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Abstract 

A two-dimensional mathematical model for simulating the transport and fate of chemicals in 
aquifers with spatially heterogeneous but isotropic fluid flow properties was developed, as part 
of an evaluation of bioremediation technologies that include injection of reactants into the 
aquifer. An important physical process is dispersion of the injected reactant in the aquifer. 
Dispersion was simulated with the model which has user-prescribed hydraulic pressure fields at 
the inflow and outflow boundaries. The model accounts for the major physical processes of 
dispersion and advection and several fundamental chemical and biological processes, including 
linear equilibrium sorption, irreversible sorption and/or dissolution into an organic phase, 
microbial degradation, radioactive decay, and other irreversible processes. The chemical may 
be released internally via distributed leaks from sources that do not perturb the flow field, from 
fully penetrating injection wells, or it may enter at the inlet boundary. The chemical transport 
and fate equations are solved in terms of user-stipulated initial and boundary conditions. 

Simulations were made to evaluate dispersion resulting from spatial variability in the hydrau- 
lic conductivity (K). Flow fields were divided into regions with hydraulic conductivities of 0.2, 
2.0 and 20 m day -1 , Distributions of chemical, initially present as a distributed source near the 
inflow boundary, were obtained for several geometries of the hydraulic conductivity regions. 
Results show the influence on distributions of regions of low, medium, and high K; they 
demonstrate the importance of knowledge about the hydraulic conductivity field, both for 
interpretation of sampling data and for prediction of plume behaviour in terms of direction 
of movement, dispersion and rate of travel. 
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I. Introduction 

Aquifer pollution is a rapidly growing problem in the United States (Pye et al., 
1983) and other countries. The true extent of groundwater contamination is not 
known because measurements of the problem have only recently been made on a 
consistent basis. 

Various methods have been used to restore the quality of groundwater. Two major 
categories are physical containment and chemical and/or biological treatment (Lehr 
and Nielsen, 1982). Physical methods, including the placement of barriers or hydro- 
dynamic control by pumping, have been used with some success but these methods 
are most effective when used to isolate point sources of pollution rather than to 
restore water quality in aquifers. Removal of pollutants from the groundwater is a 
more reasonable strategy for pollutants contributed by non-point sources or by 
widely distributed sources. Chemical and biological methods are commonly used in 
situations where water is pumped out, treated, and used (e.g. Van der Hoek and 
Klapwijk, 1987). This class of methods is used extensively for drinking water supplies 
where the end product is important enough to justify the expense. 

A significant advantage of chemical and biological methods is the possibility of in 
situ aquifer restoration. Various chemical techniques have been used for this purpose 
(Brown et al., 1985). There is also considerable interest in the rapidly growing field of 
biorestoration (Alexander, 1981; Lehr and Nielsen, 1982; Brown et al., 1985; Lee 
et al., 1988). The challenge of in situ methods is the maintenance of appropriate 
conditions for stimulation of biological activity in the aquifer. For biorestoration, 
the important factors affecting the rate and efficiency of contaminant biodegradation 
are the presence of microbes suitable for metabolizing the pollutants, the presence of 
energy sources and electron acceptors to sustain adequate microbial growth, the 
distribution of pollutant, substrate, and organisms in the aquifer, and flow properties 
of the aquifer, including hydraulic gradients, spatial variation in hydraulic con- 
ductivity and in physical and chemical properties of the aquifer material. The spread- 
ing of solutes is of most concern, because it determines the outline of the contaminant 
plume and impacts on decisions regarding placement of sampling wells and placement 
of wells for the injection of reactants for stimulation of reclamation. 

Analysis of solute transport is based on the advection-dispersion equation where 
the advective part describes the transport at the mean velocity and the dispersive part 
describes the spreading of solutes in the medium caused by hydrodynamic dispersion 
and molecular diffusion. Hydrodynamic dispersion refers to the distribution or 
spreading of solute resulting from the range of velocities which exists in individual 
pore channels (Hillel, 1980). On a larger scale, i.e. field scale, hydrodynamic disper- 
sion occurs as a result of changes in hydraulic conductivity in the flow field owing to 
heterogeneity of the aquifer material. The form of spreading resulting from these 
changes in the hydraulic conductivity, usually referred to as macro-scale dispersion, 
is the focus of this paper. 

The advection-dispersion equation introduces the dispersivity tensor as a measure 
of dispersion. Determination of the value of dispersivity has been the subject of many 
studies which have led to the general agreement that laboratory experiments cannot 
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be expected to yield values of dispersivity applicable to field conditions (Dagan, 1984; 
Gelhar, 1986; Hess et al., 1992). Since dispersion at the field scale is governed by 
spatial variability in hydraulic conductivity, the traditional approach has been to base 
calculation of the macrodispersivity tensor on a statistical analysis of the hydraulic 
conductivity. Knowledge of the statistical properties of the spatial distribution of K, 
namely variance and correlation scales, yields values which can be used in stochastic 
transport theories. Hess et al. (1992) reviewed and summarized recent studies, 
and concluded that this approach shows good agreement between predicted and 
measured distributions. Clearly, the statistical approach has made rapid advances 
possible. Nevertheless, additional insights can be gained by an evaluation of the 
manner in which placement, shape and size of regions of different hydraulic con- 
ductivities interact. Understanding this interaction is particularly important in 
decisions regarding placement of wells for injecting reactant intended to stimulate 
bioremediation. 

To gain further insights into the impact of macrodispersion on contaminant trans- 
port, an approach was developed based on mathematical modelling techniques such 
as are used to good effect in the analysis of problems of contaminated aquifers. The 
development of models is often a cost-effective method of deciding between alterna- 
tive remediation scenarios for a given problem. This is particularly true for biological 
remediation where the outcome of treatments is often uncertain. 

The model developed for the analysis of macrodispersion is based on a two- 
dimensional, horizontal, steady-state, fluid flow field defined by a hydraulic head field 
which is dependent upon appropriate Dirichlet and Neumann boundary conditions 
and characterization of the spatial dependency of the saturated hydraulic con- 
ductivity. The model accounts for two-dimensional transport and the fate of 
chemicals in a non-homogeneous aquifer. The distribution of chemicals is affected by 
advection and dispersion in both the longitudinal and transverse directions, by linear 
equilibrium adsorption/desorption processes, by first-order loss processes, including 
metabolism by soil microbes or chemical reactions with other soil components in the 
free and/or sorbed phases, or by other irreversible processes which may operate in 
either the free or sorbed phases. The model allows the presence of zero-order sources 
of chemical, appropriate Dirichlet and Neumann boundary conditions with a 
provision for non-zero initial distribution of the chemical, and the presence of fully 
penetrating injection and/or extraction wells. 

It is assumed that the chemical and biological process coefficients are at 
least piecewise differentiable functions of the transverse coordinate, x, and of 
the longitudinal coordinate, y. The mathematical symbols used in this manuscript 
and their physical or chemical meaning are stated in the text when they are first 
introduced. 

The simulations conducted with the model were to determine the distribution of 
chemical, initially present in a source area near the inflow boundary, for several 
scenarios of spatial variability of hydraulic conductivity. Flow fields were divided 
into regions with hydraulic conductivities ranging from 0.2 to 20.0 m day t. Plume 
development was evaluated during 150 days of simulated transport for each geometry 
of the hydraulic conductivity regions. 
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2. Mathematical model 

2.1. Statement of the problem 

The mathematical model pertains to an aquifer made up of a single layer with water 
entering and leaving an inflow and outflow boundary defined by a constant head, 
H (m) (Fig. 1). The model was developed for applications that include injection and 
extraction wells for in situ chemical and/or biorestorations. Thus, water can be 
extracted or injected through arbitrarily placed fully penetrating injection and/or 
extraction wells. The porous medium may be non-homogeneous and anisotropic. 
The assumptions concerning the fluid flow field are that: 

(1) the fluid flow field operates at steady-state conditions at all times; 
(2) any fluid flow perturbations introduced at either of the flow boundaries propa- 

gate extremely rapidly throughout the flow field, so that a new steady state is achieved 
instantaneously and the fluid storativity term in the fluid flow model may be neglected 
(Bodvarsson, 1984); 

(3) the aquifer material is isotropic, but may be heterogeneous; 
(4) the hydraulic conductivity function is differentiable almost everywhere; 
(5) Dirichlet boundary conditions hold at both the inflow and outflow boundaries; 
(6) inflow hydraulic head (Hin) and outflow hydraulic head (Hour) are specified and 

extend across the length of the boundary (0 < x < Lx) (Eqs. 4 and 5); 
(7) Neumann no-flux-type boundary conditions are specified along the longitudinal 

boundaries, i.e. the x = 0 and x = L x planes (Eqs. 6 and 7), 
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Fig. 1. Schematic diagram of the conditions for which the computer model was developed. The 
mathematical model allows for the arbitrary placement of injection and/or extraction wells. These were 
not included in the discussion in this paper. 
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2.2. Fluid flow field 

149 

The velocity field components of the flow vector q are defined by 

OH K OH'~ 
q = (eUx,eUy)= -Ksxx O x ' -  ~YY--~yJ (1) 

where q is the Darcy velocity vector (m day-l) ,  e is the porosity (m 3 m-3), Ux and Uy 
are the x and y components of the average seepage velocity (m day- l), Ksxx and Ks>, >, 
are transverse and longitudinal components of the saturated hydraulic conductivity in 
the aquifer (mday -1) and H is the hydraulic head (m). The coordinate system is 
chosen to coincide with the two principal directions of flow (Bear and Verruijt, 
1987, p. 39). The steady-state continuity equation for a representative elementary 
volume (REV) in the aquifer is given by 

V .  (Pwq) = (Qinj - Qout) (2) 

where Pw is the density of water (kg m -3) which is assumed constant, Qinj is the fluid 
mass injection rate (kgm -3 day -1) and Qout is the fluid mass extraction rate 
(kg m -3 day-l) .  Substitution for q in Eq. (2) yields the Poisson equation 

, .  ,,2°>,,,] [ + = p w  

[o(¢Ux) + o(w,)] 
[ ~  - ~ - ~ y  j = (Qinj - Qout) 

(3) 

Ksxx, Ksyy , and e are assumed to be almost everywhere differentiable functions of x 
and y inside the flow domain. 

Boundary conditions, to be satisfied at all times, are written according to assump- 
tions (5) and (6) as follows: 
along y = 0 (inlet end), 

H(x,O) = Hin(X),0 < x < L x (4) 

along y = Ly (outlet end), 

H ( x ,  Ly)  = H o u t ( x ) , O  < X < L x (5) 

along x = 0, 

OH 
= 0 (6) 

Ox 

along x = L x, 

OH 
- 0 (7) 

Ox 

Ksxx and gsyy may vary by several orders of magnitude over the interior of the flow 
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domain. An analytical solution of Eq. (3), subject to boundary conditions Eqs. (4)- 
(7), where Ksxx and Ksyy are variable, does not appear to be obtainable. Lindstrom 
and Boersma (1989) gave an analytical representation of the problem for an isotropic 
medium in which Ksxx = Ksyy = Ks is constant, in terms of a double sum infinite series 
of trigonometric functions, i.e. a classical eigenfunction solution procedure. However, 
even in the very special case of constant Ksxx and Ksyy, the solutions are usually very 
slow to converge. A very large number of terms is necessary to achieve the required 
number of significant digits in each velocity component. Thus, the hydraulic head 
field on the interior of the aquifer will be approximated via space-centred finite 
difference, or finite element methods. 

2.3. Transport and fate equations 

The assumptions that form the basis for the chemical transport and fate model are 
that: 

(1) mass transport is via advection (convection) and dispersion; 
(2) the x and y dispersion components are linearly dependent upon the moduli of 

the fluid velocity field components; 
(3) the porous medium can be partitioned into three classes with respect to sorp- 

tion, namely, weakly sorbing particles, sorbing particles (clay or small silt particles), 
and a strongly sorbing organic fraction for which linear equilibrium sorption rules are 
assumed to hold as follows 

S = [(Mws/Mt)PwsKws + (Ms/Mt)psK s + (Mo/Mt)poKo]C (8) 

where the subscripts ws, s, o, and t denote non-sorbing, sorbing, strongly sorbing and 
total fractions of the aquifer materials, M is mass of materials, p is the average 
particle density, and K is the linear equilibrium distribution coefficient; 

(4) chemical can be introduced into the aquifer with the inflow stream at the inlet 
end (y = 0) or from constantly emitting sources in the aquifer; 

(5) density gradients, density stratifications, or local changes in the transport and/ 
or fate properties of the porous medium are negligible; 

(6) water containing dissolved chemicals can be introduced via fully penetrating 
injection wells and/or extracted from similar wells by pumping; 

(7) loss of chemical can occur via first-order loss processes including microbial and, / 
or chemical irreversible processes in both the free and sorbed phases; 

(8) all first-order loss process coefficients are continuous functions o f x  and y inside 
the aquifer. 

The second assumption, namely that the x and y dispersion components are 
linearly dependent upon the moduli of the velocity field components implies that 
for two-dimensional flow in an isotropic and non-homogeneous aquifer (Bear and 
Verruijt, 1987, pp. 161-164), 

Dxx = C~tortDL0 + G~dispx iU~- ~ ÷ O~dispy [~.][ (9) 
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and 

Dyy = OttortDL0 + Oldisp x - -  
(Ux)2 (Uy)2 (10) 

IUl-}-OLdispy iUl 
where the magnitude of the local seepage velocity vector U is defined by 

IuI = [(Ux) 2 + (Uy)2] I/2 ( l l )  

and the 'longitudinal' axis coincides with the y-axis (Konikow and Bredehoeft, 1978). 
Dxx and Dyy are the dispersion coefficients in the x and y directions, atort is tortuosity 
a n d  O~disp x and O~dispy a r e  dispersivities. The cross-axis dispersion coefficient Dxy is 
symmetrical so that Dy x = Dxy and 

VxU~ 
Dxy = (O~dispy -- O~dispx) ]U I (12) 

The longitudinal and transverse dispersivities (&Oispy, O~dispx) as well as the tortuosity 
(atort) are assumed to be piecewise differentiable functions of x and y inside the flow 
domain. 

Consideration of the balance of chemical mass in the representative elementary 
volume (REV) leads to the linear two-dimensional transport and fate equation: 

e ( l + g )  OC 0 (eDxxOC~ 0 feD OC 
Ot - Ox k, -~x J +-~y ~, " Oy J 

o o x 
"b OX ~ YY Oy /] + ~y ~ Y OX J 

o (,UxC)- o (~uyc) (13) 
Ox ~y 

-- £[Arnet -+- Airr + Arad + R(ASet -Jr- A~ad)]C q- Qso 

Qout C + Qinj Cs - - -  
pw 

with 

R - ( l  - 6) [(MwsPwsKw s -[- MsPsKs  -t- MsPoKo)]/M t 
c 

(14) 

R is usually called the retention coefficient (dimensionless) in gas chromatography 
literature, but in the soil science literature the retardation coefficient Rd = 1 + R is 
mostly used. Defining the overall first-order loss coefficient A (day -1) by 

s s 
A = Ame t -l-/~irr -}- Arad -[- R(Amet + Arad) (15) 

where the A's are first-order loss rate constants in the free phase for irreversible loss 
owing to metabolic processes (Amet), loss owing to radioactive decay (Arad), and loss 
owing to other irreversible processes (/~irr), e.g. chemical reactions and superscript s 
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refers to the sorbed phase. Substituting Eq. (3) into Eq. (13) yields 

e(I + R) OC 0 (eDxxOC ~ 0 ( O C )  
Ot - Ox \ Ox ] + Ox eDxy -~y 

0 0 + ° c  ( x ° c  ) 
~)  +~t, ~ ~)  

- (~ux)°c ( ~ u  o c  
ffxx - y) ~ - eAC + Qso 

+ Qinj(Cs - C/pw) 

(16) 

Even though Eq. (16) is linear and the aquifer is a rectangular domain, the fact that 
Ux, Uy,Dxx, Dyy and Dxy can all vary quite widely over this domain has made it 
impossible to obtain closed-form solutions except for the case of constant coef- 
ficients with Oldisp x = O~dispy. Such conditions rarely occur at the field scale which 
has made it necessary to solve Eq. (16) for C(x,y, t) approximately. The finite- 
difference Euler-Lagrange procedure (Cheng et al., 1984) which is a modification 
of the method of characteristics, was chosen as the basis for developing a solution to 
Eq. (16). 

2.4. Method of solution 

In anticipation of the Euler-Lagrange solution procedure, the advection terms 
were brought to the left-hand side of Eq. (16) and the expression was multiplied by 
the factor 1/[e(1 + R)] to obtain 

dC , OC OC 
d--[ + Ux ~x + Uy ~-f + A* C 

= ~ \  ~ )  ayk "Oy) +~y ~Dyx 

0( • 
+ ~x eDxy /[c(1 + R)] + Qso + (Cs - C/pw) 

(17) 

where the 'effective' transport and fate coefficients are defined 

* Ux R, U ; -  Uy a n d A * -  A 
U x - l +  I + R '  i + R  (18) 

and the 'effective' source/sink mass rates are defined by 

Qso Qso 
I + R  

(19) 
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Fig. 2. Hydraulic conductivity fields for several of the scenarios evaluated in the manuscript. Flow is from 
the top to the bottom for all simulations shown. A non-sorbing chemical with D -- 1.43 × 10 -4  m 2 day 
was assumed to be initially present in the region of low hydraulic conductivity near the inflow end, 
Evaluation of dispersion owing to geometry of hydraulic conductivity areas was based on the distribution 
of the chemical at the end of 50, 100 and 150 days of simulated transport. 

a n d  

, Qi~ 
Qi~ - I + R  (20) 

S ince  t h e  ' e f f ec t ive '  m a t e r i a l  o r  t o t a l  d e r i v a t i v e  d C / d t  is 

d C  OC u .  OC u .  OC 

dt  - Ot ~- ~ x  + y Oy (21) 
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Table 1 
Values of parameters used in simulations with LT2VSI 

Parameter Symbol Value 

low/medium/high 

Units 

Porosity e 0.465/0.365/0.285 
Tortuosity O~tort 0.50/0.67/0.90 

Non-sorbing mass fraction Mws/M t 0.8/0.95/1.0 
Sorbing mass fraction Ms/M t 0.19/0.05/0.0 
Strongly sorbing mass fraction Mo/M t 0.01/0.0/0.0 

Pressure head, inflow boundary //in 10.0 
Pressure head, outflow boundary Hout 0.0 

Dispersivity, x component OLdisp x 1.0E-2/3.5E-3/1.2E-3 
Dispersivity, y component OCdispy 1.0E-2/3.5E-3/1.2E-3 

Hydraulic conductivity Kxx -- Ks r 0.2/2.0/20.0 

Initial chemical concentration C 1.0/0.0/0.0 

Diffusion coefficient 0.000143 

m 3 m - 3  

m water 
m water 

m 
m 

m day 1 

kgm 3 

m 2 day 

Areas of low, medium and high conductivities are defined in text. 

then 

d - -~ -+A*C= ~x x eDxx-~x +-~y eDyy--~y +--~x\ Y'-~y/] 

( ) ]  +Qs°+Q*ru(Cs o o c  - -  - -  - C / p w )  
W y x N  / [ , ( l + g ) ]  , 

(22) 

for the t ranspor t  and fate equation.  Boundary  condit ions,  initial condit ions and 
methods  o f  solution were set for th  in detail by Lindst rom et al. (1990, 1991). The 
model  was referred to as LT2VSI.  

3. Simulations 

The model  LT2VSI  was developed for the evaluat ion o f  bioremediat ion scenarios 
for aquifers polluted with nitrate. The suggestion has been made that  nitrates can be 
eliminated f rom groundwater  th rough  the addit ion o f  a ca rbon  source to enhance 
conversion of  nitrate to nitrogen gas by microorganisms.  In this bioremediat ion 
concept  the substrate would  be added to the existing groundwater  stream th rough  
injection wells. 

To achieve m a x i m um  benefits o f  the injected substrates, max imum dispersion in the 
aquifer must  be achieved. As dispersion increases, the number  o f  wells required for 
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Fig. 3. Simulation 1. Distribution of  the non-sorbing chemical, initially present in the source area defined by 
(40, 10; 60, 10; 60, 20; 40, 20), after 50, 100 and 150 days of  simulated transport, shown in frames labelled 
(a), (b) and (c), respectively. Hydraulic conductivity K = 2.0 m day -I throughout, except in source area 
where K = 0 .2m day -I.  

complete coverage of  the contaminated area decreases. Experience with several field- 
scale dispersion experiments suggests that dispersion resulting from spatial variability 
in the hydraulic conductivity field is often unpredictable. 

To evaluate dispersion induced by spatial variability of the hydraulic conductivity 
field, several scenarios were postulated for which simulations, using LT2VSI, were 
carried out. Some of these, but not all of them, are shown in Fig. 2. A non-sorbing 
chemical with diffusion coefficient D = 1.43 x 10-4m2day -l was assumed to be 
present initially in a region of low hydraulic conductivity (0.2m day -t)  near the 
inflow end of an area of dimensions 100 x 100m 2. The hydraulic conductivity of 
the aquifer was set at 2.0m day -1 and regions of low (0.2m day -1) and high 
(20.0m day -1) hydraulic conductivity were assumed to exist as indicated for each 
scenario. Data that were used for the scenarios are presented in Table 1. Evaluation of 
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Fig. 4. Simulation 2. Distribution of the non-sorbing chemical, initially present in the source area defined by 
(40, 10; 60, 10; 60, 20; 40, 20), after 50, 100 and 150 days of simulated transport, shown in frames labelled 
(a), (b) and (c), respectively. Hydraulic conductivities were the same as in Fig. 2, with three regions with 
hydraulic conductivity K = 0.2 m day 1 added as shown. 

dispersion was based on the distributions of  the chemical at the end of 50, 100, and 
150 days of  simulation. Fig. 3 (simulation 1) shows the distribution for an aquifer 
with K = 2.0 m day - I  everywhere except in the source area, where K = 0.2 m day -1 . 
These distributions were compared with distributions for scenarios with regions of  
either lower or higher hydraulic conductivity in the aquifer as shown in Fig. 2. These 
geometries are repeated in the diagrams showing the results of  the simulations (Figs. 
3-12). 

The dispersivities ~dispx and O~dispy w e r e  set equal to each other (Table 1). This 
assumption was dictated by the objectives of  the exercise, namely, to demonstrate 
the shapes of  plumes, i.e. macrodispersion caused by a priori known variability in the 
hydraulic conductivity field. With the simulations, the spatial variability of  hydraulic 
conductivity is known and macrodispersion is revealed by numerical solutions of  the 
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Fig. 5. Simulation 3. Distribution of the non-sorbing chemical, initially present in the source area defined by 
(40, 10; 60, 10; 60, 20; 40, 20), after 50, 100 and 150 days of simulated transport, shown in frames labelled 
(a), (b) and (c), respectively. Conditions were the same as with simulation 2, with two regions with high 
conductivity (K = 20.0 m day- I) added. 

advection-dispersion equation. One reason for demonstrating the results is to call 
attention to the fact that complicated and unexpected dispersion patterns may result 
from simple geometries o f  hydraulic variability fields. These results indicate 
why it may be difficult to develop a well-defined relationship between dispersity and 
properties o f  the aquifer. The shape and position of  the plume were determined by the 
distribution of  hydraulic conductivity in the aquifer and the release of  the non- 
sorbing chemical from the source area with K = 0.2 m day - l .  

Spacing o f  the nodes has a large effect on the shape and concentration o f  the 
distributions computed.  This effect will be considered later in the discussion. Simu- 
lations 1-6  (Figs. 3 -8)  were run with a nodal spacing of  1 m throughout the aquifer 
with additional nodes at 0.1 m on each side o f  boundaries o f  conductivity regions and 
along flow field boundaries. 



158 L. Boersma et al. / Journal of Hydrology 159 (1994) 145-167 

LB VAX R u n  6 T i m e  = 5 0  doys 

ooOO, , ,20;o, , , 4 o ; o ,  ,6o;o, ,  ,6o;o , '  ]oo o 

- 2 0 . 0  20.0 

4 0 . 0  

60.0  

80.0  

- 1 0 0 . 0  t i t 100.0 

-40.0 

- 6 0 . 0  

- 8 0 . 0  

0.(  
0 . 0  

- 2 0 . 0  

- 4 0 . 0  

- 6 0 . 0  

- 8 0 . 0  

- 1 0 0 . 0  
0 .0  

200 4oo 6oo 6o;o 1,oo 8 o o 
~ ~ i i p t i i i i i i i i t r .0 

20 .0  60.0  

- 2 0 . 0  

- 4 0 . 0  

-60.0 

- 8 0 . 0  

40 .n  80.0  100.O 100"0 

LB VAX R u n  6 T i m e  = 1 0 0  dGys 

0.0 20 .0  40 .0  60 .0  60 .0  100.0 

2 0 . 0  4 0 . 0  6 0 . 0  6 0 . 0  1 0 0 . 0  

Fig. 6. Simulation 4. Distribution of the non-sorbing chemical, initially present in the source area defined by 
(40, 10; 60, 10; 60, 20; 40, 20), after 50, 100 and 150 days of simulated transport, shown in frames labelled 
(a), (b) and (c), respectively. Conditions were the same as with simulation 3 with one region with high 
conductivity omitted. 

As a first step in increasing the complexity o f  the hydraulic conductivity field three 
areas of  low conductivity (0.2 m day -I)  were added as shown in Fig. 4. Changes in the 
distributions from simulation 1 (Fig. 3 vs. Fig. 4) fol lowed from the presence of  the 
low-conductivity areas. The low-conductivity region immediately below the initial 
distribution forced flow in the lateral direction and retarded flow as well so that 
the plume did not advance as far downstream as occurred with scenario 1 during 
the 150 days of  simulation. The presence o f  the two regions of  low conductivity 
further downstream created a region o f  increased velocity between them, so that 
the water with the non-sorbing chemical passed there. The centre of  mass of  the 
plume did not  advance as far as with simulation 1 and the leading edge concentration 
was more dilute, as indicated by lines of  equal concentration. 

For simulation 3 (Fig. 5), two regions o f  high conductivity (20.0m day -1) were 
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Fig. 7. Simulation 5. Distribution of non-sorbing chemical, initially present xn the source area defined by (40, 
10; 60, 10; 60, 20; 40, 20), after 50, 100 and 150 days of simulated transport, shown in frames labelled (a), (b) 
and (c), respectively. Conditions were the same as with simulation 4 during the first 75 days of simulation. 
After 75 days the path with K = 20 m day-1 was changed from one side of the aquifer to the other. 

added to the flow field. The addition of the two high-conductivity pathways changed 
the outline of  the plume substantially, although the centre of  the mass was nearly the 
same as for simulation 2 (Fig. 4). The addition of  the high-conductivity paths resulted 
in more dispersion and a more rapid advance of the leading edge of the distribution. 
Very little of  the chemical entered the high conductivity regions and the non-sorbing 
chemical largely passed between the two regions with low conductivity as with simu- 
lation 2. The combination of the high-conductivity and low-conductivity regions 
created a divided plume at the leading edge, which, on the basis of  field sampling, 
could possibly be identified as two plumes. 

With simulation 4 (Fig. 6), the consequences of  disturbing the symmetry of the 
hydraulic-conductivity field were considered. The configuration of  the hydraulic 
conductivity field for simulation 4 was changed by eliminating one of the high-con- 
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Fig. 8. Simulation 6. Distribution of non-sorbing chemical, initially present in the source area defined by 
(40, 10; 60, 10; 60, 20; 40, 20), after 50, 100 and 150 days of simulated transport, shown in frames labelled 
(a), (b) and (c), respectively. Hydraulic conductivity field as shown in diagram, with one high-conductivity 
path connecting inflow and outflow boundaries. For this simulation the nodal spacing was 5 m, except at the 
K field boundaries where nodes were 2.5 m from the boundaries and at the outside boundaries where nodes 
were 0.1 m from the boundary. Total number of nodes was 1365. 

duct iv i ty  paths .  This  change  resul ted in a p lume  moving  t o w a r d  the h igh-conduc t iv i ty  
area,  in con t r a s t  to wha t  h a p p e n e d  with s imula t ion  3 (Fig.  5) where  the p lume  did  no t  
enter  the h igh-conduc t iv i ty  pa th .  Wi th  this s imula t ion ,  the centre o f  mass  moved  
fur ther  d o w n s t r e a m  and the non - so rb ing  chemical  was d i s t r ibu ted  more  evenly 
a long the length o f  the aquifer  af ter  150 days ,  relat ive to the prev ious  s imulat ions .  
The shape o f  the p lume  results f rom the fact tha t  with the conf igura t ion  o f  s imula t ion  
4, velocit ies a long  the centre  line o f  the p lume  were h igher  than  with s imula t ion  3. 
D a r c y  veloci ty  c o m p o n e n t s  are p rov ided  by LT2VSI  but  are no t  shown here. 

C o n t a m i n a t i o n  of ten occurs  in regions wi th  a f luctuat ing wate r  table.  This  occurs,  
for  example ,  in river del tas  where  the level o f  the r iver  f luctuates seasonal ly .  En t ry  
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Fig. 9. Flow lines for simulation 6. Each flow line is marked with symbols indicating the distances travelled 
during the indicated period of time. 

into channels of  low or high conductivity may depend on water table height so that 
not all paths are open to the groundwater flow at all times. To evaluate the conse- 
quences of  changes in availability of  channels of  high conductivity, the conditions in 
Fig. 7 were hypothesized for simulation 5. During the first 75 days of  simulation, the 
high-conductivity path was the same as that used for simulation 4 (Fig. 6). During 
the next 75 days, the high-conductivity path was assumed to be on the left-hand side, 
instead of on the right-hand side of  the flow field when viewed in the direction of  flow 
(Fig. 7c). The resulting distribution shows an increased plume complexity, and at 150 
days the plume seems to be breaking up into three parts. 

For  simulation 6 (Fig. 8), one of the areas of  high conductivity was changed to 
be continuous from the inflow boundary  to the outflow boundary.  The resulting 
distribution shows a plume moving away from the high-conductivity path that 
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Table 2 
Highest concentration of the distributions calculated by LT2VSI and shown in Figs. 8, 10 and 11 and 
relative chemical mass  for the same distributions 

Simulation and Number  Time since start 
nodal spacing of  nodes 

25 days 75 days 150 days 

6; spacing 5 m 1365 0.810 0.461 0.160 
7; spacing 2 m 5840 0.968 0.594 0.172 
8; spacing 1 m 15 125 0.987 0.653 0.270 
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Fig. 10. Simulation 7. Same as simulation 6, but  with a nodal spacing of 2 or 5 m throughout  the aquifer 
except at the K field boundaries where nodes were 0.2 m from the boundary and at the outside boundaries 
where nodes were 0,2 and 0 .4m from the boundary.  Total number  of  nodes was 5840. Distributions are 
after 50 days (a), 100 days (b) and 150 days (c) of  simulated transport.  
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Fig. 11. Simulation 8. Same as simulation 6, but with nodal spacing of I m except at the K boundaries, 
where nodes were 0.1 m from the boundary and at the outside boundaries where nodes were 0.1 and 0.2 m 
from the boundary. Total number of nodes was 15 125. Distributions are after 50 days (a), 100 days (b) and 
150 days (c) of simulated transport. 

extended f rom inflow end to outflow end, but towards  the high-conductivi ty path that 
originated within the flow field. F low lines (Fig. 9) corresponding to this 
geometry resulted f rom higher pressure in the high-conductivi ty path,  forcing flow 
away f rom it. 

The effect o f  nodal  spacing on the results o f  simulation was evaluated using the 
geometry o f  simulation 6 (Fig 8). Three simulations were run. The number  
o f  nodes were 1365 for simulation 6, 5840 for simulation 7, and 15 125 for simu- 
lation 8 (Table 2). For  simulation 6, the nodal  spacing was 5m,  except that at 
boundaries,  where K changed,  the spacing was 2.5 m and, at the outside bounda-  
ries, the spacing was 0.1 m. Fo r  simulation 7 (Fig. 10) a nodal  spacing of  2 m  
was used with nodes 0 .2m f rom the boundar ies  where K changed,  and at the 
outside boundar ies  the spacings were 0.2 and 0.4m. With  simulation 8 (Fig. l l) 
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the nodal spacing was 1 m with nodes at 0.1 m on either side of  the K boundaries 
and 0.1 and 0.214 m from outside boundaries. Comparisons between simulations 6, 7, 
and 8 (Figs. 8, 10 and 11) show the importance of nodal spacing. The highest con- 
centration in the plume for each simulation is shown in Table 2. Numerical dispersion 
was most pronounced with the largest spacing and increased with length of  simulation 
time and with decreased concentrations (Table 2). 

An important aspect of  dealing with groundwater quality issues is the identification 
of the position of  the plume. Because sampling is costly, the number of  sampling 
points is usually limited. The question, 'given the complexity of  the plume, how 
important is the choice of  sampling locations?' was answered by imposing sampling 
networks on the distribution for simulation 6 at 150 days (Fig. 8). The sampling 
points were at 10m spacings at x - - 4 4 , 5 4 , . . .  ,84 and y = 2 4 ,3 4 , . . . , 9 4  for 12A 
and at x = 50 , . . . ,  90 and y = 20 , . . . ,  90 for 12B as shown in Fig. 12. Concentrations 
at the sampling points were obtained from the computer simulation. The program 
S UR F ER was then used to obtain the lines of equal concentration shown in Fig. 12. 
The sampling network for 12A was chosen so that sampling points were in the 
high-concentration regions at the leading edge of the plume, but not in the areas 
of low concentration. For  12B the sampling network was moved over by 6m so 
that sampling points also occurred in the areas of low concentration. The mass 
of chemical for each distribution was determined by integration using Simpson's 
rule. Setting the concentration of  simulation 7 equal to 100, relative concen- 
trations were 85 for 12A, and 125 for 12B. Setting the concentration for 12A 
equal to 100, the relative concentration for 12B was 68. The choice of sampling 
grid resulted in substantially different plume geometries and yielded different 
masses. 

4. Conclusions 

A two-dimensional transport and fate model for chemicals in a water-saturated 
sorbing porous medium, e.g. below the water table, was constructed. The model was 
used to simulate concentration distribution patterns over space and time for aquifers 
with postulated positional heterogeneities in hydraulic conductivity. These simu- 
lations showed the importance of  knowledge of the hydraulic conductivity field. 

The distribution of  a chemical, initially present in a small region of the aquifer, was 
shown to be affected strongly by the geometry of the hydraulic conductivity field after 
150 days of  simulated transport, indicating the importance of 'site characterization', 
i.e. gaining a good working knowledge of  the hydraulic conductivity field over space. 

Fig. 12. Distribution of chemical obtained by superimposing sampling networks on the distributions of 
simulations 7 (Fig. 10) and 8 (Fig. 11). The sampling points were at 10 m spacings in the x and y directions at 
points described in the text. Concentrations at the sampling points were calculated with LT2VSI and lines 
of equal concentration were drawn using SURFER. 
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For example, if samples were drawn periodically from a line of sampling wells 
across a field, an idea of the heterogeneous nature of the aquifer could be obtained if 
the dispersion terms in the transport and fate model were ignored and the purely 
advective transport terms were retained, i.e. a particle tracking procedure was used. In 
the absence of any injection/pumping wells the tracklines are unique and are func- 
tions of the intervening hydraulic conductivities. The transit times from the source 
region to the observation points can be very different for each trackline. Combining 
the chemical concentrations from each observation point at a given sampling 
time yields a highly smeared out breakthrough curve which could easily be mis- 
interpreted as coming from a highly dispersive one-dimensional transport and fate 
process. Yet there is no dispersion in the system at all. Adding the dispersion 
terms to the model produces an even greater degree of smearing out of the elution 
curve. 

The simulations show the importance of caution in the interpretation of sample 
data from large-scale heterogeneous aquifers; they emphasize the need to obtain 
detailed information about the hydraulic conductivity field. 
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