathematical expression 

for the Langmuir isotherm 

(2.9) 
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Another non-linear formulation is given by the Freundlinch isotherm. For our 

purposes, the Langmuir isotherm will be considered only as it has been observed to 

describe NOM adsorption (Jardine et aI., 1992, McCarthy et al., 1993). 

For the previous isotherms to be true, the rate of adsorption must be fast 

relative to the physical processes affecting solute concentration so that equilibrium can 

be established. Sorption data from laboratory studies have found that the kinetics of 

the adsorption process were significant, and that equilibrium was not instantaneously 

reached. To describe reversible reactions with different forward, k, ' and backward 

rates, kb (a non-equilibrium process), a first-order model is proposed 

(2.10) 

Surface Complexation Models of NOM Adsorption. 

Models of adsorption of a molecule onto a surface involves several steps: 1) 

removing the solute molecule (i.e., NOM) from the solution, 2) removing the solvent 

from the solid surface (Le., hydroxyl groups), and 3) attaching the solute to the surface 

(Stumm and Morgan, 1981). 

In the case of surface reactions, chemical affinity and electrical forces have 

been mentioned as the cause of adsorption. In a more compact way, both "driving 

forces" are combined in the surface complexation models to describe and quantify 
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adsorption. These models consider sorption as analogous to the formation of solute 

complexes. Therefore, the law of mass action is accepted to govern the surface 

reactions. Nevertheless, because of the electrical charge of the surface, surface 

reactions are not exactly equivalent to solute reactions. A correction factor accounting 

for the electrostatic interactions must be included. This coulombic correction factor 

arises from the electrical double layer, or Gouy-Chapman theory. 

Surface complexation models are also known as Stemian adsorption models, 

since they originate from Stern's (1924) theory. This theory considers the total 

adsorption energy as the sum of the chemica] energy (defined by the free-energy of 

reaction) and the electrostatic energy (defined by the Gouy-Chapman theory). 

Conceptually, Stern divided the region near the surface into two different layers: the 

first consisting of a compact layer of ions specifically adsorbed at the surface (where 

both chemica] and electrostatic interactions are strong), and the second consisting of 

a diffuse layer (where the electrostatic forces dominate). 

Specifically, Stern's theory estimates the number of adsorbed ions as being 

proportional to the number of availab]e sorption sites, the mole fraction of the ion in 

solution, and an exponential term that includes both the electrical potential as a 

function of distance, and the chemica] adsorption energy. Stumm and Morgan (1981) 

suggest that, for single ionic species in a dilute solution, the fraction of occupied 

adsorption sites (or the amount of adsorbed ions) can be derived from Stem's theory 
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in the form of a Langmuir isotherm. This similarity allows the surface complexation 

model to be expressed on the basis of experimental isotherms, although it is almost 

impossible to distinguish between the chemical and coulombic terms from laboratory 

data. However, coulombic forces on NOM adsorption are of minor importance as 

shown by Davis (1982) and Jardine et aI. (1989). 

The first requirement toward making surface complexation models useful to 

geochemical studies is a thermodynamic data base capable of solving for the mass law 

constants necessary for the speciation and sorption reactions. Such a complete data 

base is not presently available, other than for a few cations (Dzombak, 1990). 

Furthermore, the estimation of the electrostatic term is not straightforward, because the 

parameters involved are not easily measurable, and because the electrostatic charge 

distribution and the surface geometry are not usually continuous on a molecular scale 

(Morel, 1983). Furthermore, the question of whether adsorption models observed under 

ideal laboratory conditions do apply to natural systems also arises. These practical 

problems regarding the use of the surface complexation model are magnified in the 

case of NOM adsorption, because of the high variety of organic components and the 

intricacy of their complexation reactions. 

In summary, this molecular scale model is not entirely suitable for solving 

actual problems of NOM adsorption and transport at field scale. The large variety of 

soil minerals, and their spatial variability, increase the complexity of applying such a 
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mechanistic approach. 

Experimental Results and Adsorption Processes. 

The experiments reviewed herein are related to adsorption onto oxide surfaces 

(Davis, 1980, 1982; Tipping, 1981) and soil sediments (Jardine et aI., 1989). These 

experiments refer to NOM fractions extracted from natural waters, usually surface 

water bodies, and applied to pure oxide surfaces. Davis (1980, 1982) and Tipping 

(1981) studied the adsorption of the humic substances fraction. Jardine et ai. (1989) 

considered both the hydrophobic and hydrophilic fractions. Results from these studies, 

although derived under laboratory conditions, conceptually illustrate the adsorption 

processes occurring in natural systems. 

Davis (1980) reported a clear pH dependence of NOM adsorption on aluminum 

oxide surfaces, A120 3• The largest adsorption takes place around pH 5, and it rapidly 

decreases at a higher pH. Adsorption is nil at pH > 10, where aluminum oxide 

surfaces becomes negatively charged due to surface deprotonation (Figure 2-1). 

Furthermore, Davis also showed that one order of magnitude change in the ionic 

strength does not produce a significant variation in the adsorbed concentration. Similar 

results were reported by Tipping (1981) for iron hydroxide surfaces, and by Jardine 

et ai. (1981) for soils. 

In these experiments, higher initial NOM concentration resulted in a lower 
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sorbed percentage of NOM, as less adsorption sites were available. Interestingly, 

Davis (1980) observed that only 60% of the NOM in solution will be adsorbed on 

Al20 3, and this percentage did not significantly change after a ten-fold increase of the 

initial Al20 3 concentration on the reaction flask. Therefore, a large portion of the 

NOM does not adsorb even on fresh Al20 3 surfaces. Finally, the fractional removal 

of NOM as a function of pH proved to be notably distinct depending upon the mineral 

surface. Jardine et al. (1989) also reported that different adsorption capacities in two 

soils were related to their contrasting indigenous organic matter content and 

mineralogies. 

With respect to the adsorption processes, Parfitt et al. (1977), Tipping (1981) 

and Tipping and Cooke (1982) proposed ligand exchange as the principal process, 

where the hydroxyl group is displaced from the surface by the acidic group of the 

adsorbing anion 

(2.11) 

where AZ
" represents an absorbing anion or a base (e.g., R-COO"), and z is its charge. 

Tipping (1981) suggested that a net negative charge occurs at the surface as a 

consequence of the ionic groups of the organic matter that do not participate in the 

attachment. As a result, the electrostatic repulsion between the surface and dissolved 

organic molecules increases, and the sorptive capability of the surface diminishes. 

Protonation of the free anionic functional groups helps to overcome the repulsion, and 



45 

allows adsorption to continue at constant pH until an equilibrium state is reached. 

A similar process occurs when the solution contains bivalent ions as Ca2+ and 

Mg2+. Under the same pH and ionic strength conditions, Tipping (1981) observed that 

these cations efficiently reduce the electrostatic repulsion and enhance sorption on the 

oxide surface. Consequently, the total amount of NOM sorbed was larger in the 

presence of these cations. Therefore, sorption becomes a balance between the ligand 

ext;hange processes and the electrostatic forces resulting from them. 

Despite the simplicity of the above sorption reaction, NOM binding to oxides 

is a complex phenomena due to the large size of the molecule, and to the different 

functional groups acting simultaneously. Using potentiometric titration of the adsorbed 

NOM, Davis (1982) postulated that the mechanism of adsorption was complex 

formation between the surface hydroxy Is of the alumina surface and the acidic 

functional groups of the NOM molecule. Complexation then occurs between 

protonated surface hydroxy Is and the organic acidic groups, perhaps involving several 

groups at once. The reaction is described as 

(2.12) 



... 
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where x is the number of surface hydroxyls covered by the adsorbate, and HtAZ. refers 

to the organic functional group before losing its proton. Titration and electrophoresis 

experiments showed that the proton balance of the reaction could be achieved if the 

following processes were considered: 1) protonation of surface hydroxy Is to form a 

complex, 2) protonation of free anionic groups, and 3) dissolution of the alumina solid 

phase by complexation with organic ligands (Davis, 1982). 

Furthermore, fractionation of NOM into adsorbable and non-adsorbable 

compounds was not evident on the basis of group acidity. Davis' (1982) results 

suggest that the carboxyl groups are not as important in surface complex formation as 

the weak acid and phenolic groups. Removal of NOM compounds is more likely to 

be induced by the stereochemical arrangement of functional groups in each molecule. 

Finally, Davis' study proposed that although adsorption behavior seems 

consistent with an electrostatic attraction/repulsion model, these forces would be 

relatively small, as other ions in solution will balance charge differences faster than 

the large NOM molecules. Therefore, physical (hydrophobic) and chemical (complex 

formation) forces are responsible for NOM adsorption on oxide surfaces. 

The work of Jardine et al. (1989) on the mechanism of NOM adsorption onto 

soil sediments pointed out that ligand exchange actually plays a minor role in NOM 

adsorption. Their thermodynamic approach to the sorption process showed that 

physical adsorption driven by favorable entropy changes (usually due to hydrophobic 
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interactions) is the predominant mechanism of NOM retention. This idea is supported 

by the preferential adsorption of the hydrophobic NOM compounds relative to the 

hydrophilic ones. 

Differences in the chemical composition of NOM (i.e., number and location of 

its functional groups) are also important factors that determine NOM adsorption 

capability. Dunnivant et al. (1992) demonstrated large differences in the mobility of 

isolated fractions of NOM, with hydrophilic components exhibiting less retention and 

more rapid transport than hydrophobic components. 

The type of adsorption isotherm necessary to describe NOM adsorption has also 

been discussed and investigated by several authors. Tipping (1981) and Davis (1982) 

discussed the validity of a Langmuir isotherm to describe NOM sorption on oxide 

surfaces. Tipping (1981) noted that the Langmuir isotherm holds for humic substances 

despite its chemical heterogeneity. However, a significant deviation from the 

Langmuir isotherm was observed at large values of S for those solutions rich in 

bivalent cations. The deviation was attributed to the efficient role of these cations in 

reducing the electrostatic repulsion created by the adsorbed NOM molecules. In 

addition, Davis (1982) also found that 1) NOM fractionation during sorption, 2) the 

heterogeneity of the NOM mixture, and 3) the number and type of surface sites may 

hinder the use of the Langmuir isotherm to accurately describe NOM adsorption. 

Nevertheless, Jardine et al. (1989) satisfactorily used the Langmuir isotherm to 
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represent equilibrium adsorption of a bulk NOM solution in soil material. More 

interestingly, McCarthy et al. (1993) successfully used the Langmuir isotherm to model 

the adsorption of a NOM solution on soil samples from the Georgetown site. Both 

studies indicate that the use of the non-linear Langmuir isotherm is valid to portray the 

adsorption of bulk NOM on soils, disregarding the effects of microscale 

heterogeneities. 

Figure 2-2 shows the isotherms for the Georgetown site presented by McCarthy 

et al. (1993). They were obtained by using soil material from three different depths 

in two observation wells, A and B (refer to Figure 3-4). The NOM was obtained from 

a wetland surface stream water near the Georgetown site, which was also used in the 

injection tests. These isotherms were prepared at constant pH, ionic strength, and 

temperature. Results show different isotherms for each sample, and consequently 

distinct sorption capabilities. The isotherm parameters estimated by these authors are 

given in Table 2-1. In addition, the linearized form of the Langmuir equation is also 

plotted to validate the use of this adsorption model on the Georgetown site. The use 

of the linearized form was suggested by Tipping (1981) to check its validity for a 

given experimental data set. Its derivation is as follows: starting from equation (2.9), 

and operating arithmetically, 

S ( 1 + KtJdJ C ) - Smu KtJdJ C (2.13) 
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Figure 2-2.- A).- Adsorption isotherms for the Georgetown site NOM solutions and soil 
material, at 1=0.001 Nail, pH 5.6 and 25°C (McCarthy et aI., 1993); B).- Linearized isotherms 
for the Georgetown site data. 

All lines are fitted by visual judgement. A possible outlier is marked with a circle. 



Table 2·1 

&timated Langmuir Parameters for NOM adsorption 

(after McCarthy et al., 1993) 

Sample 
Smax Kads 

location 

A1 481 0.06 

A2 317 0.11 

A3 131 0.44 

B1 454 0.13 

B2 382 0.13 

B3 231 0.24 

Sample locations refer to wells A and B (Figure 3-4). 

Numbers 1, 2 , 3 refers to 1.2, 1.8, 2.6 m depth at each well. 

Smax is given in mg-C / kg of soil, and Kads is given in (mg-C / L)'l. 

50 
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.! - K_ .. _ ( S - S ) (2.14) C ..... mu 

we obtain the linear relationship between SIC and S. Linearized plots for the 

Georgetown site isotherms (Figure 2-2) support the use of a Langmuir isotherm for the 

Georgetown site, despite the few number of data points and the outlier identified for 

the lowest concentration value at locations A2 and B2. 

Mackay et aI. (1986) also observed spatial variability in the sorptive properties 

of soils at small scales at the Borden site. The lack of correlation of the sorption 

distribution coefficients of several chemicals with either the organic carbon content or 

surface specific area suggested them that unidentified mineral phases may play a 

significant role in the sorption of such chemicals on the sandy soils of the Borden site. 

2.4.- NOM MODELING APPROACH FOR THE GEORGETOWN SITE 

EXPERIMENTS. 

The modeling approach for the NOM tracer tests performed at the Georgetown 

site is based on the goals of the experiment as well as present modeling capabilities. 

One of the main goals of the Georgetown experiment is to recognize those adsorption 

processes previously observed at the laboratory. However, some of the details which 

are evident at small scales might not be noticeable at larger scales because of a limited 

ability to picture the migration of a tracer plume in the field. Furthermore, the 
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inherent heterogeneity, both hydrological and chemical, of the aquifer media might also 

produce an averaging effect of the different processes that control the movement of 

NOM. Because of these two facts, a simple modeling approach is selected. 

An important factor in modeling field-scale experiments is the hydrological 

heterogeneity of the aquifer, specifically the spatial variability of its hydraulic 

conductivity. In the Georgetown site, special emphasis was given to the identification 

of the three-dimensional spatial variability of the hydrologic properties of the aquifer, 

and to include this variability in the numerical model. Using this information, 

modeling techniques may distinguish between the influences of the flow field 

characteristics on the NOM breakthrough and those corresponding to adsorption 

processes. 

Considering all these factors, a simple phenomenological approach is hereafter 

used for the modeling of NOM transport, which consists of representing the 

relationship between the adsorbed and the dissolved concentrations with linear 

isotherms. The adsorbed concentration, S, is then included in the advection-dispersion 

equation as a time-dependent source-sink term. In a three-dimensional case, 

(2.15) 
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where C is the concentration of the dissolved chemical in units of mass per volume 

of liquid phase, S is the concentration of the adsorbed phase in units of mass of 

adsorbed chemical per mass of soil, Dij is the hydrodynamic dispersion coefficient, Vi 

is the velocity, Ph is the bulk density of the porous medium, e is its porosity. Xi are 

the spatial coordinates, with ~ j = 1, 2, 3. 

The following assumptions apply: 

1.- The sorption processes throughout the aquifer are spatially constant. 

2.- Despite the fact that NOM is a complex mixture of organic compounds with 

different functional groups and chemical affinities, it will be treated as a single 

chemical. Its averaged interaction with the solid phase is then given by a unique 

isotherm. Indeed, Jardine et al. (1992) showed that the equilibria and kinetic 

adsorption behavior of NOM on soils could be successfully modelled as a single 

compound using a dual-process (two-site) system. Further investigations indicated, 

however, that hydrophobic and hydrophilic NOM fractions have distinct mobilities 

(Dunnivant et al., 1992; McCarthy et aI., 1993). 

3.- A linear isothenn can be used to describe NOM adsorption. 

Laboratory experiments have pointed out that a non-linear Langmuir isotherm 

accurately describes NOM adsorption onto mineral surfaces. The last assumption 

represents a simplification of the modeling routine, as the iterative process necessary 

to solve a non-linear relationship will become computationally expensive. Moreover, 
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we are not aware of present three-dimensional flow and transport numerical models 

which include the non-linear isotherm option. In addition, Jardine et at. (1992) 

concluded that the use of a non-linear isotherm was not as critical for modeling NOM 

transport as it was a time-dependent relationship. 

Thus, a conceptual model consisting of two type of reaction sites is assumed 

to simplify the complex nature of NOM adsorption. Basic to the two-site adsorption 

model is the idea that the solid phase is made up of different constituents, and that a 

chemical is likely to react with these different constituents at different rates and 

intensities (Parker and Van Genuchten, 1984). This idea is appealing when the 

chemical of interest is not a single component, but a mixture as NOM. According to 

the formulation presented by Cameron and Klute (1977), two different reaction sites 

are considered, each one exhibiting different sorption behavior: those which appear to 

adsorb or react rapidly with the chemical, inducing an instantaneous equilibrium, and 

those which appear to adsorb the solute more slowly, resulting in a kinetic reaction. 

Both processes are assumed to be reversible and independent of each other. Total 

adsorption, S, will be the sum of the adsorbed concentration at each site, S} and S2' 

ths relationship is expressed as 

(2.16) 
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Fraction SJ accounts for the equilibrium model given by the linear isotherm, 

(2.17) 

where K3 is a dimensionless equilibrium coefficient. Fraction S2 represents the 

time-dependent term and it is given by the first-order kinetic model, 

aS2 e 
--k-C-lrS at Ip "'22 

(2.18) 

where kJ and k2 are the adsorption and desorption rate coefficients, in units of 

reciprocal time. 

A similar model was also used for bacteriophage by Bales et al. (1989, 1991), 

and for bacteria by Harvey and Garabedian (1991) and Hornberger et al. (1992). 

Finally, this formulation is used with the aim to check if NOM interactions 

with the aquifer matrix can be reproduced by such a simple adsorption model. The 

results, if positive, do not validate the model, as its rate coefficients were not estimated 

independently but by a fitting procedure. In addition, comparison between field 

measurements and data simulated by this model may suggest some interesting insights 

on the mechanics of NOM transport at field scales, which in tum may help to develop 

alternative modeling strategies. 
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2.5.- SUMMARY. 

NOM adsorption on solid surfaces can be described using a mechanistical 

approach: the surface complexation model; or a phenomenological approach: sorption 

isotherms. Coupling each one of these adsorption models with a flow and transport 

model is one of the present challenges of reactive solute transport modeling. 

In one hand, surface complexation models provide a complete and unique 

description of the sorption process. However, they are difficult to apply for two 

principal reasons: 

- All the multisite reactions between adsorbate and substrata need to be known, 

as well as their equilibrium constants. Coulombic correction factors should 

also be considered. 

- Introducing the thermodynamic speciation reactions and the mass balance 

calculations into the flow and transport model is numerically difficult. 

On the other hand, sorption isotherms can be easily incorporated in the 

transport equation (i.e., the classical advection-dispersion equation) as a source/sink 

term. Furthermore, numerical solutions are available and they do not require excessive 

computational costs. In those cases, time-dependent (kinetic) and non-linear isotherms 

can be incorporated into the numerical models. Unfortunately, solving for non-linear 

isotherms largely increases the computational cost, specially when a three-dimensional 

approach is proposed. Models including isotherms have been successfully applied to 
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reproduce the movement of reactive chemicals in the laboratory as well as in the field. 

Nevertheless, isotherms are based on experimental relationships under controlled 

laboratory conditions, and they are specific for each field site. 

Finally, the phenomenological approach has been selected to investigate the 

migration of NOM in the field-scale experiment of the Georgetown site. The 

adsorption formulation consists of a two-site model with an equilibrium and a time

dependent (kinetic) site. Linear isotherms have been selected in order to simplify the 

numerical solution of a three-dimensional simulation of the heterogeneous hydrologic 

formation (Srivastava and Yeh, 1992). 
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Chapter 3 

FIELD SITE AND EXPERIMENTAL METHODS 

As a brief introduction to the field scale experiments, this chapter presents a 

description of the geology and the characteristics of the field site. The site is situated 

at the Hobcaw Field in the Baruch Forest Science Institute, Georgetown, South 

Carolina, referred as the Georgetown site (Figure 3-1). Furthermore, the methodology 

of the two-well tracer test is described, with special emphasis on its application at the 

Georgetown site. 

3.1.- GEOLOGY OF THE SITE. 

The Georgetown site is located on a peninsula of land, named Waccamaw 

Neck, between Winyah Bay and the Atlantic Ocean. The peninSUla is composed of 

fine sand associated with the Silver Bluff or Princess Anne terraces (Colquhoun, 1974). 

The general elevation of these terraces is 3 to 5 m above the present sea level, and 

they were probably associated with sea level during the Sangomon interglacial period 

100,000 years ago. The surface topography of the peninsula is made up of a series of 

former beach ridges formed during the regression of sea level at the beginning of the 

Wisconsin Glaciation. Between the ridges are shallow swales approximately 1.5 m 
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lower than the adjacent crests. Test borings from the area reveal that the sand rests 

on a 1 m thick layer of clay whose depth varies from 3 to 1 m below sea level. The 

fine sand water table aquifer varies from 3 to 9 m thick depending on the surface 

elevations. 

A detailed description of the site is given by Williams and McCarthy (1991). 

3.2.- FIELD SITE CHARACfERISTICS. 

General characteristics of the Hobcaw Field site. 

The unconfined shallow aquifer underlying the site consists of a sandy coastal 

material, approximately 3 m thick, bounded by the impervious clay layer at the bottom. 

The aquifer is composed of unconsolidated fine sand, and exhibits distinct layering. 

Test bores provided a general description of the aquifer materials, which in the upper 

part consists of a layer of fine and loamy sand containing iron oxide and some clay 

(approximately 9% by weight), showing a granular structure, and small roots. Below 

this layer and approximately 1 m below surface, a zone of gleyed sand exists whose 

grains are coated by clay (4% clay content), ranging in color from gray to pale olive 

gray. The deepest part of this aquifer is composed of a layer of medium-coarse sand, 

consisting of clear quartz, with a clay content less than 2%, and ranging from 0.15 to 

0.3 m thick. 

The Hobcaw Field is equipped with a network of 15 piezometers, covering an 
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area 100x60 m. Each piezometer contains four 2.5 cm-diameter PVC pipes drilled to 

different depths. Each pipe is open at the bottom for hydraulic head observations. 

Daily measurements of the head levels were taken from all piezometers, and those 

measurements from piezometers surrounding the test site (piezometers 4, 5, 9 and 10) 

were used to estimate the natural hydraulic gradient at the site (Figure 3-2). 

Water levels in the four pipes were averaged to obtain the hydraulic head at 

each piezometer. The hydraulic gradient was determined from the slope of the planar 

surface defined by the head values of three out of the four wells surrounding the test 

site (Pinder et ai., 1981). The slope was simultaneously estimated from the four 

possible triangular combinations among the four wells, and the four solutions were 

then averaged. Results of the hydraulic gradient magnitude and orientation are 

presented in Figure 3-3. As represented in this figure, the averaged hydraulic gradient 

was estimated to be 0.0253 m m- l using daily measurements from April to October 

1992, with an orientation of N60oW. 

Seasonal water table fluctuations occur in response to rainfall events. During 

dry periods, the water table is located approximately 0.8 to 1 m below ground surface; 

a water table rise of 0.8 m has been observed during intense rainfall events. As a 

consequence, hydraulic gradient differences of 0.01 m m-l were observed between dry 

and rainy periods, with oscillations of ±10-15° in its direction. Correlation' between 

gradient variations and rainfall events is also shown in Figure 3-3. 
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Figure 3-3.- Natural hydraulic gradient variations during the period April 27 - September 27, 
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Groundwater quality is relatively soft with a low concentration of dissolved 

solids and near neutral pH (6.5). The temperature oscillated between 25 and 32°C. 

The organic matter in the solid phase was assumed constant throughout the aquifer, 

approximately 0.03%. 

Characteristics of the small-scale test site. 

Tracer tests at the Georgetown site were conducted in two different 

experimental layouts. The first layout consisted of a one-dimensional array of wells, 

where the May 1990 experiment was performed. The second layout, which is an 

extension of the first one, was located in a contiguous zone. It consisted of a two

dimensional array of wells where the tracer tests of May 1992 and August-September 

1992 were performed. Figure 3-4 illustrates both layouts and the observation well 

network. 

The first layout consisted of two active wells and two observation wells. The 

distance between the injection and withdrawal wells was 5 m. Two multi-level 

sampling wells (named wells A and B) were located at 1.5 and 3 m from the injection 

well, respectively. The injection and withdrawal wells (#10 slotted PVC pipes of 5 cm 

inner diameter) were screened over the entire length of the saturated zone, capped at 

the bottom, and equipped with a seal at the top to aid forced injections. Ea'ch sampling 

well had eleven sampling ports at 15.2 cm intervals between 1.05 m and 2.74 m below 
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the surface, with an unsampled inte~al left at 2.55 m depth. Each sampling port 

consisted of a 5 cm long section of 1 cm diameter PVC pipe with numerous 0.5 cm 

holes drilled along its length. These holes were covered with Nitex screen of mesh 

equal to #10 diameter well screen. Each port was connected to a sampling device at 

the surface with a 0.8 cm diameter teflon tubing, which was connected at the surface 

to Tygon tubing attached to a peristaltic pump. Samples were collected using a 

peristaltic pumps at a flow rate of 50 mL minot. 

Following analysis of the results of the May 1990 tracer test (discussed in 

Chapter 4), the field experimental layout was modified and expanded to improve the 

investigation of NOM movement in groundwater. A contiguous 5x5 m area was 

chosen, and the new layout involved a total of 32 monitoring wells, plus one more 

injection well, in addition to the withdrawal well used for the first test. 

The distribution pattern of the 32 monitoring wells was defined to obtain 1) a 

detailed characterization of the hydraulic conductivity, and 2) a detailed measurement 

of the three-dimensional tracer distributions. A plan view of the well array is shown 

in Figure 3-4. The network consisted of a regular grid with a well interval spacing of 

1 m along the x-axis, and 0.6 and 0.75 m along the y-axis. Each well is a 2.54 cm

diameter PVC pipe, and is fully screened from 1 m below the surface to the bottom 

of the aquifer. The wells were installed by manually driving the screened pipe into 

the soil. Because of the sandy nature of the aquifer and the small diameter of the 
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pipes, the disturbed annulus created b~ the installation was expected to be very small. 

The new injection well had the same characteristics as the formerly installed active 

wells. 

Slug tests were performed in the monitoring wells to measure the hydraulic 

conductivity variability of the site. Later, multilevel samplers were installed to provide 

representative water samples at five different depths of the aquifer during tracer tests. 

Sampling ports were located at 1.4, 1.7, 2.0, 2.3 and 2.6 m depth below ground 

surface. 

Wells 2, 8, 16 and 24 proved to be inadequately installed. Therefore, neither 

slug tests results are available from them, nor could the sampling ports be used. Thus, 

the total number of observation wells was reduced to 28. 

3.3.- FIELD EXPERIMENTAL METHODS. 

The two-well tracer test method was selected for all the field experiments. 

Numerous field tracer experiments under forced gradient conditions have been 

conducted in the past. For example, Pickens and Grisak (1981) conducted tracer 

experiments under forced gradient conditions in a stratified sandy aquifer to investigate 

the scale-dependent nature of dispersivity. 

Early analytical solutions and dispersion calculation for fluid travel time 

between a recharging and discharging well pair were presented by Hoopes and 
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Harleman (1967), Grove et at. (1970), and Grove and Bettem (1971). In particular, 

Hoopes and Harleman (1967) described the effects of dispersion along and across 

streamlines on the shape of the concentration distribution. They concluded that the 

concentration distribution at the withdrawal well is mainly dominated by advection, as 

dispersion is only noticed at very early times. 

In a large scale two-well tracer test at the Mobile site, Molz et aJ. (1986) 

showed that the effects of local hydrodynamic dispersion were negligible and that 

concentration breakthroughs at the withdrawal wen could be simulated using advective 

transport only. This and other studies at the Mobile site (Giiven et aI., 1986; and 

Huyakorn et aI., 1986b) pointed out that breakthrough curves at the withdrawal wen 

were sensitive to vertical variations of the hydraulic conductivity. Solute arrival could 

be reproduced at the discharging wen using a perfectly horizontal stratified aquifer 

model provided that conductivity variations with depth were known. The results also 

showed that lateral inhomogeneities within each strata strongly control the solute 

breakthrough at other observation wens. 

The method used at the Georgetown site involved a steady-state forced gradient 

situation established by simultaneously injecting and withdrawing water at equal rates. 

A sketch of the two-well tracer test is presented in Figure 3-5. After the flow reached 

steady-state, the injected water was supplemented with the tracer. Flow rates were 

controlled and calibrated on a daily basis, and the injected concentration was also 
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periodically recorded. Tests were conducted without water recirculation, and the 

withdrawn water was discharged into a distant stream, down-gradient from the site. 

NOM injections were coupled with chloride. Chloride was selected as a 

suitable tracer because of its conservative behavior, especially in sandy soils, and 

because of the low chloride background of the aquifer (approximately 12 mg L·t). 

NOM was obtained from a wetland pond near the site, which drains a mixed 

hardwood forest; the "brown water" contains high levels of NOM. This water was 

transferred to an enclosed, Vi ton-lined holding reservoir near the injection site and was 

continuously recirculated before and during injection to promote mixing. The 

dissolved NOM background concentration of the groundwater was 0.6-0.8 mg-C Lot. 

Three forced gradient tests were performed at the Georgetown site, and their 

characteristics and sampling strategies are described in the corresponding chapters. A 

preliminary summary of their flow rates and mean injected concentrations is presented 

in Table 3-1. 
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TABLE 3.1 

Two-Well Tracer Test Characteristics 

Test 1 Test 2 Test 3 

May 1990 May 1992 Aug-Sep 1992 

Injection rate 3.8 L minot 3.8 L minot 3.0 L minot 

Withdrawal rate 3.8 L minot 3.8 L minot 4.5 L minot 

Total test duration 58 days 12 days 43 days 

Chloride. 

Injected mean C 140 mg Lot 240 mg L"t 72 mg Lot 

Pulse duration 23 hours 16 hours 659 hours 

Background C 12 mg L"t 11 mg L"t 13 mg Lo1 

NOM. 
Injected mean C 66 mg Lot 32 mg Lot 

Pulse duration 312 hours 659 hours 

Background C 0.8 mg Lot 2 mg Lot 
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ONE-DiMENSIONAL ANALYSIS OF A 

TWO-WELL TRACER TEST, 

CHLORIDE AND NOM: MAY 1990 
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A first attempt to study NOM transport at the Georgetown site was made in 

May 1990 using a one-dimensional, small-scale, two-well tracer test. The selection of 

a short distance between the injection and withdrawal wells (5 m), and extensive 

sampling from two monitoring wells, were expected to provide a complete description 

of the solute movement. However, hydrological heterogeneities had a great impact on 

the migration of chloride and NOM. The lack of information about the hydrological 

characteristics of the site complicated the study of the NOM transport. 

This chapter presents the modeling effort realized to interpret the information collected 

during this tracer test. Despite the uncertainties of the results, some preliminary 

conclusions regarding NOM adsorption resulted from this analysis. More importantly, 

conclusions from this first test constituted the basis upon which the strategies for the 

subsequent experiments, on May and August-September 1992, were elaborated. 
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4.1.- CHARACTERISTICS OF THE TEST. 

The May 1990 test consisted of a simultaneous injection of chloride and NOM, 

and took place in the first layout, with two observation wells (see Figure 3-4 and Table 

3-1). Both injection and withdrawal flow rates were kept constant and equal to 3.8 L 

min-l, creating a head difference between the wells of 0.9 m. 

A constant input concentration for NOM of 66 mg-C L-l was injected for 312 

hours, complemented with chloride (KCI) during the first 23 hours. Averaged chloride 

concentration was approximately 140 mg L-l (Figure 4-1). Following the injection of 

each tracer, concentrations were kept at reservoir water background levels for chloride 

(30 mg L-l), and groundwater background level for NOM (0.8 mg-C L-l). 

Measurements of the chloride breakthrough were recorded at the 11 sampling 

ports of wells A and B. The tracer concentration was not measured at the highest port 

of well B (1.05 m depth) because it became dewatered due to the lowering of the 

water-table around the pumping well. During the first 80 hours of the test, the 

chloride concentration was measured at each sampling point every two or four hours. 

During the next 64 hours, measurements were taken every 10 or 14 hours. Afterwards, 

samples were taken at longer intervals until the twelfth day. Chloride concentrations 

were analyzed using an ion specific electrode. 

NOM sampling was limited to 1.2, 1.8 and 2.7 m depth at both wells. NOM 

data were collected at 6 or 8 hour intervals during the first 100 hours, and afterwards 
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they were collected once a day for 1000 hours. Scattered data were then collected until 

the end of the experiment at 1392 hours (58 days). Organic carbon concentrations were 

measured using a 01 Corp. Model 700 Total Organic Carbon Analyzer, and reported 

as mg-Carbon L-1
• 

Unfortunately, no data are available from the withdrawal well. 

4.2.- MODELING APPROACH. 

Studying the transport of reactive compounds, such as NOM, usually requires 

complex models, provided that the necessary data are available. In cases where data 

are scarce, only simple modeling approaches can be used to reproduce the phenomena 

of interest. This is precisely the case of the May 1990 experiment, where no 

information was available about the hydrologic properties of the field site. Therefore, 

modeling attempts were made using the only available information: the injection and 

withdrawal flow rates and the breakthrough curves of both tracers at wells A and B. 

Additionally, hydraulic conductivity results obtained from slug tests in the new 

contiguous field site were also used in the model to improve the simulations. 

Several assumptions were made to simplify the modeling of this tracer 

experiment. First, because of the short distance between the injection and the 

withdrawal wells, we assume the aquifer to be perfectly stratified with horizontal 

homogeneity in the hydraulic properties. Furthermore, the approximate steady-state 
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flow condition allows each layer in the flow field to be treated independently; that is, 

vertical flow and transverse dispersion between layers are disregarded. Thus, the 

velocity and hydraulic head in each layer can be obtained by the stream function and 

the potential function described by Javandel et al. (1984). 

Of all the assumptions, disregarding vertical flow is perhaps the most limiting 

one. Actually, it implies that the unconfined nature of the aquifer, as well as the 

notable head difference created by the forced gradient, are ignored. The effects of 

vertical flow will predominate near the wells, and they will be at a minimum in the 

central part of the test site, where both monitoring wells are located. Furthermore, the 

magnitude of the vertical flow will largely decrease with depth, where this assumption 

will be justified. 

Since wells A and B are located along a straight line between the injection and 

the withdrawal weIls, solute transport in the well array can be assumed to occur along 

the streamline connecting the injection and the withdrawal wells. Provided that lateral 

dispersion between streamlines and vertical dispersion between layers are neglected, 

a one-dimensional classical convection-dispersion model with non-uniform velocity can 

be used to analyze tracer breakthrough at the two monitoring wells. 

A regional flow gradient, approximately 5x1003 m mol, was observed 

perpendicular to the well array. This gradient was considered small compared to the 

overall gradient induced by the forced injection and pumping dipole, and was not 
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included in the simulation. 

The first step in the investigation of NOM transport was to characterize the 

hydrologic and transport properties of the site by estimating the values of porosity and 

dispersivity for each ideal layer independently. Chloride breakthrough data at well A 

and the convection-dispersion mathematical model were used to obtain these values. 

Afterwards, these values of the hydrologic properties were incorporated into the 

two-site sorption/decay transport model to simulate NOM breakthrough curves. Values 

of the coefficients related to transport, sorption reactions, and decay were identified 

by fitting the models to the observed data at each sampling port of well A. Finally, 

all these parameters were applied to simulate both chloride and NOM breakthroughs 

at well B. 

Governing Equations and Numerical Methods. 

The governing equation used to describe one-dimensional convection-dispersion 

of a reactive solute in homogeneous porous media under non-uniform steady flow is 

given by 

ac Ph as a ( ac ) ac - + - - - - D(x) - - vex) - - AC & e & & & & . 
(4.1) 
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where C is the concentration of the dissolved chemical in units of mass per volume 

of liquid phase, S is the concentration of the adsorbed phase in units of mass of 

adsorbed chemical per mass of soil, D(x) is the hydrodynamic dispersion coefficient, 

v(x) is the velocity, Pb is the bulk density of the porous medium, e is the porosity, x 

represents distance along the shortest streamline between the injection and the pumping 

wells, and t is time. 

Equations describing the adsorption of NOM were already presented in Chapter 

2. Briefly, total adsorption S is described by a two-site sorption model: the first site, 

SI' is controlled by a equilibrium linear isotherm, and the second site, S2' presents a 

time-dependent (kinetic) linear relationship between Sand C (Cameron and Klute, 

1977). The equations are 

as aSl aS2 -+- (4.2) 
at at at 

(4.3) 

aS2 e 
--k -c-z.. s at lp "'22 

(4.4) 
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where kj is a dimensionless equilibrium coefficient, and k1 and k2 are the adsorption 

and desorption rate coefficients, in units of reciprocal time. 

In addition, the two-site sorption model was coupled with a first-order decay 

term, A., to account for the loss of NOM mass observed at the breakthrough curves by 

unspecified processes. The removal processes are assumed to only affect the solute 

concentration in the liquid phase. The possible meaning of the decay term is discussed 

in detail in the next section. 

For a non-reactive tracer, such as chloride, equation (4.1) was solved 

disregarding the terms involving the adsorbed phase and the decay coefficient. For a 

reactive tracer, such as NOM, equation (4.1) was solved simultaneously with equation 

(4.2) in order to consider the interaction between dissolved and adsorbed phases given 

by equations (4.3) and (4.4). 

A two-well test tracer experiment creates a diverging and converging flow 

field where, under a steady-state situation, the hydraulic gradient and the velocity field 

are non-uniform; that is, they vary spatially. Consequently, the hydrodynamic 

dispersion coefficient (as defined by Bear, 1972, p. 613) also varies with distance 

D(x) - a vex) (4.5) 
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where a is the dispersivity of the medium (in units of length), assumed constant. 

The velocity field of the non-uniform steady flow situation induced by a well 

dipole is given by (Huyakorn et aJ., 1986a) 

q(z) [ III v(x,z) - --- -- - -
27t6b X-Xo X+Xo 

(4.6) 

where q(z) is the flow rate of each well, b is the aquifer thickness, and Xo is one-half 

of the well spacing. The origin of the x-axis is assumed to be at the center of the line 

joining the two wells. 

The flow rate q(z) is specific to each individual layer of the aquifer, and is 

assumed constant and steady. The flow rate was estimated according to the procedure 

suggested by Guven et al. (1986) 

Kt q(z)--Q K awr 
awr 

(4.7) 

where K; denotes the hydraulic conductivity for layer i at depth z (Table 4-1). Qaver 

is the mean flow rate per layer, or the total flow rate divided by the number of layers. 

Kaver is the depth-averaged hydraulic conductivity, defined as 

(4.8) 
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where hi is the thickness of layer i, an.d N is the number of layers. Finally, q(z) was 

calculated for each layer (Kavu = 1.335xlOo3 m minot, and Qavu = 0.315 L minot); the 

results are presented in Table 4-1. 

The values of the hydraulic conductivity profile were obtained from the series 

of slug tests performed at the contiguous field site, which are described in Chapter 5. 

The geometric mean at each layer (Hvorslev solution) was then used in equation (7) 

to estimate the flow rates in this experiment. The averaged conductivity values are 

given in Table 4-1. 

Other methods exist to distribute the injected flux among the different layers. 

For instance, K; can be indirectly estimated using the peak arrival times of the chloride 

breakthrough curves (Pickens and Grisak, 1981). In particular, this method was used 

by Mas-PIa et al. (1992) to estimate layer flow rates for this same chloride tracer test, 

and their results are included in Table 4-1. Comparing both results, namely q(z) and 

q·(z), it is clear that flow estimations are highly dependent on the method chosen. We 

prefer the flow rates estimated using the slug test data because they incorporate 

independently and directly measured hydrologic parameter values, despite the 

differences in the spatial location of the slug test data set and the assumptions involved 

in the interpretation of the data. 

With the knowledge of velocity distribution along the streamline using 

equations (4.6) and (4.7), a finite element method using linear basis functions was 
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Table 4-1 
Chloride Breakthrough Curve Analysis 

Depth, m K j q(z) q*(z) 6 a 

1.05 [0.469] 0.111 0.477 0.156 0.59 

1.20 0.469 0.111 0.477 0.264 0.80 

1.35 0.318 0.075 0.457 0.207 0.42 

1.50 0.412 0.097 0.457 0.950 0.88 

1.65 0.416 0.098 0.165 0.666 0.69 

1.80 0.500 0.118 0.178 0.968 0.68 

1.95 0.725 0.171 0.197 0.665 0.39 

2.10 0.868 0.209 0.222 0.664 0.46 

2.25 1.550 0.366 0.254 0.948 0.64 

2.40 2.129 0.503 0.197 1.014 0.51 

2.55 3.590 0.848 

2.70 4.551 1.075 0.636 0.305 0.04 

K j : hydraulic conductivity, m minot x 1003
, from the slug test site (Hvorslev 

method). Brackets indicate that the value have been assumed. 
q(z): flow rate at depth z, L minot, using Kj from slug test site (equation 4.7). 
q*(z): flow rate at depth z, L minol, estimated by Mas-PIa et al. (1992) using 

peak arrival times. 
6: porosity, 
a: dispersivity, m 
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employed to solve equations (4.1) and (4.2). In order to include the non-uniform 

velocity field, the velocity between nodes was also weighted by the linear shape 

function. This numerical model was verified by comparison with available analytical 

solutions for the uniform and non-unifonn velocity cases (Cameron and Klute, 1977, 

and Hoopes and Harleman, 1967, respectively). 

A time-dependent, constant-concentration boundary condition was defined at 

the injection well to represent the variable chloride step input (Figure 4-1). NOM was 

injected at a constant rate of 66 mg-C Lo1
• 

To avoid numerical oscillations in the finite element solution, space and time 

discretization were selected to satisfy the Peelet number (Pe = vex) Ill/D(x) < 2, where 

III is the element length) and the Courant number (Co = vex) llt/l11 < 1, where I1t is the 

time step size) criteria (Huyakorn and Pinder, 1983). 

For the estimation of hydraulic and chemical reaction parameters, a parameter 

identification routine was developed using the down hill simplex method (Press et aI., 

1989). The best-fit criterion defined in the optimization routine was the minimum 

square difference between the observed and the simulated results. Neither the Peelet 

nor the Courant numbers were used as constraints in the optimization routine. 
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4.3.- RESULTS. 

Chloride and NOM Breakthrough Data. 

Chloride breakthrough data collected at the eleven depths from wells A and B 

are plotted in Figures 4-2 and 4-3, respectively. Qualitatively, the chloride 

breakthroughs at well A show distinct peaks, with arrival times ranging from 12 to 46 

hours, indicating different layer conductivities. The steep ascending and descending 

limbs of the breakthrough curves suggest an advection-dominated transport at the top 

and bottom of the aquifer. Peak concentrations recorded at the monitoring locations 

in the middle portion of the aquifer at well A are significantly lower than the average 

injected concentration (140 mg Lot). In contrast, breakthrough data from well B do not 

have well-defined peaks, except at 1.2 and 2.7 m, and the maximum concentrations are 

much lower than those observed at well A. 

In general, all NOM breakthrough data displayed well-defined peaks that are 

considerably retarded relative to the chloride data, reflecting the effect of the sorptive 

interactions between NOM and soil (Figure 4-4). Breakthroughs exhibit a rapid 

decline in NOM concentration when the injection of the NOM solution was terminated. 

They also show long tailings with concentration levels 2 to 10 times background NOM 

levels (0.8 mg-C Lot) for more than 1000 hours after the step input ceased. NOM 

concentrations returned to background level approximately 2500 hours after the 

beginning of the test. 
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Figure 4-2.- Observed (dOts) and simulated (solid line) chloride breakthrough curves at we)) A. 
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Figure 4-3.- Observed (dots) and simulated (solid line) chloride breakthrough curves at weIl B. 
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Simulation of Chloride Breakthrough. 

Simulated chloride breakthrough curves at the eleven depths at well A are 

plotted in Figure 4-2. In general, the simulated and observed breakthrough curves are 

in good agreement. However, the optimized values of porosity spread over a wide 

range of values (Table 4-1), some of them even larger than 1.0, and some out of the 

range for common sandy materials (Davis, 1969). These unreasonable values were 

necessary to provide a good fit, and they can only be regarded as the best curve-fitting 

values which may not have any significant physical meaning. Inasmuch as the values 

of porosity are directly dependent upon the flow rates, the unreasonably large values 

may be a result of overestimating the flow rates in the layers. As discussed 

previously, accurate flow rates are difficult to calculate by indirect methods, and this 

handicap is now reflected in the porosity estimates. 

Dispersivity values may suffer from a similar problem as porosities. The 

calibration of the model using breakthrough data which show an advection dominated 

type of transport (data at 1.05, 1.20, 1.35, 2.40 and 2.70 m depth) resulted in 

dispersivity values ranging from 0.04 to 0.88 m. Although the appropriateness of these 

values is uncertain, they are consistent with the dispersivities calculated by Pickens and 

Grisak (1981) for a two-well tracer test of similar dimensions. However, the effect of 

hydrologic heterogeneity, causing lateral or vertical movements of the plume, may 

have an impact on the estimated porosity and dispersivity. 
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The effect of heterogeneity becomes even clearer when the model is applied 

to predict the observed data at well B using the parameter values obtained from the 

calibration at well A. Predicted breakthroughs are plotted in Figure 4-3, and they are 

in poor agreement with the observed data, especially those at 1.2 and 2.7 m depth. 

Furthermore, Mas-Pia et al. (1992) used a two-dimensional transport model, which 

considered lateral dispersion of the tracer, to reproduce this tracer test. Even though 

horizontal transverse dispersion was considered, the same difficulty of reproducing the 

chloride breakthrough curve at well B was encountered. 

The unreasonable values of porosity, the failure in predicting the breakthrough 

data at well B, and the poor mass recovery suggest that the assumption of homogeneity 

within layers and one-dimensional flow is not adequate to describe the observed 

transport phenomenon. Heterogeneities at a scale smaller than the distance between 

wells A and B (1.5 m) seem responsible. Similar discrepancies in the prediction of 

breakthrough data were also reported by Molz et al. (1986) and Huyakorn et al. 

(1986b) when the perfectly stratified model was used to simulate a two-well tracer test. 

These authors explicitly attributed them to areal inhomogeneities within each layer. 

Simulation of NOM Breakthrough. 

Despite the unreasonable parameter values and the difficulties of predicting 

chloride breakthrough curves at well B, the model reproduced the breakthrough of 
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chloride at we)) A reasonably well, therefore it provides some foundation for the 

investigation of the migration of NOM. In other words, the contrast between the 

chloride and NOM breakthroughs at we)) A is assumed to be a direct consequence of 

the two-site sorption process and the decay term, and that the advective-convective 

component of the transport can be reproduced by the estimated porosity and 

dispersivity in each layer. 

Along with the already optimized hydrologic parameters, the transport equation 

plus the chemical terms were fitted to the observed NOM breakthrough data at we)) 

A to obtain the values of the sorption and decay coefficients using the optimization 

routine. The curve-fitting procedure was used only in the ascending limb of the 

observed breakthrough curve. The best-fit parameter values were then verified by 

simulating the entire curve. During the calibration, the dry bulk density, Pb' was 

assumed constant throughout the aquifer, equal to 1.65 g em-3, because the 

unreasonable values of porosity were not suitable for dry bulk density computations. 

This analysis was applied to the three depths (1.2, 1.7, and 2.8 m) where NOM 

samples were collected. Table 4-2 tabulates the calibrated parameter values, with the 

estimated kJ values three to five the k2 values_ Differences between the coefficient 

values at the three depths may be attributed to distinct adsorption capabilities, as 

suggested by laboratory experiments (McCarthy et aI., 1993). However, this 

observation can not be proven because of the difficulties encountered on reproducing 



Table 4-2 
NOM Breakthrough Curve Analysis 

Depth, Z 1.20 m 

q(z) 0.111 

8 0.264 

a 0.80 

Pb 1.65 

kJ 0.583x10-2 

k2 0.117x10-2 

kJ 1.069 

t.. 0.151x10-3 

R 7.02 

q(z): flow rate at depth z, L minot 
8: porosity, dimensionless 
a: dispersivity, m 
Pb: soil bulk density, g cm-3 

1.80 m 

0.118 

0.968 

0.68 

1.65 

0.213x10-3 

0.449x10-4 

0.378 

0.762x10-4 

6.20 

2.70m 

1.075 

0.305 

0.04 

1.65 

0.230x10-2 

0.434x10-3 

2.052 

0.524x10-3 

8.35 

kJ' and k2: adsorption and desorption rate coefficients, minot 
kJ : equilibrium coefficient, dimensionless 
t..: first-order decay coefficient, minot 
R: retardation factor, dimensionless (equation 4.9). 
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the flow field. 

Simulated and obselVed breakthroughs of NOM at well A are displayed in 

Figure 4-4, and the agreement is satisfactory. The optimized chemical parameter 

values based on the ascending branch of the breakthrough data provide an acceptable 

prediction of the descending part at 1.80 and 2.70 m. Nevertheless, NOM 

concentration at 1.2 m depth declines much more rapidly than predicted by the model. 

Such results suggest that the general transport behavior of NOM can be reasonably 

represented by the two-site (equilibrium and first-order kinetic) sorption model. 

Indeed, a similar finding is reported by Jardine et al. (1992) in a study of the mobility 

of the same source of NOM in laboratory columns using Georgetown aquifer material. 

The decay term was introduced as a means to simulate the correct peak 

concentration, since peak and breakthrough shape could not be concurrently reproduced 

by sorption processes only. Although the mechanistic significance of the decay term 

is not known, the following causes have been suggested (McCarthy, 1992, personal 

communication): 1) binding of NOM to stronger adsorption sites effectively making 

the sorption "irreversible" at the time scale of the experiment, 2) adsorption of NOM 

to inorganic colloids and subsequent filtration of these colloids, 3) microbial 

mineralization of NOM, or 4) Fe(II)/Fe(III) catalyzed oxidation of NOM. For 

example, Liang et aI. (1993) noted that dissolved oxygen levels in wells A and B did 

not increase during the NOM injection. Among the mechanisms postulated to consume 
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the 2 mg Lo1 of dissolved oxygen in the NOM injection solution was a mechanism 

proposed by Stumm and Morgan (1981) involving a slow Fe(II) oxidation step 

followed by reduction of the iron in a ferric-organic complex, with oxidation of the 

organic matter. It should be noted that, stoichiometrically, it is unlikely that more than 

4% of the NOM could have been consumed by this mechanism (Liang et al., 1993). 

Although microbial utilization of the injected NOM is another possibility, McCarthy 

et al. (1993) postulated that this was of limited significance. Bacterial abundance in 

the water collected from wells A and B did not exhibit any consistent trends associated 

with the NOM injection, and the b13C values for the NOM recovered during the 

desorption phase did not suggest any significant microbial metabolism of the NOM. 

NOM may also have been lost through particle filtration, since approximately 15% of 

the injected mass of NOM was greater than 0.1 J.lm in size (McCarthy et aI., 1993). 

However, the low concentration peaks observed at the NOM breakthrough 

curves may also be explained if the condition of hydrological homogeneity is not 

assumed. Because of homogeneity, the center of the plume is assumed to move along 

the well array at all times. Aquifer heterogeneities may produce shifting of the general 

movement of the plume. In that case, a lateral edge of the plume, which has a lower 

concentration than its center, would be observed. Then, the decay factor appears as a 

model artifact resulting from the assumption on which the solution is based. A similar 

hypothesis can be stated to explain the low chloride concentrations at well B. Thus, 
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a more detailed monitoring of the hydrologic properties of the site is needed to avoid 

the use of conflicting parameters. Last]y, it should be noted that a decay factor did 

not appear to be necessary to describe NOM transport in short-term experiments 

through 8-cm columns (Dunnivant et a]., 1992; Jardine et a]., 1992), suggesting that 

the apparent Joss of NOM is observed only at the field scale, when homogeneity is 

invoked. 

Using the best-fit parameter values obtained at we)) A, NOM breakthrough at 

the three ports of we)) B were simulated, and the results are shown in Figure 4-4. In 

genera], the NOM breakthrough curves at we)) B could not be successfully reproduced 

by the best fit coefficient values obtained at well A. Predicted breakthroughs were 

more retarded and underestimated than the observed data. An approximated 

breakthrough curve was obtained only at 2.70 m depth. 

Analysis of Retardation. 

The magnitude of the adsorption processes controlling NOM transport is 

quantified by the retardation factor, which indicates the relative traveJJing velocities 

of the reactive and the non-reactive solutes. 

Chemica] parameters obtained during the curve fitting procedure can be used 

to estimate the retardation factor (Ba]es et a]., 1991). At large iimes when 

equilibrium in fraction S2 (equation 4.4) is achieved, i.e., as/at = 0, the retardation 
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factor, R, can be expressed as 

(4.9) 

The values of R estimated at well A are presented in Table 4-2. The small 

differences of the retardation factors using this approach suggest that adsorption rates 

in each layer may show a small spatial variability with depth. 

An alternative method of estimating the retardation of a reactive tracer is to 

compare the average travel times of the observed NOM and chloride breakthrough 

data, i.e., using their temporal moments (Roberts et aI., 1986). This ratio between 

travel times does not represent a "true" retardation factor as it dependents on the 

relationship between physical (hydrological) and chemical (kinetic) processes, in those 

cases where sorption equilibrium does not hold. In that way, an apparent retardation 

of NOM, R·, is defined as 

(4.10) 

where i is the mean average travel time calculated as the mean of the breakthrough 

concentrations of NOM or chloride 

II 

L Ct tt - t-l (4.11) t -
II 

L Ct 
t-l 
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where Ci is the concentration (above b~ckground) at the sampling time ti , and n is the 

number of sampling times. This is the equivalent of finding the center of mass of the 

curve. In this tracer test, however, the length of the step inputs of chloride and NOM 

were different (fable 3-1), and the mean travel times must be corrected by subtracting 

the mean time of the correspondent step input (Valocchi, 1985) 

(4.12) 

where, for the solute A, i,.,(btc) is the center of mass of the observed breakthrough 

curve, and i,.,(input) is the center of mass of its step input. The values of i,.,(input) 

are 10.1 hours for chloride (from Figure 4-1), and 156.0 hours for NOM. 

Apparent retardations estimated using the mean travel times are tabulated in 

Table 4-3. Although the values are slightly different than the ones obtained using the 

fitted parameters, the trend is maintained. In a11 cases, the extent of retardation was 

similar to that predicted from laboratory studies using same materials, which ranged 

between 5 and 15 (McCarthy et aI., 1993). 

Retardations estimated at 1.20 and 2.70 m depth in we11 B are in good 

agreement, contrary to what was observed in well A. Furthermore, NOM retardation 

appears to decrease with the travel distance. 

Another method to compare adsorption rates as well as the evol~tion of the 

plume with distance within each layer, is to look at the chloride and NOM 

breakthrough curve areas (Roberts et aI., 1986). The integral area, A, below a curve 



Table 4·3 
Retardation Analysis Using Temporal Moments 

Well A Well B 

Solute, depth Area i R· Area i R· 

Chloride, 1.20 m 0.787 31.7 0.204 62.5 

Chloride, 1.80 m 0.071 58.2 

Chloride, 2.70 m 1.293 17.4 0.625 53.2 

NOM, 1.20 m 7.073 301.6 6.72 5.187 417.3 4.99 

NOM, 1.80 m 6.569 390.3 4.86 4.035 569.6 

NOM, 2.70 m 11.940 251.6 13.05 9.455 363.3 4.81 

Area, in mg L-1 x hour x lOS, (equation 4.13) 
i, averaged travel time, hours 
R·,apparent retardation, using equations (4.10 and 4.12) 
Results of Table 4·3 were calculated over a time span of 135 h for chloride, and 1200 h for NOM. 

\0 
-..J 
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is calculated as 

" A - E C, At, (4.13) 
,-I 

where At is the time interval between the i-th measurement and the previous one. That 

is, the area represents the amount of solute through the sampling port. Results from 

this method are tabulated in Table 4-3. As expected, both solute areas decrease with 

distance. However, chloride area at 1.20 m depth decreases twice much as at 2.70 m. 

This discrepancy suggests that different degrees of heterogeneity exist in each layer, 

and these heterogeneities control the chloride mass reaching well B. 

On the other hand, NOM areas also decrease between both wells, but with 

similar proportion in each layer (0.73, 0.61 and 0.79, from top to bottom), which in 

tum are higher than for chloride. The longer duration of the NOM step input appears 

to be responsible for these results. Indeed, uniform solute distribution in the aquifer 

can be more easily reached for long step inputs, lessening the influences of 

hydrological heterogeneities. 

Influence of Individual NOM Components. 

In all previous simulations, the transport behavior of the bulk NOM was 

considered disregarding the different mobility of the NOM subcomponents. However, 

some recent studies suggest different sorption properties for each NOM component. 
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For example, Dunnivant et aI. (1992) demonstrated large differences in the mobility 

of isolated fractions of NOM in laboratory columns containing Georgetown aquifer 

material. Hydrophilic components of NOM exhibit less retention and more rapid 

transport than hydrophobic components. 

Concentrations of each individual NOM component collected at each sampling 

port and at several times also indicate a "chromatographic effect" of the different 

components according to their size and their hydrophobicity (McCarthy, et aI., 1993). 

During the initial portion of the breakthrough at all wells, a disproportionately large 

fraction of the mobile NOM recovered was <3K Daltons mol. wt., suggesting that 

macromolecular NOM (3-100K mol. wt.) was retarded relative to the <3K fraction. 

Likewise, during the initial breakthrough, mobile NOM was enriched in hydrophilic 

NOM and depleted in the hydrophobic fraction, relative to the composition of the 

injection solution. Water samples collected near the end of the NOM injection 

exhibited a composition similar to that of the injection solution. The long tails of the 

NOM breakthrough data appear to reflect differences in the desorption kinetics of size 

fractions of NOM, with hydrophobic and macromolecular NOM being desorbed more 

slowly. 

Results of these studies suggest that accurate NOM modeling at the field scale 

should consider NOM as a complex mixture of components which may differ with 

respect to their affinity, kinetics, and possible processes of adsorption to aquifer solids. 
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The extended tailing observed in the descending limbs of the breakthrough curves for 

NOM in both the laboratory columns and in this field study are postulated to reflect 

the multiple sorptive interactions operative during transport of the complex mixture of 

solutes and macromolecular polyelectrolytes that comprise NOM. Finally, the 

differences in the retardation factor along the flow path might be attributed to the 

selective adsorption or "chromatographic effect" of each one of the NOM 

subcomponents. 

4.4.- SUMMARY. 

The analysis of this forced gradient field experiment underlines the importance 

of hydrological heterogeneities on solute transport. Failure to predict chloride 

breakthrough curves at well B using the hydrologic parameters estimated at well A, 

only 1.5 m away, suggests that the homogeneity assumption can not be supported. 

Therefore, a detailed site characterization and snapshots of tracer plumes are 

imperative to understand migration of conservative tracers so that the chemical 

processes involved in the transport of NOM can be successfully identified. 

Breakthrough data collected at a few sampling points in a field experiment do not 

necessarily lead to a reliable interpretation of transport of tracers in the field. 

In spite of many difficulties and uncertainties in the simulation, modeling 

results indicate that the two-site sorption model is adequate to simulate bulk NOM 
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transport at well A. The effect of hydrological heterogeneities stands as the reason 

why NOM breakthrough predictions at well B were unsuccessful, although 

heterogeneity effects could be lessened by the long duration of the NOM input. 

Furthermore, retardation factors suggest a possible variability of the chemical processes 

between wells A and B. This hypothesis is difficult to support as long as the 

movement of a conservative tracer can not be reproduced with certainty. 

A result of the conclusions of this tracer test was the creation of a contiguous 

new field site, where the hydrologic properties were to be extensively monitored. 

Portraying the spatial variability of the permeability became a first priority in the 

modeling of the next tracer test designed to investigate the adsorption characteristics 

of NOM on the aquifer matrix. The following chapters describe the characterization 

of the field heterogeneity at the Georgetown site, and the analysis of two tracer tests 

(involving chloride and NOM) once the information on hydrological heterogeneity was 

included in the model. 
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Uncertainties in the study of solute transport are highly dependent on the 

knowledge of the spatial distribution of the aquifer hydrologic properties, which 

control the flow field resulting from natural or forced gradients. In a classical 

example, Sudicky (1986) illustrated how spatial variations of the hydraulic conductivity 

are most likely to be responsible for groundwater velocity fluctuations in short travel 

distances, and how they in tum will lead to irregular plume shapes at early times. 

Information on the hydraulic conductivity distribution is fundamental where a field 

experiment is performed to study the migration of a reactive chemical. In other words, 

a good understanding of the flow field behavior is necessary to differentiate the effect 

of the hydrological versus the chemical properties of the soil on the observed 

breakthrough curves. 

As described in the previous chapter, the two-well tracer test performed in May 

1990 showed that, even at very short distances, observed breakthrough curves for 

chloride and NOM could not be simulated using a layered aquifer model with the 

assumption of homogeneous hydrologic properties. These results indicated that three-
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dimensional detailed characterization of the hydrologic properties of the site, as well 

as three-dimensional monitoring of the solute plume, were necessary to study the 

chemical phenomena involved in the transport of a reactive substance. 

This chapter presents the analysis of the slug tests conducted at the Georgetown 

site in November 1991 to characterize the hydrologic properties of the aquifer. 

Slug tests have been used as a successful technique to examine the variations 

of the hydraulic conductivity in both confined aquifers (Molz et aI., 1989; and Melville 

et aI., 1991), and unconfined aquifers (Hinsby et aI., 1992; and Rehfeldt et aI., 1992). 

A review of different methods to measure the hydraulic conductivity, including the 

use of a flowmeter, slug and tracer tests, and laboratory permeameter tests, have been 

reviewed by Molz et al. (1989) and Rehfeldt et ai. (1992). Molz et aJ.'s study 

concluded that "the results derived from these three methods were not identical but 

quite similar in overall nature and distribution of hydraulic conductivity trends". In 

their research at the Columbus site, Rehfeldt et al. pointed out that slug tests 

conductivities were lower than the ones measured by the flowmeter, as the slug test 

results were only representative of the vicinity of the well. The homogenizing effect 

produced by the disturbed annulus around the borehole would also be responsible for 

the smaller variability of the conductivity observed on the slug test data. In this 

project, we selected the slug test because of its fast and low cost perfofmance, and 

because it could be easily adapted to the necessities and technical features of the site 
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instrumentation. 

Several methods have been proposed in the literature to analyze slug test 

results, based on different assumptions and test features. Three different approaches 

were used to analyze the results: the Hvorslev (1957), the Bouwer and Rice (1972) and 

the Cooper et al. (1967) method to asses the validity of the hydraulic conductivity 

results. In this chapter, the three-dimensional distributions of the conductivity resulting 

from the three methods are presented, and their further application to a water flow 

numerical model is discussed. Finally, the geostatistical analysis of the data obtained 

by the Hvorslev method provides a more rigorous description of the spatial 

conductivity distribution at the Georgetown site. 

5.1.- EXPERIMENTAL METHODS. 

Slug tests were conducted in all 28 wells by the traditional method of 

instantaneously releasing a slug of water into the well, and recording the decline of 

water with time. Slug tests using packers were conducted at 15.2 cm intervals, from 

1.05 to 2.72 m depth, resulting in eleven tests in each well. 

The apparatus to perform the slug tests designed by Dr. T.M. Williams 

consisted of an upper cylindrical reservoir which communicates with a pipe that has 

a screened tip. The bottom and the top of the screened interval had three O-rings fitted 

and glued to the pipe which worked as packers. The pipe was mobile and able to be 
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placed at any given location along the well. 

From a total of 308 tests, 248 gave excellent results. The remainder were 

discarded because the water decline curve was unsatisfactory for analysis, even after 

the test was duplicated to ensure no operational errors had occurred. 

5.2.- METHODS OF SLUG TEST ANALYSIS. 

The analysis of the slug test data was performed according to three different 

methods: Hvorslev (1951), Bouwer and Rice (1976), and Cooper et al. (1967). Each 

method has a distinct conceptual approach and assumptions that lead to different 

interpretations of the results. In the following analyses, the volume of the aquifer 

involved in the slug tests was assumed to have homogeneous and isotropic hydrologic 

properties. The Hvorslev, and Bouwer and Rice methods neglect the compressibility 

of both aquifer material and water, whereas the Cooper et al. method considers both 

aquifer and water compressibility, and therefore it allows to estimate the storativity of 

the aquifer. 

The Hvorslev (1951) Method. 

The Hvorslev method states that, if groundwater flows from the well according 

to Darcy's law, the flow rate, q, during a time span caused by an instantaneous decline 

of the head level in the well can be given by 
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(5.1) 

where K is the hydraulic conductivity, F is a shape factor which depends on the 

geometry and dimensions of the well intake and its location within the aquifer, Ho is 

the initial head level, and y(l) represents the water level in the well at any given time. 

For an infinitesimal time interval dl, the volume of inflow is formulated as 

qdt-Ady (5.2) 

where A, is the area of the upper reservoir that contains the slug of water (A = 1Cr/, 

where rc is the radius of the reservoir), and dy is the head drawdown during dl. 

Combining equations (5.1) and (5.2), and solving the differential equation, the 

following expression for the hydraulic conductivity results 

(5.3) 

where H} and H2, are the heads recorded at times I} and 12, respectively. 

The shape factor F is defined in the literature for several possible geometries 

of the well intake. The one chosen in this analysis corresponds to the case of a point 

piezometer (Hvorslev, 1951, Fig. 12-8 or 18-G), as the length of the screened interval 

is less than one tenth of the saturated thickness of the aquifer. This geometry assumes 

that the flow lines are symmetrical with respect to a horizontal plane through the 

center of the intake, and it is given by 
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(5.4) 

where L is the length of the screen, and rs is its radius. 

The Bouwer and Rice (1976) Method. 

Although this model is based on a modification of Thiem's equation, it finally 

leads to an expression similar to the Hvorslev approach (equation 5.3). However, the 

shape factor used by Bouwer and Rice involves the radius of influence or effective 

radius, R." over which the hydraulic head difference is dissipated. The shape factor, 

F, is then given by 

(5.5) 

Bouwer and Rice (1976) evaluated the different values of R" depending on the 

thickness of the aquifer, b, the depth of the well, d, the length of the screened interval, 

L, and the radius of the screen, r W7 using a resistance network analog model. This 

method is applicable to unconfined aquifers with partially penetrating 'Yells, which 

adequately describes the Georgetown site tests. The empirical expression for R., 

derived from the electrical analog is 
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A + B In b-d -1 

'w + ------- (5.6) 
L 

where A and B are dimensionless coefficients which are a function of Llr w' 

Furthermore, the shape factor is also a function of the sampling port location within 

the aquifer. According to the authors, the values of In R)rw calculated by equation (6) 

are within 10% of the actual value as evaluated by the analog if L > O.4d, and within 

25% if L « d (e.g., L = 0.1d). 

The Cooper et al. (1967) method. 

The approach presented by Cooper et aI. (1967) is an analytical solution of the 

transient flow equation in a radial coordinate system 

1 ah S ah 
+ - - - --, , a, T at 

(5.7a) 

with the appropriate boundary and initial conditions 

h(, w' t) - H(t), t> 0 (5.7b) 



109 

h(oo, t) - 0, t> 0 (S.7c) 

t>O (S.7d) 

her, 0) - 0, (S.7e) 

H(O) - Ho - (5.7f) 

The solution produces a set of type curves which allow an estimation of the 

transmissivity, T, and the storativity, S, of the aquifer using a curve matching 

technique. The hydraulic conductivity is then calculated by the relationship K = T/h. 

The authors pointed out, however, that the value of storativity may have questionable 

reliability. This method is only applicable to confined aquifers with fully screened 

wells. Solutions of the type curves were extended to formations with very low storage 

coefficients by Papadopulos et al. (1973). 
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5.3.- GEOSTATISTICAL ANALYSIS. 

Geostatistical analysis offers a quantitative characterization of the correlation 

structure that describes the spatial variability of the hydraulic conductivity. This 

correlation structure is estimated by the experimental semivariogram (hereafter simply 

referred as the variogram) defined as 

1 N 
y*(h) - L [ Z(x+h) - Z(x) ] 2 

2 N(h) 1-1 

(5.8) 

where yO(h) is the variogram value for a separation distance h, N(h) is the number of 

pairs at lag h, and Z(x) is the value of the variable at location x(x,y). 

Horizontal and vertical variograms of In K were computed only for the 

Hvorslev results using equation (5.8). Because of our interest in preserving the layered 

structure of the site, horizontal variograms were estimated independently for each 

depth, without including any data points from the layers immediately above and below. 

To avoid the small numbers of pairs resulting from a single layer, contiguous layers 

with similar variances were averaged, and the mean variogram estimated as (Journel 

and Huijbregts, 1978) 

K 

L Nt(h) Y t(h) 
y(h) _ ~t-...;;.I ___ _ 

K 
(5.9) 

L Nt(h) 
t-l 
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where Nih) is the number of pairs ~t lag h for the variogram k. Averaging was 

conducted between the following groups of layers: 1-2-3, 4-5, 6-7, 8-9 and 10-11, 

which have similar variances (Tables 5-2 and 5-3). A mean variogram averaging all 

11 layers was also calculated to describe the bulk statistical structure of the site. 

The assumption of stationarity of the regionalized variable In K was checked 

to determine whether the In K field was the result of a random process only, or if it 

was also associated with a non-constant deterministic component. The search for a 

deterministic component was performed for each layer using the computer package 

BLUEPACK-3D, developed at the Ecole des Mines de Paris. A trend of order one 

was identified for each horizontal layer, and the residuals R(x) were estimated as 

R(x) - Z(x) - m(x) (5.10) 

where m(x) is the deterministic component of Z(x), given in this case by a polynomial 

of order one, 

(5.11) 

Omnidirectional and directional horizontal mean variograms were then 

calculated using the residuals, R(x). Directional variograms were used to depict the 

possible statistical anisotropy of the correlation structure of In K. Mean variograms 

were performed along 0, 45, 90 and 135°, measured clockwise from the y-axis in 

Figure 3-4, and with a tolerance angle of 45°. The reason for a broad tolerance angle 
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was to guarantee a sufficient numbers of pairs for the variogram estimation. The 

minimum lag distance was set to 0.6 m, the shortest distance between wells. 

A exponential variogram model was selected to represent the horizontal 

correlation structure of In K. This model is given by 

y (h) - c [ 1 - exp (- 3 a
h

) 1 (5.12) 

where c is the sill of the variogram, which in theory should correspond to the sample 

variance, and a is the range, which describes the extent of spatial correlation of Z(x). 

To estimate sill and range, the exponential model was fitted to the experimental 

mean variogram by minimizing the sum of the squares of the difference between the 

experimental value and the model value for each lag distance h. The method of the 

least squares has also been applied by Hess et al. (1992) and Rehfeldt et al. (1992) to 

fit experimental variograms. In our optimization, the differences between the 

experimental and the model value were weighted according to the number of data 

pairs. Thus, the downhill simplex optimization routine (Press et aI., 1986) was 

implemented to the variogram computing code (Deutsch and Journel, 1992). Taking 

into account the influence of the initial guesses on the optimization, solutions from 

different initial values were compared and the results with a smaller value of the 

objective function were chosen. The nugget term was not included in equation (5.12), 

as it did not significantly modify the estimations of variogram parameters. Cross-
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validation was not performed to valid~te the variograms. 

The spatial correlation structure of the conductivity field was also investigated 

in the vertical X-Z and Y-Z planes defined by the well distribution pattern (Figure 3-4). 

Residuals were calculated for these planes, using BLUEPACK-3D, resulting in a 

polynomial trend of order one. Besides the omnidirectional variogram, directional 

variograms were estimated on the horizontal and vertical directions only, as suggested 

by the layered structure of the aquifer. A tolerance angle of 45° was maintained to 

enclose a sufficient large number of data points. It is worth noting that the number 

of data points in these vertical planes was notably larger than in the horizontal ones. 

In this case, the minimum lag was set to 0.15-0.20 m to include the short intervals 

along the vertical direction. The different distance intervals in the horizontal and 

vertical directions were found to significantly influence the structure of the variograms. 

Finally, one-dimensional vertical variograms were estimated separately for each 

well. They were averaged using equation (5.9), to overcome the problem of the 

reduced number of data available at each well. In this case, the lag was 0.15 m. 

In the case of variograms along the vertical direction, the experimental 

variogram indicated that the correlation structure was better represented by a Gaussian 

variogram model than by an exponential one. The Gaussian model is given by 

y (h) - Co + C [ 1 - ex{ 3 a~') 1 . h > 0 (5.13) 
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where Co is the nugget effect, which i.s considered in this model. 

5.4.- RESULTS. 

Slug Test Data Analysis. 

To apply the Hvorslev, and Bouwer and Rice methods, the water level decline 

was plotted on semi-log paper versus time. A continuous straight line was obtained in 

most of the cases. The effect of the disturbed annulus created by the installation of the 

well was recognized at the very early data in some curves (Bouwer, 1989), and it was 

avoided in the slope calculations. The slope of the straight line was estimated using 

linear regression analysis. Equation (5.3) was used to estimate the hydraulic 

conductivity with the shape factors given for each solution. Effective radii were 

calculated using equation (5.6), and ranged from 5.2 to 16.0 cm, corresponding to the 

tests performed at 1.15 and 2.65 m depth, respectively. 

The Cooper et a!. method was solved using a non-linear optimization routine 

(Heidari and Hemmat, 1992), which allows the automatic fitting of T and S. Neither 

of these two variables are constrained, except that S was kept between 0 and 1, 

therefore the optimization routine worked with two degrees of freedom. The error 

percentage between the field data and the optimized solution was in most cases smaller 

than 1%. Finally, 19 slug tests out of 248 could not be accurately analyzed by this 

method, and were discarded. 
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Hydraulic Conductivity Results. 

Profiles of the hydraulic conductivity results at all wells are presented in 

Appendix A. Careful examination of the data suggested that the results at 1.20 m 

depth in wells 1 and 7 could be considered as possible outliers; consequently they were 

discarded. 

A preliminary analysis of the hydraulic conductivity results is presented on the 

frequency distribution graphs (Figure 5-1). An interesting feature of the three solutions 

is the bimodality of the results, which corresponds to the soil profile. A plot of four 

selected conductivity profiles and the averaged conductivity profile (Figure 5-2) 

illustrates the layering of the soil hydraulic conductivity, with the upper layers less 

conductive than the lower ones. This distribution is in good agreement with the soil 

profile observed from test borings. 

A summary of the In K results obtained from the slug test using the three 

different methods is presented in Table 5-1. The natural log of the hydraulic 

conductivity is used, as K has been observed to present a log-normal distribution (de 

Marsily, 1986). 

At a first sight, the geometric mean of K is similar for all methods, ranging 

from 1.65xlO-s to 1.08xlO-s m/s. The minimum and maximum values of In K indicate 

that the Hvorslev and the Bouwer and Rice methods gave similar extreme values, 

whereas the Cooper et al. method offers a broader range of results. Consequently, the 
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Figure 5-1.- Frequency distribution graphs of the hydraulic conductivity (In K) results using the 
Hvorslev, Bouwer and Rice, and Cooper et aI. methods. K was originally given in m/s. 
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Table 5-1 

Summary of the Hydraulic Conductivity Statistics. 

Hvorslev Bouwer & Rice Cooper et al. 

Number of data 248 248 229 

Geometric mean, m/s 1.65xlO-5 1.34x10-5 1.08x 1 0-5 

Mean of In K, m/s -11.01 -11.22 -11.43 

Variance of In K 1.40 1.62 5.58 

Minimum In K, m/s -13.84 -14.12 -16.30 

Maximum In K, m/s -8.89 -8.85 -7.12 
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variance of the Cooper et al. method is significantly larger than the other solutions' 

variances, as it could be intuitively deduced from the histograms. 

The mean and variance of each layer are presented in detail in Table 5-2, where 

the In K trend with depth is also clearly seen. Although the profiles have a similar 

pattern for all three methods, this table shows that the difference between the Hvorslev 

and Bouwer and Rice methods is less than a factor of two for all depths. This 

difference is within the range of error allowed by Bouwer and Rice for the estimation 

of In R)r .... On the other hand, the differences with those and the Cooper et al. method 

in some profiles varies from insignificant (Figure 5-2A) to more than one order of 

magnitude (Figure 5-2B). A notable difference is evident on the uppermost layers 

where K is usually underestimated by the Cooper et al. method, and in the lower ones 

where it is overestimated in some locations (Figure 5-2C). 

The different variances estimated for each layer indicate their different degrees 

of lateral variation of conductivity. An example of the In K spatial distribution within 

each layer is illustrated in Figure 5-3, where plan views of the In K (Hvorslev solution) 

are plotted for six different depths. Hydraulic conductivity data were linearly 

interpolated into a fine mesh to produce smoother contour lines. The graphic package 

used for these contour maps, as well as the rest of figures of this study, was Tecplot-6 

(Amtec Eng., 1993). Figure 5-3 shows that some depths have almost an uniform 

distribution of conductivity (e.g., 2.65 m depth), whereas in other depths values range 
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Table 5-2 

Ln K Mean and Variance at Each Depth. 

Layer Depth # data* Hvorslev B&R Cooper et al. 

Mean Var Mean Mean Var 

1 1.15 17 (11) -11.75 0.41 -12.30 -12.97 2.12 

2 1.30 17 (13) -11.83 0.44 -12.22 -12.77 1.16 

3 1.45 21 (18) -11.88 0.44 -12.20 -13.21 1.60 

4 1.60 25 (22) -11.87 0.61 -12.15 -13.03 3.49 

5 1.75 24 (22) -11.69 0.73 -11.93 -12.43 3.66 

6 1.90 25 (23) -11.32 1.01 -11.54 -11.98 3.61 

7 2.05 23 (24) -11.28 0.81 -11.44 -12.29 3.64 

8 2.20 24 -10.56 0.96 -10.70 -10.84 5.09 

9 2.35 24 -10.24 0.92 -10.38 -10.31 5.12 

10 2.50 25 -9.72 0.59 -9.79 -9.18 3.46 

11 2.65 23 -9.48 0.28 -9.44 -8.77 1.82 

Depth is in m, and K was originally given in m/sec. 
*- Numbers in parentheses indicate the number of data points for the Cooper et al. 
method. 
The In K variances at each layer for the Hvorslev and Bouwer and Rice solutions have 
the same value as their In K only differ by a constant factor given by the shape factor 
F. 
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Figure 5-3.- Plan views of the hydraulic conductivity (In K) at different depths of the aquifer, 
using Hvorslev data. Kwas originally given in mls. Coordinates refer to Figures 3-4 and 6-1. 
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within one order of magnitude (e.g., 2.05 m depth). These lateral variations of 

conductivity, present mainly in the upper layers, can be attributed to root disturbances 

and other soil structures common in shallow coastal deposi~. 

In contrast, Figure 5-4 presents a similar plot using the Cooper et al. 

conductivity results. A comparison of Figures 5-3 and 5-4 illustrates the differences 

of the K values estimated by the two methods. The magnitude of the conductivity 

variations within each layer is larger for the Cooper et al. results. In addition, the 

variances of each layer resulting from the Cooper et al. method are also larger than the 

variances computed by the other two solutions. A In K cross-section along the site 

illustrates the extent of these lateral variations, and the differences between both 

conductivity data sets (Figure 5-5). 

Finally, a three-dimensional view of the field site conductivity distribution 

using Hvorslev data is presented in Figure 5-6. 

The storativity of the aquifer materials estimated by the Cooper et aI. method 

resulted in a broad range of results from 10-9 to 1. Only 10% of the results were 

larger than 0.5. In general, storativity values estimated for the upper half of the 

aquifers were of the order of 10-1
, corresponding to an acceptable estimation of the 

aquifer's specific yield. For the lower half, specially for the lowest 0.5 m, the 

storativity values were notably smaller, with averages of 10-2
, values which are more 

appropriate for the elastic storativity of the aquifer than for its specific yield. 
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Figure 5-4.- Plan views of the hydraulic conductivity (In K) at different depths of the aquifer, 
using Cooper et aI. data. K was originally given in mls. Coordinates refer to Figures 3-4 and 
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Discussion on the Hydraulic Conductivity Results. 

Results from the three methods appear to be in good agreement as they depict 

a similar pattern of the three-dimensional hydraulic conductivity distribution. 

However, the main goal of this study is not only to delineate the extent of the soil 

heterogeneities, but to obtain some absolute values of K which can later be 

incorporated into a flow and transport numerical model. For instance, the differences 

in the hydraulic conductivity sections mapped in Figure 5-5 intuitively suggest their 

critical effect on flow and transport processes. Therefore, the results reported by each 

method need to be discussed regarding their applicability. 

A first point to consider is whether each method was appropriately applied to 

the performed slug tests. The physical characteristics of the experiment are better 

represented by the Hvorslev (using the point piezometer geometry) and the Bouwer 

and Rice solutions than by the Cooper et al. solution, which assumes a fully 

penetrating well in a confined aquifer. In contrast, if the analytical reliability of the 

method is considered, the Hvorslev analysis is only appropriate as a means of 

estimating the order of magnitude of the hydraulic conductivity (Thompson, 1987; 

Kraemer et al., 1990), as is the Bower and Rice solution; whereas Cooper et al. 

provided a rigorous mathematical solution of the problem. 

The second consideration is to compare the numerical results with the observed 

lithology of the site. Intuitively, these sandy materials do not appear to be highly 
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heterogeneous, at least not to the extent that two and one-half orders of magnitude 

variation of K should exist between the top and the bottom of the aquifer, as resulted 

from the Cooper et al. solution (Figure 5-2C). In addition, the variances estimated for 

each layer using the Cooper et al. result are extremely high for a sandy aquifer. 

Consequently, the smoothest variation of the conductivity in depth, as well as laterally, 

resulting from the Hvorslev and Bouwer and Rice methods appears to be a more 

reasonable representation of the aquifer properties at the Georgetown site. 

Any of these considerations offers an immediate clue that could justify 

choosing one of the solutions as the most accurate representation of the hydraulic 

conductivity distribution. In this study, comparison of the observed tracer distribution 

in the field with the simulated tracer distribution using each conductivity solution was 

determined to be the most feasible way to discern between them. Because of the close 

similarity between the Hvorslev and Bouwer and Rice methods, only the Hvorslev data 

set will be hereafter considered. Therefore, the two conductivity data sets, Hvorslev 

and Cooper et aI., will be used in the next chapter to simulate the thr$!e-dimensional 

chloride plume of the May 1992 tracer test. The goal of this double task is to assess 

the applicability of each hydraulic conductivity estimate in the flow and transport 

numerical models. 



Analysis of the Experimental Variograms. 

A.- Horizontal variograms (X-Yplanes). 
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Experimental mean variograms using the residuals of In K were estimated for 

each group of layers. The residuals estimated by BLUEPACK are listed in Table 5-3. 

The resulting values of sill and range are presented in Table 5-4, and the experimental 

and the modeled variograms are plotted in Figure 5-7A-E. 

At first glance, the omnidirectional variograms reveal that the sills are in good 

agreement with the sample variances (Table 5-2), and that ranges vary with depth 

suggesting a layering of the statistical structure of the hydraulic conductivity. In 

particular, the omnidirectional variogram resulting from an averaging of the eleven 

layers indicates a range of 1.50 m for the entire aquifer. 

Focusing on the directional variograms, their sill is constantly maintained in 

each direction, but range variations indicate a geometric anisotropy within each layer 

group. Examples of the different layer anisotropy can be observed at depths 2.02 m 

(layers 6-7) and 2.62 m (layers 10-11). According to them, the central part of the 

aquifer has the major direction (with the largest range) oriented along the 90-135° line, 

whereas in the deepest parts it is oriented along the 0° direction. Both anisotropic 

configurations are consistent with the In K plan views (Figure 5-3). For instance, the 

variability of the conductivity appears at depth 2.70 m as a set of "valleys" and 

"ranges" parallel to the y-axis. The anisotropy ratio was estimated to be 2.07 for group 



129 

Table 5-3 

In K Residuals for the Horizontal Planes. 

R(x) = 8 0 + 8 1X + 8lY 

Depth ao 8 1 82 

1.15 -7.16 -1.79x10·3 5.98xl0·s 

1.30 -7.41 3.08xl0·3 2.58x 1 0.3 

1.45 -7.27 8.47xl0"" 2.97x 1 0"" 

1.60 -7.27 -1.52xl0·3 2.92x 1 0"" 

1.75 -7.09 -1.71xlO·3 2.58xlO·3 

1.90 -6.72 -2.39xl0·3 1.31xl0·3 

2.05 -6.51 -4.97xl0·3 1.75x 1 0.3 

2.20 -5.96 -4.28xl0·3 1.10xl0·3 

2.35 -5.64 -3.70xl0·3 1.61xl0·3 

2.50 -5.11 -3.29xlO·3 -1.45xl0"" 

2.65 -4.88 -1.42xlO·3 -6.95xlO"" 



Table 5-4 

Variogram Analysis of In K (Horizontal Planes, Residuals). 

Layers Depth 0/90 0/45 45/45 90/45 135/45 

Sill Range Sill Range Sill Range Sill Range Sill Range 

1-2-3 1.35 0.41 0.36 0.41 0.19 0.45 0.80 0.42 0.17 0.41 0.18 

4-5 1.72 0.64 1.78 0.52 1.32 0.57 1.45 0.77 2.25 0.65 2.05 

6-7 2.02 1.03 2.62 0.66 1.70 0.88 1.96 1.47 3.64 1.15 4.19 

8-9 2.32 0.63 0.83 0.59 1.51 0.63 0.89 0.69 0.23 0.62 1.06 

10-11 2.62 0.34 1.05 0.39 3.67 0.33 1.08 0.37 0.15 0.33 1.40 

All -- 0.61 1.50 0.50 1.32 0.58 1.38 0.72 1.78 0.60 1.75 

Legend: 0/45 reads as "variogram along direction 0° and tolerance angle 45°. In particular, the variogram 0/90 
corresponds to the omnidirectional variogram 
Directions are measured clockwise from the y-axis (Figure 3-4). 
Depth and range is given in m. 

,... 
w o 
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Directional variogram: 45°, and 45° tolerance angle (45/45). 
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6-7, and 24.5 for group 10-11. The large ratio for the bottom layer group is a 

reflection of the minor range of 0.15 m. This is a poor and unreliable estimation, 

caused by the lack of data at shorter distances. Indeed, there is no evidence in the 

conductivity maps (Figure 5-3) of such high anisotropy. However, the rest of the 

directional variograms support the 90° direction as the minor direction of anisotropy. 

In particular, the hole-effect has been identified in the variograms as 

corresponding to the minor direction of anisotropy in layers 8-9 and 10-11. This 

effect, which may indicate a pseudo-periodicity on the horizontal plane (Journel and 

Huijbregts, 1978), seems consistent with the observed distribution of the conductivity 

in "valleys" and "ranges". 

Furthermore, directional variograms for the eleven-layer average do not show 

a clear anisotropy, possibly because of the distinct anisotropy directions within each 

layer. 

Fitted variograms for the upper layers offered extremely short ranges, which 

could be attributed to the lack of spatial correlation. It must be recalled that short 

ranges may well be an artifact resulting from the lack of information at shortest 

distances, and also from forcing the variogram model to have a zero nugget. Indeed, 

these problems were encountered in many other variograms. 
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B.- Vertical variograms (X-Z and Y-Z planes). 

Following the same procedure as before, the presence of a trend in the 

conductivity data of the vertical planes was also investigated. BLUEPACK-3D 

indicated a first-order trend for each plane, and the experimental variograms were 

performed using the residuals as well. Contrary to the horizontal plane variograms, 

no clear evidence that detrended data offer a better representation of the spatial 

correlation on the vertical planes was seen. Indeed, in most of the Y-Z planes, original 

data offered clearer and more coherent variograms. Moreover, experimental 

variograms on the X-Z planes were acceptable using either original or detrended data. 

Variograms for planes of constant X are plotted in Figure 5-8, and those for 

constant Y planes are plotted in Figure 5-9. From these figures, the main 

characteristics of the spatial correlation structure of In K in the vertical planes are: 

1.- Omnidirectional variograms could be generally described by a exponential 

model, although in most of them a Gaussian model could also be successfully applied. 

In fact, short lag data suggest a Gaussian structure, reflecting the control of the short 

slug test interval (15 cm) in the vertical direction. At large lag distances, the 

oscillation of the experimental values comes from the results in the horizontal 

direction. This pattern is clearly seen in those variograms for the X-Z planes, where 

horizontal variograms essentially lack any structure. 

2.- Directional variograms along the horizontal direction (0/45) were adequately 
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described by a exponential model on the Y-Z planes, and they show a significant 

oscillation at large lag distances. Conversely, highly scattered variograms were 

obtained on the X-Z planes. Those scattered variograms appeared when using either 

original or detrended conductivity data, and they suggest a lack of correlation structure 

in that direction. 

3.- Directional variograms along the vertical direction (90/45) were 

satisfactorily described using a Gaussian model. Interestingly, their sills are usually 

higher than the sample variance, and their ranges are shorter than the maximum 

thickness of the tested area. The behavior of a Gaussian model at the origin indicates 

a regularity of the variable, as well as its continuous variat~on with distance (Samper 

and Carrera, 1990). The outcome of the vertical variograms agrees with this 

interpretation, as the vertical conductivity profiles actually present a smooth variation 

with depth (Figure 5-2). 

Table 5-5 presents the variogram parameters estimated by the optimization 

routine. For those planes of constant X, an exponential model was used to fit the 

horizontal variogram, and a Gaussian model for the vertical variogram. An 

exponential model was also assigned to the omnidirectional variogram, even though 

short lags suggest a Gaussian structure. 

For the planes of constant Y, the fitting effort was only focused on the vertical 

direction, as the horizontal one was worthless. In this case, the structure of the 



Table 5-5 
Variogram Analysis of In K (Vertical X-Z and Y-Z Planes). 

Plane InK 0/90 0/45 90/45 

Mean Var Model sm Range Model Sill Range Model Nug. Sill Range 

x=4 m -10.81 1.35 Exp 1.56 1.62 Exp 1.64 1.90 Gauss 0.20 2.47 1.36 

x=5m -11.61 0.98 Exp 1.09 1.23 Exp 1.06 1.90 Gauss 0.03 1.70 1.05 

x=6 m -11.31 0.92 Exp 1.22 1.90 Exp 1.32 4.21 Gauss 0.31 3.97 3.52 

Averaged -6.62 1.22 Exp 1.34 1.86 "Exp 1.40 3.85 Gauss 0.07 2.14 1.36 

y=1.75 m -6.58 1.22 • • • • • • Gauss 0.53 4.87 1.82 

y=2.50 m -11.40 1.73 • • • • • • Gauss 0.44 257 0.74 

y=3.20 m -11.15 2.05 '" '" '" '" '" '" Gauss 0.26 4.72 1.41 

y=3.80 m -11.25 1.55 '" '" '" '" '" '" Gauss 0.09 3.21 1.90 

y=4.50 m -10.99 0.95 '" '" '" '" '" '" Gauss 0.22 1.75 1.17 

y=5.25 m -10.78 1.03 '" '" '" '" '" '" Gauss 0.62 2.54 1.67 

Averaged -6.51 1.51 '" '" '" '" '" '" Gauss 0.06 2.60 1.20 

Legend: 0/45 reads as "variogram along direction 0° and tolerance angle 45°. In particular, the variogram 0/90 corresponds to the 
omnidirectional variogram. K was initially given in mls. Range is given in m. '" indicates that no variogram could be modeled along 
that direction (see text). ~ 

N 
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omnidirectional variogram is just an image of the vertical one, without any 

contribution from the horizontal direction, other than its scattering. 

Finally, average variograms for each set of planes are plotted in Figure 5-10. 

This graph summarizes the characteristics already mentioned for the variograms in the 

vertical planes. 

3.- Vertical one-dimensional variogram. 

The one-directional vertical variogram, estimated from the original In K values, 

presents a clear Gaussian model shape (Figure 5-11) The optimization routine 

estimated a sill value of 2.55, a nugget of 0.15, and a range of 2.10 m. This 

variogram is extremely similar to the ones estimated in the vertical planes. 

5.6.- SUMMARY. 

The analysis of the slug test shows the extent of the heterogeneity of the 

hydraulic conductivity at the field site. On one hand, the site can be portrayed as a 

layered aquifer with a high conductive layers at its base. On the other hand, each 

layer shows an important spatial variability of the conductivity, which may present 

changes of approximately one order of magnitude within some layers. 

Both the Hvorslev and the Cooper et al. analyses depict a similar structure of 

the hydrologic heterogeneity, with alike results for the mean conductivity. However, 
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the range of conductivity values is broader for the Cooper et al. method than for the 

Hvorslev solution, as indicated by their variances. As a result, a non-unique 

description of the hydraulic conductivity field was obtained. Mter reviewing both data 

sets, no immediate clue was identified to suggest one set as the most appropriate. This 

question is addressed in the next chapter, where simulations of a chloride tracer test 

using both datasets will be compared with field observed data. 

Geostatistical analysis of the Hvorslev dataset showed that the spatial 

correlation structure of each horizontal layer is distinct. In particular, different 

directions of anisotropy were identified. Furthermore, experimental variograms along 

the vertical direction portrayed a very smooth variation of the hydraulic conductivity. 

Both results are consistent with the hydraulic conductivity plan view maps, and with 

its vertical profiles. 

Horizontal variograms also indicated that the small-scale (on the order of 

meters) structure of the field site was depicted by the monitoring well network. This 

result is particularly useful for preparation of strategies for future large-scale 

experiments at the Georgetown site. These experiments however will need to 

investigate: 1) the large-scale (tens of meters) structure of the site, which can be 

affected by the geological disposition of the sand beach ridges, and 2) the spatial 

continuity of the layering. 
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Chapter 6 

EFFECTS OF HETEROGENEITY ON THE MOVEMENT OF 

A CONSERVATIVE TRACER: 

CHLORIDE TRACER TEST, MAY 1992 

In the previous chapter, slug test results showed that the hydraulic conductivity 

of the Georgetown sandy aquifer is a considerably heterogeneous in depth as well as 

laterally. This picture is quite different from the one-dimensional approach (chapter 

4), assuming homogeneity within layers, and it suggests that the role of hydrological 

heterogeneity can not be discarded. Although the general pattern of the hydraulic 

conductivity distribution depicted by the Hvorslev and Cooper et al. methods are 

similar, their conductivity values are different enough to produce significant differences 

when used to simulate solute transport. Therefore, the next step of this study is to 

evaluate the suitability of each conductivity dataset to the observed chloride plume. 

A short two-well test using a conservative tracer, was conducted with the goal 

of capturing in detail the full three-dimensional movement of the plume. Comparison 

of the observed plume movement with numerical simulations using both conductivity 

datasets would help determine which one better reproduces the movement of the tracer, 

hence the flow field. Good knowledge of the flow field is necessary in order to 
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distinguish the chemical behavior of a reactive solute from hydrological effects in the 

next NOM injection experiment. In addition, such comparison will bring insight to the 

accuracy of each slug test analysis method to depict the hydraulic conductivity of an 

aquifer. 

It is also of interest to investigate whether such a detailed picture of the 

hydraulic conductivity spatial variability is required to predict the movement of the 

tracer. Therefore, the modeling approach was simplified and additional simulations 

were run using the assumption of a perfectly stratified aquifer. This is similar to the 

case when little is known about the variations of the conductivity within each layer and 

mean values have to be assigned to the different layers. 

6.1.- CHARACTERISTICS OF THE TEST. 

Characteristics of the field experiment. 

This two-well tracer test consisted of a short injection of chloride (KC1) only. 

Chloride was injected for 23 hours, at a constant flow rate of 3.78 L min-l. An 

identical flow rate was simultaneously withdrawn from the aquifer at the pumping 

well. The total duration of the test was 12 days. 

During this test, samples were simultaneously collected at each sampling port 

of the 28 monitoring wells to obtain a three-dimensional distribution of the chloride 

plume, or "snapshots" of the plume. To get these measurements, groundwater was 



149 

simultaneously extracted from all ports of a group of five wells at a time, with an 

approximate rate of 100 mL min-t, starting from those five locations closest to the 

injection well. Snapshots were taken every 2 hours during the first 30 h, and at 4-5 

hours intervals until 100 h. Afterwards, and until the end of the experiment, they were 

obtained at longer intervals. The complete operation of sampling the entire array of 

wells took less than 20 minutes, therefore each snapshot is considered to be 

representative of the indicated time. A continuous breakthrough curve was also 

recorded at the withdrawal well. 

Chloride concentrations were analyzed using standard wet chemical methods. 

6.2.- MODELING APPROACH. 

Modeling the transport of a solute requires first solving the flow equation to 

estimate the flow field, and then using those velocities to calculate the movement of 

the tracer. This approach consisted of reproducing the flow field at steady-state using 

the heterogeneous conductivity field obtained by the slug tests. We assume that short 

and small variations of the injection/withdrawal rates did not affect the overall 

transport of the plume. Furthermore, the natural regional hydraulic gradient was also 

incorporated in the boundaries, and was assumed uniform and steady for the duration 

of the test. 

For simplicity, the aquifer is considered to be confined in the model. Indeed, 
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the vertical flow created by the unconfined situation is assumed to just influence the 

vicinity of the wells at the upper layers. In that way, the water table was treated as 

a no-flow horizontal boundary. 

A transient solution was used for the solute transport. Variations of the 

injected chloride concentration during the step input were considered as well. 

Governing Equation and Numerical Methods. 

The following equation describes the three-dimensional flow of water in a 

heterogeneous saturated porous media 

..E... (K ah ) _ S ah ax fJ ax 8 at 
I 'J 

(6.1) 

where h is the hydraulic head, Kij is the hydraulic conductivity tensor, S3 is the specific 

storage, Xj are the spatial coordinates (i=l, 2, 3), and t is time. For the steady-state 

solution, the right hand term becomes zero. 

The governing equation used to describe the three-dimensional convection-

dispersion of a non-reactive tracer in porous media is given by 

(6.2) 
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where C is the concentration of the tracer in units of mass per unit volume, Vi is the 

velocity component in the i-direction, and Dij is the ij-component of the hydrodynamic 

dispersion tensor. 

Equation (4.1) was solved using a three-dimensional numerical model for water 

flow and transport of a chemically reactive solute under variably saturated conditions 

in porous media (MMOC3, Srivastava and Yeh, 1992). This code solves the flow 

equation using the Galerkin finite element technique; a continuous velocity field is then 

obtained by separate application of the Galerkin technique to the flux equation. The 

advective part of the transport equation is solved with one-step backward particle 

tracking, while the dispersive part is solved by the regular Galerkin finite element 

technique. 

The field site was discretized into small, rectangular, prismatic elements. A plan 

view of the finite element mesh is shown in Figure 6-1. Different element sizes were 

considered in order to accommodate the radial flow created by the well doublet. Very 

small elements (Ax=~y=O.l m) represent the wells, and the element size was gradually 

increased up to 0.5 m at the central part of the domain. Larger grid sizes were used 

in areas near the boundaries. Grid size along the vertical axis was 0.075 m, one-half 

the distance between hydraulic conductivity measurements. The dimensions of the grid 

were 27x20x23 nodes, and the total number of elements was 10,868. For the transient 

solution of the transport equation, the time increment was 3 min, satisfying the Courant 
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Figure 6-1.- Finite element mesh used in the numerical model. 
observation wells. 

Squares represent the 
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criterion as required by the model. 

The hydrologic heterogeneity of the field site was incorporated into the model 

by assigning a different hydraulic conductivity value at each element. Results from the 

slug tests were linearly interpolated using an inverse distance weight for the eight 

measurements nearest the geometric center of each element. Detailed examination of 

the field data suggested that the interpolation scheme should restrict the vertical search 

radius to one slug test interval in order to preserve the layered structure of the aquifer. 

Two different data sets were then created using the hydraulic conductivity results given 

by the Hvorslev and Cooper et al. methods. 

A porosity of 0.25 was selected for the sandy aquifer. It was assumed constant 

for the whole domain, as changes of the porosity value were expected to be smaller 

than the changes of the conductivity values, and of minor significance to the flow 

model solution. The value of the longitudinal dispersivity was assumed smaller (5 cm) 

based on the detailed distribution of the hydraulic conductivity, and hence of the 

velocity fluctuations, from the slug tests. Transverse dispersivities were set to 1.5 cm. 

No-flow boundary conditions were defined for the top and bottom boundaries 

of the model. Consequently, the aquifer was treated as confined, i.e., the vertical 

component of the flow was assumed to be caused only by hydraulic conductivity 

variations. Constant head values were assigned to the lateral boundaries. These head 

values were estimated by solving the analytical Theis equation for the well doublet, 



154 

accounting for the natural hydraulic gradient of the site. Nodes representing the 

injection and withdrawal wells were also considered as constant head boundaries, with 

a constant head value through the whole depth. Their heads were initially calculated 

by Theis equation, and afterwards they were calibrated to match the total fluxes 

calculated by the flow model with the flux injected or withdrawn to the aquifer. 

All nodes were assigned an initial chloride concentration of 11 ppm, 

corresponding to the mean measured background concentration. Nodes located at the 

boundaries which have flow into the domain as a result of the drawdown created by 

the withdrawal well were defined as constant concentration nodes to represent the 

inflow of aquifer groundwater. Their concentrations were set equal to the background 

concentration. A time-dependent, constant concentration boundary condition was 

defined for the nodes corresponding to the injection well to reflect the variation of the 

tracer input concentration (Figure 6-2). 

The modeling approach for the layered case was identical to the one described 

above, but the hydraulic conductivity values were assumed homogeneous within each 

layer. Conductivity values were then estimated as the geometric mean of the measured 

conductivity values at each depth (Table 5-2). Thus, the model consisted of eleven 

layers 15.2 cm thick. 

The macroscopic dispersivity concept was used in the layered approach to 

overcome the assumption of hydrological homogeneity. Longitudinal and transverse 
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macrodispersivities were estimated assuming two-dimensional flow within each layer, 

with statistically isotropic properties, i.e., Ai = A:z = A, and ~_oo. According to Gelhar 

and Axness (1983) formulation, the longitudinal, Aw and the transverse, A 22, 

macrodispersivities at each layer were calculated by, 

(6.3) 

(6.4) 

where, dInK is the variance of In K, A is the correlation scale of In K, and aL and aT 

are the longitudinal and transverse local dispersivities, respectively. For this isotropic 

case, y = 1 + d lnK/6. 

Although Gelhar and Axness (1983) derived these equation for uniform flow 

conditions, they are applied in our case to obtain some approximated values of the 

macrodispersivities. The layered approach was only simulated with the Hvorslev 

conductivity results, as the geostatistical analysis was limited to this dataset. 

Finally, no calibration process was performed on the hydraulic conductivities 

in either approach, and the results presented ensue from the direct application of the 

independently estimated values. 
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6.3.- MOMENT ANALYSIS. 

Spatial moments. 

Spatial moments were applied by Freyberg (1986) and Garabedian et al. (1991) 

as physically useful descriptors to study the movement of the plume and its spread 

through time in natural gradient tracer experiments, as well as to estimate some aquifer 

parameters, such as dispersivity, using stochastic approaches. Because of the 

characteristics of our tracer test, the migration and spread of the plume is mainly 

controlled by the flow field imposed by the forced gradient, and the method of 

moments (based on the macrodispersivity concept) is not appropriate to estimate such 

parameters. Under these circumstances, the spatial moments analysis is useful as a 

comparative tool between the field data and the computer simulation results; as it 

allows a comparison in terms of the integrated mass distribution of the plume. The 

similarity between the moments of the field and simulated data will then reflect how 

accurate the simulation of the forced flow field is. 

The moment analysis of the Georgetown two-well test is restricted to the 

domain where the observation wells are located (Figure 6-3), consequently the plume 

is severely truncated. Because it is of interest to compare the moments of the plume 

inside this specified domain, the truncation of the plume at the boundaries does not 

represent a critical problem. The truncation of the actual plume is assumed to also be 

reproduced by the model. Failure to do so will be reflected in the moments, so that 
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the accuracy of the simulation can be evaluated. Therefore, only the concentrations of 

the nodes within this domain were considered in the calculations. 

Finite elements were taken as the support-volume necessary to estimate the total 

mass of the domain. Simulated concentrations at the eight nodes defining each 

element were averaged to obtain the concentration within that element. 

Observed concentration data required a more complex treatment. First of aU, 

measured chloride concentrations were interpolated to obtain an estimation of the 

concentration at the center of each element. Again, the elements of the numerical 

model were considered as volume units. The reasons for such interpolation are to 

obtain the same density of points as the simulated results, and to produce a more 

continuous representation of the plume. Data interpolation is a critical step in the 

process of calculating the spatial moments of the plume, and several methods have 

been presented and discussed in the literature (Freyberg, 1986; Barry and Sposito, 

1990; Garabedian et aI., 1991; and Rajaram and Gelhar, 1991). Our analysis used a 

three-dimensional, linear interpolation with inverse-distance weights. Because of the 

layered structure of the aquifer, the vertical lag distance aUowed in the interpolation 

was reduced at one sampling interval (0.3 m), and the interpolation considered the 6 

nearest measures to the point of interest. This method avoided the negative 

concentration values generated by higher order interpol ants (Rajaram and Gelhar, 

1991), and produced a smoothing effect on the discrete data. Although smoothing may 
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be small at the center of the plume, it becomes more critical at its front, specially if 

the front is sharp. Consequently, smoother profiles as well as higher concentrations 

on the elements ahead of the plume may result. Indeed, the actual domain of interest 

occupies the zone where more information was available, and disregards the 

surrounding areas, with fewer observation wells, and where poorer interpolation 

estimates were expected. As will be discussed, poor estimations will have a large 

influence in those areas in the immediate vicinity of the injection well. 

The ijk-th moment of the concentration distribution at a given time, Mjjllt), is 

estimated by (Freyberg, 1986) 

QO QO QO 

Mjjlc(t) - J J J e C(x,y,z,t) x iyiz k dx dy dz (6.5) 
-!XI _OJ _CXl 

where C(x,y,z,t) is the concentration (above background) at location (x,y,z) and time 

t, and e is the porosity. In this study, the zeroth moment, or the total aqueous-phase 

tracer mass within the domain, and the first moment, which in this case, because of 

the truncation, estimates an apparent center of mass, are of primary concern. For a 

finite discretized domain, the expressions of the spatial moments are the following: 

- the zeroth moment is calculated by 

E 

Mooo - L e CcCx,y,z,t) Vc (6.6) 
Cool 
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where the C lx,y,z,t) is the concentration at element e, and Ve is the volume of that 

element. A constant porosity of 0.25 was assumed for all elements. 

- the first moments, i+j+k = 1, are estimated by 

1111 YII %11 

MUk(t) - L L L e C.(x,y,z.,t) x 'yJ1. k y. (6.7) 
x. Y. z. 

where the summations are defined over the minimum and maximum (indicated by 

subscripts m and M, respectively) coordinates along each direction, and (x,y,z) 

correspond to the coordinates of the geometric center of each element for which an 

averaged concentration was estimated. The center of mass (x",y",z) is then given by 

MlOO 
X --eM' 

000 

Mool 
Z --

c M 
000 

(6.8) 

The second moment about the mean reflects the spread of the plume along its 

path. The estimation of the second moment is of greatest interest in the studies that 

consider the movement of a tracer under a natural uniform gradient, as it allows the 

estimation of hydrological parameters using stochastic methods. In the case of a two-

well test, the spread of the plume is mainly controlled by the flow field created by the 

well dipole, and the dispersion process becomes of minor importance. Furthermore, 

the fact that only a small parcel of the flow field domain is being considered places 

a larger bias on the estimation of the second moment than on the first moment. For 

these reasons, the second moment will not be considered in this study. 
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Temporal moments. 

The zeroth and first temporal moments were used to estimate the mean arrival 

time of the breakthrough curves. Equations used to estimate the temporal moments are 

similar than the ones presented for the spatial moment analysis. For a discrete 

breakthrough curve, the zeroth moment is given by 

(6.9) 

and the first moment by 

(6.10) 

where C j is the concentration, above background, and tj is the time for observation i. 

Both moments assume that concentration data are distributed at regular time intervals, 

Ilt. For the case of observed concentrations, where this is not the usual case, 

concentrations were linearly interpolated to fulfill this requirement. Both moments 

were estimated over the first 100 h of the breakthrough record. 

Finally, the mean arrival time is given by the ratio of the first and the zeroth 

temporal moments. 



6.4.- RESULTS. 

6.4.1.- The Fully Heterogeneous Case. 

Head and Flow Simulations. 
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One of the primary goals of a hydrologic simulation is to reproduce the proper 

hydraulic gradient and, hence, the flow velocity field. In this study, particular emphasis 

was focused on the reproduction of an adequate velocity field, so the transport could 

be correctly simulated. As discussed, the simulation strategy consisted of caHbrating 

the head at the well nodes so the injection and withdrawal rates were matched by the 

numerical solution. By doing so, the head differences between the injection and the 

withdrawal wells were approximately 2.57 m for the simulation based on the Hvorslev 

conductivity data, and 1.95 m for the simulation using the Cooper et al. data set. Both 

values are quite unrealistic given the actual dimensions of the aquifer, but were used 

anyhow because the focus of this simulation was to match the inflow and outflow 

rates, for which these high head differences were necessary. Unfortunately, it is not 

possible to compare those differences with field observations, as head levels in the 

wells were not recorded in the field. However, the comparison of observed and 

simulated head differences at other measured points of the field site indicated that the 

model tended to magnify the head differences. For instance, the measured depth

averaged head difference between piezometers INJ2 and WW1 (Figure 3-2) was 

approximately 0.4 m, whereas the model estimated a difference of 1.2 m. 
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These large head differences result from the model response to the input values 

for the hydraulic conductivity, which are provided by the slug test analysis methods 

without further calibration. Their solutions, specially the Hvorslev method, are known 

to give only an approximated value of the "true" hydraulic conductivity. Therefore, 

they must be calibrated to simultaneously reproduce both the injection/withdrawn flow 

rates and the head distribution. Assuming that each conductivity value can be updated 

by the same calibration factor, it has been observed that the correct head and fluxes 

can be reproduced, for example, if the Hvorslev dataset is increased by a factor of 3, 

approximately. Nevertheless, this calibration does not affect the flow velocity field, 

as the flow rates remained unchanged. 

A cross-section of the simulated hydraulic head along the line between the 

active wells shows that the head equipotential lines are slightly affected by the spatial 

changes in conductivity (Figure 6-4). Even though the variations of conductivity range 

over more than one order of magnitude (Figure 5-5), their effect on the head 

distribution is small. For an homogeneous case, head equipotentials would be vertical 

straight lines. The almost negligible effect of the conductivity variability on the head 

is also perceptible in the plan views of the head distribution. This is shown for several 

depths in Figures 6-5A to E. In these graphs, the head contour lines appear deformed 

mainly because of the natural hydraulic gradient, and only small features are due to 

conductivity variations. In the plan-views, the regional hydraulic gradient comes from 
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the lower left comer of the plot. A comparison of the head distribution with the 

conductivity maps at these depths indicates the small sensitivity of the head to 

conductivity changes (Figures 5-3 and 5-4 vs. Figures 6-5A to E). 

The flow field is highly sensitive to the hydraulic conductivity variations, 

however. Two-dimensional plots of the streamlines generated by the flow field 

illustrate such sensitivity (Figures 6-4 and 6-5A to E). These streamlines are 

calculated using only two components of the velocity vector, which result ~n some 

approximate shape of the streamline. A cross-section view (Figure 6-4) shows that the 

vertical component of the velocity vector becomes very significant in the areas with 

drastic changes of conductivity, for example at the center of the site. Consequently, 

vertical flow is more important in the Cooper et aJ. than in the Hvorslev flow field 

solutions. Cross-sectional streamlines suggest that vertical flow exists, but is restricted 

to contiguous layers. In other words, the hydraulic conductivity distribution at the site 

does not produce large vertical flows, rather a broad, layered-flow structure is 

maintained. 

Another interesting effect of the hydraulic conductivity heterogeneity on the 

flow field is also illustrated by the plan view streamlines (Figures 6-5A to E). In these 

plots, streamlines originate from 9 different points located on a line parallel to the y

axis. Streamlines on layers that intercept the central, low-conductivity area tend to 

migrate laterally and spread further than those on more homogeneous layers. This 
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effect is clearly noticeable for the flow field solutions corresponding to the Cooper et 

al. conductivity results, particularly from depth 1.70 to 2.30 m. Furthermore, a close 

relationship is observed between the spread of the streamlines and the degree of 

variability of the hydraulic conductivity, shown in Figures 5-3 and 5-4. A three

dimensional representation of the streamlines is plotted in Figure 6.6. 

Finally, the layered structure of the hydraulic conductivity severely influences 

the flux distribution at the wells. Figure 6-7 represents the percentage of t.he total 

flow injected or pumped out with depth on both wells, and it shows the influence of 

the structure of the aquifer. Quantitatively, 75% of the total flux was injected through 

the lowest 0.70 mof the aquifer according to the Hvorslev solution, and 90% was 

injected according to the Cooper et al. solution. Similar distributions were calculated 

at the withdrawal well. 

Overview of the Plume Behavior. 

A qualitative comparison between the observed and simulated results considers 

the general behavior of the plume along cross-section and plan views of the site in 

Figures 6-8 and 6-9A to E. The smooth shapes of the simulated results are due to the 

high number of nodes used in the finite element mesh, in contrast to the rough profiles 

of the observed data plots. Observed concentrations were previously interpolated using 

a thick mesh (approximately 0.5 x 0.5 m) to avoid excessive roughness on the contour 
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Figure 6-8.- Observed and simulated chloride distribution in a cross-section along the coordinate 
Y=3.20 m at different times. Concentrations are given in mg L-1, and contour line equidistance 
is 30 mg L-1

• Coordinates are consistent with Figure 6-1. 
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plots. 

The cross-section of Figure 6-8 runs parallel to the line linking the two active 

wells, and corresponds to coordinate Y=3.20 m in Figure 6-1. At a first glance, the 

simulated results using either Hvorslev or Cooper et al. hydraulic conductivity values 

appear to have reproduced fairly well the shape of the plume. Two main effects 

should be noted: first, that the movement of the solute is responding to the layered 

structure of the conductivity distribution. This effect is primarily seen at early time, 

when the plume has not yet reached the central low conductivity zone. Second, the 

lateral variations of the conductivity, in particular those in the central area, have a 

strong impact on the chloride migration, forcing it to move laterally and creating a 

tracer barrier on the upper part of the aquifer. This lateral movement, which was 

satisfactorily reproduced by the model, is attributed to the hydraulic conductivity 

distribution, as manifested by the streamline plots. Downward movement due to 

conductivity variations does occur in specific zones of the site, although it is of much 

lower magnitude than the lateral variations of the flow. Density effects were discarded 

as possible causes of the migration of the tracer. 

At large times (50 h), the plume is split into two main bodies: one part has 

moved through the lower layers, and one remains retained at the upper layers of the 

aquifer because of the central low permeability zone. As will be discussed later, this 

physical discontinuity of the plume will be of major importance in the estimation of 
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the center of mass, and it suggests that, in this case, a depth-averaging of the plume 

concentration maybe seriously misleading. 

Five plan-views corresponding to 1.40 and 2.60 m depth illustrate the 

movement of the tracer on the horizontal plane (Figures 6-9A to E). Although the 

simulation of the horizontal distribution of the tracer is not as satisfactory as the 

vertical plane simulation (due to the lack of measurements in the zones close to the 

corners of the domain, and the influence of the numerical interpolation), it illustrates 

the layering of the aquifer and the effect of the lateral variations of the hydraulic 

conductivity on the migration of the tracer. 

Breakthrough Curves at Point Sampling Ports . 

.. Common analysis of solute migration are often based on point measurements 

only, it is interesting to check how point data can be reproduced by a model which 

accounts for the hydrologic heterogeneity and has been proved successful in estimating 

the integrated behavior of the plume. 

Point breakthrough curves at four multilevel sampling wells (wells 6, 13, 21 

and 28) are shown in Figure 6-10. At first glance, this graph indicates that excellent 

simulation was achieved by those curves located close to the injection well or in the 

deepest layers of the aquifer, which consists of relatively homogeneous material. In 

general, simulations produced smeared curves at locations far from the source, despite 
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detailed information on the conductivity variations. Major difficulties in reproducing 

the breakthrough curves were encountered at those areas within and behind the low 

conductivity area at the upper part of the aquifer. There, the observed chloride 

concentration remained close to the aquifer background. In this case, the low 

conductivities resulting from the Cooper et al. solution produced a better simulation. 

Simulated breakthrough curves in the upper layer may also suffer from the 

assumption that vertical flow components resulting from the water table configuration 

are neglected by the model. 

Temporal moment analysis was applied to the observed and simulated data at 

wells 5, 6, 12, 13, 19, 20, 21, 22, 26, 27, 28 and 29 (refer to Figure 3-4 for locations). 

Results are compared in Figure 6-11, where sampling ports are classified according to 

their depth. This r;raph points out that simulated point-breakthrough curves at the 

bottom layers gave a more accurate replica of the breakthrough mass and the arrival 

peak than the curves for points in the upper layers. 

In general, mass at the bottom layers was overestimated in both simulations. 

In the upper layers, the contrast between the Hvorslev and the Cooper et al. solution 

is related to the hydraulic conductivity differences, which controlled the simulated 

movement of chloride. 

Finally, the first moment was correctly simulated by both solutions for the 

layers at 2.0, 2.3 and 2.6 m. In all cases, the comparison lays on, or close, to the 1:1 
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line. The flat chloride breakthrough curve of the sampling ports at the upper layers 

far from the injection well makes the estimation of the first moment highly relative 

and inaccurate. Consequently, results are scattered and meaningless. 

Breakthrough Curve at the Withdrawal Well. 

The integrated behavior of the plume is represented by the breakthrough curves 

observed at the pumping well (Figure 6-12A), and it points out some differences 

between the simulated results using the Hvorslev and the Cooper et al. datasets. 

Simulated breakthrough curves at the withdrawal well were estimated by averaging the 

concentrations at the well nodes using nodal fluxes as weights. 

As seen in the graph, the breakthrough curve resulting from Hvorslev hydraulic 

conductivity successfully reproduced the observed data, showing that the transport 

model, incorporating aquifer heterogeneities, could predict the integrated behavior of 

the plume. Conversely, the Cooper et al. conductivities predicted an earlier chloride 

breakthrough at the withdrawal well and underestimated the concentration of its tail. 

The early arrival of the chloride peak is attributed to the larger values of the hydraulic 

conductivity for the lower layers of the aquifer estimated by the Cooper et al. method, 

which convey a large amount of mass. Indeed, a detailed study of the simulated 

chloride concentrations at the nodes of the withdrawal well indicates that 

approximately 75% of the total mass reaches the well through the lowest half of the 
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aquifer for the Hvorslev solution simulation, and approximately 90% for the Cooper 

et aI. case during the first 100 h. These figures also explain the low concentration tail 

given by the Cooper et aI. conductivity data. 

Effect of Porosity. 

The value of porosity, 0.25, was selected after a simple sensitivity analysis. 

The porosity value plays an extremely important role in the model, as it determ.ines the 

velocity of the water, given the flux, and also the total solute mass, given the 

concentration at each element. In order to show the sensitivity of the model to the 

porosity, breakthrough curves at the withdrawal well obtained for porosity values of 

0.25 and 0.35 are plotted in Figure 6-12B. As expected, porosity increase of 0.1 units 

produced a decrease in the velocity, which in turn resulted in a retarded breakthrough 

curve with respect to the observed data. 

Spatial Moment Estimation. 

Mass balance is an important consideration when judging the validity of a 

model simulation. Using the spatial zeroth moment, the total mass present in the test 

area was calculated for the observed and simulated results. Figure 6-13A presents the 

zeroth moment for all the snapshots. It shows a continuous increase of the mass to 16 

hours when the step input ceased. Afterwards, a monotonic decrease of the total mass 
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was expected, based on results from the simulated data. However, the chloride mass 

estimated from field measurements shows a sharp rise in slope at 40 h, indicating a 

rapid decrease of the mass within the domain. The reason for this sudden decline of 

the mass is that the linear interpolation scheme, which does not consider the radial 

spread of the plume, strongly underestimates the chloride concentration in the areas 

surrounding the injection we)), where no information is available. Consequently, a 

severe decrease of the total mass occurs once the front of the plume reac~es this 

unsampled region (refer to the observed concentration maps of Figures 6-9A and B). 

If the analysis of the zeroth moment is limited to the first 40 h, the chloride 

mass calculated using the Hvorslev dataset agrees well with the estimated mass based 

on the observed data. In contrast, the total mass was underestimated using the Cooper 

et aI. dataset. Indeed, chloride mass in the Cooper et aI. simulations tends to flow 

through the bottom layers where the conductivity is larger. Consequently, a larger 

amount of chloride moves away in the direction opposite the withdrawal well, so that 

the mass entering the sampling area is considerably reduced. 

The trajectory of the center of mass along the three spatial directions is 

illustrated in Figures 6-13B to D. Figure 6-13B shows a good agreement between the 

observed and simulation results for Xc (equation 5). Surprisingly, the value of Xc 

remains steady after 50 hours and, for the rest of the experimen~ asymptotically 

approaches 4.5 m. This steadiness is due to the portion of the plume retained by the 
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zone of low permeability, and to the lateral spread occurring around the injection well. 

Changes in the value ofyc versus time (Figure 6-13C) indicate some horizontal 

drift of the center of mass of the migrating of plume. The largest separation of Yc 

from the central line is approximately 0.45 m; however, this deviation was observed 

to be dependent on the interpolation criteria. Once again, the effect of unsampled areas 

on the interpolation scheme is reflected in the analysis. Because wells 2, 8, 16 and 24 

could not be sampled, the concentration in these areas is underestimated, res~lting in 

drift of the Yc component. The drift from the central line resulting from the 

simulations is small (0.10 m), and is primarily a response to the natural hydraulic 

gradient defined at the boundaries. 

Finally, the oscillation of the center of mass along the vertical direction, zc, was 

also small, and was kept approximately constant at 2 m below the ground surface 

(Figure 6-13D). This behavior was consistent with the case of a vertical line source, 

and endured even after the plume split as a result of the heterogeneities. 

6.4.2.- The Layered Case. 

Simulations using the layered approach (described in section 5.2) were analyzed 

using a similar strategy as the fully heterogeneous case. As our focus is the 

comparison between the two modeling approaches, only the main differences between 

them will be presented in this section. Of particular interest are those features that 
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highlight the effects of hydrologic heterogeneity on solute transport and which justify 

the use of a fully three-dimensional heterogeneous model instead of a simplified 

approach. 

Head and Flow Simulations. 

Because of the within-layer homogeneity, a regular flow field distribution 

resulted from the layered approach. First, the flow field is characterized by the absence 

of vertical flow components, consequently, streamlines are strictly horizontal. For 

example, Figure 6-14 compares the streamlines in a vertical cross-section obtained in 

the heterogeneous and layered cases using data estimated by the Hvorslev method. 

Also interestingly is the horizontal flow field distribution in the homogeneous layers. 

In Figure 6-15, streamlines developed at 2.0 m depth for both cases are plotted and 

compared. Their distribution shows that the lateral spread of the plume caused by the 

conductivity spatial variability, which in tum influences the tracer distribution, no 

longer exists. In its place, a regular streamline pattern appears, which in tum is 

independent of the conductivity value. 

The conductivity profile defines the flow distribution with depth, which is 

plotted in Figure 6-16. Indeed, the flow profile is close to the one estimated for the 

fully heterogeneous case. Differences at the bottom and top of the aquifer are in 

agreement with the hydraulic conductivity profiles. For the layered case in particular, 
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flow profiles are identical in both the injection and the withdrawal wells. 

Estimation of the Macrodispersivity Values. 

Macrodispersivity parameters, Au and A22, are listed in Table 6-1. The values 

of the In K variances were obtained from Table 5-2, and the correlation scales, A, were 

estimated using the values of the range of the omnidirectional variograms (Table 5-4), 

being the correlation scale equal to one third of the range for the case of an 

exponential model. 

Local dispersivity values were taken equal to the dispersivities used in the 

heterogeneous approach; i.e., a L = 5.0 cm, and aT = 1.5 cm. 

Comparison of the General Plume Distribution. 

Figure 6-17 compares the observed chloride distribution in a cross-section 

(Y=3.2 m) with the simulated concentrations using the heterogeneous and the layered 

approaches. These plots show that neglection of the hydrologic heterogeneity results 

on a larger spread, and consequently, the general shape of the plume given by the 

layered approach is notably different than the observed one. In particular, the effect 

of the low conductivity inclusion in the upper central part is of primary importance on 

the control of the overall movement of the plume. 

The effect of the conductivity spatial variability, and hence of streamline 
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Table 6·1 

Macrodispersivity Values 

Depth (m) dinK A (m) Au (m) An (m) 

1.15 0.41 0.12 0.05 4x 1 0.3 

1.30 0.44 0.12 0.05 4xl0·3 

1.45 0.44 0.12 0.05 6x10·3 

1.60 0.61 0.59 0.31 7x10'3 

1.75 0.73 0.59 0.36 8xl0·3 

1.90 1.01 0.87 0.64 7x10·3 

2.05 0.81 0.87 0.57 8x10·3 

2.20 0.96 0.27 0.19 8x10·3 

2.35 0.92 0.27 0.19 6xl0·3 

2.50 0.59 0.35 0.18 3x10·3 

2.65 0.28 0.35 0.10 4x10·3 



.c 
o ,... .. 
w 
:E 
i= 

.c 
o 
N .. 
w 
:E 
i= 

.c 
o 
M .. 
w 
:E 
i= 

.c 
0 
II) .. 
w 
:E 
t-

198 . 

OBSERVED HETEROGENEOUS LAYERED 

2. 2. 

Figure 6-17.- Observed and simulated chloride distribution in a cross-section along the 
coordinate Y=3.20 m at different times, using the Hvorslev conductivity results. 
Concentrations are given in mglL, and contour line equidislance is 30 mgIL. Coordinates are 
consistent with Figure 6-1. 
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spreading, on the solute distribution is better represented in Figures 6-18A-C. These 

figures illustrate several plan views of the chloride plume at 1.4, 2.0 and 2.6 m, which 

have different spatial variabilities of the conductivity. At 2.0 m depth, where lateral 

variation of the hydraulic conductivity is significant, the traveled distance of the front 

of the plume is similar for both cases. However, layered simulations offer a smoother 

representation of the plume, as well as lower concentrations. Such low concentrations 

are attributed to the large values of dispersivity used in this approach. This differences 

are also noticeable at the 2.6 m depth layer where the aquifer is less heterogeneous. 

Comparison of the Breakthrough Curves at Point Sampling Ports. 

Breakthrough curves at point sampling ports have been shown to be sensitive 

to the hydraulic conductivity lateral variability. In fact, point breakthrough curves 

were extremely flat in areas within and behind the low conductivity, upper-central area. 

Figure 6-19 compares the breakthrough curves given by the heterogeneous and layered 

approaches. 

Point breakthrough curves at the bootom half of the aquifer usually have similar 

arrival times for both approaches, but the peak concentrations were largely 

underestimated by the layered approach. Actually, the use of macrodispersivities may 

not be truly adequate for such small-scale experiment, giving in that way more 

emphasis to the dispersive component of the transport than needed. At the upper half 
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of the site, the layered approach significantly anticipated the arrival times, which is 

attributed to the homogeneity of the layers. Once more, results hightlight the 

influence of the low conductivity area on the chloride migration. 

Breakthrough Curves at the Withdrawal Well. 

Chloride breakthrough at the withdrawal well was fairly approximated by the 

layered model, although the result is poorer than the heterogeneous model. The 

performance of the layered model at the withdrawal well is similar to what was 

observed for the point breakthrough curves at the base of the aquifer, since these 

layers convey most of the tracer reaching the withdrawal well (Figure 6-20). 

Spatial Moment Results. 

The analysis of the spatial moments summarizes the differences already 

observed on the above results. Estimations of the zeroth moment and the center of 

mass locations through time are presented in Figure 6-21. In particular, the following 

results were noted: 

- The simulated mass is larger for the layered case, which is attributed to the 

fact that, as its lateral spread is smaller, less mass has moved through the lateral 

boundaries of the moment domain (Figure 6-3). 

- The Xc coordinate of the center of mass moved slightly faster for the layered 
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case, which is in good agreement with the point data results. This observation 

highlights the importance of the lower layers on integrated parameters, such as spatial 

moments or breakthrough in the withdrawal well. 

- No important differences were observed for the Yc and Zc components of the 

center of mass. Actually, the variation of Zc was excellently reproduced by the layered 

approach .. 

6.S.- SUMMARY. 

The most relevant conclusion of this tracer test is that the movement of the 

chloride plume was satisfactorily reproduced using three-dimensional characterization 

of the hydraulic conductivity. This implies that the flow field can be adequately 

simulated. Therefore, the study of the movement of a reactive solute can now be 

focused with more confidence since the uncertainties related to the hydrological factors 

are minimized. 

Slug tests is a useful tool to characterize the hydraulic conductivity of the site. 

Both the Hvorslev and the Cooper et al. methods correctly depicted the general trend 

of the spatial variability of the conductivity. The absolute values of the conductivity, 

however, needed to be calibrated in order to simultaneously reproduce the input/output 

fluxes and the observed hydraulic heads. 

In comparing the simulations obtained from both datasets, the Hvorslev method 
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provided the more acceptable values of the hydraulic conductivity, as illustrated by the 

breakthrough curve at the withdrawal well and the spatial moments. 

The results of the test emphasize the importance of small-scale heterogeneities 

on groundwater movem.ent, even in sandy aquifers that, a priori, were considered to 

be homogeneous. Knowledge of the layered structure of the aquifer and the central 

area of low conductivity are essential to understand, and model, the concentration 

distribution of chloride. The success of the simulation was demonstrated by the 

accurate reproduction of the lateral spread of the tracer in the upper layers of the 

aquifer and the fast flow through the lowermost layer. In the end, the effect of the 

hydrologic heterogeneity explains the failure of the one-dimensional simulation of the 

May 1990 test. 

The layered approach was not appropriate to simulate the behavior of the 

plume. Comparison of both modeling approaches showed a superior performance of 

the heterogeneous model. The spatial variability of the conductivity at the site, as 

well as the short dimensions of the test, are responsible for the failure of the layered 

approach. Such results confirm the necessity of a detailed characterization of the 

hydraulic conductivity. Although dependent on the degree of heterogeneity of the 

site, it can be postulated that such information is imperative to small-scale tracer tests 

(scale of meters). Because of the short distances involved, mixing of the injected 

solute in the aquifer is rather incomplete, and therefore the influence of the 
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heterogeneity dominates. Conversely, a larger flow path may produce some 

"homogenization" of the plume and override the effect of small-scale heterogeneities. 

Finally, some recommendations for future tracer tests are provided. 

Instantaneous measureqlents (snapshots) are a valuable information for analysis of 

plume migration. Furthermore, the most satisfactory simulation results in terms of 

chloride breakthrough were obtained at 2.0 and 2.6 m depth, indicating a satisfactory 

characterization of hydrological factors, and therefore the best definition of 

hydrological factors. In consequence, focusing the sampling effort in those layers was 

recommended. 
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This chapter is devoted to the study of the NOM transport, with emphasis on 

the transport model and the role of the chemical heterogeneities, if any, in the 

migration of NOM. 

As demonstrated in the previous chapter, the characteristics of the flow field 

were accurately reproduced by the flow model. Therefore, chemical processes can 

now be distinguished from the hydrological factors that control solute transport. 

However, to ensure that the good results obtained for the May 1992 test were 

reproducible, NOM injection was coupled with chloride in order to check our capacity 

to reproduce the flow field, and also importantly as a reference tracer for NOM. 

The analysis of the NOM plume is based on the three-dimensional snapshots, 

and on the breakthrough curves at six sampling ports. Our scope is to test the 

accuracy of a two-site linear model to reproduce the movement of NOM. To fulfill 

this goal, field data are compared with simulations, and the differences are analyzed. 

In addition, the possible effect of the spatial variability of the adsorption processes and 

the behavior of the NOM subcomponents is also discussed. 
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7.1.- CHARACTERISTICS OF THE TEST. 

Because of the August 1992 rainfall events, an extra withdrawal well was used 

to pump water out of the aquifer. This second withdrawal well was located in the 

same borehole as the injection pump for the first layout (Figure 3-4) It was used to 

keep the water table steady and prevent it from raising up to undesirable levels. 

Furthermore, and also with the purpose of controlling the position of the water table, 

the injection flow rate was decreased (3.0 L min-I), and the withdrawal flow rate was 

increased (4.5 L min-I). During the entire time of the test, the water table was 

located close to the surface, well above the section of the experiment. 

During the test, chloride and NOM were simultaneously injected for 659 h 

(27.5 days), and afterwards groundwater with background levels of these solutes was 

injected until the end of the test ( 43 days). 

NOM solution was filtered (0.2 J.lm) before injection, and its oxygen content 

removed to maintain the anoxic conditions of the aquifer. In addition, chloride 

injection during the test was highly variable due to mechanical problems in the pump. 

Both input concentrations are plotted in Figure 7-1. 

With the aim to capture the three dimensional movement of the plume, fourteen 

snapshots of the chloride and NOM plumes were taken using the methodology 

discussed in section 6-1. Snapshots were recorded at times 0, 14,24,38,94, 182,310, 

649, 674, 686, 696, 758, 830 and 979 hours after the tracer injection started. 
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Sampling times focused on the early stages of the experiment, and on the stages 

following the shut-down of the tracer injection. 

Furthermore, continuous breakthrough CUlVes of chloride and NOM were 

recorded at six sampling ports, specifically at 2.6 m depth in wells 6, 13, 21 and 28, 

and at 2.0 m depth in wells 21 and 28. Samples were taken at 2 hour intelVals during 

the first 3 days, and during the period after the tracer injection shut-down. Larger 

intelVals were used during the other periods of the experiment. Continuous 

breakthrough CUlVes were also recorded at the withdrawal well. 

Chloride concentrations were analyzed using standard wet chemical methods, 

and NOM was measured by a Total Carbon Analyzer Shimatzu model 5050. 

7.2.- MODELING APPROACH. 

The modeling approach used for this tracer test is similar to the one described 

in the previous chapter. The flow and transport equations are now coupled with a two

site adsorption model, which considers an equilibrium and a time-dependent site to 

describe the interactions between NOM and the solid phase. The characteristics of this 

adsorption model were already described in chapter 2. 

The only differences are given by the boundary conditions, which have to be 

modified to accommodate the presence of a second pumping well. Figure 7-2 

represents the flow rates applied to each well. The effects of the non-uniform rate of 
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Figure 7-2.- Flow rates at the three active wells of the August-September 1992 tracer test Time 
o h corresponds to August 18, 18:00 h. 
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the second well on the boundary conditions are incorporated in the program by 

considering successive steady-state periods during which the pumping rate of that 

second well was constant. In that way, heads at the boundary nodes are estimated by 

analytically solving Theis equation for a three wells case. Furthermore, the 

concentration distribution at the end of a period is taken as the initial concentration for 

the beginning of the next period. 

Successive rainfall events resulted in variations of the magnitude and 

orientation of the natural hydraulic gradient (Figure 3-3). However, such fluctuations 

are not incorporated in the model, and a mean value at the natural gradient is used 

during the entire simulation. 

Finally, only the Hvorslev hydraulic conductivity data set is used in the 

simulations. The results of the first chloride tracer test illustrated that, despite the 

good performance of both datasets, the Hvorslev one produced a more accurate 

reproduction of the tracer migration. 

7 .3.- RESULTS. 

7.3.1.- Movement of the Chloride Plume. 

Overall Behavior of the Plume. 

Figure 7-3 presents a cross-section (Y=3.20 m) of the chloride plume recorded 

at each snapshot. The general behavior of the plume shows the effects of the 
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Figure 7-3.- Observed chloride distribution in a cross-section along the coordinate Y=3.20 m at 
different snapshot times. Concentrations are given in mg L,l, and contour line equidistance is 
30 mg L'l. Coordinates are consistent with Figure 6-1 
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hydraulic conductivity distribution, being the deepest layers the most conductive ones. 

Because of the large withdrawal rate, the movement through the bottom half of the 

aquifer was faster than in the first chloride test (May 1992). 

As expected, the central area of low hydraulic conductivity played a role 

similar to that in the previous case, and it is responsible for the distribution of the 

tracer. This behavior is clearly illustrated in Figures 7-4A-E, which contour plan 

views of the chloride distribution at different depths. The lateral spread of the chloride 

occurring at the upper layers contrasts with the mainly longitudinal movement, towards 

the withdrawal well, observed at the bottom half of the aquifer. It is worth noting that 

by 830 h, most of the region of interest shows very low concentrations, close to the 

aquifer background levels. 

Unfortunately, computer simulations of the movement of the tracer are not as 

successful as in the previous experiment. Figure 7-5 shows a cross section (Y=3.20 

m) of the simulated chloride distribution for each snapshot, and the discrepancies with 

the observed data are obvious: in general, the simulated plume moves faster than the 

observed, the differences being larger in the uppermost layers than at the deepest ones. 

The main reason of such disagreement between observed and simulated results 

may be attributed to the difficulties encountered to model an aquifer responding to the 

effects of the rainfall events. In this case, our model does not consider the water table 

as a free boundary, but as a no-flow one. We believe that fluctuations of the water 
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Figure 7-4A.- Plan views of the observed chloride distribution at 1.4 m depth. Concentrations 
are given in mg L·1, and contour line equidistance is 30 mg L-1• Graph coordinates are consistent 
with Figure 6-1. 
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Figure 7-4B.- Plan views of the observed chloride distribution at 107m depth. Concentrations 
are given in mg L-1

, and contour line equidistance is 30 mg 1;1. Graph coordinates are 
consistent with Figure 6-1 
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Figure 7-4C.- Plan views of the observed chloride distribution at 20 m depth. Concentrations 
are given in mg L-t , and contour line equidistance is 30 mg L·t • Graph coordinates are consistent 
with Figure 6-1. 
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Figure 7-4D.- Plan views of the observed chloride distribution at 2.3 m depth. Concentrations 
are given in mg L·1, and contour line equidistance is 30 mg L·1• Graph coordinates are consistent 
with Figure 6-1. 
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Figure 7-4E.- Plan views of the observed chloride distribution at 2.6 m depth. Concentrations 
are given in mg L·I, and contour line equidistance is 30 mg Lot, Graph coordinates are 
consistent with Figure 6-1. 
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table due to infiltrating rain water produced important modifications of the flow field, 

" 

specially at the uppermost zones, which can not be reproduced by the model. As a 

result, our approach overestimates the flow rate on the entire depth of the aquifer, and 

the consequences can be seen in Figure 7-5. 

Breakthrough Curves at Point Sampling Ports. 

Although a variable input concentration is not the ideal one for the analysis of 

a tracer test, its individual peaks can be tracked at each breakthrough curve, and 

facilitate the comparison of observed and simulated results. 

Breakthrough curves recorded at the six sampling ports at depths 2.0 and 2.6 

m reflect the peaks of the variable input concentration (Figure 7-6). Despite the 

difficulties in the simulation, point breakthrough curves at depth 2.60 mare 

satisfactorily reproduced by the model. Peak arrival times and concentrations are 

correctly matched at wells 28, 21 and 13 up to 400 h after the beginning of the test, 

and they were also approximated on the other locations. The early portion of the 

breakthrough curves has been magnified in Figure 7-7 to illustrate the accuracy of the 

simulation. Later peaks are also predicted by the breakthrough curves, but their arrival 

times are too early. That is, reproduced chloride peaks after 400 h moved faster than 

the observed ones, being the lag between observed and simulated of approximately 25 

h. However, tail concentrations were correctly reproduced in most of the sampling 
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400 h. 



227 

ports. 

The main rainfall events during the test occurred at the periods 0-78, 198-246, 

366-438 and 720-768 h after the beginning of the test. In fact, discrepancies at the 

bottom layers, where the effects of the fluctuating water table are expected to be 

minimum, occur after the main rainfall event, which started at 366 h. 

Table 7-1 presents a summary of the areas and mean arrival times calculated 

for the observed and simulated chloride breakthrough curves. As it can be observed, 

the ratio of the breakthrough curve areas ranges from 0.85 and 1.10, and the 

differences between both mean arrival times are smaller than 40 h (except for well 21, 

depth 2.0 m). The results of the temporal moment analysis are quite satisfactory 

considering that observed data do not consist of a full continuous record, and therefore 

the shape of the curve had to be completed by linearly interpolation to perform these 

calculations. 

Cumulative concentrations were estimated for the observed and simulated 

breakthrough curves to evaluate their similarity, and the results are plotted in Figure 

7-8. Each dot compares the area of the breakthrough curve at a given time. 

Cumulative concentrations, or curve areas, were calculated using equation (4.13) at 2 

h interval, and only one out of ten dots is plotted for clarity. Observed data were 

linearly interpolated when necessary. These graphs can be understood as a 

representation of mass balance accuracy at the sampling point. 
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Temporal Moment Analysis of the Chloride Breakthrough Curves 
(August-September 1992 Test) 
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Well Depth Area x 107 Mean Arrival Time 

Obs. Sim. Ratio Obs. Sim. -

28 2.60 0.264 0.243 0.92 361.5 323.8 

21 2.60 0.271 0.243 0.90 355.6 329.8 

13 2.60 0.267 0.243 0.91 323.5 340.6 

6 2.60 0.231 0.242 1.04 373.7 354.9 

28 2.00 0.241 0.241 1.00 369.3 331.5 

21 2.00 0.259 0.220 0.85 426.1 348.6 

W.W. -- 0.111 0.122 1.10 411.5 443.5 

W.W.: Withdrawal Well 
Both variables are calculated over the first 1200 h of the test. 
Depth is given in meters. 
Breakthrough curve area is given in mgIL x min. 
The mean arrival time is given in hours. 

Diff. 

37.7 

25.8 

-17.1 

18.8 

37.8 

77.5 

-32 
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The use of cumulative concentrations is convenient as it smears the effects of 

local discrepancies, and presents a general behavior of the simulation with time. A 

perfect simulation will have all its points on the 1:1 line. A straight line with a 

different slope indicates that the simulated cumulative concentration varies linearly 

proportional to the observed cumulative concentration. Furthermore, data-lines parallel 

to the 1:1 line mean that the increase of the simulate and observed cumulative 

concentration are identical, but they appear translated because of previous errors. 

Times included in the graph identify specific instants of the breakthrough curves 

(Figure 7-6). 

Despite small fluctuations, cumulative concentrations indicate that the 

breakthrough curves were satisfactorily simulated. Major discrepancies only appear 

at well 6 after 275 h, and at well 21, 2.0 m depth, from a very early time up to 315 

h, when a 1:1 sloped line begins until 600 h. The main fluctuation at well 13 is likely 

due to the low concentration data points around 500-600 h which are considered as 

possible measurement errors. 

Breakthrough Curve at the Withdrawal Well. 

In general, the breakthrough curve at the withdrawal well was correctly 

reproduced by the model (Figure 7-9A), even though most of the simulated peak 

arrival time were slightly advanced. This outcome is consistent with the faster 
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movement of the plume observed over the whole aquifer depth. 

However, difficulties of modeling the upper part of the aquifer are of little 

importance in the case of the pumping well as most of the inflow to the well comes 

through the bottom layer. A cumulative concentration plot comparing the observed 

and simulated chloride at the withdrawal well is plotted in Figure 7-9B. Although it 

practically follows the 1:1 line, deviation from this reference line indicates the higher 

concentration of the simulated breakthrough curve. 

Spatial moments. 

The method of the spatial moments is used to compare the accuracy of the 

simulation. We base this comparison on the total mass inside the domain, as 

represented in Figure 6-3, and on the spatial position of the center of mass of the 

plume. Both variables are represented in Figure 7-10. Interpolation techniques for the 

observed data and the mechanics of the method were presented in detail in chapter 6. 

Focusing first on the chloride mass, both observed and simulated data show 

the same trend with time. Early and late chloride masses were correctly estimated by 

the model. Conversely, the total mass was overestimated by the model at the 

snapshots at 94, 182 and 310 h, although the scarcity of measurements between 100 

and 600 h hindered the evaluation of the goodness of the simulation. 

The movement of the three spatial components of the plume center of mass was 
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correctly reproduced during the first 600 h, approximately. In particular, the xc· 

component, which describes the movement of the plume from well to well, shows a 

good agreement between the observed and the simulated data. The "jump" of the Xc 

position observed at 650-700 h is attributed to the arrival of the center of mass at the 

area of influence of the injection well. There, the forced hydraulic gradient increases 

because of the larger flow rate at the withdrawal well. It is possible that this "jump" 

mainly reflects the faster response of the bottom layers to the gradient variation. 

Afterwards, the movement of the xc-component slows down because it is being delayed 

by the upper part of the plume. From this moment on, discrepancies between both sets 

of data increase, and they are in agreement with the differences observed in the 

simulated plume cross-section (Figure 7-5). Indeed, the sudden change of the zc· 

component clearly represents those differences. 

Discussion. 

Failure of reproducing the overall movement of the chloride plume illustrated 

in the cross sections may be attributed to fluctuations of the water table, due to rainfall 

events, which are not considered in our model. Their effects produce a significant 

redistribution of the injected fluid in the upper zones of the aquifer. Because of this, 

the actual flow rate introduced in the upper part of the monitored area was less than 

the flow rate used in the simulation. As a result, the simulated plume moved faster 
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than the plume observed in the field in the upper zone in particular, and in the rest of 

the aquifer too. 

Despite these difficulties, integrated measurements of the accuracy of the 

simulation were satisfactory, at least for the first 400 h. In other words, the movement 

of the center of mass and the breakthrough curve at the withdrawal well were fairly 

reproduced. Once again, this results highlight the role of the most conductive bottom 

layers on the overall movement of the plume with respect the rest of the aquifer. In 

particular, the mass balance through the bottom layer was correctly predicted as shown 

by the cumulative concentration graphs. 

More interestingly is the fact that point breakthrough curves were correctly 

simulated at the bottom layer. Few discrepancies were found, and they appear 400 h 

after the beginning of the test probably because of a main rainfall event. Therefore, 

we conclude that the model can be used to predict the hydrological component 

controlling the movement of a tracer in the sampling ports located at the lower half 

of the aquifer. 

7.3.2.- Analysis of the Movement of the NOM Plume. 

NOM field data are investigated from different perspectives. First, the data set 

will be described to emphasize the qualitative characteristics of the NOM transport. 

This description also involves the spatial moments of the observed NOM plume. 
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Afterwards, retardation factors will be estimated using the field point breakthrough 

curves. 

Because input concentrations were different for chloride and NOM (Figure 7-1), 

it is not possible to us~ the actual chloride plume as a reference for the moments 

analysis. To solve this impasse, a conservative tracer plume with the same step input 

concentration than NOM was simulated, and compared with the observed NOM data. 

Indeed, the results of chloride simulations, specially breakthrough curves at the bottom 

layer, encourage this approach. 

Finally, following sections describe the simulation of the NOM plume and the 

transport of the NOM subcomponents. 

Qualitative Characteristics of the NOM Plume. 

A cross-section (Y=3.2 m) of the NOM distribution is plotted in Figure 7-11 

for the several snapshots. As expected, NOM migration was also controlled by the 

hydrologic characteristics of the site. For example, the concentration front moved 

faster through the bottom layers, and the top-central areas of low conductivity 

produced a lateral spread of the solute. This effect is more clearly seen in Figure 7-

12A-E where plan views of the plume are displayed. 

Important pieces of information, over which most of the following analyses are 

going to be based, are the NOM point breakthrough curves (Figure 7-13). Curves 
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different snapshot times. Concentrations are given in mg-C L-t , and contour line equidistance 
is 5 mg-C Lol. Coordinates are consistent with Figure 6-1. 
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Figure 7-12A.- Plan views of the observed chloride concentration distribution at 1.4 m depth 
Concentrations are given in mg-C L-t, and contour line equidistance is 5 mg-C L-t• Coordinates 
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close to the injection well present a rapid increase of concentration, before reaching 

an approximately constant plateau. In general, tailing is observed in the adsorption 

part of the curve. The height of the plateau decreases with distance. 

An interesting feature of these breakthrough curves is the peak distribution in 

their plateaus. In contrast to chloride, not all peaks of the input concentration can be 

recognized in the breakthrough curves. For example, the peak located at 568 h is not 

recognized in any sampling point. In addition, some breakthrough curves show a clear 

broad peak around 500 h which does not correlate with the input concentration curve. 

Although time intervals between samples may hinder some of those peaks, it seems 

that this is not the case for these examples. Moreover, they might be at'rlbuted to 

unexplained particularities of the transport. Conversely, the spike appearing at the end 

of the adsorption curves is more likely to be a missed high concentration point in the 

input. 

A final characteristic is the flat desorption tailing in the first three wells at 2.6 

m depth, indicated by the sudden fall of the desorption limb. Conversely, tailing was 

observed in those sampling points at 2.0 m depth. In addition, it is worth noting the 

different shape of the desorption portion of the curve at the two depths of wells 28 and 

21. 
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Comparing NOM Transport with a Conservative Tracer. 

In order to study the transport of NOM, we simulated the plume of a 

conservative tracer originated from an identical step input than the injected NOM. 

Then, the adsorptive -behavior of NOM can be compared qualitatively, and 

quantitatively, with the non-reactive solute. 

This simulation followed the same approach as the previous ones, and the 

variable input concentration of NOM was included in the time-dependent concentration 

boundary defined at the injection well. 

Figure 7-14 compares the outcome of the simulation with the observed NOM 

breakthrough curves. From this graph, we observe the following: 

- The height of the NOM plateau decreases as a function of the distance to the 

source, indicating a gradual loss of NOM due to adsorption. 

- The conservative tracer clearly tracks the input concentration peaks, whereas 

not all of them are recognized in the NOM curves. 

- NOM desorption curves at 2.6 m depth in wells 28, 21 and 13 are close to 

those of the conservative solute. This suggests that desorption of NOM on these 

locations was too slow to be observed on the time scale of our experiment. 

Most of these features are also identified at the breakthrough curve at the 

withdrawal well (Figure 7-15). 

From a most quantitative perspective, we compared the cumulative 
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concentrations of the conservative tracer and observed NOM. (Figure 7-16A, solid 

dots). Actually, this plot can also be read in tenns of cumulative adsorbed 

concentration, which is the difference between the cumulative conservative tracer 

concentration and the cumulative NOM concentration in solution. As expected, the 

cumulative adsorbed mass with time increases with distance to the source (indicated 

by the angle of separation of the data from the 1: 1 line). It is surprising however that 

NOM cumulative concentration tends to increase in a rectilinear mode. In reality, lines 

are composed of linear segments with abrupt changes of slope between them. It is 

also significant that slopes tend to increase gently, approaching a 1:1 slope. In this 

plots, a slope close to 1:1 may indicate that only small adsorption is taking place. 

Also interestingly, is that the amount of adsorbed mass is larger at 2.0 m depth 

than at 2.6 m in wells 28 and 21. Furthennore, the smaller slope at 2.0 m depth 

indicates a larger adsorption capacity at this layer. 

Finally, a similar behavior is observed at the cumulative concentration graph 

at the withdrawal well (Figure 7-16B). 

Retardation Analysis Using Temporal Moments. 

Temporal moment analysis has been used to estimate percentage of mass lost 

and the apparent retardation of NOM. These parameters were calculated over the first 

1200 h of the test. In addition, apparent retardations were also calculated over the 
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adsorption limb only (660 h), because of chloride simulation was particularly well 

reproduced in this portion of the curve. 

The values of the areas are given in Table 7-2, and they point out that the 

adsorbed mass of NOM. increases with distance to the source, reaching a maximum of 

40% at 4 meters away from it. This is indeed a significant figure as it may indicated 

a limited mobility of NOM, considered here as a bulk compound. Moreover, different 

mass was removed at the two different sampled depth. 

Apparent retardation, R·, was estimated using equations 4-10 to 4-12. It is 

worth recalling that R· refers to the ratio of the mean arrival time of the tracers, and 

that it is only representative of the particular gradient conditions of this tracer test. 

High retardation at well 28 are due to the similarity between the input and the 

conservative tracer mean arrival times. Despite this initial high value, retardation 

factors are close in all other wells. Similar results were obtained when only the 

adsorption limb of the curve was considered. 

It is somehow significant that the apparent retardation lays in the same range 

of values than the ones estimated using a one-dimensional analysis (chapter 4). This 

is attributed to the fact that similar flow fields and similar soils were involved in both 

tracer tests. Nevertheless, these values are just regarded as indicatives of the 

retardation of NOM because the long time intervals between samples might introduce 

a large bias on the calculations. 



Table 7-2 
Retardation Analysis of NOM Using Temporal Moments. 

Well Depth Area x 107 Mean Arrival Time 

(m) (1200 h) Over 1200 h 

C.T. NOM Loss C.T. NOM 

28 2.60 0.120 0.099 17% 336.9 347.2 

21 2.60 0.120 0.091 24% 343.6 371.4 

13 2.60 0.119 0.084 29% 355.1 400.7 

6 2.60 0.109 0.065 40% 369.0 481.1 

28 2.00 0.120 0.065 45% 345.4 445.8 

21 2.00 0.120 0.041 66% 365.2 446.7 

W.W. -- 0.048 0.020 57% 422.5 508.2 

C.T.: Simulated Conservative Tracer; W.W.: Withdrawal Well 
Area is given in mgIL x min. The mean arrival time is given in hours. 
R·: Apparent retardation, using eq. 4-10, 4-12. 

R· C.T. 
, 

6.6 323.5 

4.2 327.0 

3.3 332.6 

4.3 338.8 

10.7 327.9 

3.7 336.9 

2.3 358.5 

Over 660 h 

NOM R· 

328.1 10.2 

333.5 2.6 

351.2 2.9 

371.0 3.0 

364.5 8.5 

367.6 3.2 

382.8 1.7 

Mean arrival time for the input concentration, iA(input), is 335.06 h (over 1200 h),and 323.0 h (over 660 h). 

N 
V1 
I.JJ 
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Spatial Moments of the NOM Plume. 

The integrated perspective of the plume movement given by the spatial 

moments aIlows us to compare the migrations of the conservative tracer and NOM 

plumes. As usual, we will focus on the zeroth and first moment of the plumes, which 

are plotted in Figure 7-17. 

NOM mass inside the domain was consistently smaller than the mass of the 

conservative tracer mainly because of adsorption losses. Errors on the simulation of 

the solute flux of the conservative tracer through the boundaries may also contribute 

to the mass difference. Interestingly, the NOM mass became approximately constant 

at a very early time, -60 h, whereas the conservative tracer does it 100 h latter. 

Ideally, a constant mass is reached when the input mass injected in the domain of 

interest equals the mass leaving it, through its boundaries or the injection well. The 

early leveling of NOM mass indicates that an additional removal mechanism, 

adsorption, significantly controlled its distribution. 

The role of adsorption is also recognized in the movement of the NOM center 

of mass, which was retarded. At early time, both NOM and conservative tracer moved 

together along the x-direction. In particular, at time 38 h the NOM center of mass 

appears slightly ahead. Although this detail may just result from computational 

approximations, such trend indicates that adsorption did not significantly affect the 

movement of the center of mass during this early period, when the plume was located 
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at the area of maximum flow velocity. After 60 h the location of the center of mass 

of both plumes begins to differentiate, being the position of the conservative tracer 0.5 

m ahead. 

Only for illustration purposes, the spatial moments of the observed chloride and 

NOM plumes are plotted together in Figure 7-18. As mentioned above, both plumes 

can not be strictly compared as their step input concentrations were different. 

Nonetheless, we can observe the similar displacement of both solutes at early times, 

and the faster spread of chloride afterwards. 

7.3.3.- Modeling the Transport of NOM. 

Until now, NOM analysis has been based on the observed data. The use of 

transport models leads us one step further as it allows testing some conceptual ideas 

about how the adsorption processes control the migration of NOM. Our purpose is to 

reproduce NOM movement using a transport model which has been proved adequate 

in laboratory experiments (e.g., Jardine et aI., 1992). 

The adsorption model presented in chapter 2 was applied to simulate the 

movement of the NOM plume in a three-dimensional heterogenous scenario. It is 

worth recalling that heterogeneity refers only to the spatial variability of the hydrologic 

properties within the aquifer. For the sake of simplicity, and also because of the lack 

of detailed information, the site is assumed to have homogeneous chemical properties. 
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In other words, the chemical environment (mineralogy, pH, ionic strength, dissolved 

species) and the adsorption rates do not vary neither in space nor on time. 

Furthermore, NOM is considered as a single compound; i.e. its adsorption behavior 

may be described by a unique mechanism. 

Initial guesses of the adsorption coefficients k} , k2 and kJ were obtained from 

the one-dimensional analysis of the May 1990 tracer test. Afterwards, these 

coefficients were calibrated to improve as much as possible the outcome of the 

simulation. Even if possible, it is not our purpose to end up with the optimum 

coefficient values, but to check the suitability of the conceptual model to reproduce the 

breakthrough curve. 

Simulated NOM Breakthrough Curves. 

Simulated NOM breakthrough curves are shown in Figure 7-19, and a detailed 

graph of their first 400 h is plotted in Figure 7-20. 

At a first glance, it seems that the two-site adsorption model may fairly 

reproduce the shape of the breakthrough curves. For example, curves at 2.6 m depth 

in wells 28 and 21 have their adsorption and desorption limbs correctly represented. 

Their plateaus are also reproduced, and the tail concentration is off by less than 2 mg

C Lot. If the first 200 h of the curve are considered, observed and simulated curves 

are similar at these two sampling points, and they are acceptable at wells 13 and 6 as 
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Figure 7-19.- ObselVed (dots) and simulated (solid line) NOM breakthrough CUlVes at 2.6 m 
depth (four upper graphs), and 2.0 m depth (two lower graphs). 
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well. 

The estimated values of the coefficients are kJ = 0.75x10-3 min-I, k2 = 0.10x10"'" 

minot, and k3 = 0.65. In reality, they may not represent the best set of parameters, as 

computational costs prevent us from performing extensive simulations. 

However, a closer look to the curves reveals some interesting details, which are 

independent of the values of the coefficients. Differences between observed and 

simulated curves indicate that a single set of coefficients is not able to simulate each 

one of the observed curves at 2.60 m de.pth. For example, the height of the plateau 

is increasingly underestimated with distance, pointing out that the adequate 

adsorption/desorption rates at well 28 are unsuitable at wells 13 and 6. Such 

discrepancies are observed after the ascending limb of the curve was correctly 

simulated in all ports at 2.6 m depth, suggesting that a change of the adsorption 

parameters occurred with time. 

On the other hand, results at 2.0 m depth show an opposite trend. The same 

set of coefficients overestimates the breakthrough of NOM at well 28, but provides a 

good approximation at well 21. 

Another interesting feature is the disagreement between the observed and 

simulated peaks. In fact, simulated NOM curves consistently reproduce the input 

concentration, whereas the observed data do not. As mentioned, some of these 

discrepancies may be attributed to the wide intervals between measurements. 
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However, the broad peak occurring at 400-500 h seems not to be the case. In addition, 

this peak was not recognized at well 28, but it is clearly identified at all the other three 

wells (2.60 m depth). 

Cumulative concentration graphs support the above observations (Figure 7-21). 

For instance, simulated and observed cumulative concentrations coincide during the 

entire test in we])s 28 and 21 (2.6 m depth). Conversely, cumulative concentrations 

only coincide at early time for curves at wells 13 and 6, and afterwards they begin to 

linearly diverge from the 1:1 line. We must consider also the likelihood that 

hydrological factors were responsible for the divergence. In fact, Figure 7-8 shows 

that the conservative tracer at well 6 has a similar tendency to underestimate the 

observed cumulative concentration. However, rough estimations of the slopes of the 

chloride and NOM lines indicate that the deviation from the 1:1 line is larger for 

NOM, suggesting that other factors besides the hydrological may contribute to such 

separation. These deviations may suggest a variation of the adsorption capacity of the 

soil, as discusses later on section 7.3.5. 

Finally, the breakthrough curve at the withdrawal well merges most of the 

observations already mentioned for the point curves (Figure 7-22A). A cumulative 

concentration plot of the observed and simulated NOM at the withdrawal well indicates 

that since early times, the model overestimated the NOM concentration (Figure 7-B). 
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Analysis of Chemical Time Scales and Retardation Using the Model 

Coefficients. 

The values of the chemical coefficients resulting from the fitting of the 

numerical model to the observed data allow an estimation of the NOM retardation 

factor and of the time scales of the chemical processes. 

First, it is worth recalling that the transport model was only calibrated at well 

28, 2.6 m depth, and that the coefficient values obtained at this location were used to 

reproduce the NOM breakthrough curves at the other ports. This set of coefficients 

was unable to successfully reproduce the entire breakthrough curves at those other 

locations, suggesting changes on the adsorption capability of the soil with time. 

Therefore, the coefficients obtained from well 28, 2.6 m depth, should be considered 

as an approximation to the adsorption kinetics of the aquifer. 

NOM sorption at the Georgetown site is mainly dominated by the adsorption 

(i.e., attachment) rate, with a very slow desorption (i.e., detachment). This is evident 

from the shape of the breakthrough curves, as well as from the larger value of kJ 

relative to k2 • Time scale (kj
o1

) for adsorption is thus of the order of several minutes 

(-22 min), whereas the desorption time scale is of the order of one day (-27 hours). 

As a result, the time scale to reach equilibrium would be controlled by the desorption 

rate, and it would be achieved on the order of days. 

The shape of the breakthrough curve also indicates that the kinetic process 
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dominates over the equilibrium process. According to the curves elaborated by 

Cameron and Klute (1977), the fast ascending of the NOM breakthrough, almost 

coinciding with the conserva tive tracer, indicates the small role played by the 

equilibrium sites on the overall NOM adsorption. 

The retardation factor R for two-site adsorption model was defined in chapter 

4 as 

(4.9) 

giving an approximate value of R equal to 77 for the present tracer test. This result 

must be regarded as the retardation factor of NOM at the deepest layer of the site, 

independently of the flow conditions. Bales et al. (1991) related the ratio of 

equilibrium to total adsorption as, 

p ___ l_+_~ __ 

1 + ~ + kile,. 
(7.1) 

In our case, f3 ... 0.02 supports the observation that NOM adsorption was 

primarily controlled by the kinetic process. 

At the Georgetown tracer tests, the high velocities created by the forced 

gradient resulted on a large relationship of the physical (hydrological) time scale with 

respect to the chemical time scale. This relationship is described by the Damkholer 

number 
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(7.2) 

where L was wken as the distance to the source, and v is the velocity. At the center 

of the site, where the smallest velocity occurs, 0> was approximately equal to 0.5. This 

order of magnitude of the Damkholer number indicates that adsorption was slow to be 

fully observed. Actually, this result explains the low apparent retardation of NOM 

estimated using the temporal moments. 

The large differences between the retardation factor estimated at the May 1990 

and Aug-Sep 1992 tests are attributed to the different modeling approaches used in 

each case, being the latest one more consistent and reliable. 

7.3.4.- The Transport of the NOM Subcomponents. 

As different adsorptive behavior of the NOM subcomponents is reported by 

laboratory studies (Dunnivant et aI., 1992), there is a great interest to describe how do 

they behave in natural environments, and how their individual characteristics relate to 

the overall migration of bulk NOM. 

Laboratory analyses separate the NOM subcomponents according to their 

molecular size. In that way, we present data corresponding to the <3k Daltons mol. 

w. fraction, and to the 3-100k Daltons mol.w. fraction, which accounted for 35 and 

52% of the total injected NOM, respectively. A 13% of the total NOM appeared to 
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be >100k mol. w., but its analysis was not completely satisfactory (J.F. McCarthy, 

personal communication), and consequently this fraction is omitted in this study. 

Figures 7-23 and 7-24 present the normalized breakthrough curves of the NOM 

fractions at the six usual sampling ports and at the withdrawal well. To better observe 

their adsorption, bulk NOM has been normalized by a reference value of Co=33 mg-C 

Lo l
, and its subcomponents to their respective proportions. Unfortunately, NOM 

fraction analysis are only available at few times. Bulk NOM concentrations at these 

times are also included in the graphs as a means to compare how this fragmentary 

picture of the breakthrough compares with the entire one (Figure 7-13). 

Interesting observations arise from Figure 7-23 and 7-24: 

1.- The < 3k fraction appears to behave almost conservatively, with almost no 

adsorption until to well 6, where its plateau decreases only to 0.8. 

2.- The bulk NOM curve shape is mostly caused by its dominant fraction: 3-

lOOk (52%). 

3.- Significant differences are also observed in the desorption limb. The larger 

fraction (3-100k) has a very slow desorption whereas a large tail is observed for the 

<3k fraction. As a result, the tail of the bulk NOM is mainly composed by the <3k 

fraction, being the reason why the NOM tail coincided with the conservative at some 

wells. 

4.- The adsorption of each fraction is significantly larger at 2.0 depth than at 
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the lowermost layer of the site. 

An attempt to quantify the behavior of each subcomponent is presented in 

Tables 7-3 and 7-4, where the breakthrough curve areas and their mean arrival times 

are compared. Retardation factors are also calculated as the ratio between mean arrival 

times (equation 4-10,12). 

The percentage of lost mass iIlustrates the different behavior of both fractions, 

as well as the different sorption that takes place at both depths. Furthermore, 

retardation factors are consistent with the observed behavior of each component: the 

<3k fraction moved faster, and the 3-100k fraction showed a stronger adsorption than 

bulk NOM. 

Cumulative concentration curves for each fraction are plotted in Figure 7-25, 

and they are compared with the bulk NOM data. The area of the simulated 

conservative tracer is used as reference. An interesting feature of these curves is that 

they also growth linearly, or in linear segments. Significant changes in slope take 

place at wells 13 and 6, at 2.6 m depth, and well 28, at 2.0 m depth. These changes 

are clear for the bulk NOM and they simultaneously occur for the 3-100k fraction. 

Instead, the <3k fraction tend to present smoother changes of slope, or stay straight as 

in locations at 2.0 m depth. 



Well 

28 

21 

13 

6 

28 

21 

W.W. 

W. W.: Withdrawal Well 
Area is given in mgIL x min. 

Table 7-3 

Breakthrough Curve Areas of the NOM Subcomponents. 
(over 1200 h) 

Depth, m Area x 106 Loss 

<3k 3-100k <3k 

2.60 0.371 0.432 12 % 

2.60 0.364 0.360 13% 

2.60 0.400 0.280 5% 

2.60 0.327 0.203 22% 

2.00 0.320 0.198 24 % 

2.00 0.174 0.077 58 % 

-- 0.087 0.006 80 % 

3-100k 

32% 

43% 

56% 

68 % 

69 % 

87% 

99 % 

The input concentration curve area for bulk NOM is 0.1219 x 107
, for <3k is 0.420 x Hr, and for 3-100k is 0.634 x 1W 

mgIL x min. 

!j 
~ 



Table 7-4 

Mean Arrival Time of the NOM Subcomponents and Their Retardation Factors 
(over 660 h) 

Well Depth, m Mean Arrival Time 

C.T. <3k 

28 2.60 323.7 329.2 

21 2.60 327.0 312.8 

13 2.60 332.9 316.4 

6 2.60 338.8 368.2 

28 2.00 327.9 348.6 

21 2.00 336.9 360.7 

W.W. -- 358.5 357.4 

C.T.: Conservative Tracer; W.W.: Withdrawal Well 
The mean arrival time is given in hours. 
Apparent retardation, using eq. 4-10,12. 

3-100k 

341.6 

400.8 

346.8 

386.9 

383.6 

387.6 

526.4 

Mean arrival time for the input concentration (over 660 h) = 323.0 h. 

Apparent Retardation 

<3k 3-100k 

8.85 26.50 

-- 19.45 

-- 2.40 

2.86 4.04 

5.22 12.36 

2.71 4.64 

-- 5.73 

N 

~ 
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7.3.5.- Discussion. 

Previous results suggest that the two-site adsorption model based on linear 

relationships can be appropriate to reproduce the movement of NOM. Good results 

in wells 28 and 21, and at early time in wells 13 and 6 support this idea. There are, 

however, some discrepancies which need further consideration. Two main difficulties 

have been encountered in the application of the two-site model using a single set of 

coefficients, 

- The first occurs within the same layer, i.e., the impossibility to reproduce the 

same peaks and the correct height of the plateau at a given sampling port, and 

- The second involves the two depths where NOM was sampled, i.e., why the 

behavior at well 28, for example, is so different at both depths. 

To focus on this difficulties, we discuss next the assumptions in which the 

whole model is based, and confront them with the observed data. Causes considered 

as possible explanations of the observed discrepancies are, 

- The effects of the non-uniform velocity, 

- The inadequacy of a linear adsorption model, 

- Chemical heterogeneities along the flow path. 

Effects of the Velocity Field. 

The velocity field at the test site varies spatially. First, the two-well test creates 
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a non-uniform flow field within each layer, and second velocities also vary with depth 

because of the layering of the hydraulic conductivity. Therefore, we must consider the 

effects of the velocity variations on NOM transport. These effects can be caused by 

our capability of reproducing the flow field, and by the relationship 

velocity/adsorption. 

In section 7.3.3, we mentioned that discrepancies between the observed and 

simulated NOM cumulative concentrations at well 6 could be partially attributed to 

hydrological factors, as similar differences were also observed for chloride. Despite 

wells 6 and 21 (2.0 m depth), chloride simulation was successful in most of the 

sampling ports, indicating that there are no major problems on the simulation of the 

velocity field. 

Focusing on the differences between layers, chloride simulation was exceIlent 

at both ports of we11 28, but significant differences appear when NOM simulations are 

compared with the observed data. A possible explanation is that both layers have 

distinct sorptive properties, which is supported by the batch experiments conducted by 

McCarthy et al. (1993) (Figure 2-2). However, this hypothesis can not be proved 

unless the relationships between velocity and adsorption is considered. 

The influence of velocity on adsorption have been recognized in numerous 

experiments involving time-dependent reactions. From a physical point of view, the 

amount of adsorbed contaminant depends on the residence time of its particle on a 
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given location. In turn, their residence time is given by the flow field: the slowest the 

velocity, the largest the probability of the particle to be attached. 

Because the numerical model considers this relationship in its formulation, we 

should expect that NOM breakthrough would be correctly simulated regardless the 

flow velocity at the port, provided that the chemical processes do not vary in space. 

Then, discrepancies between observed and modeled results at well 28 must be related 

to variations of the chemical coefficients, as the hydrological factors are well known. 

The Appropriateness of the Linear Adsorption Model. 

There is actually an interesting argument about the use of linear or non-linear 

models to describe NOM adsorption. For example, batch experiments has proven that 

the Langmuir isotherm (non-linear) correctly describes NOM adsorption. McCarthy 

et al. (1993) also showed it using soil samples from the Georgetown site (Figure 2-2). 

Nevertheless, Jardine et al. (1992) concluded that the use of a non-linear isotherm was 

not as critical to fit NOM data as considering time-dependent sites in the model. In 

this discussion, we will attempt to address this argument using the observed NOM 

breakthrough data. 

An interesting information regarding the Iineality of adsorption is given by the 

cumulative concentration curves. Figure 7-16A plots the observed and simulated 

(using a two-site lineal model) NOM, and compares them with the reference given by 
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the conservative tracer. A relevant feature of this graph is that the simulated NOM 

cumulative concentration is linearly proportional to the simulated cumulative 

concentration of the conservative tracer. Actually, the difference between both 

variables is only caused by the adsorptive term of the transport equation, as the 

advective and dispersive terms are identical for both simulations. This linear 

relationship can also be expressed in terms of the NOM adsorbed concentration, which 

is given by the difference of the conservative tracer and the NOM solution 

concentration. 

In that way, and according to the pattern given by the simulated data, we may 

postulate that field data will follow a linear adsorption model if they lie in a straight 

line in a cumulative concentration plot that uses a conservative tracer as a reference. 

It is relatively straightforward to show analytically that this linear relationship holds 

for an equilibrium linear isotherm. However, it becomes more complicated when a 

time-dependent isotherm is involved. Despite it, the numerical solution reflects the 

Iineality of the relationship when a two-site linear model is used. 

Well 28, 2.6 m depth, shows that NOM adsorption processes can be described 

using a linear model: field data lay in a straight line, and furthermore observed and 

simulated data coincide on the same straight line, indicating that the adsorption 

coefficients are approximately correct (Figure 7-16A). 

In addition, observed and simulated cumulative plots were found to coincide 
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at early times in all ports at 2.6 m depth, suggesting that during this interval the 

adsorption/desorption rates were similar everywhere. But, interestingly, when observed 

NOM cumulative curves differ from the simulated one, they adopt a rectilinear 

relationship again, with a slope closer to the 1:1 line. This may possibly indicate that 

the linear adsorption model still holds but at smaller adsorption/desorption rates. In 

fact, a tendency to adopt a 1:1 slope indicates that NOM tends to behave more 

conservatively; or in other words, it points out a decrease of the adsorption capability 

of the soil. In fact, it seems that a Iinarization of the isotherms presented by McCarthy 

et al. (1993) in Figure 2-2 at small and large concentrations is acceptable to model the 

transport of NOM at a field-scale. 

Spatial Variability of the Chemical Processes. 

From a modeling point of view, the actual behavior of a tracer can be compared 

with the one given by the transport model to point out major discrepancies with our 

conceptual understanding of the phenomena. For the Georgetown experiment, we have 

already discussed the effect of the hydrological factors and the appropriateness of the 

transport model. However, we have not been able to explain the reasons why changes 

on the adsorption rate takes place with time, or by some of the input concentration 

peaks are not recognized. Then, it is plausible to attribute this unexplained 

observations to the factor not considered in the model: the spatial variability of the 
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chemical processes. 

Variability of the adsorption processes can be caused 1) by spatial variations 

of the soil mineral and solid organic matter composition, and 2) by modification of the 

surface properties in particular regions of the aquifer due to the adsorption of NOM 

itself. 

Distinct soil adsorption properties have been identified by NOM breakthrough 

curves at 2.0 and 2.6 m depth. This is consistent with the lithology of the site 

observed from test bores, and with the batch experiments performed by McCarthy et 

a!. (1993) using soil samples from the Georgetown site. Test bores also show that the 

deepest strata are continuous (at least at the scale of the site), and with uniform sandy 

materials. This suggests that adsorption properties of the soil materials may be fairly 

constant at the 2.6 m depth layer, although this is difficult to recognize only from 

NOM data. 

On the other hand, continuous adsorption of NOM might have modified the 

adsorption capacity of the aquifer matrix, and consequently vary the removal of NOM 

in space and/or in time. Actually, reduction of the adsorption rate in time has been 

identified at wells 21, 13 and 6 (2.6 m depth) in the cumulative concentration graphs 

(Figure 7-16A). 

In conclusion, modeling results indicate that adsorption rates vary spatially, as 

well as they may vary in some regions over time as a result of changes in the chemical 
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However, a better understanding of the adsorption 

processes on surfaces is needed to support this observations. 

Finally, minor (but significant) details, as the problem of the peaks, may be 

caused by hydrological or chemical variations at scales smaller than our measuring 

scales, and therefore they escape our modeling capabilities. 
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Chapter 8 

CONCLUSIONS AND RECOMMENDATIONS 

The primary objective of this dissertation was to study the NOM transport in 

a field experiment, particularly its adsorptive behavior. Field-scale tracer tests, 

however, require a good knowledge of the flow field, hence of the hydrological 

properties of the site. Therefore, special attention was devoted to provide an accurate 

description of the hydrological characteristics of the aquifer. 

The importance of the spatial variability of the hydrologic properties was 

manifested in the one-dimensional analysis of the experiment conducted in May 1990. 

The analysis of the transport of chloride showed that the effect of heterogeneity of the 

sandy aquifer was significant, hindering the interpretation of the breakthrough data. 

These results indicated that a three-dimensional characterization of the hydraulic 

conductivity was imperative to successfully reproduce the flow field in the site. 

Results also indicated that point measurements could not provide realistic and accurate 

criteria to judge the performance of our transport model, and that instantaneous 

measurements (snapshots) of the complete tracer distribution should be taken instead. 

According to these results, a dense network of wells was installed in the site 

in order to 1) measure the spatial variability of the hydraulic conductivity using slug 
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tests, and 2) obtain a complete, three-dimensional description of the movement of the 

plumes. Subsequent two-well tracer tests involving chloride and NOM were conducted 

in this site. Conclusions resulting from these experiments relate to three main topics, 

- modeling the flow field in an heterogeneous aquifer, 

- modeling the transport of NOM at a field-scale, and 

- spatial variability of the chemical processes; 

and they will be described before presenting some recommendations for future 

research. 

Modeling the Flow Field in an Heterogeneous Aquifer. 

A total of 229 slug tests were performed to measure the hydraulic conductivity 

distribution at the site. These results were afterwards incorporated in a three

dimensional numerical model to simulate the transport of chloride. The conclusions 

of this task are the following: 

- Excellent simulation of the observed movement of the chloride plume 

suggested that slug tests are a useful method to measure hydraulic conductivity. 

Although conductivity values were approximate and required calibration, their spatial 

variability was satisfactorily depicted by slug tests, being a key point for the successful 

simulation of the plume. 

- Both Hvorslev and Cooper et al. methods portrayed a similar distribution of 
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the hydraulic conductivity. Although their conductivity mean values were similar, the 

Hvorslev method showed a smoother vertical profile and smaller variability within 

layers, which is consistent with field observations. Furthennore, integrated 

measurements of the plume behavior, such as spatial moments and the breakthrough 

at the withdrawal well, indicated that the Hvorslev dataset resulted in a more accurate 

description of the conductivity field. 

- As mentioned, the movement of the chloride plume was successfully 

reproduced by the three-dimensional transport numerical model using the conductivity 

results of the slug tests. Spatial moments indicated that the total mass and the overall 

movement of the plume were correctly predicted. Point breakthrough curves were also 

adequately predicted, mainly at the lowermost layer. Poor prediction of point 

breakthrough curves at the top layers was attributed to the no-flow boundary condition 

used to represent the water table. The effect of this simplification at the boundary was 

only noticed in the uppermost parts of the aquifer. 

Porosity was found to be an important value in the reproduction of the 

movement of the tracer, as well as in the estimation of the total mass in the domain. 

A constant value of 0.25 was appropriate for the test site. 

A simplified approach, consisting of a perfectly stratified aquifer with 

homogeneous layers, was also used to reproduce the movement of the tracer. Results 

indicated the superior performance obtained using the fully heterogeneous approach. 
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They also point out that small-scale hydrological heterogeneities play an important role 

over short distances, supporting the idea that such variability must be known to 

warrant successful simulations. 

In summary, the accurate simulation of the chloride plume, and consequently 

of the flow field, indicated that the transport of a reactive compound, such as NOM, 

could be focused with confidence since the uncertainties related to the hydrological 

factors were minimized. 

Modeling the Transport of NOM at a Field-Scale. 

An interest of this research was to describe the adsorption processes of NOM 

occurring at a field-scale. This task involved selecting the adequate model of 

adsorption, and to explore the continuity of this processes, i.e., its variability 

throughout the aquifer. Let's focus first on the question of the model. 

A two-site linear adsorption model was selected as it has been found to 

satisfactorily describe the adsorption of reactive solutes in laboratory, and in field 

experiments as well. One of the adsorption sites displays equilibrium adsorption, and 

the other presents a time-dependent term. 

The values of the chemical coefficients indicated that the time-dependent 

(kinetic) process dominates the adsorption of NOM, being the time scale of attachment 

of several minutes, and the time scale of detachment of the order of days. An 
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approximate retardation factor of 77 was estimated using the coefficients. However, 

the movement of the NOM plume appeared to move with a small retardation because 

of the large velocities created by the forced gradient test. 

The use of the two-site linear adsorption model was adequate at well 28, and 

at early times at the other wells (2.6 m depth). At later times, discrepancies between 

observed and simulated NOM breakthrough curves showed that a single set of 

adsorption coefficients was not likely to reproduce the breakthrough of NOM at all 

sampling ports. The use of cumulative concentration plots seems to indicate that, 

despite those discrepancies, adsorption took place according to a linear model. 

Finally, the movement of the <3k and 3-100k mol. wt. fractions of NOM was 

also considered. Their breakthrough curves showed that the <3k fraction moved with 

little retardation, whereas larger molecular sizes were significantly retarded. This 

observation suggests that in cases of NOM-facilitated transport of contaminants special 

emphasis must be directed to those NOM fractions of greater affinity with the 

pollutant. 

Spatial Variability of the Chemical Processes. 

Analysis of the NOM breakthrough curves showed that the adsorptive 

properties of the aquifer materials varied from 2.0 to 2.6 m depth. This finding is 

consistent with batch experiments performed by McCarthy et al. (1993), and it is 
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attributed to the different mineralogical composition and organic matter content of both 

layers. 

In addition, discrepancies between observed and simulated NOM breakthrough 

curves may be attributed to changes on the chemical properties of the surfaces. These 

changes would occur in specific areas where adsorption was intense and continuous 

for a long period. As a result, spatial variability of the chemical processes originates 

during the test. This interpretation has been suggested by modeling results; however, 

more research is still necessary to obtain a solid evidence of such phenomena. 

Recommendations for Future Research. 

This study has focused on the hydrological modeling of NOM. Special 

emphasis has been given to the hydrological factors that control the flow field, 

particularly the spatial variability of the hydraulic conductivity, and to the adsorption 

model necessary to describe NOM migration. Recommendations for future research, 

which may enhance the understanding of NOM transport, are the following, 

- Study the (combined) influence of the physical and chemical properties of the 

soil on NOM adsorption, and relate them to the observed NOM plume. This task is 

based on a similar idea than the one used to characterize the hydrological factors, and 

is intended to provide some explanation to the observed discrepancies with the 

transport model. 
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- It is also of interest to relate the spatial variability of the hydrological 

properties and chemical properties of the aquifer. This study would require extensive 

data of both types. Attempts to provide such relationship were presented by Robin et 

aI. (1991). Data should then be studied using geostatistical methods to obtain the 

crosscorrelation between variables. Consequently a stochastic modeling approach 

would be necessary to incorporate this information into numerical transport models. 

- The use of cumulative concentration graphs, using a conservative tracer as a 

reference, has resulted useful to determine the suitability of the linear transport model. 

In this study, no rigorous fundament is presented to justify the results. Actually, an 

analytical approach to the problem is not mathematically simple. It would be 

necessary to investigate the relationship of different models with cumulative 

concentration plots, and to provide some hints which allow estimating the extent of 

adsorption from the slope of the curve (as suggested from our results). 
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Appendix A 

HYDRAULIC CONDUCTIVITY PROFILES 

Appendix A contains the hydraulic conductivity profiles obtained at each of the 

observation wells. Refer to Figure 3-4 for well locations. 

Results from the three methods are plotted together to facilitate comparison. 

The legend is the following: 

- Circles: Hvorslev (1957) 

- Triangles: Bouwer and Rice (1976) 

- Squares: Cooper et a!. (1967). 
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