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ABSTRACT 

The increasing pub l ic  awareness and concern about the hazards o f  t ox i c  chemicals 

contaminating aqui fers has created an increased need f o r  p red ic t i ve  capab i l i t i es  t o  

analyze ground-water contamination problems. Several d i g i t a l  models t o  simulate 

the movement and concentration o f  ground-water contaminants have been documented 

recently. Most simulate the t ransport  and dispersion o f  a nonreactive solute, bu t  

some include mathematically simple react ion terms t o  represent decay and sorpt ion 

processes. For appl icat ions t o  f i e l d  problems, these solute-transport models 

impose data requirements that ,  i n  general, exceed our p rac t ica l  capab i l i t ies  t o  

accurately describe the f i e l d  propert ies and stresses o f  the hydraul ic and chemical 

systems. Thus, in te rpre ta t ions  based on model analyses must recognize the 

s igni f icance o f  uncertaint ies i n  input data. Models o f  ground-water systems should 

be regarded as j u s t  one too l  among many tha t  can be used i n  the analysis o f  a 

ground-water qua l i t y  problem. Numerical simulat ion can help the analyst integrate 

avai lable data, evaluate conceptual models, t e s t  hypotheses per ta in ing  t o  f low and 

qua1 i t y  changes, and p red ic t  system responses t o  a l te rna t ive  stresses. The models 

do not replace f i e l d  data, but  they do o f f e r  a feedback mechanism t h a t  can help t o  

guide the design o f  a more e f fec t i ve  and more e f f i c i e n t  data-col lect ion program. 

INTRODUCTION 

About h a l f  o f  the populat ion o f  the United States uses ground water f o r  dr inking 

o r  other domestic purposes, and approximately 40 percent o f  the Nation's 

ag r i cu l tu ra l  i r r i g a t i o n  water i s  supplied by ground water. But the long-term 

i n t e g r i t y  and u s a b i l i t y  o f  the Nation's aquifers, p a r t i c u l a r l y  the shallow and 

therefore most u t i l i z e d  aquifers, are threatened by p o l l u t i o n  caused by man's 

a c t i v i t i e s .  Despite the large amount o f  data already co l lec ted  on ground-water 

quant i ty and qua l i t y ,  the present extent and magnitude o f  ground-water contami- 

nation i n  the United States i s  uncertain. Nevertheless, there i s  an increasing 

pub l ic  awareness about the hazards o f  t ox i c  chemicals contaminating aquifers from 

which ground water discharges t o  water-supply wells, springs, streams, o r  lakes. 

Reprinted from The Science of the Total Environment, 21 (1981) 299-312 
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In the United States, this awareness is reflected by recent actions at the Federal, 

State, and local levels- of government. For example, the Chairman of an areawide 

Water Quality Board in Michigan recently stated, "Ground-water contamination is no 

longer a problem, it is a crisis" (Hazardous Waste News, v. 2, no. 2, Jan. 21, 

1980, p. 15). On a national scope, the U.S. Envivonmental Protection Agency has 

just published a proposed Ground-Water Protection Strategy (U. S. Environmental 

Protection Agency, 1980) in which the stated national goal of the strategy is 'I ... 
to assess, protect, and enhance the quality of ground waters to the levels 

necessary for current and projected future uses and for the protection of the 

public health and significant ecological systems." EPA adds that " ... the 

long-term objective of the strategy is to prevent ground-water contamination before 

it occurs, rather than to clean it up after the fact." 

Although prevention of ground-water contamination is undoubtedly the best cure, 

contamination is already serious in many places in the United States. In such 

places, even if the source of contamination were to be eliminated, contaminants 

already in the aquifer will continue to migrate and spread through the aquifer 

unless they are immobilized, neutralized, or removed. The magnitude of the problem 

is reflected by the results of several recent surveys of municipal and industrial 

waste-disposal sites in the United States (U.S. Environmental Protection Agency, 

1980); they indicate that (1) 32,000 to 50,000 disposal sites may contain hazardous 

wastes; (2) of the approximately 57 million tons of hazardous liquid and solid 

industrial wastes generated in 1978, about 80 percent were disposed improperly in 
landfills or lagoons and pose a threat of ground-water contamination; (3) there may 

be as many as 100,000 abandoned industrial landfill sites; and (4) there are over 

25,000 industrial surface impoundments and most of them are unlined. Pollution at 

a single site may be localized or may spread over a large area, depending on the 

nature and source of the pollutant and on the nature of the ground-water system. 

Of growing concern is the cumulative impact of pollution from diffuse sources, such 

as septic tanks, airblown debris, or agricultural applications, or from areas with 

a high density of point sources, on the water quality of regional ground-water flow 

systems. These numerous site-specific problems have created a need for general and 

transferable models to simulate and predict the movement of contaminants in flowing 

ground water. However, because of controversies that often arise over the origins 

and liabilities for sources of contamination, ground-water quality models and 

modeling analyses are undergoing increasingly greater scrutiny. 

For ground-water contamination problems, needs for aquifer analysis frequently 

focus on one of two general types of situations-- (1) assessments of already contam- 

inated sites, and (2) planning to minimize contamination hazards from future 

activities or waste-disposal operations. Both types of situations require the 

capability to predict the behavior of chemical contaminants in flowing ground 

water. Reliable and quantitative predictions of contaminant movement can only be 
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NUMERKAL MOMLS OF GROUND-WATER 
FLOW AND CONTAMINANT TRANSPORT 

made i f  the processes con t ro l l i ng  convective transport,  hydrodynamic dispersion, 

and chemical, physical,  and b io log ica l  reactions tha t  a f fec t  solute concentrations 

i n  the ground are understood. These processes, i n  turn, must be expressed i n  

precise mathematical equations having defined parameters. Although many o f  the 

processes tha t  a f f e c t  waste movement are i nd i v idua l l y  wel l  understood, t h e i r  

complex in te rac t ions  may not be understood wel l  enough f o r  the net outcome t o  be 

r e l i a b l y  predicted. Analysis o f  ground-water contamination problems can be grea t ly  

aided by the app l ica t ion  o f  determinist ic numerical simulation models, which solve 

the equations describing ground-water flow and solute transport.  

Figure 1 i l l u s t r a t e s  i n  a general manner the r o l e  o f  models i n  providing input 

t o  the analysis o f  ground-water contamination problems. The value o f  the modeling 

approach i s  i t s  capab i l i t y  t o  integrate s i te -spec i f i c  data w i th  equations 

describing the relevant processes as a basis f o r  p red ic t ing  changes o r  responses i n  

ground-water qua l i t y .  S i te -spec i f i c  data include (1) hydraul ic and chemical 

propert ies o f  the aqui fer  (derived from f i e l d  and laboratory tests), (2) geometry 

and boundary condit ions (derived p r imar i l y  from hydrogeologic mapping), (3 )  aquifer 

stresses, such as wel l  pumpage, recharge rates, and chemical concentrations i n  

f l u i d  sources (estimated from d i r e c t  o r  i nd i rec t  f i e l d  measurements whenever 

possible), and (4) spa t ia l  and temporal var iat ions i n  dependent variables, such as 

hydraul ic head and chemical concentration, which provide i n i t i a l  condit ions and 

ca l i b ra t i on  c r i t e r i a  (derived from systematic hydraul ic and chemical monitoring). 

ASSESSMENTS OF EXISTING 
UJASTE DISPOSAL I I  CONTAMINATED SITES I PLANNING FOR FUTURE 

I - SITE KLECTION I I - SOURCES OF CONTAMINATION I 
- FUTURE CONTAMINATON 

- MANAGEMENT OPTIONS 
PATTERNS 

- OPERATONAC DESIGN 
- MONITORING NETUJORH 

1 M O M L  PREDICTIONS I 

INTERPRETATION OF 
SITE SPECIFK DATA 

OF GOVERNING 

AND BOLOGICAC 
PROCESSES 

Fig. 1. Schematic overview o f  the r o l e  o f  simulat ion models i n  evaluating 
ground-water contamination problems. 
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Perhaps the most common type o f  problem i s  analyz ing s i t e s  contaminated a t  

present. Typ ica l l y ,  the need f o r  analyz ing such a s i t e  has a r i s e n  because 

contaminants have been detected where they were n o t  expected. I n  these cases, a 

numerical s imu la t i on  model can he lp  t o  assess the  hazards o r  consequences of 

continued spreading o f  contaminants, e i t h e r  i f  no a c t i o n  i s  taken o r  i f  some 

p a r t i c u l a r  management op t i on  i s  implemented. The p r e d i c t i v e  c a p a b i l i t i e s  o f  a 

s imu la t i on  model can a l so  prov ide va luable i n p u t  t o  p lann ing  f u t u r e  waste-disposal 

operations, so t h a t  any consequent ground-water contamination w i l l  be expected, 

t o le rab le ,  minimal, and detectable. The model ana lys i s  can help t o  meet these 

cons t ra in t s  o f  p lanning through (1) p r e d i c t i o n s  o f  contaminant spreading pa t te rns  

f o r  a l t e r n a t i v e  s i t e s  be ing considered, (2) comparisons o f  a l t e r n a t i v e  design 

s p e c i f i c a t i o n s  and operat ional  opt ions f o r  s p e c i f i c  s i t e s ,  and (3) by op t im iz ing  

requirements f o r  s p a t i a l  and temporal sampling d e n s i t i e s  f o r  a mon i to r i ng  network. 

A major d i f f e r e n c e  between eva lua t i ng  e x i s t i n g  s i t e s  and new s i t e s  i s  t h a t  f o r  

the former, i f  the  contaminant source can be reasonably w e l l  defined, t h e  h i s t o r y  

o f  contamination i t s e l f  can, i n  e f f e c t ,  serve as a surrogate long-term t r a c e r  t e s t  

t h a t  provides c r i t i c a l  i n fo rma t ion  on v e l o c i t y  and d i spe rs ion  a t  a reg iona l  scale. 

A t  new s i t e s ,  h i s t o r i c a l  data are commonly n o t  a v a i l a b l e  t o  p rov ide  a bas is  f o r  

model c a l i b r a t i o n  and t o  serve as a c o n t r o l  on t h e  accuracy o f  p red ic t i ons .  As 

i nd i ca ted  i n  Fig. 1, the re  should be allowances f o r  feedback from t h e  stage o f  

i n t e r p r e t i n g  model output  bo th  t o  the  data c o l l e c t i o n  and ana lys i s  phase and t o  the  

conceptual izat ion and mathematical d e f i n i t i o n  o f  t he  r e l e v a n t  governing processes. 

SOLUTE-TRANSPORT MODELS 

Governing equations 

The purpose o f  a model t h a t  simulates so lu te  t r a n s p o r t  i n  ground water i s  t o  

compute the  concentrat ion o f  a d isso lved chemical species i n  an a q u i f e r  a t  any 

spec i f i ed  p lace and time. Because convective t r a n s p o r t  and hydrodynamic d i spe rs ion  

depend on the  v e l o c i t y  o f  ground-water f low,  the  mathematical s imu la t i on  model must 

solve a t  l e a s t  two simultaneous p a r t i a l  d i f f e r e n t i a l  equations. One i s  the  equation 

o f  f low, from which ground-water v e l o c i t i e s  are obtained, and t h e  second i s  the  

so lu te - t ranspor t  equation, desc r ib ing  the  chemical concentrat ion i n  ground water. 

The theory and development o f  t h e  equations desc r ib ing  ground-water f l ow  and 

so lu te  t r a n s p o r t  have been w e l l  documented i n  the  l i t e r a t u r e .  The equation 

desc r ib ing  t r a n s i e n t  f l ow  o f  a homogeneous s l i g h t l y  compressible f l u i d  through a 

nonhomogeneous an iso t rop i c  a q u i f e r  may be w r i t t e n  i n  Car tes ian tensor  n o t a t i o n  as: 

where Kij i s  t he  hyd rau l i c  c o n d u c t i v i t y  tensor, LT-l;  h i s  hyd rau l i c  head, L; Ss i s  

s p e c i f i c  storage, L - ~ ;  w = W*(x,y,z,t) i s  volume f l u x  pe r  u n i t  volume ( p o s i t i v e  
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sign f o r  outflow), T - l ;  xi,x. are the Cartesian coordinates, (x,y,and z), L; and 

-t i s  time, T. An expression f o r  the average seepage ve loc i ty  o f  ground water can be 

derived from Darcy's law and can be wr i t t en  i n  Cartesian tensor notat ion as: 

J 

J 
where E i s  the e f fec t i ve  porosi ty.  I n  cases where f l u i d  propert ies, such as 

density o r  v iscosi ty,  vary s i g n i f i c a n t l y  i n  t i m e  o r  space because o f  changes i n  

pressure, temperature, o r  chemical composition, the f l u i d  i s  nonhomogeneous, and 

the re la t ions  among water levels,  heads, pressures, and f l u i d  ve loc i t ies  are less 

straightforward. Calculat ions o f  f low rates and direct ions then require pressure, 

density, and elevat ion data, instead o f  j u s t  head measurements. 

A generalized form o f  the solute-transport equation was presented by Grove 

(1976), i n  which terms are incorporated t o  represent chemical reactions and solute 

concentrations both i n  the pore f l u i d  and on the s o l i d  surface, as follows: 

+ CIW* = CHEM ac a a 
E- a t  + -(ECV.) axi 

where CHEM equals 

-pb 

1 - q(EDij 

a: 
f o r  l i nea r  equi l ibr ium cont ro l led  ion-exchange 

f o r  s chemical ra te  cont ro l led  reactions, 

S 

Rk k= 1 

- A ( E c + P ~ ~ )  f o r  decay, 

(3)  

reactions, 

i s  the coe f f i c i en t  o f  and where c i s  concentration o f  the solute, ML-3; Dij 

hydrodynamic dispersion (a second-order tensor), L2T-l; C '  i s  concentration o f  the 

solute i n  the source or  s ink f l u i d ,  ML-3; pb i s  bulk density o f  the so l id ,  ML-3; c 
i s  concentration o f  the species adsorbed on the sol id;  Rk i s  the ra te  o f  production 

o f  the solute i n  react ion k o f  s d i f f e r e n t  reactions, ML-3T-1; and A i s  the decay 

constant (equal t o  1 n 2/hal f 1 i f e )  , T-'. 

Much o f  the recent ly published work on solute-transport has focused on the 

nature o f  dispersion phenomena i n  ground-water systems and whether o r  not equation 

3 accurately represents the processes causing changes i n  concentration i n  an 

aquifer, even f o r  nonreactive solute species. F o r  example, i n  discussing the 

development and der iva t ion  o f  the solute-transport equation, Bear (1979, p. 232) 

states, "As a working hypothesis, we shal l  assume tha t  the dispersive f l u x  can be 

expressed as a Fickian type law." The t h i r d  term o f  equation 3 ,  therefore, 

represents the dispersion process as one i n  which the concentration gradient i s  the 

d r i v ing  force f o r  the dispersive f lux .  This, i n  e f fec t ,  i s  a p rac t i ca l  engineering 

approximation f o r  the dispersion process tha t  proves adequate f o r  some f i e l d  

problems. But, because i t  incor rec t ly  represents the actual physical processes 

causing observed dispersion a t  the scale o f  many f i e l d  problems, which i s  commonly 

I 
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ca l led  macrodispersion, i t  i s  inadequate f o r  many other s i tuat ions.  Smith and 

Schwartz (1980) conclude tha t  macroscopic dispersion resu l t s  from large-scale 

spat ia l  var iat ions i n  hydraul ic conduct iv i ty and t h a t  the use o f  r e l a t i v e l y  large 

values o f  d i spe rs i v i t y  w i th  uniform hydraul ic conduct iv i ty f i e l d s  i s  an 

inappropriate basis f o r  describing t ransport  i n  geologic systems. Both Gelhar e t  

a l .  (1979) and Hatheron and de Marsi ly (1980) examined f low and transport  i n  a 

s t r a t i f i e d  porous medium and concluded t h a t  t ransport  m a y  be non-f ickian i n  nature. 

Gelhar e t  a l .  (1979) i nd ica te  t h a t  the mean transport  process becomes Fickian f o r  

large time and tha t  the value o f  d i spe rs i v i t y  increases asymptotical ly t o  a 

constant value. On the other hand, Matheron and de Marsi ly (1980) argue tha t  i f  

f low i s  p a r a l l e l  t o  the bedding, solute t ransport  w i l l  general ly be non-f ickian, 

even f o r  large times. 

I n  the conventional formulation o f  equation 3 ,  the dispersion coe f f i c i en t  i t s e l f  

i s  a funct ion both o f  the i n t r i n s i c  propert ies o f  the aqui fer  (such as 

heterogeneities i n  hydraul ic conduct iv i ty)  and o f  the f l u i d  flow. This 

re la t ionsh ip  was expressed by Scheidegger (1961) as: 

where aijmn i s  the d i spe rs i v i t y  o r  charac ter is t i c  length o f  the porous medium (a 

fourth-order tensor), L; Vm and Vn are the components o f  the  f low ve loc i t y  o f  the 

f l u i d  i n  the m and n direct ions,  respectively, LT-l;  and I V l  i s  the magnitude of 

the ve loc i t y  vector, LT-'. Both Scheidegger (1961) and Bear (1979) show t h a t  the 

d i spe rs i v i t y  o f  an i so t rop i c  porous medium can be defined by two constants. These 

are the longi tudinal  d i spe rs i v i t y  o f  the medium, aL,  and the transverse 

d ispers iv i t y  o f  the medium, aT. Most appl icat ions o f  t ransport  models t o  

ground-water contamination problems i n  the United States tha t  have been documented 

t o  date have been based on t h i s  conventional formulation. 

Numerical methods 

Perhaps the most important technical advancement i n  the analysis o f  ground-water 

contamination problems during the past 10 years has been the development o f  

determinist ic numerical simulat ion models t h a t  e f f i c i e n t l y  solve the governing f low 

and transport  equations f o r  the propert ies and boundaries o f  a spec i f i c  f i e l d  

s i t u a t h n .  However, no s ing le  model i s  avai lable y e t  t h a t  i s  equally sui table f o r  

the en t i re  spectrum o f  possible problems. Pa r t i cu la r l y  d i f f i c u l t  numerical problems 

ar ise  i f  the chemical react ion terms are h igh ly  nonlinear o r  i f  the concentration 

o f  the solute o f  i n te res t  i s  strongly dependent on the concentration o f  numerous 

other chemical consti tuents. 

Three types o f  numerical methods are usual ly used t o  solve the solute-transport 

equation: f i n i t e -d i f f e rence  methods, f ini te-element methods, and the method o f  

character ist ics.  Each has some advantages, disadvantages, and special 1 im i ta t ions  
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f o r  appl icat ions t o  f i e l d  problems. Each method also requires tha t  the area o f  

i n te res t  be subdivided by a g r i d  i n t o  a number o f  smaller subareas. 

The method o f  charac ter is t i cs  was o r i g i n a l l y  developed t o  solve hyperbolic 

equations. When solute-transport i s  dominated by convective transport,  as i s  

common i n  f i e l d  problems, then equation 3 closely approximates a hyperbol ic 

equation and i s  h igh ly  compatible w i th  the method o f  character ist ics.  The 

development and app l ica t ion  o f  t h i s  technique t o  problems o f  f l o w  through porous 

media have been presented by Garder e t  a l .  (1964), Reddell and Sunada (1970), and 

Bredehoeft and Pinder (19731, and a general computer program i s  documented by 

Koni kow and Bredehoeft (1978). 

Fini te-di f ference methods solve an equation tha t  approximates the p a r t i a l  

d i f f e r e n t i a l  equation. Although problems o f  numerical dispersion, overshoot, and 

undershoot may induce s ign i f i can t  errors f o r  some problems, these methods can 

e f f i c i e n t l y  provide accurate answers, p a r t i c u l a r l y  when dispersive t ransport  i s  

large compared t o  convective transport.  I n  general, the f in i te -d i f fe rence methods 

are the simplest mathematically and the easiest t o  program f o r  a d i g i t a l  computer. 

A three-dimensional, t ransient,  f i n i t e -d i f f e rence  model t ha t  simultaneously solves 

the pressure, energy-transport, and mass-transport equations f o r  nonhomogeneous 

f l u i d s  i s  described by INTERA (1979). 

Finite-element methods use assumed functions o f  the dependent variables and 

parameters t o  evaluate equivalent in tegra l  formulations o f  the p a r t i a l  d i f f e r e n t i a l  

equations. Pinder (1973) and Grove (19771, among others, have indicated tha t  

Galerkin's procedure i s  wel l  sui ted t o  solve solute-transport problems. Pinder and 

Gray (1977) present a comprehensive analysis and review o f  the appl icat ion o f  

f in i te-element methods t o  ground-water f low and transport problems. These methods 

general ly require the use o f  more sophist icated mathematics than the previous two 

methods, but f o r  many problems may be more accurate numerically and more e f f i c i e n t  

computationally. Grove (1977) demonstrates f o r  one-dimensional problems tha t  

numerical dispersion and osc i l l a t i ons  can be minimized i n  the Galerkin method by 

using higher-order basis functions, but t ha t  computational costs using cubic basis 

functions increased by a fac to r  o f  10 compared t o  l inear  basis functions. A major 

advantage o f  the f in i te-element methods i s  the f l e x i b i l i t y  o f  the f ini te-element 

g r id ,  which allows a close spat ia l  approximation t o  i r regu la r  boundaries o f  

parameter zones. 

MODEL CALIBRATION 

For sound in te rpre ta t ions  based on model output, i t  must be demonstrated tha t  

the model accurately solves the governing equations and accurately represents the 

real  system. There are several sources o f  e r ro r  i n  model output t o  be recognized. 

Some er ro rs  may be introduced by inappropriate approximations inherent i n  the 

assumed governing equations because o f  inadequacies o f  the conceptual model. Other 
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errors i n  the so lu t ion  are introduced by the numerical algori thm used t o  solve the 

governing equations ( t h i s  i s  ra re l y  a problem f o r  the so lu t ion  t o  the f low 

equation, but may sometimes be s ign i f i can t  f o r  the solute-transport equation). 

However, i n  most model appl icat ions t o  f i e l d  problems, the dominant cause o f  e r ro rs  

i n  model output i s  the presence o f  e r ro rs  o r  uncertainty i n  the input  data, which 

r e f l e c t  our i n a b i l i t y  t o  accurately and quant i ta t i ve ly  describe the aqui fer  

propert ies, stresses, and boundaries. 

To demonstrate tha t  a determinist ic ground-water simulat ion model i s  r e a l i s t i c ,  

f i e l d  observations o f  aqui fer  responses are compared t o  corresponding values 

obtained from the model. The object ive o f  t h i s  ca l i b ra t i on  procedure i s  t o  

minimize dif ferences between the observed data and the computed values. I n  e f fec t ,  

the model i s  ca l ib ra ted  by reproducing a set  o f  h i s t o r i c a l  data w i th  some 

acceptable leve l  o f  accuracy. 

Matalas and Maddock (1976) argue tha t  model ca l i b ra t i on  i s  synonymous w i th  

parameter estimation. The ca l i b ra t i on  o f  a determinist ic ground-water model i s  

of ten accomplished through a t r ia l -and-er ro r  adjustment o f  the model's inpu t  data 

(aquifer propert ies, sources and sinks, and boundary and i n i t i a l  condit ions) t o  

modify the model's output. Because a large number o f  i n te r re la ted  factors a f f e c t  

the output, t h i s  may become a h igh ly  subjective procedure. Recent advances i n  

parameter i d e n t i f i c a t i o n  procedures, such as described by Cooley (1979), Neuman 

(1980), and Umari e t  a l .  (1979), help t o  el iminate some o f  the sub jec t i v i t y  

inherent i n  model ca l ib ra t ion .  However, the hydrologic experience and judgement o f  

the modeler w i l l  always be an important fac to r  i n  ca l i b ra t i ng  a model both 

accurately and e f f i c i e n t l y .  The modeler should be fam i l i a r  w i th  the spec i f i c  f i e l d  

area being studied t o  know tha t  both the data base and the numerical model 

adequately represent p reva i l ing  f i e l d  conditions. The modeler must also recognize 

tha t  the uncertainty i n  the spec i f i ca t ion  o f  sources, sinks, and boundary and 

i n i t i a l  conditions should be evaluated during the ca l i b ra t i on  procedure i n  the same 

manner as the uncertainty i n  aqui fer  propert ies. 

I n  general i t  i s  more d i f f i c u l t  t o  ca l i b ra te  a solute-transport model o f  an 

aquifer than i t  i s  t o  ca l ib ra te  a ground-water f low model. Fewer parameters need 

t o  be defined t o  compute the head d i s t r i b u t i o n  w i th  a f low model than are required 

t o  compute concentration changes w i th  a solute-transport model. Because the 

ground-water seepage ve loc i ty  i s  determined f r o m  the head d i s t r i bu t i on ,  and because 

both convective transport and hydrodynamic dispersion are functions o f  the seepage 

veloci ty,  a model o f  ground-water f low i s  usual ly ca l ib ra ted  before an adequate and 

re l i ab le  solute-transport model can be developed. 

One of the objectives o f  model ca l i b ra t i on  i s  t o  improve the conceptual model o f  

the aquifer. The conceptual model consists o f  our understanding o f  the physical 

and functional nature o f  the aquifer. Because the simulat ion model numerically 

integrates the e f fec ts  o f  the many factors tha t  a f f e c t  ground-water f low o r  solute 



831 

transport, the computed results should be internally consistent with all input 

.data, and we can determine if any element of the conceptual model must be revised. 

In fact, previous concepts or interpretations of aquifer parameters or variables, 

such as represented by potentiometric maps or the specification of boundary 

conditions, may be revised during calibration as a result of feedback from the 

model's output. In a sense, any adjustment of input data constitutes a 

modification of the conceptual model. 

In most field problems there are some inadequate data, so the values for some 

parameters have to be estimated. A common approach is to first assume the best 

estimates of values for parameters and then adjust the values until a best fit is 

achieved between observed and computed dependent variables. Although this can 

probably be accomplished most efficiently with a parameter-estimation model, the 

trial-and-error method is currently most commonly used. In order to maintain the 

value of the process-oriented structure of a deterministic model, the degree of 

allowable adjustment of any parameter is generally directly proportional to the 

uncertainty of its value or specification and limited to its range of expected 

values or confidence interval. As parameter adjustment produces a change in model 

output, the responses should be evaluated quantitatively to provide a measure of 

progress in model calibration and to guide the determination of direction and 

magnitude of subsequent changes in model input. This requires an evaluation of 

successive changes in the goodness of fit between observed data and model output. 

Another objective of the calibration procedure is to determine the sensitivity 

of the model to factors that affect ground-water flow or solute transport. 

Evaluating the importance of each factor helps determine which data must be defined 

most accurately and which data are already adequate or require only minimal 

definition. If additional data cannot be collected, then the sensitivity tests help 

to assess the reliability of the model by demonstrating the effect of a given 

range of uncertainty or error in the input data on the output of the model. The 

relative sensitivities of the parameters that affect flow and solute transport vary 

from problem to problem. Thus, a sensitivity analysis is vital during the early 

stages of a model study. 

A calibrated simulation model can be used to predict future system responses. 

The model's predictions can be utilized to help evaluate the impact of alternative 

decisions or policies regarding problems of water planning, water management, and 

water-quality control, or to study the effects o f  an extreme hydrologic event such 

as a flood or a drought. 

EXAMPLE OF MODEL APPLICATION 

The Rocky Mountain Arsenal has been operating near Denver, Colorado, since 1942. 

Its operations have produced liquid wastes that contain complex organic and 

inorganic chemicals, including a characteristically high chloride concentration, 
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apparently as high as 5,000 mg/L. From 1943 to 1956 the high-chloride wastes were 

discharged to several unlined-disposal ponds, a, b, c, d, and e, shown in Fig. 2. 

Figure 2 also shows that after about 14 years the definable high-chloride plume had 

extended to nearly 10 km. Interpretation of the hydraulic, chemical, and geologic 

data indicates that liquid wastes seeped out of the unlined disposal ponds, 

infiltrated into the underlying alluvial aquifer, and migrated downgradient toward 

the South Platte River (Konikow, 1977). 

The solute-transport model described by Konikow and Bredehoeft (1978) was used 

to simulate the movement of chloride through the alluvial aquifer in an effort to 

reproduce the 30-year history of contamination and to evaluate possible management 

alternatives. The stringent data requirements for applying the solute-transport 

model pointed out deficiencies in the data base available at the start of the study. 

Specifically, it was found that the velocity distribution determined from the 

water-table configuration mapped in 1956 (see Petri and Smith, 1956) was in part 

inconsistent with the observed pattern of spreading, which separated into one main 

plume and a smaller secondary plume. The subsequent quantitative analysis and 

reinterpretation of available hydrogeologic data led to a revised conceptual model 

of the aquifer properties and boundaries that strongly influenced solute transport. 

101.50 101.50 

Fig. 2. Observed (left) and computed (right) chloride concentrations, 
1956 (Koni kow, 1977). 
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The reinterpretations indicate that the alluvial aquifer is nonuniform in 

thickness, sloping, discontinuous, and heterogeneous (Konikow, 1975). Areas in 

which alluvium is either absent or unsaturated most of the time form internal 

barriers that significantly affect rates and directions of ground-water flow within 

the alluvial aquifer, as reflected by the water-table configuration shown in 

Fig. 3, and, hence, significantly influence solute transport. 

b I ; l i l lO*CIC"I  

EXPLANATION 
- 3 8 ~ -  WATER.TABLE CONTOUR - Shows approxomate altitude of 

water table. 1955-71 
Datum I S  mean M a  I.Y.1 

Contour mr.rval 10 feet 13 meters) 

0 Area m which aIIUYIUm IS a b m t  Or U M t W a N d  

Fig. 3. General water-table configuration in the alluvial aquifer, 
1955-1971 (Koni kow , 1977). 

In calibrating the flow and transport models for the alluvial aquifer, the 

water-table configuration served as the basis for evaluating goodness of fit with 

respect to adjustments of transmissivity, net recharge in irrigated areas, and some 

boundary conditions. Initial estimates of net recharge were used in a preliminary 

calibration of the model. Next, transmissivity values and boundary conditions in 

the model were adjusted between successive simulations with an objective o f  

minimizing the differences between observed and computed water-table altitudes in 

the irrigated area. As shown in Fig. 4, the standard error of estimate generally 

decreased as successive simulation tests were made. After about seven tests, 

additional adjustments produced only small improvements in the fit between the 

observed and computed water tables. A final estimate of recharge in irrigated 

areas was made using the set of values for other parameters that minimized the 
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Fig. 4. 
successive simulation tests (Konikow, 1977). 

Change in standard error of estimate of water-table altitudes for 

standard error of estimate. The mean of the differences between observed and 

computed heads at all nodes in the irrigated area was then minimized when a net 

recharge rate of approximately 0.47 m/yr was assumed. 

Figure 2 shows that the computed chloride concentration pattern for 1956 agrees 

closely with the observed pattern. Since 1956, disposal has been into an 

asphalt-lined reservoir, thereby contributing to a subsequent decrease in the 

extent and magnitude of ground-water contamination. Figure 5 illustrates that by 

1972 chloride concentrations greater than 1,000 mg/L had become limited to just two 

small parts of the main area of contamination. Both are areas of relatively low 

hydraulic conductivity. The pattern of contamination computed for 1972, also shown 

in Fig. 5, agrees fairly well with the observed pattern, although the former shows 

somewhat longer plumes. After the 30-year simulation period, the model identifies 

(1) the two areas of high chloride concentrations, (2) the reduction in size and 

strength of the plume since 1956, and (3) changes in water-table elevations in 

response to changes in water input to unlined ponds. 

Other simulations predicted the effects of implementing several possible aquifer 

reclamation plans and of the option of no action. Results of these analyses 

indicate that it would take decades for this aquifer to recover naturally to its 

original chloride concentrations, but that carefully planned and engineered water 

management could reduce this restoration time to the order of only years. 
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39.50 

EXPLANATION - Date point (May 19721 

I- Line of .qua1 Chloride Conc*ntration (in milligrams par Imr1 .  
Int.rval variable 

A r u  in which .IIuvIUm is absmt or unsaturand 

Fig. 5. Observed ( l e f t )  and computed ( r i gh t )  chlor ide concentrations, 
1972 (Konikow, 1977). 

CONCLUSIONS 

Although every ground-water contamination problem i s  i n  many ways unique, the 

solute-transport p r i nc ip les  and inves t iga t ive  approaches are general and 

transferable; they are l inked by the universal nature o f  the physical and chemical 

laws governing f l u i d  flow, t ransport  processes, and chemical s o l u b i l i t y .  

Comprehensive invest igat ions o f  ground-water contamination problems are grea t ly  

aided by the app l ica t ion  o f  solute-transport models, which provides a d isc ip l ined  

format f o r  assessing the consistency w i th in  and between (1) concepts o f  the 

governing processes and (2) data describing the relevant coef f i c ien ts .  Feedback 

from prel iminary models not only helps the invest igator t o  set  improved p r i o r i t i e s  

for  the co l l ec t i on  o f  addi t ional  data, bu t  also helps t e s t  hypotheses concerning 

governing processes i n  order t o  develop an improved conceptual model o f  the 

problem. The resu l t i ng  simulator enables predict ions and evaluations t o  be made 

o f  e f fec ts  on qua l i t y  and quant i ty o f  ground water and surface water tha t  would 

ensue from implementing a new land-or water-management po l i cy .  

The pred ic t i ve  capab i l i t y  o f  a solute-transport model also aids i n  designing a 

monitoring network by ind ica t ing  the most and leas t  probable areas o f  future 

contamination and rates o f  spreading. Rational choices f o r  sampling locations and 

frequencies are then avai lable. This i s  v i t a l  because proper evaluation o f  ground- 
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water p o l l u t i o n  problems i s  most l i m i t e d  by inadequacies i n  f i e l d  data. 

The r e s u l t s  o f  apply ing a so lu te - t ranspor t  model a t  the Rocky Mountain Arsenal 

i n d i c a t e  t h a t  a s imu la t i on  model can adequately and q u a n t i t a t i v e l y  i n t e g r a t e  the  

e f f e c t s  o f  the major f a c t o r s  t h a t  c o n t r o l  changes i n  so lu te  concentrat ion i n  a 

30-year h i s t o r y  o f  c h l o r i d e  contamination. This example i l l u s t r a t e s  the  value of a 

model as an i n v e s t i g a t i v e  t o o l  t o  he lp understand the  processes and parameters 

c o n t r o l l i n g  the  movement and f a t e  o f  contaminants i n  ground-water systems. 
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