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EFFETS DU COMPORTEMENT SOUS SORPTION SUR LA MIGRATION
DES AGENTS DE CONTAMINATION

par

T.W. Melnyk

RÉSUMÉ

Les effets du comportement sous sorption sur la migration des
agents de contamination dans les réseaux d'eaux souterraines sont variés.
Le ralentissement de la migration et des effets dispersifs peut varier dans
une grande mesure et les profils de concentration des agents de contamina-
tion peuvent prendre un certain nombre de formes différentes. Dans le pré-
sent rapport, on examine la nature de certains de ces effets, en particulier
ceux provenant du comportement sous sorption qui est fonction de la concen-
tration de l'agent de contamination dans les eaux souterraines. On calcule
les effets en se servant, dans la plupart des cas, de solutions analytiques
d'équations chimiques incorporées à un algorithme de migration simple à
modèle de volume de réaction. On maintient constants les paramètres hydro-
géologiques et on exclut la désintégration radioactive ainsi que la disper-
sion hydrodynamique.

L'examen général du rôle des équations de sorption en modélisation
de la migration est suivi de la présentation des résultats de migration pour
un certain nombre de modèles de comportement sous sorption allant des iso-
thermes linéaires et d'échange d'ions de Langmuir et Freundlich à ceux de
réactions de précipitation et de réactions de sorption en plusieurs diffé-
rents types de points. On compare les résultats et tire des conclusions
générales concernant les divers comportements sous migration calculés.

On en conclut qu'on peut modéliser la sorption à l'équilibre de
traces d'agents de contamination à l'aide d'isothermes linéaires (coeffi-
cients de distribution constante ou facteurs de ralentissement constant)
mais que l'évaluation et l'extrapolation du coefficient de distribution ne
sont pas faciles. Les isothermes non linéaires conduisent à des fronts de
migration non symétriques. On compare les isothermes de Freundlich et les
isothermes linéaires. Les facteurs cinétiques de sorption/désorption peu-
vent être importants dans l'échells de temps des essais en laboratoire et
causer des effets dispersifs considérables. Les réactions lentes mais im-
portantes peuvent échapper. On ne peut pas modéliser le comportement sous
précipitation ou minéralisation avec des coefficients de distribution cons-
tante. De plus, les réactions de minéralisation peuvent être cinétiquement
lentes même dans l'échelle de temps géologique.
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EFFECTS OF SORPTION BEHAVIOUR ON CONTAMINANT MIGRATION

fcy

T.W. Melnyk

ABSTRACT

The effects of sorption behaviour on contaminant migration in
groundwater systems are varied. Retardation of migration and dispersive
effects can vary widely and contaminant concentration profiles can take a
number of different shapes. This report examines the nature of some of
these effects, especially those due to sorption behaviours that are depen-
dent on the concentration of the contaminant in the groundwater. The
effects are calculated using, in most cases, analytical solutions to the
chemical equations imbedded in a simple reaction-cell or box-model transport
algorithm. The hydrogeological parameters are held constant, and radio-
active decay and hydrodynamic dispersion are excluded.

A general discussion of the role of sorption equations in trans-
port modelling is followed by presentation of migration results for a number
of models of sorption behaviour varying from linear isotherms, Langmuir,
Freundlich and ion-exchange isotherms, to precipitation reactions and
multiple-site sorption reactions. The results are compare 1 and general
conclusions are drawn about the various migration behaviours calculated.

The conclusions are that equilibrium sorption of trace contami-
nants can be modelled with linear isotherms (constant distribution coeffi-
cients or constant retardation factors) but the evaluation and extrapolation
of the distribution coefficient are not easy. Nonlinear isotherms lead to
unsymmetrical migration fronts. A comparison of Freundlich and linear iso-
therms is made. Sorption/desorption kinetic factors can be significant on
the time scale of laboratory experiments and can cause large dispersive
effects. Slow but important reactions can be missed altogether. Precipita-
tion or mineralization behaviour cannot be modelled with constant distribu-
tion coefficients. Also, mineralization reactions can be kinetically slow
even on the geological time scale.
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1. INTRODUCTION

In assessing the concept of deep underground disposal of nuclear
wastes, mathematical models must be developed to describe the possible
release of radionuclides from a vault and their transport through the geo-
sphere to the biosphere. The rate and extent of the migration is modified
by sorption effects.

To assess the rate of migration of a radionuclide in a flowing
groundwater system, quantities such as the time the radionuclide first
appears at the geosphere discharge point, the time the maximum level of the
radionuclide appears at the geosphere discharge point, and the magnitude of
the maximum radionuclide concentration in the effluent must be determined.
To calculate these quantities, the distribution of the radionuclide between
immobile phases and the mobile (groundwater) phase must be known at each
point in the flow path at any time. Hence a model or a method of calcula-
ting this distribution must be available. Such a model will give a mathema-
tical relationship giving the distribution as a function of time, radio-
nuclide species concentrations, and geosphere parameters such as groundwater
composition, pH and E, , rock composition, and cation exchange capacity
(CEC).

The effects of different sorption behaviours on radionuclide
migration are varied. This report examines the nature of some of these
effects, especially those due to sorption behaviours that are dependent on
the concentration of radionuclide in the groundwater. The migration effects
are calculated using, in most cases, analytical solutions to the chemical
equations imbedded in a simple reaction-cell or box-model transport
algorithm.

In Section 2, the mathematical framework for the incorporation of
different types of sorption models into transport equations is described.
Some general features of the effects of these sorption types are presented
and some requirements for development of contaminant transport models in
the nuclear fuel waste management context are discussed. In Section 3, the
box-model transport algorithm used in this report is described and in
Section 4 the results of transport calculations with different sorption
models are presented. General conclusions based on these calculations are
summarized in Section 5.

2. INCORPORATION OF SORP'iION TERMS INTO TRANSPORT MODELLING

2.1 FUNDAMENTALS

Transport modelling begins with the mass-balance equation for an
element over a differential volume element, which leads to a partial differ-
ential equation such as [1]:

C = (water-flow terms) - (decay terms) - (sorption terms), (1)
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where C is the total concentration of the element in all species in the
aqueous (or mobile) phase and the dot, •, signifies a time derivative. The
water flow terms include both convection and dispersion terms. The decay
terras include both sink terms due to decay and source terms due to decay of
parents. The sorption terms can include both source and sink terms. Matrix
diffusion terms are classified with.the sorption terms. The sorption term
can be written in general form as TS where S is the sum of the concentra-
tions of an element in all forms associated with the immobile phases and
where r is an appropriate conversion factor between the units of S and C.
Often S is a bulk concentration (per unit mass of rock) with the factor T
the rock mass to pore-water volume ratio, p/e, where p is the dry bulk den-
sity and e is the porosity of the medium. In fractured media, S is commonly
a surface concentration (per unit surface area) with the factor r the avail-
able surface area to pore-water volume ratio, 2/b, where b is a fracture
aperture. Hereafter, the notation for bulk concentrations is used; the
corresponding notations for surface concentrations can be obtained by re-
placing p/e by 2/b.

For example, a simple one-dimensional version of this equation
might be

_/£\

W
(2)

where C and S are the concentrations of a nondecaying element and S is writ-
ten as a bulk concentration. Distance in the transport direction is x and
the other symbols are hydrodynamic and porous-medium parameters: D is a
dispersion coefficient, and U is a one-dimensional water-flow velocity.

The water-flow and radioactive-decay part of Equation (1) has
received a lot of attention and a number of sophisticated computer codes
based on both analytical and numerical solutions have been developed [2]
(e.g., SWIFT, MMT, GETOUT, RANCH, TROUGH, METIS, TRANSAT, NAMTAR, etc.).
These codes have been applied to both porous media and fractured media
[2,3]. The main difficulty in using these solutions in a specific problem
is ensuring physical and geometrical correspondence to the actual situation
and determining the values of the hydrodynamic parameters.

Considerable effort has been expended on studying the chemistry
of sorption and different types of chemical models are emerging [4,5,6,7,8].
However, the chemistry coupled to transport models for nuclear waste dispo-
sal assessment has remained, for the most part, that of constant retardation
or constant kf. [1,2,9,10,11,12].

The sorption terms in Equation (1) can be divided into equilibrium
and nonequilibrium or kinetic terms. The equilibrium terms can be further
divided into linear and nonlinear isotherms.
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2.2 EQUILIBRIUM - LINEAR TERMS

The most common model that has been used to describe sorption in
transport models assumes that the equilibrium concentration of a sorbed
radionuclide is proportional to its equilibrium solution concentration
[1,2,9,10,11,12].

S = kd C, (3)

where kd is called an equilibrium distribution coefficient (or constant).
In this model, the coefficient, k.d, is independent of solution concentra-
tion, C. The isotherm, Equation (3), is linear in C and this sorption model
is referred to as "equilibrium-linear sorption" (or "constant k.").

Equation (3) can be differentiated, substituted into Equation

(1), with r = p/e, and the terms in C collected, giving

= (water—flow terms) - (decay terms). (4)

Equation (4) can be divided by the factor [1 + pkd/e], called the retarda-
tion factor. Thus, the explicit sorption term disappears from the equation
and leaves a transport equation with only water-flow and decay terms in
which all the hydrodynamic parameters are divided by the retardation factor.
The existing numerical and analytical solution codes [2,13,14,15,16] for the
water-flow and radioactive-decay transport problem can be used.

The incentive to incorporate sorption terras in this manner has
been very strong. Many sorption experiments were set up to obtain a numeri-
cal value for a constant k, either directly by batch equilibration
[6,7,12,17,18,19,20,21] or by migration experiments [12,19,21,22,23,24] to
give a retardation factor, but often the results showed anomalous features
[20,21] such as

- different kd values obtained from sorption and desorption,
different kd values obtained from batch experiments, column
experiments and field experiments,
k, values varying with time,
kd values varying with contaminant concentration,
"irreversible" sorption, and

- unusual dispersion in migration experiments.

These observations were often glossed over and "average" or "conservative"
k values were used in transport modelling [9,10,20]. However, these ob-
servations are evidence that sorption is occurring by mechanisms requiring
more complex mathematical description than Equation (3). The next two sub-
sections describe some alternative sorption models that can account for some
of these features.
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2.3 EQUILIBRIUM - NONLINEAR TERMS

2.3.1 Mathematical Form

The variation of the distribution coefficient with concentration
indicates a nonlinear sorption isotherm. Also, migration plumes for a con-
taminant with a nonlinear sorption isotherm exhibit unusual dispersion or
unsymmetrical peak shapes. A large variety of these isotherms has been used
in the past [16,25]. They can be written in general form as

S = f(C), (5)

where f(C) is a nonlinear function of C. Any isotherm in the form of Equa-
tion (5) can be differentiated to give

S = f'(C) C , (6)

where the ' indicates differentiation with respect to C. Substituting into
Equation (1),

[1 + £• f'(C)] C = (water-flow terms) - ''decay terms). (7)
£

A definition of k, = f'(C) can be made so that Equation (7) has
the same form as Equation (4), but where k̂  is a function of C. The
retardation factor is given by [1 + (p/e)k,].

However, it is more common to find k, defined by k , = S/C (as in
Equation (3)) even for nonlinear cases [20,21]. With this definition, the
coefficient k cannot be applied to transport modelling, using the form of
retardation factor shown in Equation (4). This form applies only in
equilibrium-linear cases. The correct retardation factor for the nonlinear
cases is given by [1 + (p/e)(kd + C k^) ] •

Equation (7) can now be divided by the factor in square brackets,
a retardation factor that is a function of C, to give a transport equation
with only water flow and decay terms, but with the hydrodynamic parameters
now divided by a retardation factor, which is a function of the concentra-
tion, C, which in turn, is a function of time and space. Any solution algo-
rithm for the transport equation with water-flow and decay terms that has
been developed with variable parameters (e.g., velocity field, dispersion)
can be used The requirement of variable parameters is not a severe one for
numerical C O L ^ , although very few of them are written with this capability.

2.3.2 Decay Chains

The concentrations, C and S, used in the nonlinear isotherms are
the total elemental concentrations. If an element, such as thorium, uranium
or radium, appears in more than one decay chain or has more than one iso-
tope, then the transport equations for each isotope cannot be treated inde-
pendently. A simultaneous set of transport equations must be solved. Solu-
tion methods for simultaneous sets of equations are discussed in
Section 2.4.
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With equilibrium-linear sorption isotherms the transport equations
for each isotope are uncoupled, and the behaviour of an element is obtained
by summing the calculated contributioas for each isotope.

2.3.3 Sharpening Effects

Nonlinear isotherms can be divided [26,27], into convex isotherms,
where f"(C) > 0 and concave isotherms, where f"(C) <0, as shown schemati-
cally in Figure 1. Concave isotherms are more common. In a concave iso-
therm, f"(C) < 0 means f'(C) decreases as C increases and, hence, Equation
(7) shows that the retardation factor decreases as the concentration, G,
increases. In a migrating pulse of a contaminant, the front and tail of the
pulse are more strongly retarded than the centre of the pulse. The centre
of the pulse hence "catches up" to the front, counteracting the dispersive
effects and producing and maintaining a steep front. The pulse leaves
behind a more strongly retarded tail. This effect is called "self-
sharpening" or "front-sharpening" [27,28]. As the peak is lowered by dis-
persion and by loss of contaminant to the developing tail, the peak becomes
more strongly retarded and the migration rate of the peak gradually slows
down. In the effluent from a one-dimensional migration path or column, a
sudden onset of contaminant appears when breakthrough occurs and a long,
slowly decaying tail continues to be eluted over a long time [27,28]. This
effect is shown schematically in the upper diagram in Figure 2.

The reverse effect, called "tail-sharpening", is found with convex
isotherms, such as unfavourable ion-exchange equilibria [28] (see
Section 4.4.1). The tail of a pulse continually "catches up" to the more
strongly retarded centre of the pulse and a less strongly retarded front
advances further and further ahead of the pulse. The migration rate of the
peak gradually increases. In the effluent from a one-dimensional migration
path, shown schematically in the lower diagram in Figure 2, a slowly in-
creasing level of contaminant appears and the contaminant level drops
abruptly when all the contaminant has been eluted.

2.3.4 Shock-Wave Propagation

The sharp fronts are often referred to in the literature as "shock
waves", in analogy with the propagation of pressure waves in gases
[29,30,31]. The terminology and characteristics of such systems can be
confusing [32] since there are two different retardation factors that can
be applied to give migration rates.

The retardation factor that appears in the differential mass bal-
ance equation for the transport of a contaminant is defined [29,30,31,32],
as presented in Section 2.3.1, by [l+(p/e)f'(c)]. This retardation factor,
Rc, gives the rate of migration of any point in a plume of contaminant but
is not applicable to points where a discontinuity in concentration exists
[29,30,31,32]. Since Rc is a function of C, each point in the plume with a
different concentration will migrate at a different rate and thus the shape
of the plume will change with time.
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However, for a concave isotherm, the higher concentration parts
of a plume, as discussed in Section 2.3.3, migrate faster than the lower
concentration parts and hence "catch-up" to lower concentration parts form-
ing a "shock wave" with discontinuities in contaminant concentrations, AS
and AC, across the shock front. Under these conditions, the differential
mass balance equation is not applicable in the region of the shock wave
[29,30,31]. However, another mass balance condition can be derived
[29,30,31,32]. This equation contains a retardation factor that gives the
rate of propagation or migration or the shock wave itself [29,30,31,32].
This retardation factor, Rg, is given by [l+(p/e)(AS/AC)]. Commonly, the
contaminant concentrations in front of the shock wave are zero so AS/AC =
S+/C*~ where S + and C1" are the equilibrium contaminant concentrations behind
the shock wave.

For concave isotherms, R is greater than R . The retardation
factor Rc gives the rate of migration of contaminant behind the shock wave
and the retardation factor R, gives the slower migration rate of the shock
wave itself. A plume of contaminant cannot migrate faster than the shock
wave can migrate. The magnitudes of the discontinuities in concentration
can change with time, as more contaminant is left behind in a tail, so the
shock-wave propagation velocity may vary with time.

If the initial or boundary conditions contain a discontinuity in
concentration (for example, a square-wave input or a sudden onset of a cons-
tant input) the discontinuity, or shock wave, propagates with a retardation
factor R . Thus the overall plume is retarded by factor R .

S S

If the initial or boundary conditions contain no discontinuities
in concentration, the characteristics of migration ensure that a shock wave
rapidly forms and again the overall plume migration is retarded by the
factor R .

For a linear isotherm case, Rg = Rc, and a plume migrates with
unchanged shape preserving any shock waves present in the initial or bound-
ary conditions.

The formation of a shock wave or a steep front is an effect that
counteracts dispersive effects on a plume front such as hydrodynamic disper-
sion. A steady-state or asymptotic form for the plume front is established
where the dispersive effects are balanced by the sharpening effects of
shock-wave formation. Thereafter the front propagates without change in
form. The width or shape of the steady-state front can be related [31] to
the strength of the dispersive effects and the degree of nonlinearity of the
isotherm. The steady-state front is no longer a mathematically sharp shock
wave, with discontinuities in concentrations, but the propagation rate of
the front is still retarded by the factor Rg.

In summary, the differential mass balance equation for the trans-
port of a contaminant sorbing by a nonlinear isotherm contains the retarda-
tion factor Rc. Migration of contaminant, in regions where there is no
shock wave, is retarded by the factor Rc . For concave isotherms a shock
wave forms at the front of the plume and the shock-wave propagation is
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retarded by the larger factor R . The overall migration rate of the
contaminant cannot exceed the migration rate of the shock front and thus is
retarded by R .

2.3.5 Examples

Two examples of nonlinear isotherms follow. More detailed des-
criptions of the migration behaviour for these two examples are given in
Section 4.4. A common isotherm that has been used for surface reactions is
the Langmuir isotherm [15,25,33],

C smax

C + K
(8)

where S o„ and K are constants. The Langmuir isotherm is shown in figure 3
on both linear and logarithmic scales. It has two main features. At high
concentrations, the immobile phase becomes saturated and the sorbed concen-
tration becomes constant at S . A t low concentrations, the isotherm

max
becomes linear. The linearity at trace levels is a physically reasonable
expectation; for example, ion-exchange isotherms are linear at trace radio-
nuclide concentrations. The overall isotherm is concave and in migration
experiments this isotherm produces front-sharpened breakthrough curves if
the peak concentrations are large enough to come out of the linear region.
However, this isotherm does not fit most experimental Sorption data very
well [25] and so it is still too simple to describe the sorption process.

Another commonly used isotherm is the Freundlich isotherm
[15,16,25,33,34],

S = K Cn, n < 1. (9)

Although isotherms of this functional form can be derived from theoretical
principles under certain assumptions [25,34,35], the Freundlich isotherm is
largely used as an empirical correlation of experimental data that show a
concave isocherm. An example with n = 1/2 is shown in Figure 4. The iso-
therm is linear on a log-log plot and, like the linear isotherm, it implies
no saturation of the sorbing medium at high contaminant concentrations. In
migration experiments this isotherm also produces front-sharpened break-
through curves [36] . The Freundlich isotherm fits some experimental sorp-
tion data reasonably well [18,25,34,37].

In transport modelling, an isotherm must be used in the region
where C —• 0 both at the front and tail of a migrating pulse. However,
functions used for empirical correlations should not be extrapolated
[25,38]. The Freundlich isotherm, when extrapolated to trace levels, has a
distribution coefficient which becomes very large. The nearly infinite
slope of the isotherm near C=0 causfs some numerical difficulties [39] . The
Freundlich isotherm presents special problems in transport modelling with
numerical techniques.
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Ion-exchange isotherms are also nonlinear and can be either con-
cave or convex. Dubinin-Radushkevich (D-R) isotherms [40,41,42] are concave
and have properties similar to Freundlich isotherms. 1>-R isotherms include
a saturation of the sorbing medium but this saturation occurs at unreallsti-
cally high concentrations and D-R isotherms are not considered further h.'it.
Ion-exchange, Langmuir and Freundlich isotherms are discussed in more detail
in Section 4.4.

Electrical double-layer and surface-complexation models [26,43,44]
yield equations correlating sorbed concentrations to concentration in solu-
tion, pH, E, , ionic strength, valence state, etc. The dependence on concen-
tration in solution generally reduces to either a Freundlich or Langmuir
type isotherm when the other variables are hf-ld constant.

Complex chemical equilibrium speciation algorithms such as those
reviewed by Jenne [45], and others such as MINEQL [46], CHEMP [47] or EQ3/6
[48] also fall into the equilibrium-nonlinear classification but are proba-
bly too complex to couple directly to transport modelling. They can be used
to generate simpler isotherms for use in transport modelling.

2.4 KINETIC TERMS

Kinetic effects may account for many of the observed experimental
departures from the "constant k," model. Some of these effects take the
form of

different kj values for "sorption" and "desorption",
- k̂  values varying with time,

"irreversible" sorption, and
unusually large dispersion.

Several kinetic models can often be devised to correspond at
steady state to each equilibrium model. Additional data or assumptions
about mechanisms are required to select a unique model. The kinetic model
equation is generally of the form

S = g(C,S). (10)

This equation can be substituted directly into Equation (1) to
yield a coupled set of homogeneous partial differential equations,

C = G (water-flow terms, decay terms, C, S),

S = g (decay terms, C, S). (11)

Numerous kinetic models have been used in the description of the
migration of contaminants [15,16,25]. The simplest example is reversible
sorption by first-order kinetics,

S = ksC - krS, (12)
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where kg is a first-order rate constant for sorption and k is a first-
order rate constant for release or desorption. This model is discussed in
more detail in Section 4.2.

A hybrid model involving two forms of a sorbed contaminant, S^ and
S2, first used by Cameron and Klute [49] and by Selim et al. [50] has
recently been used to describe migration of 90Sr in a sandy aquifer at the
Chalk River Nuclear Laboratories (CRNL) [51]. This model uses the sorption

equations

s = sL + s2,

s2 = ksc - k rs 2.

(13)

1i obeys a equilibrium-linear isotherm to model an ion-exchange process and
5 2 obeys a reversible first-order kinetic equation to model reaction with
oxyhydroxide coatings on sand grains. The characteristics of this type of
model are described in Section 4.6.

Although, for the cases described by Equations (12) or (13), ana-
lytical solutions to the transport problem exist [36,49,52,53,54,55], the
simultaneous solution of the more general differential equation set shown in
Equation (11) requires an algorithm using a numerical approach [1,56]. How-
ever, existing solutions of the transport equation with water flow terms
only can still be used if a two-step procedure is implemented [1]. Using
this procedure, an algorithm alternates between water-flow steps and
chemical-redistribution steps. For example,

(1) A time step is made from t^ to t^+j in the absence of any chemical
processes using the existing codes for solving the transport equa-
tion with only water-flow terms (and decay terms if included in
the algorithm).

(2) Chemical transformations are subsequently made in each discrete
spatial elemer : for the time t, to t, ,. by using the solution of
Equation (11) in the absence of water-flow terms. This solution
can be found by standard procedures to give analytical solutions
to the chemical equations or by using numerical methods for solu-
tion of differential equations such as Runge-Kutta integra-
tion [57]. Radioactive decay processes can be added to this step,
either simultaneously or sequentially, if these processes are not
part of step 1. Any number of coupled or uncoupled species can be
carried simultaneously with different chemical behaviour for
each.

The additional chemical redistribution step can, in principle, be
added to most existing numerical codes solving the transport equations for
a nonreactive tracer. This procedure would allow any chemical model,
including equilibrium isotherms and hybrid equilibrium/kinetic models and
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radioactive decay to be spliced into existing transport models, since the
water-flow, radioactive-decay, and cheraical-sorption equations are uncoupled
for each discrete time step. Equation coupling arises through
the alternation of steps. The complexity of the chemical model will
increase the amount of computer time needed. In addition, the chemical
concentration averaging over a finite spatial element introduces a
numerical dispersion that, without a large number of small elements, can be
as large as the hydraulic dispersion. A new algorithm may eventually be
needed to solve the transport and chemical equations simultaneously
[1,58,59,60].

2.5 TRANSPORT MODEL DEVELOPMENT

Chemical evidence indicates that equilibrium-linear sorption
models (constant k, models) are often too simple to describe the
sorption behaviour or to describe the geosphere migration of many
radionuclides of interest to nuclear fuel waste management. Field studies
at CRNL have shown this model to be inadequate for both 9oSr and 137Cs
[51,61], the two fission products expected to have the simplest geochemical
behaviour. Mineralization and other kinetically slow phenomena are likely
to play a role in migration of many radionuclides on the geological time
scale [62,63,64] and these phenomena must be described by kinetic
equations. The preceding discussion has shown how some more complex
sorption models will affect transport equations and how these models might
be incorporated into existing transport codes.

To develop contaminant transport models further, models are needed
that describe the actual mechanisms of sorption [12]. Chemists working on
sorption interactions must look for mechanisms and kinetic parameters that
cover the appropriate time frame. To cover the geological time frame a care-
ful study of natural analogs is needed [12]. An assessment of contaminant
participation in remineralization and rock alteration processes is required.
Finally, to assess and implement the chemical models, a "chemical capabil-
ity" must be included in hvdrogeological transport codes and a few codes
are now incorporating this capability [2,3,5,59,65,66,67,68].

3. TRANSPORT CODE DESCRIPTION

3.1 GENERAL DESCRIPTION

A transport coda was written to couple chemical sorption models,
such as those introduced in Section 2, to a simple water transport model.
The results of these calculations are described in Section 4. To focus on
the chemical effects on migration of contaminants, hydrodynamic dispersion
was explicitly excluded [27]• In addition, migration in only one cartesian
direction was considered and the '/ater velocity was held constant.

Radioactive decay processes are a significant but well known com-
plication to transport modelling [2,66,67,69,70]. The distributed sources
for chain daughter members due to migration of parents and the superposition
of decay taiLs and/or secular equilibria onto the concentration profiles
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can, in many cases, mask the chemical sorption effects. For these reasons,
radioactive decay was left out of this study. In applied calculations, with
radioactive half-lives of similar order to the time scale of migration, the
radioactive-decay terms must be included.

The simplified mass balance equation became

S , (14)

where U, the water velocity in the x-direction, was constant.

A chemical model was defined by specifying the concentration, S,
as described in Section 2, either as an isotherm,

S = f(C), (15)

or as a kinetic rate law,

S = g(S,C). (16)

Equations (14) to (16) were solved using a simple reaction-cell
algorithm giving C and S as functions of time, t, and distance, x. The
one-dimensional spatial domain was divided into N elements or cells of
length Ax = L/N, where L was the total migration path length. Each reaction
cell contained a volume fraction e of water and a volume fraction (1 - e) of
immobile phases. In each cell, the radionuclide was partitioned, using
Equation (15) or (16) between the immobile phases and the mobile water
phase. The results obtained apply to both porous-medium, bulk-sorption and
fractured-medium, surface-sorption situations.

Reaction-cell or "box" algorithms such as this one have been used
previously to solve mass transport problems [37,71,72,73,74,75]. Using
this algorithm, the effects on contaminant migration produced by different
assumptions of sorption behaviour were examined. The different sorption
models studied and the resulting migration behaviours are described in
Section 4.

Results in Section 4 are expressed using a normalized set of vari-
ables defined by

G = C/Co,

s: = rs/c ,
o'

= t/tw,

(17)

where CQ is a reference concentration, generally taken to be the concentra-
tion of the input pulse or otherwise defined by the boundary or initial
conditions. As defined in Section 2.1, in porous media applications, where
S is a bulk concentration, the factor F is the rock mass to pore-water
volume ratio, p/e. In fractured media applications, where S is a surface
concentration, the factor F is the available surface area to pore-water
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volume ratio. This ratio is commonly written 2/b where b is a fracture
aperture. Hereafter the porous medium notation is used; the corresponding
fractured medium notation can be obtained by replacing p/e by 2/b.

The total inventory of contaminant, Q, per unit bulk volume, is
given by

Q = pS + eC. (18)

The quantity, Q, by mass-balance requirements, is conserved (or is constant)
within a reaction cell during a chemical repartitioning step. Its value is
found from the initial condition at the beginning of a time step.

3.2 ALGORITHM DETAILS

A time step, At, was defined by At = Ax/U = tw/N where tw was the
water-transit time through the column of cells of length L; i.e., t = L/U.
At each time step, the aqueous phase In a reaction cell, starting with cell
N and working back to cell 1, was first moved a distance Ax to the next
reaction cell together with the contaminant associated with it. No chemical
reaction took place during this transfer. The contaminant was then allowed
to chemically react for the time At using Equation (15) or (16) together
with mass balance to readjust the partitioning in the new cell. No water
movement took place during this reaction step. The chemical equations were
solved either analytically or via fourth-order Runge-Kutta integration [57].
When this procedure was completed for all N reaction cells, one time step
was completed.

A source function determined the quantity of contaminant intro-
duced with the water into cell 1 at each time step. This function was
varied from a constant input for a fixed time followed by a zero input, a
constant input for all time, or a time-varying input. The quantity of con-
taminant exiting from cell N was accumulated into an extra cell for mass-
balance checks.

Unless otherwise noted, the contaminant was injected into the
column of reaction cells as a square pulse of concentration CQ in the
aqueous phase for a duration equal to 1/10 of the water-transit time and
100 reaction cells were used (N = 100). Contaminant exiting from cell N
was recorded as a function of time and plotted as an elution curve. Also,
contaminant distribution within the N-cell column, either in the aqueous
phase or bound to the solid phase, was examined.

3.3 NUMERICAL DISPERSION

The reaction-cell nature of the algorithm introduced a numerical
dispersion and the results behaved like those from a transport equation
with a dispersion term with a constant dispersion parameter. Numerical
dispersion has been used to substitute completely for physical dispersion
[7,51,56]. In the calculations reported here, using approximately 100 reac-
tion cells resulted in a small numerical dispersion without excessive compu-
ter time. The effective dispersion could be expressed in terms of a Peclet
number, Pe, defined by

Pe - « k - i . (19)
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where D was the effective dispersion coefficient and a was the effective
dispersivity.

4. RESULTS OF TRANSPORT CALCULATIONS

4.1 LINEAR ISOTHERM (CONSTANT kd)

The constant distribution mechanism was used to examine the per-
formance of the reaction-cell transport algorithm. The results were also
used as a reference against which the migration characteristics of other
sorption mechanisms could be compared. The linear sorption model was de-
fined by

S = kdC, (20)

where k, is a constant. For convenience, a normalized distribution coef-
ficient, <)>, was defined by

V (21)

This model has been one of the most common models used in mass
transport modelling since analytical solutions can be obtained for Equations
(14) and (20) and for the more complex set including a dispersion term,
Equations (2) and (20) [13,14,15,27].

Partitioning between mobile and immobile phases in each reaction-
cell was calculated using the equations:

(22)

The total inventory, Q, was found from C and S , the initial concentrations
in the mobile and immobile phases at the beginning of the time step using
Equation (18),

Q = eC° + pS°. (23)

Results calculated using the transport code described in Section 3
for $ = 1,10 and 100, are plotted in Figure 5 and show symmetric elution
curves with retardation factors, (1 + <)>), of 2, 11, and 101. The analytical
solution to Equations (14) and (20) gives an elution curve, which is a
square pulse with C = 1.0 covering the time spaa (1 + $) < T < (1.1 + <j>).
Analyses of the numerical dispersion in the results showed that the effec-
tive dispersion coefficient was approximately independent of the value of <t>.
With N = 100, the effective Peclet number was about 130. With N = 50 the
effective dispersion coefficient was found to be about twice as large with
Pe ~ 65.
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4.2 FIRST-ORDER REVERSIBLE SORPTION

The chemical model consists of two competing first-order processes
for sorption and desorption,

S = kgC - krS, (24)

with sorption and desorption rate constants k and k , respectively. This
model has had considerable attention in the literature since semi-analytical
solutions have been obtained for Equations (14) and (24) and for the more
complex set of transport equations including a dispersion term, Equations
(2) and (24) [15,16,28,36,49,52,53,54,55,76,77]. Equation (24) and mass
balance Equation (18) bave a simple analytical solution in the absence of
water-flow terms. The concentration of the contaminant in the aqueous
phase, C, is given by

eC
k Q p(k C° - k S
_£_ + ! E exp t-kt] (25)

and the bulk concentration of the contaminant, S, is found from the mass
balance condition, Equation (18). C° and S° are the initial groundwater
and solid-phase concentrations, respectively. The rate parameter k is
defined by

(26)

At steady-state or dynamic equilibrium, where S = 0, comparison
of Equation (24) with Equations (20) and (21) gives

S = kdC = (ks/kr)C,
(steady state) (27)

The first-order reversible kinetic model reduces to a linear isotherm with
kd = W
A normalized sorption rate constant, ß was defined by

(28)

In many cases, $ is large and Equations (26) and (28) reduce to

k-~(£)ks,

ß = kt
» 1 (29)

Fron Equations (25) and (28) the half-life, tQ^, of the approach to
equilibrium concentrations is given by
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to., - ZlSffi^ - | V I L I t - M (30,
and 95% of equilibrium i s reached in t„ g,-, where

<0.95 " ^

For large values of the factor ß, achieved either by rapid
reaction rate (k large) or by long residence time (t large), equilibrium
is reached and the first-order reversible model reduces to the equilibrium-
linear model. The equilibrium concentrations, Ce and Se, in a reaction-cell
that would be achieved can be found using Equation (22). For smaller values
of ß, in a time interval, At, a constant fraction, f, of the step between
the initial concentrations and the equilibrium concentrations is achieved
where, from Equation (25),

f a C ~ C ( A t ) = 1 - exp [-kAt]. (32)

C° - Ce

The final, nonequilibrium, concentrations in each reaction cell at the end
of the time step, At, can be found from

C = fCe

S = fSe + (l-f)S°.
(33)

Equations (22) and (33) were used in the algorithm, rather than
the more complex Equation (25). Since the residence time in each reaction-
cell, At, is 1/N of the water transit time t , f was found from

f = 1 - exp - -ïï. = 1 - exp - P ^ *> . (34)

The effect of slow chemical kinetics on the elution of a pulse
with 4» = 100 is shown in figure 6 for ß = 36 and ß = 10, which give succes-
sive reductions in elution peak height of factors of approximately 2. The
slow kinetics has relatively little effect on the retardation of the peak
but a large effect on the height and width of the profile. As ß becomes
smaller the peak is progressively lowered and broadened (an additional
dispersive effect called kinetic dispersion [5]). Calculations with N = 50
and N = 10 show no change in results when the kinetic dispersion is large,
thus indicating that the numerical dispersion remains negligible with re-
spect to the kinetic dispersion. As ß becomes very small, the peak shifts to
elution with no reaction and no retardation but with a long tail due to the
small amount of tracer that reacted on the pass through the column. An
intermediate value of ß results in elution with the lowest peak height over
the broadest time span at intermediate retardation of the peak. These re-
sults confirm those previously reported [16,36,50,52,53,54,55,78,79].
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Calculated results for column effluent concentrations for if = 2
are shown in Figure 7. Another case with <J> = 10 is shown in Figure 8. With
ß > 10, the contaminant has been retarded in migration through the column
and the peak tracer concentration in the effluent appears at normalized
time, T , given by

T p - (1 •!• 4>). (35)

The normalized quantity, T , is equivalent to the apparent retardation
factor. The kinetic limitation of the reaction causes a broadening of the
concentration profile. As the reaction rates increase, the kinetic disper-
sion decreases until, by ß = 100, the reaction is nearly in equilibrium, the
peak is fully retarded, and only the small numerically introduced dispersion
remains.

With ß < 1, the pulso is unretarded in migration and the peak
tracer concentration in the effluent appears at

T p = 1. (36)

The reaction causes a tailing of the unretarded pulse, which de-
creases as the reaction rate decreases and the slow reaction has less and
less effect on the migration. With ß < 0.1, the effect of the reaction is
negligible.

In the intermediate cases, 1 < ß < 10, the peak concentration
appears at an intermediate time with large kinetically induced broadening.
The lowest peak and broadest profile correspond to ß ~ 3 to 5 and the
elution curve becomes bimodal as shown in Figures 7 and 8. The results
confirm those reported [52,78].

Kuhn [78] gives an asymtotic equation relating T to ß as the
peak approaches its equilibrium position, Te

, ß > 7,

(37)

or ß = °'75 , 1 > T > 0.75.

These observations on the effect of reaction rate are summarized in
Table 1.

Since the normalized rate constant ß is defined by kg.(L/U).(p/e),
the extent to which the migration is modified is i function not only of the
reaction rate (k ) and the solid-mass to water-volume ratio (p/e) but also
of distance travelled (L) and the water velocity (U). For constant U, ß
increases with L, thus implying that the velocity of migration of the pulse
changes (slows) as the pulse migrates through the column and ß increases
from <1 to > 10.
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TABLE 1

RADIONUCLIDE MIGRATION AS A FUNCTION OF SORPTION KINETICS

Normalized
Sorption
Rate
Constant

£)ksL/U

Characteristics of Radionuclide
Migration

ß < 0.1 No retardation. Effects of reaction are negligible on
radionuclide migration.

0.1 < ß < 1 No retardation but tailing occurs due to slow sorption/
desorption reactions.

1 < ß < 10 Large kinetic broadening (dispersion) occurs. Double-peaked
or bimodal elution curves may be produced. Velocity of
migration changes during transport through the column. Some
degree of retardation occurs.

10 < ß < 100 Kinetic dispersion decreases as ß •> 100. Migration is
retarded by nearly the equilibrium amount.

ß > 100 Reaction is in equilibrium. Complete equilibrium

retardation occurs.

The change in migration rate of the pulse is clearly evident in
the computer-simulation results for intermediate reaction rates, 1 < ß < 10.
Figure 9 shows the position of the tracer pulse peak, x , as a function of
time, T, for the case with 8 = 4 , <t> = 2. For T < 0.8, the initial pulse
migrates at a velocity, V, expected from travel with the water velocity U.

V T < 0.8. (38)

For T > 1.0 a secondary pulse migrates at the velocity expected due to re-
tardation by the sorption reaction

V = U/(l + $), T > 1.0.

Another case with ß = 5 and $ = 10 is also shown in Figure 9.

(39)

The shift to earlier peak arrival time or lower retardation, de-
scribed by Equation (37), is caused by the rapid initial transport of the
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input pulse, which is sometimes termed the "seed pulse" [66]. Once this
pulse dies away, migration is at the full equilibrium retarded rate. Extra-
polation to longer times or distances should be made using the full retarda-
tion factor. For ß = 3 to 5, the rapid initial transport of the input pjlse
persists for a large portion of the transport through the column and a sig-
nificantly lower retardation is observed, but the final migration is at the
fully retarded rate as shown in Figure 9. With lower values of ß, the
initial pulse passes through the column and an unretarded pulse appears in
the effluent but migration of the residual tail is at the full equilibrium
retarded rate.

The concentration peak in the elution curve, marked • in Figure 9,
appears earlier than the concentration peak in the pore water reaches the
end of the column. This effect is caused by the continued dispersion of
contaminant and lowering of the contaminant concentration peak in the pore
water within the column. By the time the maximum concentation reaches the
end of the column, it is lower in concentration than pore water eluted
earlier. This shift in apparent retardation is due solely to dispersive
effects. With the small dispersions introdurpH "••-:.*.lually in the equili-
brium cases, the effect is barely evident. It is readily observed in cases
with large dispersion such as these first-order reversible cases- For the
case with § = 10 and ß = 5, Figure 9b shows the maximum in the elution curve
is eluted at T = 7.8 and the maximum pore-water concentration of contaminant
reaches the column end at T = 9.8, although for T > 5 the peak in pore-water
concentration is migrating at the equilibrium retarded rate of U/(l+<|>). In
addition, for nonequilibriura cases, the maximum pore-water concentration
migrates ahead of the maximum in solid sorbed concentration.

The developing elution curve and concentration profiles within
the column are shown in Figure 10 for the case with <t> = 10, ß = 5. At
T = 4.2, a small unreacted pulse has passed through the column and the maxi-
mum concentration of the residual contaminant in the pore water within the
column has migrated 50% of the distance through the column. The maximum of
the solid-sorbed concentration profile is about 35% through the column. At
T = 7.8, the elution curve maximum is eluted while the maximum pore-water
concentration has migrated 80% of the distance through the column. The
maximum in the sorbed concentration profile is about 65% through the column.
At T = 9.8; the maximum in the pore-water concentration profile reaches the
end of the column while the maximum in the solid-sorbed concentration pro-
file is about 85% through the column. Finally at T = 11.0, the maximum in
the sorbed concentration profile reaches the end of the column. These cal-
culations illustrate the difficulty in extracting a retardation factor from
a laboratory column experiment and indicate the importance of dissecting of
the experiment to examine the sorbed concentration profile in the interpre-
tation of these experiments. Observation of only the concentrations in the
effluent can give misleading results.

The apparent distribution of radionuclide between mobile, and im-
mobile phases is not constant throughout tĥ e system in space and time.
Normalized distribution ratios, $ s S(t)/C(t), vary with migration distance
and with time due to the lack of equilibrium of the reaction. A typical
case is illustrated in Figure 11. The parameter <}>, defined in Equation (21)
is the equilibrium normalized distribution ratio, 4> = Se/Ce. When the
tracer pulse has migrated part way through the column, 4> values are smaller
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than the expected equilibrium value, i}>, near the advancing front and are
larger than the equilibrium value near the source. After the pulse peak has
passed through the column, 4>t is always larger than the equilibrium value-

Thus, kinetically slow sorption reactions affect the mobility of
radionuclides. There is a large effect on when a radionuclide first appears
(earlier), a large effect on the maximum radionuclide concentration (lower),
a large effect on the time span of elution (longer), but only a small effect
on the retardation of the maximum concentration. With very slow reaction
rates, the reaction causes only tailing of an unretarded pulse and there is
a fairly sharp travisition between these two regimes.

The normalized parameters used in calculating these results apply
to either laboratory column experiments or to the geological setting. For
a hypothetical laboratory column experiment with a water transit time of
10 hours and with <p » 1, Equation (30) shows that the normalized reaction
rates of ß = 36 and ß = 10 shown in Figure 6 corresponds to reaction half-
lives of 11 minutes and 41 minutes, respectively. For a geological setting
with a water transit time of 10 000 years and with $ >> 1 Equation (30)
shows that ß = 36 and ß = 10 correspond to reaction half-lives of 190 years
and 690 years, respectively. A reaction half-life of 1 month corresponds
to ß = 8 x 10' and the sorption reaction can be considered to be in equili-
brium. Hence, while reaction kinetics must be considered for laboratory
experiments, they may be less important on the geological scale - equili-
brium can be assumed unless reactions with time scales of hundreds :o thou-
sands of years must be considered [62,63,64,80,81].

4.3 COMPLEXATION IN SOLUTION AND LINEAR ISOTHERMS

Consider now a series of equilibrium complexation reactions in
solution with equilibrium constants, K„ ., coupled with equilibrium-linear
sorption reactions of all solution species with the rock surface with sorp-
tion equilibrium constants, K > as shown in Figure 12. The equilibrium and
mass-balance equations can readily be solved under the assumptions that
equilibrium is maintained everywhere and that only trace amounts of the
radionuclide are present so that the groundwater composition is constant
and no saturation of the surface occurs. Under these conditions, the over-
all equilibrium distribution coefficient, the ratio of immobile to mobile
species concentrations, k,, is given by

Ks0 + X KsJnJ [L"]Jkd = i-i , (40)

1 + S II, [L~] j

where [L-] is the complexing ion concentration in solution and where

rij = ̂  K H J. (4i)



- 20 -

The sorption equilibrium constants, K SJ, and the complexation equilibrium
constants, K̂ .= , are defined in Figure l2.

Thus, k^ is a function of all the equilibrium constants of the
system and of the complexing ion concentration but is independent of the
concentrations or total amount of the contaminant species present. Thus,
this system can be modelled for mobility by a single constant kd parameter
as long as each species separately is sorbed by an equilibrium-linear mecha-
nism. This conclusion is valid for any system of reactions as long as all
reactions are in equilibrium and all sorptions are linear. However assigning
a value for k, requires knowledge of all the equilibrium constants and the
complexing ion concentration. Results similar to Equation (40), with simi-
lar conclusions, have been found for migration of a contaminant undergoing
various equilibrium reactions and linear sorption reactions [33,43,66,82].

If any kinetic limitations or precipitation, mineralization and
dissolution reactions are significant, then a constant k, model cannot be
used.

4.4 NONLINEAR ISOTHERMS

4.4.1 Ion-Exchange Isotherm

An ion-exchange mechanism was modelled by introducing an ion (CI)
of the same Ionic charge competing for exchange sites with the contaminant
(A) and by requiring that the separation factor K be constant, where

S A
 CriK = -A . _2i (42)

CA SCI

and where, as before, the symbols C and S denote concentrations in the fluid
(mobile) and solid (immobile) phases, respectively. The immobile phase has
a constant ion exchange capacity (CEC) and at all times all sites are occu-
pied by either CI or A so that

S A + SCI = CEC. (43)

Most ion-exchange systems do not have a constant separation
factor [83]. However, a system with constant separation factor exhibits
the essential features of an ion-exchanger - limited exchange capacity and
a selectivity for one Ion over another The fraction of ion A on the ion-
exchange medium at equilibrium, found i.rom Equation (42), is plotted in
Figure 13 as a function of the fraction of A in the aqueous phase for sys-
tems with constant K. The separation factor indicates the preference of the
solid phase for one ion over another. K > 1 implies the solid prefers the
contaminant to the competing ion; K < 1 implies the competing ion is prefer-
red over the contaminant and results in a convex isotherm; K = 1 implies no
separation of components and is equivalent to a linear isotherm.

Equations (42) and (43) can be rewritten as

C.» CEC
S, = -± . (44)
A CA + CCT/K
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If K = 1, the distribution ratio, kd = CEC/(CA + C C I ) , is con-
stant if the sum of the concentrations of A and CI is constant, resulting in
a linear isotherm. Any change in the groundwater composition of A, AC., due
to reaction with the solid phase, is matched, because of the exchange
property, by an equal and opposite change in the groundwater composition of
CI; ACpT = ~AC.. If the input concentrations vary with time, then the k
values at the inlet vary with time. Since the sum of the concentrations of
the two species in the groundwater, C. + CCI, once fixed at the inlet, is
invariant as the groundwater migrates, the k^ values propagate through the
column with the groundwater velocity; kd(x,t) = k^O.t - x/U).

If K * 1, the distribution ratio k, = CEC/(C + C /K), is not
constant and the ion-exchange isotherm is either concave, K > 1, or convex,
K <1. If the two ions do not have the same ionic charge, ACCI * ~ACA and
the isotherm is nonlinear for K = 1 but the isotherm becomes linear when K
has a value equal to the ratio of the ionic charges on A and CI.

If the amount of the competing ion present is large relative to
the ion-exchange capacity, C^j >> (p/e) CEC, so that the loss of competing
ion from solution to the solid phase is negligible, then Cçj is constant
and Equation (44) is a Langmuir isotherm (cf Section 3 and Section 4.4.2).
If the amount of contaminant present is small (trace contaminant),
C. << CPT/K, then Equation (44) reduces to

SA = CA 1 ̂ ' ^ 1 , (trace contaminant). (45)

Equation (45) is a linear isotherm (cf Section 4.1) where the constant dis-
tribution coefficient, kj, is given by

kd = -A = | ^ ° ' N | , (trace contaminant). (46)
CA [CEC»K |

cci J
The general solution of Equations (42) and (43) together with

mass-balance, Equation (18), gives a quadratic equation for S..

(1 - K)(pSA)
2 + [QCI + KQA - (1 - K)(pCEC)](pSA) - K(pCEC)QA = 0 , (47)

where, as before, Q. and Q„T are given by Equation (18) for the contaminant
and the competing ion species, respectively. In the computer algorithm,
the concentration S A is obtained from solution of the quadratic, Equation
(47). CA is then obtained from Equation (18), S^j from Equation (43) and
CCI from Equation (18).

This ion-exchange mechanism produces a variety of elution curves,
shown in Figure 14, ranging from front-sharpened (K > 1) through symmetric
(K = 1) to tail-sharpened (K < 1). The retardation of the peak is a func-
tion of the ion-exchange capacity (CEC) and the competing ion concentration
(CCI) as well as the separation factor (K) and the distribution coefficient
is not a constant throughout the system (except for K = 1). If the com-
peting ion concentration and CEC used in Figure 14 are increased, the amount
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of contaminant present becomes small and the results, shown in Figure 15,
behave like a linear isotherm case with k, given by Equation (46)
(cf Figure 5 ) .

The effects of slow chemical kinetics, shown in Figure 16, reduce
the sharpening effect, and lower and broaden the elution profiles. The slow
kinetics for the ion-exchange mechanism were implemented in an approximate
way in the mass transport algorithm by finding the equilibrium solutions
using Equation (47) and then using Equation (33).

4.4.2 Langmuir Isotherm

The Langmuir isotherm has the form [25]

S = m a x , (50)
C + K

where S w o v and K are constants- A normalized parameter, K, is defined bymax

K = K/Co. (51)

When the concentration of contaminant in the groundwater is high,
C >> K, S = S and ehe solid phase is saturated. When the concentration
is low, C << K, the isotherm becomes linear with

kd = S/C = Smax/K,
C << K (52)

Solving Equation (50) and Equation (18) gives

(eC)9 + (eK + p S m a x - Q)(eC) - QeK = 0. (53)

In the algorithm C is found from solution of the quadratic, Equation (53),
and S is found from Equation (50).

If the contaminant concentrations are large enough to come out of
the linear region, this concave isotherm produces migration behaviour with
front-sharpened breakthrough curves. If the concentrations, C, are large,
the solid phase becomes saturated and the unsorbed fraction of contaminant
migrates unretarded. The elution is of an unretarded pulse with a tail due
to the small amount of contaminant that was sorbed onto the solid at
saturation.

^ Elution curves are shown in Figure 17 for some cases with
<t> = S /K = 10. With §. = 10, near linear isotherm behaviour results

ma x ma x ^
with elution of a symmetric peak at Tp = ̂ 10.2. As S decreases, the
front-sharpening/tailing develops. With S m a x = 0.1, a nearly unretarded
pulse is eluted with a long tail.

With S m a x = 1.0, the peak of the concentration profile within the
column initially migrates rapidly. However, it slows down and, for T > 2.5,
migrates at an approximately constant velocity, retarded by about a factor
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of 8 over the water velocity. From the discussion of Section 2.3.4, the
retardation factor, R , for propagation of the peak as part of a shock wave
is about 8.3. The retardation factor, R , for the propagation of the peak
in the absence of a shock wave is about 6.4. Thus, it is clear a shock wave
is developed and the migration rate of the pulse is controlled by the propa-
gation rate of the shock wave.

A kinetic form of the Langmuir isotherm has been used [25,62,85]
and is written

kcC(Slna - S)
S — ^ D13X l c / c / \k. s. \J**)

Smax

The sorption rate is first order in the degree of undersaturation of the
surface, (S - S)/S , and first order in the concentration, C. A
normalized sorption rate constant, ß, is defined by Equation (28).
Equation (54) reduces to Equation (50) at steady state or equilibrium,

where S = 0, with

(steady state). (55)

The kinetic equations were solved by fourth-order Runge-Kutta integration
[57]. The slow reaction rates have similar dispersive effects on the
elution profiles as those described in Sections 4.2 and 4.4.1.

^ ^ Some elution curves are shown in Figure 18 for sojie cases with
S /K = 10 as a function of ß. The sorption rate is proportional to ß and
to the degree of undersaturation of the surface. This second factor, which
is less than unity, slows the sorption rate and, in general, equilibrium is
not reached until ß has reached a higher value than that found in the first-
order reversible cases (Section 4.2). The transition to an unretarded peak
is a function of the value of IL,.,,, (see Figure 17) in addition to the value
of ß. As the kinetic dispersion increases the front sharpening is reduced
and the peak in the elution curve shifts towards greater retardation.

4.4.3 Freundlich Isotherm

The Freundlich isotherm has the form [25,34,36]

S = KCn, (56)

where K and n are constants. Usually, n < 1 and the isotherm is concave
with lower distribution coefficients at higher concentrations of contaminant
but no solid saturation occurs. At low concentrations the distribution
coefficient becomes large. A normalized parameter, K, is defined by

C" . (57)
e / o

Solving Equations (56) and (18) gives a nonlinear equation

pKCn + eC - Q = 0. (58)
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In the transport code, Equation (58) was solved for C by using a Regula-
falsi algorithm [57] and S was obtained from Equation (56). At low
concentrations all the contaminant was assigned to the solid phase, pS = Q,
and the very small equilibrium solution concentration was found by inverting
Equation (56).

This isotherm also produces front-sharpened breakthrough curves
[35,36,37] and th^ retardation factor is a function both of the constant K
and the initial concentration of radionuclide with less retardation at
higher concentrations. All results expressed in normalized variables are
independents of the initial pulse concentration CQ if the dimensionless
parameters K and n are equal.

Calculated effluent concentration curves are shown in Figure 19,
for some cases with n = 0.8. The larger K is, the more retarded the peak
is. From Equation (57), large K is a result of a large value for the
chemical sorption parameter, K, and/or a small value for the initial radio
nuclide concentration, C • The effect of variation of the exponent n at
fixed K = 1.0 is shown in Figure 20. The smaller n is, the more front-
sharpening and tailing there is, the lower the maximum concentrations are,
and, hence, the more the palse is retarded. The front-sharpening and tailing
effects are clearly visible in these two figures.

A kinetic form of this equation [25,50,62,79,85,86] has been used
and is written

S = ksC
n - krS. (59)

The sorption rate is nth order in the fluid concentration, C. The kinetic
equations were solved by Runge-Kutta integration [57] and the slow reaction
rates have similar dispersive effects on the elution profiles as those de-
scribed in Section 4.2 and hence are not displayed. A normalized Freundlich
sorption rate constant, bF is defined by

: n"1 . (60)

The quantity ß„ reduces to the ß defined by Equation (28) if n = 1 and the
rate law becomes first-order reversible.

4.4.4 Comparison of Nonlinear and Linear Isotherms

Because of the widespread use of Freundlich isotherms in fitting
experimental sorption data [15,16,18,25,34,37], some transport calculation
comparisons were made between Freundlich isotherm and linear isotherm
cases.

The calculated contaminant concentrations in the effluent from a
column are shown in Figure 21 for a contaminant that sorbs by a Freundlich
isotherm with n = 0.8 and by a linear isotherm giving about the same retar-
dation to the pulse maximum, (curves F and A in Figure 21). The Freundlich
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isotherm case shown has K = 7.9 and the linear Isotherm case has <J> = 15. The
linear case has a symmetrical concentration profile with concentrations
larger than in the Freundlich case everywhere except in the tail region
because of

(i) the lowered Freundlich peak height due to tail formation, and

(ii) the later onset of the Freundlich breakthrough caused by the

sharpness of the breakthrough and the adjustment of the retarda-
tion of the peaks to be approximately equal.

If the retardations of the points of elution of 50% of the contam-
inant inventories are made approximately equal, curves F and B in Figure 21,
the Freundlich isotherm case has higher concentrations than the linear
isotherm case at early times.

Figure 22 shows the results obtained with a continuous input of
contaminant. In the linear isotherm cases, the point where C = 0.5, called
the 50% breakthrough point, occurs at the same times as the elution of the
peaks in the previous pulse input cases, curves A and B. However the retar-
dation in the Freundlich isotherm case changes significantly. With the
Freundlich isotherm, curve F, the continuous input prevents the tailing
phenomenon and hence the contaminant concentrations at the front are kept
high. Therefore the overall retardation is less and the 50% breakthrough
point is earlier. The Freundlich case with K = 7.9 and continuous input has
the 50% breakthrough point at T = 9 . With the narrow pulse input, the peak
concentration emerged much later at T p = 16. A linear isotherm with about
the same retardation of the 50% breakthrough point is also shown in Figure
22, curve C. The linear isotherm gives an earlier initial breakthrough and
the front sharpening with the Freundlich isotherm is clear.

An equivalent normalized distribution coefficient for a linear
isotherm, <(>*, to give approximately the same retardation effect as a
Freundlich isotherm, can be found by equating the retardation factors of
Equations (4) and (7). The result gives^ <(>* = nK C13"1, where C will have
some mean value between 0 and 1. Giving C its maximum value of C: = 1, will
give a lower bound for <j>*

<t>* (lower bound) = nK. (61)

A linear isotherm with the lower bound value for §* will produce
slightly earlier breakthrough in continuous input cases and significantly
earlier elution in pulse input cases than the Freundlich isotherm. For the
cases shown in Figures 21 and 22, the lower bound for 4>* is 6.3 and the
result for the continuous input case is shown as curve D in Figure 22.
Results of these comparisons are summarized in Table 2.
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TABLE 2

COMPARISON OF MIGRATION BEHAVIOUR USING LINEAR AND FREUNDLICH ISOTHERMS

Freundlich Isotherm

K = 7.9, n = 0.8

Pulse input
C = CQ at x = 0
for 0 < T < 0.1

Continuous input
C = Co at x = 0
for all T

Value of $

Equivalent at
Peak

Retardation

15

-

for "Equivalent" Linear Isotherm

Equivalent at
50% Elution
of Pulse

17

-

Equivalent at
50%

Breakthrough

-

8

Lower
Bound

6.3

6.3

In these Freundlich isotherm cases a shock wave is maintained
during the migration, as described in Section 2.3.4. The propagation of
the shock wave, for the continuous input case, is governed by retardation
factor R = 1 + K = 9. For the pulse input case, the shock-wave propagation
through most of the column with retardation factor R ~ 18. The value of S+
and C"1" used to calculate R are taken from the peak heights of the pulse
passing through the column. Thus, on both the pulse input and continuous
input cases the contaminant migration rate is governed exactly by the propa-
gation rate of the shock wave.

Similarly to equation (61), a lower bound for an equivalent linear
isotherm parameter can be found for the Langrauir isotherm cases described in
Section 4.4.2 with the result

(lower bound)
SmaxK

I)
(62)

If K > 1, the isotherm becomes linear and <t>* (lower bound) = S /K as
expected from Section 4.4.2. If K << 1, then <t>* (lower bound) Has a low
value. The solid substrate is becoming saturated and the contaminant is
migrating nearly unretarded. With the Langmuir isotherm cases, similar to
the Freundlich isotherm cases, earlier elution is obtained with continuous
input of contaminant than with a pulse input.

4.5 PRECIPITATION - DISSOLUTION REACTIONS

Equilibrium dissolution or precipitation of a species is governed
by whether the solubility product is exceeded in he aqueous phase. The
ratio of the ion concentration product in solution to the solubility product
parameter is called the saturation index, SI. The aqueous phase is satura-
ted when SI = 1. Net dissolution occurs if SI < 1 and net precipitation
occurs if SI > 1.
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lt a quantity of precipitate is placed at the beginning of a
column, it will dissolve with time maintaining the solubility product equi-
librium. Nowhere else in the column will the fluid become supersaturated
or will precipitation occur, unless the groundwater chemistry changes to
increase the saturation index. The groundwater may become undersaturated,
however, due to sorption reactions. The retardation of migration and the
breakthrough time will be governed by the sorption behaviour with the rock
surface. The height of the elution curve or maximum concentration in the
effluent will be governed by the solubility. The duration of elution or the
width of the elution curve will be governed by the initial inventory of the
precipitate.

The distribution of contaminant between immobile and mobile phases
is not constant and depends on sorption equilibrium and solubility product
constants, groundwater composition and, where there is a precipitate
present, on the total amount of contaminant present. Where no precipitate
is present, the distribution is dependent on the sorption reaction only.

In the model, the contaminant dissolved in solution is allowed to
interact with the rock surface by means of a linear sorption reaction
(constant k.). Thus the contaminant is present in three forms -
precipitated, P, sorbed, S, and dissolved, C. As an example, water super-
saturated with contaminant, with saturation index SI = 100, was introduced
at x = 0 for 1/10 of the water transit time. This quantity of contaminant
would require 10 column volumes of water to dissolve at equilibrium
saturation with SI = 1.

In the transport calculations, the normalized distribution
coefficient for the sorption reaction, <t>, defined by Equation (21), and the
contaminant solubility in groundwater, C ,, were specified parameters.
The saturation index of the groundwater was given by

SI = C/Csol. (63)

If, at the beginning of a time step, there was an excess of precipitate
present or the groundwater was supersaturated, C > C ••, then, at
equilibrium, at the end of the time step, the groundwater will be
saturated, C = Csol, either due to dissolution of precipitate or to
precipitation from solution. The sorbed concentration was found from the
linear sorption reaction, Equation (22) and the quantity of precipitate was
found from the mass conservation relation. Hence, C, S, and P are found
from

C = Csol>
pS = <|>eC,
Q = pS + eC + P = (1 + <)>)eC + P.

(64)

If the calculation of P from Equation (64) gave P < 0, then the groundwater
must be undersaturated at equilibrium with no precipitate present. The
equilibrium amounts were then found from (cf Equation (22))



- 28 -

0,

eC
(1 + 0))

ps = *2_

(65)

The elution curve resulting from this mechanism with $ = 10 is
shown as the solid line in Figure 23. All the supersaturated contaminant
is precipitated in the first reaction cell, from where it dissolves main-
taining an equilibrium saturated solution. The dissolved radionuclide is
retarded in movement by the equilibrium sorption reaction. Thus the point
where SI = 0.5 occurs at T ~ (1 + <j>) = 11 and the elution continues for 10
water transit times, as expected, and then dies away with SI = 0.5 at
T ~ 21. The rounding of the edges is caused by the small numerical
dispersion.

The precipitation, and dissolution reactions are very likely to
be kinetically hindered on the geological scale [64,80]. Slow precipitation-
dissolution reactions are incorporated into the model by considering the
degree of over- or under-saturation as a driving force for a first-order
approach to saturation. Different first-order reaction rate constants, k_
and kp, are used for the dissolution and precipitation reactions, respec-
tively. The rate of change of the amount of precipitate is given by

(c- c s o l ) , (66)

where if C > C , and precipitation is occurring, P > 0, then k = k_. If
C < C i and precipitate is present so that dissolution is occurring,

P < 0, then k = kQ. Rather than integrate the first-order Equation (66),
together with the sorption and mass-balance equations, which gives a result
of similar form to Equation (25), the first-order kinetics was implemented
using an approach similar to that described in Section 4.2. The equilibrium
amount of precipitate, Pe, was found from Equations (64) and (65). Then,
if there would be a change in the amount of precipitate required to reach
equilibrium during the time step, a fraction, f, of the change was allowed.
The nonequilibrium amount of precipitate present at the end of the time step
was given by

P = f Pe + (1 - f) P ,

where P° is the initial amount present and where f
whether precipitation or dissolution is occurring,
centrations C and S were then found from

(67)

= fp or fjj depending on
The nonequilibrium con-
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EC = 9 - P .

ps = *<q - p>
(1 + <tO

(68)

The sorption reaction is assumed to be always in equilibrium. The
input pulse of contaminant is not now all deposited in the first reaction
cell but is distributed throughout a significant length of the column. The
precipitation reaction rates used are sufficiently rapid to prevent a
supersaturated effluent.

Normalized precipitation and dissolution rates, ßp and ßp were
defined, in analogy with Equation (28), by

ß P =
(69)

The relationship between ß and f is

r -n
|_N(1 +

f = 1 - exp K . (70)

Two elution curves at equal precipitation and dissolution rates
are shown by dashed lines in Figure 23. At ßQ = ßp = 10 (very slow reaction
rates for a geological setting) there is still little effect on the elution
curve - a slight shift to earlier breakthrough is evident. Although the
dissolution reaction is slow, the undersaturated solution is in contact with
precipitate for long enough time to approach saturation since precipitate is
distributed along the migration path. As in the equilibrium case, the
effluent is approximately saturated for about 10 water transit times. If
the dissolution rate is faster than the precipitation rate, (ß_ > fL), a
similar elution behaviour is observed - one case is illustrated in Figure
24.

If, however, the precipitation rate is faster than the redissolu-
tion rate, (ßp > ß D), the solution is not in contact with precipitate long
enough to approach saturation. Some elution curves are shown in Figure 24
for fixed ß~ and increasing ßp. The curves have an initial peak near to
T = 11, due to retardation of the initial supersaturated pulse of solution,
followed by a long tail. The long tail exhibits a plateau in concentration
proportional to the ratio of the rate constants (ß_/ß_).

In summary, slow kinetics has little effect on the elution pro-
files of a precipitation-dissolution mechanism if the dissolution rate con-
stant is equal to or greater than the precipitation rate constant. If the
dissolution rate is slower than the precipitation rate, undersaturated solu-
tion is eluted for a longer time. The distribution of sorbed to dissolved
species was held constant in this case but the overall distribution of
immobile to mobile species is not constant throughout the column.
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4.6 MULTIPLE-SITE SORPTION REACTIONS

Multiple sorption reactions giving different sorbed forms of
radionuclides, S.. , S„ ... S , can be readily described mathematically. In
the fluid mass balance equation (cf Equation (2)) the sorbed concentration,
S, is replaced by the sum of the concentrations of all sorbed forms, ES.,
and a set of at least m equations (isotherms, kinetic equations or combina-
tions) is then required to describe the sorption behaviour of the m sorbed
species and their interrelationships. For some cases of these sets of
chemical equations (e.g., all equations linear in concentrations) analytical
solutions can still be obtained. Two examples of two-site sorption models
that have been applied to field data [49,50,51] are described in the follow-
ing two sections. Other cases using up to three parallel reactions, with
combinations of linear, Freundlich and Langmuir equations, have been used to
describe laboratory sorption-desorption experiments [62,86], and migration
of contaminants through soils [49,50,84], and sorption of trace elements
from waste steams [33].

4.6.1 One Equilibrium-Linear and One First-Order Reaction

In this model, a contaminant undergoes sorption by two reactions
where

O — J 1 ' ÎJ ry

Sx = K d lC,

S2 = k2s C + k2rS2*

(71)

One sorption reaction is a linear isotherm; the other sorption reaction is
first-order reversible. The chemical Equation (71), together with masà
balance have an analytical solution found using Laplace transforms. The
resulting equations resemble those for a single first-order reaction with
rate constants k and kr (see Section 4.2). Due to the presence of the
equilibrium reaction the contaminant concentration in the pore water is
lowered, and the rate constant of the slow sorption is reduced to

k* = £S , (72)
(1 + V

where iK is the normalized distribution coefficient for the equilibrium
reaction defined by Equation (21). The rate of desorption is not similarly
affected, so

kj = k2r , (73)

and k is defined by

/n \
= (£)

* /n \ * *
k = (£)ks + \ • (74)
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The concentration of contaminant in the aqueous phase is given by
(cf Equation (25))

k*Q p(k* C*°- k*
*• _t b r exp [-k*t], (75)

where C i s defined by

eC* = eC + pSL = e(l + <t>1)C (76)

and C ° and S° are initial amounts. The solid-phase concentration of radio-
nuclide on the equilibrium sites, S-, is found from the isotherm,

PS, (77)

The concentration of contaminant on the kinetic sites, S2> is found from
the mass conservation equation

Q = eC + pS2. (78)

A normalized distribution coefficient, ((u, and a normalized sorp-
tion rate constant, ß2»

 a r e defined, in analogy with Section 4.2 by Equa-
tions (27) and (28).

From Equations (73) and (74), the half-life of the approach of the
dissolved contaminant to equilibrium has increased to (cf Equation (30))

0.5
h

(79)

To examine the effect of this model by computer simulation, the
three parameters ß2, <)>1 and <|>2 were specified. Calculated results for
column effluent concentrations, for fixed ta = §* = 2, are shown in
Figure 25 and for peak positions in the column in Figure 26. The results
are similar to those found in Section 4.2 and described in Table 1 for a
single first-order sorption reaction, but where the transition in the range
1 < ß„ < 10 is between retardation by both reactions and retardation by
only the equilibrium reaction. If (j>2 is sufficiently large the elution
curve becomes bimodal for ß 2 in this intermediate range.

A migration study was done with this chemical model to simulate
the migration of 90Sr from a waste-glass field-burial test at CRNL [51]. In
this study the rapid or equilibrium sorption reaction was identified with
ion-exchange and the slower sorption was identified with sorption on iron
oxyhydroxides. A time-varying source function,
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C = C/C = - - ,
° N T

T > i ,
N

T < - ,
N

(80)

was used to simulate the leaching of 90Sr from the buried glass.

The long-term behaviour predicted from this model is completely
different both qualitatively and quantitatively from that predicted by
earlier modelling [61] using a constant k, model only. The relative parti-
tioning between the two sorbed species of the °̂ Sr in the calculated plume
is shown in Figure 27 as a function of time. The amount of 90Sr initially
migrating under the influence of the ion-exchange reaction has become small
and control of migration has shifted to the slower oxyhydroxide sorption
after less than 15 years. This calculation illustrates the importance of
the kinetically slower reactions on radionuclide migration and the transient
effect on long-term migration of the equilibrium ion-exchange reaction.

4.6.2 Two First-Order Reactions

Migration behaviour of a contaminant, which undergoes sorption
via two parallel first-order reactions, where

(81)

S2 = k2s C " k2rS2'

was also examined. One reaction is assumed to proceed at a faster rate
than the other

'lr

(82)

Equation (81) together with the mass-balance equation, can be solved analy-
tically using Laplace transform techniques, but the result is complex
[49,50]. In practice, they were solved by numerical integration using a
fourth-order Runge-Kutta algorithm [57].

To examine the effect of this two-reaction mechanism by computer
simulation four independent chemical parameters need specification and the
normalized parameters ß, , ß~, 4>i and $_, defined in analogy with
Section 4.2, were chosen. The sorption reaction rates are adjusted by vary-
ing the parameters ß, and ß„, and the desorption reaction rates are deter-
mined from the specified values of 4>i and ta. The results are a superposi-
tion of those of Section 4.2 with a single first-reversible reaction and
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Section 4.6.2 with one linear isotherm and one first-order reversible reac-
tion. Since no new features emerge, the results are not displayed.

5. CONCLUSIONS

Transport of a trace contaminant undergoing equilibrium sorption
reactions (excluding precipitation phenomena) can, in many cases, be
modelled using a single constant kd parameter. Many cases of interest will
fall into this classification but the problem of assigning a numerical value
to kj remains. The value depends on all the equilibrium constants in the
system, rock composition and ion-exchange capacity, groundwater chemistry
and mechanisms of interaction. Assigning or predicting a value for k . may
therefore need a complex equilibrium algorithm such as MINEQL for which
equilibrium constants or thermodynamic data are needed.

In reporting laboratory experiments on distribution coefficients
all the conditions of the experiment should be specified, including detailed
characterization of the solid surfaces and, where possible, chemical specia-
tion (rather than only the total concentration in solution). In column or
fracture migration experiments, the column or fracture should be dissected
to examine the distribution of sorbed species and again detailed surface
studies should be done.

A distribution coefficient, defined by k^ = S/C, can be used in
the retardation factor expression, [1 + pk^/e] only in linear isotherm cases
where k^ is a constant. In nonlinear isotherm cases, where kj is a function
of contaminant concentration, C, the retardation factor expression is
[1 + (p/e)(kd + C kd')].

A contaminant sorbing by a concave (nonlinear) isotherm undergoes
a front-sharpened migration with iormation of a shock wave at the front of
a migrating plume. A sudden, stef;p onset of contaminant appears in the
effluent from a column when breakthrough occurs and a long elution tail
persists after the pulse has passed. A narrow pulse of contaminant migrates
at a slower and slower rate as contaminant is dispersed and left behind in
the tail. A wide or continuous pulse maintains a migration rate near its
maximum. Thus contaminant migrates faster for continuous input cases than
for pulse input cases and the difference in migration rate can be large.
The shock-wave propagation has a larger retardation factor then the contami-
nant behind the steep front and the overall migration rate of the contami-
nant cannot exceed the migration rate of the shock wavre.

Equilibrium conditions can probably be assumed for most sorption
reactions on the geological scale but kinetic limitations may affect labora-
tory experiments. Kinetics should be considered in the interpretation of
laboratory results and the experiments should cover a wide range of
conditions.
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When there are large dispersive effects present in a column migra-
tion experiment, the elution-curve maximum emerges from the column before
the maximum in the contaminant concentration in the pore water reaches the
end of the column. Thus, examination or concentrations in the effluent will
give a lower value for the apparent retardation factor than examination of
the concentration profile in the pore water. When the sorption reaction is
kinetically slow, the concentration maximum in the pore water migrates ahead
of the concentration maximum sorbed on the solid. Thus examination of the
solid concentration profile will give a third and larger value for the appa-
rent retardation factor. This third retardation factor is the one most
appropriate for extrapolation to long times and migration distances.

Kinetically slow sorption reactions affect the mobility of conta-
minants. There is a large effect on the time at which a contaminant first
appears (earlier). For pulse inputs there is a large effect on the maximum
contaminant concentration (lower), and a large effect on the time span of
elution (longer). However, there is initially only a small effect on the
retardation of the maximum concentration. With very slow reaction rates,
the reaction causes only tailing of an unretarded pulse and there is a fair-
ly sharp transition between thest two regimes. A contaminant initially
migrates without retardation by kinetically slow sorptions but this rapidly
migrating pulse dies away. Subsequently, the migration rate is modified by
the slow sorption reaction. Thus, the contaminant migration rate slows down
during the migration period. The final slower migration rate is the appro-
priate one for use in extrapolation to long times and long migration
distances.

In modelling contaminant migration, the normalized rate constant
ß, defined in Equation (28), can be used to assess when the assumption of
equilibrium sorption is appropriate (ß > 100), or when a reaction may be
ignored (ß < 0.1). The parameter ß depends on the contaminant sorption
rate constant, the sorbing solid to groundwater-volume ratio, the ground-
water flow rate and the migration path length.

With nontrace amounts of contaminant, saturation of the solid
surfaces and/or changes in groundwater composition must be taken into
account. These phenomena are generally easily incorporated into models but
imply that the distribution coefficient varies with contaminant concentra-
tion and so constant retardation factors cannot be used.

Including precipitation, mineralization and dissolution effects
automatically implies that no constant distribution coefficient exists. In
addition, these processes are likely to be slow on the geological scale
[64,79] and so equilibrium cannot be assumed and experiments in the labora-
tory time frame are difficult. Reactions with iron oxyhydroxide species,
mineralization and other geocheraically slow phenomena are likely to play a
large role in migration on the geological time scale [51]. This mechanism
of retention may turn out to be the most important one on the geological
time scale. Under these conditions equilibrium-linear sorption models (con-
stant k, models) cannot describe sorption behaviour or describe geosphere
migration of contaminants.
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Colloidal species and transport have not been discussed here
largely because few transport or sorption experiments have been interpreted
using colloidal species. Nevertheless, most heavy metal ions, and especial-
ly the actinides, form colloidal species very readily. Some work has been
done on the formation rates, particle sizes, and transport and sorption
properties of colloids in actinide systems [5,87,88,89]. More experimental
work is needed to examine colloid formation and stability under vault condi-
tions and to study the transport of colloidal materials.
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FIGURE 1: Classification of Sorption Isotherms by Curvature
(Sign of the Second Derivative)
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FIGURE 2: Schematic Elution Curves. The curves show contaminant
concentration in the effluent from a column as a
function of time (or the volume of water eluted),
resulting from a narrow pulse input of contaminant.
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FIGURE 5: Elution Curves for Equilibrium-Linear Isotherm
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FIGURE 6: Elution Curves for a First-Order Reversible Sorption Rate Law
with <{> = 100, ß = 10 and 36 and for the Corresponding
Equilibrium-Linear Case, ß = <=.



0.15

c o-'°h

0.05h

00

I

FIGURE 7: Elution Curves for a First-Order Reversible Sorption Rate Law with
* » 2 and P = 1, 3, 10, 100 and the Corresponding Equilibrium-Linear Case
(P = ™). At P = 3, the curve is bimodal with an unretarded initial pulse.
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FIGURE 8: Elution Curves for a First-Order Reversible Sorption Rate Law

with * - 10, ß = 5, 10 and «. At ß - 5, the curve is bimo-lal
with an unretarded initial pulse.
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FIGURE 9: Relative Position of Maximum Pore-Water Concentration Within a Column as a Function of
Normalized Time. The peak in the effluent concentration emerges from the column at the
time marked • . The slopes of the curves indicate the migration velocities. 1 - control
by water-flow rate only, no retardation; 2 - migration retarded by sorption reaction;
3 - calculated migration result showing migration shifting from no retardation to
retardation by sorption reaction.
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for the First-Order Reversible Sorption Case with * = 10, and
8 = 5 . denotes concentrations in pore water and effluent.
- - - denotes concentrations sorbed on the solid in the column.
The arrows, 4-, denote the maxima of the curves.
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FIGURE 11: Apparant Normalized Distribution Ratios, $t = S(t)/C(t), as a
Function of Relative Distance Through a Column. Results are
plotted at various times T = 1, 5, 10, 20, 40 for a first-order
reversible case with <j> = 10, ß = 5.
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(cf Figure 5)
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K = 0.8, 1.1 and 1.6
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FIGURE 20: Elution Curves Calculated for Freundlich Isotherm Cases with K = 1.0 and

n = 1.0, 0.9, 0.8, 0.7 and 0.5
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FIGURE 21: Comparison of Elution Curves Calculated for Freundlich Isotherm and Linear Isotherm

Cases with Narrow Pulse Input. F: Freundlich isotherm, n = 0.8, K = 7.9;
A: linear isotherm, <i> = 15; B: linear Isotherm, $= 17.
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FIGURE 23: Elution Curves Calculated for a Precipitation-Dissolution
Mechanism with Equal Precipitation and Dissolution Rates
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FIGURE 24: Elution Curves Calculated for a Precipitation-Dissolution

Mechanism with Unequal Precipitation and Dissolution Rates
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FIGURE 25: Elution Curves Calculated for a Two-Site Sorption Mechanism with One Linear Isotherm

and One First-Order Reversible Reaction with ^ = <t>2 = 2 and ß2 = 0.1, 1, 3, 10 and 100
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FIGURE 26: Relative Position of Maximum Pore-Water Concentration within
the Column as a Function of Normalized Time for the Same Two-
Site Sorption Mechanism as Figure 25 and with ß = 3. The slopes
of the curves indicate the migration velocities. 1 - control by
water-flow rate; 2 - control by reaction 1 only; 3 - control by
both sorption reactions; 4 - calculated migration result showing
control shifting from reaction 1 only to combined mechanism.
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