
a 
$ 

b, * 

a S&l, Water and Encirunnrental Science Department, Uv rta, Tucsort, AZ 85721, USA 
b Soil, Water and Encironrilental Science Department arzd Water Resources ~e~arti?le~~ t. 

Urlicersity of Arizona, Tucson, AZ 85721, USA 

Received 12 October 1995; accepted 17 

The transport of reactive solutes at the field scale is characteristically nonideal, and this 
nonideality is often caused by more th.m one fac;or. In these cases, mathel~atica~ mo 3at 
explicitly account for multiple factors are necessary for proper simulation of transport and for 
accurate analysis of causative factors. The purpose of this paper is to present a mathematical 
model for simulating the transport of reactive so!ute in heterogeneous porous media. e have 
taken a multi-scale, multi-factor approach that explicitly accounts for such factors as hydraulic- 
conductivity variability, structured porous media, rate-limited diffusive mass transfer, and nonlin- 
ear, rate-limited, spatially variable sorption. The influence of these factors on the displacement 
and spreading of solute plumes and on mass flux is illustrated with a series of two-dimensional 
(vertical) simulations. 

It is shown that rate-limited sorption/mass transfer and nonlinear sorption can significantly 
influence the first, second, and third spatial moments, whereas hydraulic-conductivity variability 
significantly influences only the second spatial moment. Plume skewness is especially sensitive to 
the specific factor controlling nonideal transport. For example, both rate-limited sorption/mass 
transfer and nonlinear sorption can create negatively skewed plumes during early stages of 
transport. However, the plume influenced by rate-L Gted sorption/mass transfer tends toward 
symmetry as global residence time increases. Conversely, the plume influenced by nonlinear 
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sorption tends toward a constant degree of asymmetry as the spreading forces balance t 
concentration-dependent retardation behavior associated with nonlinear sorption. Furthermore, the 
results illustrate that unique behavior can result from the coupling of multiple processes. For 
example, when influenced by coupled heterogeneity and nonlinear sorption, the shape of a plume 
may change from positive to negative skewness during the course of transport. 

Keywords: contamination; transport; groundwater quality; groundwater modeling 

The transport of reactive solutes in subsurface systems is a major focus of research in 
environmental science, especially with regard to the fate of contaminants in soils an 
aquifers. The development of mathematical models for simulating solute transport has 
been an important component of this research. Initial model-development efforts made 
use of two key assumptions, namely that the porous medium was homogeneous and that 
all reactions were linear and instantaneous. For purposes of discussion, transport that can 
be described by models based on these assumptions is considered ideal. Given the nature 
of subsurface systems, it is expected that models based on these two assumptions would 
not be valid for most field applications. This is supported by the results obtained from 
field-scale transport experiments for reactive solutes, recent analyses of which revealed 
that all such experiments exhibited behavior that to some degree deviated from ideal 
(Brusseau, 1992, 1994). 

During the past 20 years, mathematical models have been developed to account for 
nonideal transport, For example, models that account for spatially variable hydraulic 
conductivity are now common and form the basis for most advanced modeling efforts. 
However, despite an awareness that transport of reactive solutes is influenced by many 
processes and factors, model development has until recently followed a reductionist 
approach wherein the influence of a single factor is studied in isolation. Considering the 
complexity of field-scale systems, it is clear that mathematical models incorporating 
multiple nonideality factors are needed to simulate transport of reactive solutes. 

The recognition of the need for multi-factor models has led to the development of 
several models that account explicitly for two or more nonideality factors. A summary 
of previous “multi-factor” analyses of reactive-solute transport in heterogeneous porous 
media is provided in Table 1. It is clear that several authors have analyzed the case of 
combined physical (e.g., hydraulic-conductivity variability) and chemical (e.g., sorption 
variability) heterogeneity. Several analyses have also been reported that account for 
physical heterogeneity and rate-limited sorption. However, very few analyses have been 
reported that explicitly account for three or more nonideality factors. It is also evident 
that few analyses have incorporated nonlinear sorption. Furthermore, most analyses have 
focused on either solute spreading (second spatial moment) or mass flux (breakthrough 
curves), and have not integrated the two. 

The purpose of this paper is to present a mathematical model for simulating the 
transport of reactive solutes in heterogeneous porous media. We take a multi-scale, 
multi-factor approach that explicitly accounts for such factors as hydraulic-conductivity 
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a AK = spatially variable hydraulic conductivity; AK, = spatially variable sorption; RES = rate-hmited sorp- 
tion: MT = smaller-scale heterogeneity and associated mass transfer; NLS = nonlinear sorption. 
b Focus of analysis: MF/BTC = mass flux (e.g., breakthrough curves); SMrt = spatial moments, where 
IZ = moment number. 
i Simulations were presented for either rate-limited sorption or mass transfer. 

Spatially variable sorption (with spatially variable conductivity and linear, instantaneous sorption) consid- 
ered separately. 

variability, structured porous media, rate-limited diffusive mass transfer, and nonlinear, 
rate-limited, spatially variable sorption. We briefly describe the conceptual and mathe- 
matical framework of the model, as well as the numerical approaches used to implement 
the governing equations. The model is then used to illustrate, with selected examples, 
the impact of coupled physical-chemical processes on solute transport. Numerical 
simulations are used to examine both plume evolution (spatial moments) and mass flux 
(temporal moments). 
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atica ework 

The model we present is based on the approach proposed by Brusseau (1989). This 
approach entails coupling a description of solute dynamics, influenced by multiple 
factors at the microscopic and macroscopac scales (Brusseau et al., 19891, to field-scale 
transport in heterogeneous porous media. The model presented by Brusseau (1989) was 
two-dimensional and did not include noniinear sorption or a stochastic representation of 
spatially variable sorption, whereas the new model is fully three-dimensional and 
includes spatially variable, nonlinear sorption. The conceptual and mathematical frame- 
work of the model is discussed briefly in the following sections. 

2. I. Conceptual basis 

Local-scale dispersion is often neglected in the development of field-scale mathemati- 
cal models. Although sometimes justified on a physical basis, the prtmary reason for 
excluding local-scale dispersion is mathematical and numerical expediency. In many 
cases local-scale dispersion can be significant, especially when molecular diffusion is 
involved (e.g., diffusion in clay lenses). It may also be important when concentration-de- 
pendent processes such as nonlinear sorption are involved. Therefore, local-scale 
dispersion (mechanical mixing and molecular diffusion) is incluaed m our model. 

The majority of field-scale transport models include the assumption that sorption is 
linear. However, the sorption of many conram.inants of interest are slightly to strongly 
nonlinear, We employ the widely used Freundlich equation (S = I@‘) to represent 
nonlinear sorption. 

h4ost solute transport models developed for field-scale applications include the local 
equilibrium assumption, which specifies that interactions between the solute and the 
sorbcnt are so rapid in comparison to hydrodynamic residence time that the interactions 
can be considered instantaneous. As indicated in Table 1, recent research has examined 
the influence of rate-limited sorption on field-scale solute transport. The majority of the 
models developed to simulate transport of rate-limited sorbing solutes in heterogeneous 
media make use of the simple “one-site” description of sorption kinetics. While the 
one-site model is mathematically expedient, it has been shown to be invalid for 
representing the sorption dynamics of many reactive solutes (cf. Davidson and McDou- 
gal, 1973; Schwarzenbach and Westall, 1981; Brusseau and Rao, 1989; Brusseau et al., 
1939). Thus, while models that use one-site kinetics may be useful for roughly 
illustrating the potential effects of rate-limited sorption, they will be able to accurately 
predict the transport of rate-limited sorbing solutes in only limited situations. 

Another widely used model, based on a two-domain description of rate-limited 
sorption, is the one used herein. With this model, sorption is assumed to be governed by 
two sets of rate coefficients, each representing a separate sorption domain. For our case, 
it is further assumed that the rate of sorption for one domain is so rapid that it can be 
considered instantaneous. The two-domain approach, developed by Giddings and Eyring 
( 1955) for chromatographic systems, has been used successfully to simulate 
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analysis by several investigators tilat spatially variable sorption can cause nonideal 
transport (see pertinerit references in Table 1). The results of the few experimental-based 
investigations reported to date confirm that nonideal transport can be caused by spatially 
variable sorption (Brusseau, 199~: Brusseau and Zachara, 1993). The stochastic ap- 
proach will also be used to represent spatial variability of the equilibrium sorption 
coefficient. Spatial variability of boIth sorption-rate coeffkients and the mass-transfer 
coefficient can also be considered. 
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2.2. Governing equations 

Sorption dynamics for the domains governed by rate-limited so tion are describe 
by: 

as,2 
- =k32[(l -F,)w~-S,,l 

at 

%2 

at 
= k,2[( 1 - F,) K,C,N, - Sn2] 

(1) 

(2) 
where (?a and C,, are aqueous-phase concentrations (M Ls3); & and S,, are the 
rate-limited sorbed-phase concentrations (M M- ’ ); k,, and k,, are the first-order 
reverse sorption rate coefficients (T-i ); F, and F, are the fractions of sorbent for which 
sorption is essentially instantaneous; K, and K, are the equilibrium so 
cients (L3N MBN) for the Freundlich isotherm; Na and N,, are the exponents of the 
Freundlich isotherm; and a and n denote the advective and nonadvective regions, 
respectively. 

Including the various nonidealities as described in the previous section, the equation 
governing the transport of a reactive solute through the advective zone can be written as: 

(3) 
where q is specific discharge (L T-i ); D is the dispersion tensor (L’ T- I ); tla is the 
fractional volumetric water content of the advective region; f is the mass fraction of 
sorbent constituting the advective region; p is the bulk density of the porous medium 
(M LV3 ); t is time (T); a is the first-order coefficient (T- ’ ) for ICW transfer between 
the advective and nonadvective regions; and Xi is a spatial coordinate. 

The mass balance for the nonadvective zone can be described by the following 
equation: 

where the subscript n refers to the nonadvective region and the definitions of symbols is 
similar to that used for Eq. (3). Eqs. (3) and (4) together with the sorption dynamics 
equations ( 1) and (2) can be solved to obtain the concentrations Ci, Cn , Sa2 and S,, with 
given boundary and initial conditions. 

2.3. Numerical approach 

The complex governing equations comprising the model require numerical methods 
for solution. The flow equation is solved by using the Gale&in finite-element technique 
(cf. Istok, 1989) with linear shape functions used to describe the variation of head within 
an element. The saturated hydraulic conductivity is assumed to be piecewise constant 
over an element. The conductivity field is assumed to be log-normal and is generated 
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Various runs with one or more nonideality factors were conducted as described in 
Table 2. The parameters that were fixed for all the simulations are: K, (linear sorption 
coefficient) = 0.15, pb = 2000 kg/m”, 8 = 0.3, (x,_ = 0.0005 m, We = 0.00005 m, 
D0 = 0.00004 m’/day . Almost all nonlinear isotherms reported for most solutes of 
interest have Freundlich power coefficients, N, that are < 1. Thus, we will use a 
representative value of 0.8 in our analyses. 

The initial solute plume was spread over an area spanning one correlation length in 
both horizontal and vertical directions in such a way as to put the edges of this area at 
the center of the finite elements (cf. Srivastava and Yeh, 1992). The total solute mass 
and the plume size was the same for each case; this resulted in different initial aqueous 
concentrations for some cases. The initial distribution of solute mass was limited to the 
solution phase and the instantaneous sorbed phase in the advective domain. For cases 
where the rate constants were very large compared to the time step (an arbitrary value of 
1OAt was chosen), the initial mass was also distributed to the corresponding rate-limited 
domains. The boundary conditions imposed for flow were no flow across the top and 
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Table 2 
Individual simulation cases obtained by varying selected parameters 

Case 1 0.3 0.0 1.0 1.0 - 0.15 - - 
Case 2 0.15 0.15 0.5 0.5 0.5 0.15 0.15 0.01 0.3 0.3 
Case 3 0.15 0.15 0.5 0.5 0.5 0.15 0.15 10” lo5 lo5 
Case 4 0.15 0.15 0.5 1.0 1.0 0.15 0.15 10-s - 
Case 5 0.3 0.0 1.0 0.5 - 0.15 - - 1o-5 - 
Case 6 0.3 - 1.0 1.0 - 0.163 a - - - 

Case 7 0.15 0.15 0.5 0.5 0.5 0.163 a 0.163 0.01 0.3 0.3 

a represents K, for nonlinear sorption; N = 0.8. 8 = water content: f = mass fraction of sorbent constituting 
the advective region; F = fraction of sorbent for which sorption is essentially instantaneous: K = equilibrium 
sorption coefficient; (Y = first-order coefficient for mass transfer between the advective and nonadvective 
regions; k, = first-order reverse sorption rate coefficient; and a and n denote the advective and nonadvective 
regions, respectively; - = process or factor represented by the pertinent parameter is not included in the 
specific case. 

bottom boundaries, fixed head on the downgradient boundary, and specified flux (0.1 
m/day) across the upgradient boundary. The boundary conditions for transport were 
those of zero concentration gradient normal to all four boundaries. 

Results for each case that includes spatially variable hydraulic conductivity were 
based on 20 realizations, with the mean being presented. The results for each single 
realization varied from one realization to another, as is expected for a large variance of 
the conductivity field. However, in all cases, a majority of the realizations showed trends 
similar to those obtained for the means. Thus, while the mean behavior may not reflect 
the exact behavior exhibited by a specific realization, the means represent the general 
trends. 

Our analyses are focused on the spatial (plume) and temporal (breakthrough curves) 
moments obtained for each case. The spatial moments were obtained by numerical 
integration of the concentration distribution at selected times. The first moment repre- 
sents the normalized absolute moment (the travel distance from the center of the initial 
plume), and the second and third moments represent normalized central moments and 
are measures of the plume spread and skewness, respectively. In the cases involving use 
of the Monte Carlo technique, the spatial moments were obtained by first calculating the 
moments for each individual realization, and then determining the mean for all 20 
realizations. This was done to eliminate the “artificial” spreading associated with direct 
moment analysis of the ensemble concentration data (e.g., Rajaram and Gelhar, 1993). 
The breakthrough-curve and temporal-moment data are based on single realizations. 

To promote a comparative analysis of the results, the simulations are compared to 
those obtained for a base case (case I). The base case represents transport with linear, 
instantaneous sorption and no smaller-scale heterogeneity and associated mass transfer. 
The travel distance ratio, which is defined as the distance travelled by a plume for a 
given case divided by the distance travelled by the case-l plume, is used to illustrate the 
relative displacement behavior of the centers of mass of the plumes for selected cases. 
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early times, the apparent retardation factor is < 2 for case 2, as indicate 
distance ratio (see Fig. lb). This means that the plume is moving faster 
plume. As the residence time increases, the apparent retardation factor asymptotically 
approaches 2. At sufficiently long times, the transport of the center of mass will be 
equivalent to that of the ideal case, and the magnitude of the apparent R will coinci 
with that of the true R. 

Case 3 represents conditions wherein the rates of mass transfer and so 
in comparison to advective transport. In this case, the displacement of the center of mass 
is identical to the ideal case (case 1), as expected. Given that the results obtained for this 
case are essentially identical to the ideal case, we will not further consider case 3. 

For case 4, mass transfer is constrained only by diffusive exchange between 
advective and nonadvective domains. Mowever, the magnitude of the exchange coeffi- 
cient is so small that there is minimal transfer of solute to the nonadvective domain. The 
impact of negligible transfer results in a constant but greater (compared to case 1) rate of 
plume displacement (see Fig. la). In addition, the impact is indicated by examining the 
travel distance ratio, which remains constant at 2 (see Fig. lb). This is equivalent to an 
apparent retardation factor, R,, of 1 [R, = (true @/(travel distance ratio)]. The 
apparent retardation factor for this limiting case can be defined as: 

Given the values used for this simulation, R, is calculated to be 1 .O, which matches the 
Its reported in Fig. 1. Solute transport could be simulated in this case by ignori 

nonadvective domain and using R, in place of R. This approach would be valid 
long as the mass transferred to the nonadvective domain remains negligible. 
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Fig. 1. Displacement af the plume center of mass in a homogeneous porous medium: (a) the influence of 
rate-limited sorption/mass transfer and nonlinear sorption on mean travel distance; and (b) the influence of 
rate-limited sorption/mass transfer and nonlinear sorption on travel distance ratio. The center of mass ratio is 
obtained by normalizing the measured center of mass for each case by the center of mass for the base case 
(homogeneous porous medium and linear, instantaneous sorption/mass transfer). 

For case 5, mass transfer is constrained only by rate-limited sorption. However, the 
magnitude of the sorption rate coefficient is so small in comparison to the hydraulic 
residence time that there is minimal transfer of soButc to the rate-limitc 



early times, and < % at later times. 

he results obtained 

times the influence of rate-limited sorption/mass transfer causes an enhanced rate of 
displacement; and (2) at later times the enhanced spreading associated with rate-limited 
sorption/mass transfer, coupled wit the nonlinear so tion, causes a greater increase in 
sorption and, therefore, a greater deceleration of the plume. 

4.2. Spatial first moments: heterogeneous porms ~~le~i~~i~ 

The influence of hydraulic-conductivity variability on displacement of the plume 
center of mass is illustrated in Fig. 2a (case 1). The displacement of the center of mass is 
temporally nonuniform at early times, as clearly shown by the travel distance ratio 
presented in Fig. 26. The magnitude of the deviation was larger for larger variances of 
In K (data not shown). This nonideal behavior would be reflected in temporally variant 
apparent retardation factors. However, this effect is significant at only very early times. 
The influence of spatially variable sorption, and the impact of potential cross-correla- 
tions to hydraulic conductivity, on transport has been the focus of several investigators 
(see Table 1). Hence, we will not focus on this topic herein. In addition, we will not 
discuss the influence of spatially variable rate parameters on transport, which was 
recently examined by Xu and Brusseau (1996) for both reversible and irreversible 
reactions. 

The combined effect of rate-limited sorption/mass transfer and hydraulic-conductiv- 
ity variability on plume movement is shown in Fig. 2a and b. The impact of the 
mass-transfer processes is very similar to that reported for the case of the homogeneous 
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Fig. 2. Displacement of the plume center of mass in a heterogeneous porous medium: (a) the influence of 
rate-limited sorption/mass transfer and nonlinear sorption on mean travel distance; and (b) the influence of 
rate-limited sorption/mass transfer and nonlinear sorption on travel distance ratio. The variance of In K was 
1. 

porous medium (Fig. 1). The magnitude obthe impact of rate-limited sorption/mass 
transfer will, of course, depend on the magnitudes of the rate coefficients, the character- 
istic residence time (pore-water velocity, spatial scale of interest), and the degree of 
heterogeneity. 
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4.3. Spatial second moments: homogeneous porous medium 
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Fig. 3. The influence of nonlinear sorption and rate-limited sorption/mass transfer on the variance of a solute 
plume travelling through a homogeneous porous medium; travel distance is for the center of mass. 
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Fig. 4. The influence of nonlinear sorption and rate-limited sorption/mass transfer on the variance of a solute 
plume travelling through a heterogeneous porous medium (variance of In K = I); travel distance is for the 
center of mass. 

evaluated as a function of travel distance of the center of mass. This is done to account 
for the impact of nonuniform plume velocities, thereby ensuring that the influence of 
each transport factor on spreading is compared for equivalent travel distances (i.e. 
equivalent spatial domains). 

The influence of rate-limited sorption/mass transfer on spreading of the plume, as 
represented by the variance, is illustrated in Fig. 3 (case 2). Greatly enhanced spreading 
is observed only for the cases wherein rate-limited sorption/mass transfer was actively 
influencing transport. The degree of spreading for the two limiting cases, where the 
first-order mass-transfer coefficient (case 4) and the reverse sorption rate coefficient 
(case 5) are very small, was identical to the spreading observed for the ideal case (data 
not shown). This is consistent with the results obtained for the spatial first moments. 

Nonlinear sorption caused enhanced spreading as a result of the nonuniform veloci- 
ties existing throughout the plume (case 6, Fig. 3). The enhanced spreading becomes 
significant at later travel times. The degree of spreading for the case of nonlinear and 
rate-limited sorption/mass transfer (case 7, Fig. 3) was similar to that observed for the 
case of linear, rate-limited sorption/mass transfer. 

4.4. Spatial second moments: heterogeneous porous medium 

The influence of combined rate-limited sorption/mass transfer and hydraulic-conduc- 
tivity variability on spreading of the plume is illustrated in Fig. 4. The existence of the 
variable hydraulic-conductivity field (case 1) resulted in enhanced spreading in compari- 
son to the homogeneous case, as widely discussed in the literature. As expected, the 
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4.5. Spatial third moments: homogeneous porous medium 

The majority of analyses of plume behavior have focused on 
moments. However, the degree of asym 
great interest to analyses of solute t 
difficult to measure robustly because of the enhanced weight given to the low-concentra- 
tion tails of a distribution. owever, detaile sampling can provide sufficient data to 
obtain third moments, as demonstrated by the data reporte 
natural-gradient experiment performed at Cape Cod, 
et al., 1988). The plume measured for lithium is clearly asymmetrical in comparison to 
the bromide plume. In our analyses we report “skewness”, which is defined as the 
moment normalized by the 3/2 power of the second moment. This normalization is 
done to account for the impact of plume size on the magnitude of the third moment. 

Rate-limited sorption/mass transfer creates a negatively skewed plume in the early 
stages of transport, wherein a “tail” of low concentration is formed at the trailing edge 
of the plume (case 2, Fig. 5). The degree of asymmetry gradually diminishes as 
residence time increases, allowing an approach to global equilibrium conditions. At later 
times, rate-limited sorption/mass transfer causes a very small degree of positive 
skewness, wherein a “tail” exists at the leading edge of the plume. This effect is related 
to the continual non-equilibrium condition, with respect to mass transfer, that exists at 
the leading edge of the plume, which leads to enhanced transport and a leading-edge tail. 
The two limiting cases for sorption/mass transfer do not cause asymmetry (cases 4 and 
5, not shown). 
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Fig. 5. The influence of nonlinear sorption and rate-limited sorption/mass transfer on the skewness of a solute 
plume travelling through a homogeneous porous medium: travel distance is for the center of mass. 

Nonlinear sorption creates a negatively skewed plume, wherein a tail exists at the 
traihng edge of the plume (case 6, Fig. 5). The differential sorption behavior occurring 
at the two edges of the plume creates a self-sharpening front at the leading edge and a 
spreading front at the trailing edge. The degree of skewness asymptotically approaches a 
constant value, wherein the spatial distribution or shape of the plume remains constant. 
This constant shape would reflect the interaction of nonlinear sorption and the relevant 
spreading factors. 

Inspection of Fig. 5 shows that both nonlinear sorption and rate-limited sorption/mass 
transfer cause negative skewness in the early stages of transport. This suggests that it 
would not be possible to differentiate between the two factors during the early stages of 
transport. However, a significant difference between the influence of the two processes 
exists at later stages; namely, the plume influenced by nonlinear sorption remains 
negatively skewed whereas the plume influenced by rate-limited sorption/mass transfer 
becomes nearly symmetrical. This suggests that the third moment can serve as a means 
to differentiate between systems controlled by rate-limited sorption/mass transfer and 
those controlled by nonlinear sorption after an early stage of transport. 

Especially interesting results are obtained for the case wherein transport is influenced 
by nonlinear sorption and rate-limited sorption/mass transfer (case 7, Fig. 5). The 
impact of nonlinear sorption is counter-balanced by the impact of rate-limited 
sorption/mass transfer during the early stage of transport. Plume behavior similar to that 
observed for the plume influenced only by rate-limited sorption/mass transfer is 
maintained during this stage. Eventually, however, the influence of nonlinear sorption 
predominates, and the plume develops a constant degree of negative skewness. 
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Fig. 7. Breakthrough curves for transport in a heterogeneous system; measured at x = 15 m from the center of 
the initial plume. Input parameters are identical to those used for the spatial analyses. 

tively skewed, albeit to a lesser degree. The skewness profile for the case with nonlinear 
sorption and rate-limited sorption/mass transfer (case 7) is similar to the case-6 profile, 
with the exception of having somewhat larger positive skewness at early times and less 
negative skewness at later times. The behavior exhibited for cases 6 and 7, wherein the 
shape of a plume progresses from being positively skewed to symmetrical, and then to 
being negatively skewed is quite interesting and apparently has not been previously 
discussed. 

The behavior illustrated in Fig. 6 indicates that during the early stage of transport, 
positively skewed plumes are associated with all three of the factors considered: 
hydraulic-conductivity variability, rate-limited sorption/mass transfer (combined with 
hydraulic-conductivity variability), and nonlinear sorption (combined with hydraulic- 
conductivity variability). At greater travel distances, the plumes influenced by nonlinear 
sorption tend toward a constant degree of negative asymmetry, whereas those influenced 
by hydraulic-conductivity variability and rate-limited sorption/mass transfer tend to- 
ward symmetry. This suggests that, even in heterogeneous systems, the third moment 
may be useful as a means to differentiate between cases wherein transport of reactive 
solutes is controlled by rate-limited sorption/mass transfer and those controlled by 
nonlinear sorption. However, this potential differentiation is made more difficult by the 
impact of hydraulic-conductivity variability on solute transport, which mediates the 
effects of sorption nonideality as well as creates greater uncertainty in concentration 
distributions. 
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4.7. Breakthrough curves 

The discussion presented above focused on the spatial behavior of solute plumes. 
Additional irformation concerning solute transport can be obtained by analysis of 
bizakthrough curves. Breakthrough curvei obtained at a selected location in the domain 
used for tie simulations reported above are shown in Fig. 7. The curves represent 
integrated sampling over the entire vertical domain in which solute resides, such as 
associated with a fully screened monitoring well. 

The breakthrough curve for the ideal case of homogeneity and linear, instantaneous 
mass transfer is sharp and rectangular, as expected (data not shown). In contrast, the 
breakthrough curves for the cases of rate-limited sorption/mass transfer and nonlinear 
sorption in a homogeneous porous medium are asymmetrical and exhibit “tailing” (data 
not shown), as widely discussed in previous work. The breakthrough curve obtained for 
the case of spatially variable hydraulic conductivity and linear, instantaneous 
sorption/mass transfer is shown in Fig. 7 (case 1). It is asymmetrical and exhibits 
‘ ‘early arrival’ ’ and tailing, as has been reported previously (cf. Gelhar et al., 1979; 
Smith and Schwartz, 1980). The breakthrough curves for the transport of nonlinearly 
sorbing solute (case 6, Fig. 7) and rate-limited sorbing solute (case 2, Fig. 7) in a 
heterogeneous system are also asymmetrical. Clearly, the general shapes of the break- 
through curves shown in Fig. 7 are similar, which means that the factor or factors 
causing nonideal transport cannot be identified by analysis of breakthrough-curve shape. 

4.8. Temporal moments: homogeneous porous medium 

The influence of nonlinear and rate-limited sorption/mass transfer on the behavior of 
temporal moments for transport in a homogeneous system is shown in Fig. 8. Rate-limited 
sorption/mass transfer has no effect on the temporal first moment (case 2, Fig. 8a), as 
has been previously reported. Conversely, the mean arrival time is nonuniform when 
sorption is nonlinear (cases 6 and 7, Fig. 8a). For the selected condition (Freundlich IV 
value < l), the concentration-dependent retardation causes an increase in the mean 
arrival time as the pulse spreads and concentrations decrease with distanced travelled. 
This is consistent with the deceleration of the plume shown in Fig. 1. 

Nonlinear sorption has minimal impact on the second temporal moment until later 
times. Conversely, rate-limited sorption/mass transfer has a significant effect on the 
second moment from the beginning of transport (Fig. 8b). This is the reverse of that 
observed for the first moment. Both nonlinear sorption and rate-limited sorption/mass 
transfer create positively skewed breakthrough curves, as indicated in Fig. 8c and shown 
in Fig. 7. However, the skewness associated with rate-limited sorption/mass transfer 
decreases with distance or time, whereas skewness increases for nonlinear sorption. This 
is consistent with the results obtained for the third spatial moments. In addition, the 
positive skewness of the temporal distributions is consistent with the negative skewness 
of the spatial distributions. 

4.9. Temporal moments: heterogeneous porous medium 

The influence of hydraulic-conductivity variability on solute transport causes a 
nonuniform temporal first moment at early times (case 1, Fig. 9a). In addition, the 
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magnitude of the first moment is greater than that for the homogeneous case for a given 
measurement location (case 1, Fig. 8a). This behavior is related to the spreading 
properties of a plume in a heterogeneous domain, which results in a skewed break- 
through curve. The combination of rate-limited sorption/mass transfer and hydraulic- 
conductivity variability causes an even greater increase in the first moment. While the 
general behavior of the first moment for nonlinear sorption in the heterogeneous case is 
similar to that for the homogeneous case, the degree of curvature is significantly less for 
the former case. 

As expected, the magnitude of the second moment is much greater for the case 
wherein rate-limited sorption/mass transfer and hydraulic-conductivity variability are 
combined (case 2, Fig. 9b), compared to the homogeneous case (case 2, Fig. 8b). 
However, the qualitative behavior is similar. When nonlinear sorption and hydraulic- 
conductivity variability are combined, breakthrough curve spreading during the early 
stages of transport is less than that for the case with hydraulic-conductivity variability 
and linear sorption. Conversely, the addition of nonlinear sorption had minimal impact 
at early times for the homogeneous case. 

All cases exhibit a positive skewness, that decreases with time (Fig. SC). The 
existence of hydraulic-conductivity variability does not change the qualitative behavior 
for the cases with rate-limited sorption/mass transfer, but it does change the behavior 
for transport with nonlinear sorption. For the homogeneous system, the skewness 
increases with time (case 6, Fig. 8c), whereas it decreases with time for the heteroge- 
neous system (case 6, Fig. SC). 

The temporal third moment for transport in a heterogeneous porous medium (e.g., 
case 1 - spatially variable hydraulic conductivity) is positively skewed, as shown in 
Fig. 7b and 9c. The spatial distributions of concentrations are also positively skewed, 
although to a much lesser extent (case 1, Fig. 6). This dichotomous behavior suggests 
that the two asymmetrical distributions are caused by different processes. The skewed 
temporal distribution is related to the continuous growth (i.e. spreading) of the plume as 
it passes by a fixed monitoring point. The skewed spatial distribution is related to 
differential advection occurring at the leading edge of the plume. For both cases, 
however, the degree of asymmetry decreases with time. 

4.10. Comparison to field data 

The analyses presented above illustrate the complex behavior associated with the 
transport of reactive solutes in heterogeneous porous media. This complex behavior can 
only be simulated by use of mathematical models that incorporate the multiple factors 
and processes influencing transport. When developing and using complex transport 
models, it is important to evaluate their performance by comparing resultant simulations 
to measured field data. We have evaluated our model by using it to predict the results of 
the well known Borden (Ontario, Canada) natural-gradient field experiment. This 
detailed analysis is too lengthy to report herein. However, at the request of the reviewers 
of this paper, for purposes of illustrating the application of our model to measured field 
data, we will report one example of the results of our Borden data analysis. 
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Fig. 10. Measured and predicted first and second spatial moments representin transport 
during the Borden natural-gradient field experiment. The measured data are from y ( 19861, 
and the simulations are from Brusseau and Srivastava (1996). The simulations represent a single realization 
obtained from a two-dimensional (vertical) analysis using the Monte Carlo approach. 

The measured and predicted first and second spatial moments obtained for the 
tetrachloroethene plume are presented in Fig. 10. ased on our analyses, we conclude 
that a measured trend of increasing sorption in th irection of transport was a primary 
cause of the deceleration of the centers of mass of the organic-solute plumes. In 
addition, the coupled effects of nonlinear sorption and enhanced spreading caused by 
spatially variable aquifer properties also influenced the rst moment. These conclusions 
are in contrast to those of most previous analyses, whit have considered a rate-h 
sorption/mass-transfer process as being responsible for the plume deceleration. The 
combined spatial variability of hydraulic conductivity and of sorption, and a potential 
negative cross correlation between them, appears to have been the major cause of the 
enhanced spreading observed for the organic-solute plumes in comparison to the 
nonreactive-solute plumes. However, nonlinear sorption, the spatial trend of increasing 
sorption, and rate-limited sorption/mass transfer also influenced spreading behavior. It 
is evident that the predictions produced with the mathematical model matched the 
measured field data well, providing support for the basis of the model. FuBi details of 
these analyses are reported by Brusseau and Srivastava ( 1996). 

5. Conclusions 

With a series of numerical simulations, we have shown that rate-limited sorption/mass 
transfer and nonlinear sorption can significantly influence the first, second, and third 
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spatial moments associated with the transport of solute plumes. C 
ence of spatial heterogeneity (e.g., hydraulic-conductivity vari 
significantly impacts only the second spatial moment. While most previous investiga- 
tions have focused on the first and second moments (see Table 11, we have shown that 
plume skewness is sensitive to the specific factor controlling nonideal transport an 
therefore, deserves attention. For example, both rate-limited sorption/mass transfer and 
nonlinear sorption can create negatively skewed plumes during early stages of transport 
in a homogeneous porous medium. However, the plume influenced by rate-limited 
sorption/mass transfer tends toward symmetry as global residence time increases. 
Conversely, the plume influenced by nonlinear sorption tends toward a constant degree 
of asymmetry, as the spreading forces balance the concentration-dependent retardation 
behavior associated with nonlinear sorption. The influence of hydraulic-conductivity 
heterogeneity modified the impact of nonideal sorption/mass transfer on plume skew- 
ness during the early stage of transport, causing positive skewness. Finally, while the 
majority of previous investigations have focused on either spatial or temporal moments 
(see Table I ), w e h ave illustrated the usefulness of considering them together. 

The results of the analyses showed that the impact of heterogeneity on plume 
spreading (second moment) was qualitatively similar in effect to that of rate-limited 
sorption/mass transfer and nonlinear sorption. The influence of heterogeneity and of 
nonideal sorption/mass transfer on the shapes and moments of breakthrough curves was 
also similar. These results indicate that the identification of factors controlling nonideal 
transport in a specific system can be very difficult and uncertain when based on analysis 
of plume spreading or breakthrough curves alone. Conversely, rate-limited sorption/mass 
transfer and nonlinear sorption had a much greater effect on the displacement of the 
plume center of mass (first moment) and on plume skewness (third moment) than did 
heterogeneity. Thus, the first and third spatial moments may be useful to help distin- 
guish between systems wherein transport of reactive solutes is controlled only by 
heterogeneity and those wherein nonideal sorption/mass transfer is also important. 
However, this potential differentiation is made more difficult by the impact of 
hydraulic-conductivity variability on solute transport, which mediates the effects of 
sorption nonideality as well as creates greater uncertainty in concentration distributions. 

It is important to stress that our results were obtained for a single set of parameter 
values. It is expected that the trends we have shown will generally be consistent for a 
range of parameter values. However, the degree of the observed behavior will, of course, 
depend on the magnitude of the parameter values used, as well as system properties 
(initial conditions, temporal and spatial scales, etc.). Spatial variability of the reaction-re- 
lated parameters, and possible correlations among them and between them and hydraulic 
conductivity, will also influence the behavior. 

To date, there have been few analyses of the combined effects of nonlinear and 
rate-limited sorption/mass transfer on solute transport, especially for heterogeneous 
systems. The results of our analyses illustrate that transport of reactive solutes in 
heterogeneous systems can be quite complex, and that unique behavior can result from 
the coupling of multiple processes. For example, we demonstrated that, when influenced 
by coupled heterogeneity and nonlinear sorption, the shape of a plume may change from 
positive to negative skewness during the course of transport. This complex behavior can 
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