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ABSTRACT

The one-dimensional transport of solutes in a saturated porous medium
has been solved using a numerical model CHEMTRN. This model includes disper-
sion/diffusion, convection, sorption, formation of complexes in the aquebus
phase, and the dissociation of water. 1In the mass action equations describ-
ing complexation and/or sorption proceéses, the activities of the species in
the aqueous phase are approximated using an activity coefficient’m&dél of the
aqueous solution. The ac£ivity of the sorbed phase was approximated with an’
ideal mixing model. A solubility constraint was used at the inner boundary.
The model was applied to a study of the migration of contaminant chemical
species.in groundwater. In particular the propagation of strontium and its
complexes was studied. The effects of sorption, complexation, and water

dissociation were considered. Results show that surface site competition

‘results in cases where low levels of contaminant can be transported at dis-

tances much greater than that p;edicted using a constant kp model. 1In
addition, the pH level was buffered to a level of 10 near the waste form due
to the incorporation of the solubility constraint. For the particular case
studied, the incorporation of équeous_complexation did not significantly

enhance strontium mobility.



INTRODUCTION

Prediction of the rates of migration of contaminant chemical species in

groundwater moving. through toxic waste repositories is essential to the

o
T

assessment of the ability of a repdsitéry to meet standards for release.rétes..
A large number of cheﬁical transport models, of varying degrees of complexity, -
have been devised for the purpose of providing this predictive capability (see,
for instance Holly and Fenske, 1968; Routson and Serne, 1972; Rubin and James,
1972; Ahlstrom et al., 1977; Grove and Wood, 1979; Strickert et al., 1979;
Charbeneau, 1981; and Valocchi et al., 1981).
Two different methods have been applied to chemical transport models.
One method is based on the plate theory 65 chromatography and integrates
existing codes for equilibrium distributioﬁs,of species with transport
algorithms in a two-step procedure. This method was used, for example, by
Routson and Serne (1972), Ahlstrom et al. (1977), Grove and Wood (1979), and
Strickert et al. (1979). Applications of this method can be differentiated
b} the manner in which transport by dispersion-diffusion is accounted for.
Thus, Ahlstrom et al. (1977) used a random walk procedure, while Grove and
Wood (1979) solved the nonreacting convective-dispersivé.transport equation.
The'second method is based on a one-step procedure thch consists
of solving a system of equations simultaneously describing chemical reactions
and convective-dispersive transport with interphase mass transfer. In.
its simplest form, exemplified by the work of Holly and Fenske (1968), the
method assumes uncoupled equilibrium exchange of noncompeting solutes,
each possessing a constant valued distribution coefficient (kp). In this
case, the system of simultaneous equations reduces to a set of independent,
linear, partial differential transport equations, one for each exchanging

solute. In its more advanced form, exemplified by the work of Rubin and James



(1973) and Valocchi et al. (1981), the method is more soundly based on
chemical and thermodynamic principles and leads to a system of simultaneous,
non-linear, partial differential equations coupled to a set of mass action
equations. This approach appears to have produced the greatest degree of
success in matching experimental laboratory and field data.

The transport of dissolved chemical species through a water-saturated
porous medium is influenced by a widg variety of chemical and physical
processes including convection, dispersion~diffusion, formation of com-
plexes in the aqueous phase, sorption and chemical precipitation. 1In
general current modelsvdo not incorporate complete descriptiéns of the
entire set of phenomena known to affect rates of chemical migration. More
particularly, existing models which incorpotate certain individual chemicél;
processes suffer from omission of other possibly significaﬂt processes.
Thus the reliability of predictions made through the application of these
models is, at best, difficult to assess.

The study described here has as its principal dbjective the determi-
nation of the necessity for inclusion of specific cﬁemical processes in
models used to predict contaminant transport as well as the level of
complexity needed to describe the chemical processes. The starting point
for these investigations was é one-dimensional modéil(MCCTM) of disper-
sive-convective:transport developed by Lichtner and Benson (1980).. The
model MCCTM provides for complexation in the aqueous phase and treats

sorption of cations on the surface phase by equilibrium ion exchange.

The ion-exchange algorithm in model MCCTM specifies a constant finite

surficial density of ion-exchange sites and accounts for competition among



different cationic species for occupancy of sites. We have extracted
the physical and chemical processes treated in model MCCTM and incor-

pofated them in a more sophisticated transport model, CHEMTRN. Model

™
'

CHEMTRN also includes algorithms describing.the dissociation of water

and the nonideality of both solvent and solute species. The treatment
of pH-dependent reactions can be handled as well as computation of

PH itself. An ideal mixing model has been applied to sorbed cationic

sPecies, i.e., the activity of a sorbed species has been set equal

to its mole fraction.

Basic Equations and Method of Solution .

The formation of complexes in the aqueous phase

n, n, nN' ne,
+ e 0 +
aj18 T agoh, 3Ny ¥ By

is described by the mass action expression

[B?ci]
K, = =
YT Af}j]aij , (1)
3 J

where the square brackets denote the thermodynamic activity of the

dissolved species, Ky is the equilibrium constant, aij is the stoich-
iometric reaction coefficient, ny is the charge of the bare ion, and
ne, is the charge of the complex. The activities are approximated

using the relation, L e

A7 [= y.m. 2 -
5 Yj 5 (2) .
where Y5 is an activity coefficient and my is the concentration (molar)

of solute species.



Equation 1 reduces to

Yo, Mg,
€i Cj

K, =

C I m)™

J

(3)

where mci is the molar concentration of the complex By
The activity coefficients of the aqueous species (bare ions
and complexes) are functions of temperature, pressure, and chemical

composition. For this work, they are approximated using the Davies

Equation,
1 2 V1 1 2
.l°g10'Yj =3 nj Ve 0.31] =3 nj G (4)

where I is the ionic strength defined as
, 1 2 2 '
1= 3 [anmj + chi mci:l (5)
3 i

where summations. are taken over all bare ions and all compiexes in the
aqueous phase and G' is the quantity in the brackets in . (4). The
activity of water is taken to be unity. |
The sorption of ions aﬁd,complexes on the solid phase is modeled by
an ion'exchangé process. For species A?‘ exchanging with specieé Agz,v
n . n,

- 1 - -
+
n2A1 (aqg) + n, A2 2 n2A1 n1A2 (aq)

where Kj‘denotes the sorbed component. This reaction can also be
described by a thermodynamic equilibrium constant

G [T

- - | (6)

Ke n n n
q [A 1] 2 [- ] 1
1 A,




where the square brackets again denote activities. The activities in the
aqueous phase are expressed as ijj. For the surface phase, an ideal

solution is assumed where

(]- 54, o _ o

and Ej is the concentration of species j on the surface‘phase and ET
is the total concentration sorbed on the surface phase-given by
Zj: i o (7)
where the summation is over'all'éorbed species. The units of Ej and
;T are expressed as moles/liter solution. These units can be related
to the more conventional ones (moles/gm solid) used for the sorbed phase
by dividing ij by pg (1-¢) 103/ where pg is the the density of the
solid phase, and ¢ is the porosity of the porous'medium. An effective
equilibrium éonstant, K;, is used to model théhion exchange process and
(6) is replaced by

. @ mp™ (y,m,)™

K, = n' - - .n evv (8)
(Y1m1) 2 (mz/mT) 1

For N, sorbed species, (8) provides N1 relationships. To complete
the set of equations for Ej’ it is assumed that the total number of
surface sites per liter solution, Ng, available for ion exchange is

constant,

N
a - : .
N = n.m, . (9)
s j§ 373 ,



This concentration of sites for a solid whose surface density is
constant over the pH range of interest can be determined from the cation

exchange capacity (meq/gm solid), CEC, or

Ng = (CEC) p_ L—%—-‘*’-— .

Both complexed and bare forms of an ionic component are subject to
transport by dispeision/diffusion and convective processes. These forms '
are also subject to sorption processes and are therefore associated with
the surface phase at least a portion of the time. The total concentra-

tion of species Aj present in the agueous phase is

W.=m, + 2: a,, m_ “(10)

where N, is the total number of complexes in the aqueous phase. Consid-
ering the mass balance of species Aj on a volume element of the fluid (in
contrast to the porous medium), the one-dimensional transport of'Aj is

written as

L(Wj)=- -g-;_ﬁj ‘ | (11)

‘where the operator L is defined as

A 2 o
L=<a__Da__ +v9_> , (12)
a9t %2 ox

D is the dispersion/diffusion coefficient and v is.the actual fluid
velocity, i.e. the Darcy velocity divided by the porosity. For this
work both D and v are assumed to be constant. If species j does not

sorb, E, ='0.
J



The number of unknowns are Np+N,+N, where N, is the number of bare
ions, Ny is the number of sorbed ions and sorbed complexes, and Ng is
the number of complexes present in the aqueous phase. . Therefore, Ngz+Np+N.
equations are needed for solution of this system. For (11), j = 1 to
Ny, giving Ny, equations. The mass action relation, (3), provides N,
equations for the complexes. There are Ny-1 relationships of the form
of (8); and (9) provides the final relationship needed. The activity
coefficients are given by (4) with ET defined by (7). Therefore a
sufficient number of eguations exist and can be used to determine Ej'
my and mci'

The equations have been solved using the method of lines, i.e. the
partial differential equations (11) are discretized in space leading to
a set of ordinary differential.equations (ODEfs). If (11) is discretized

in space, the result is

d d - D
—_— W + = m, = W, -2W. + W,
dt j,n dt j,n (Ax)2 < J ,n+1 j.n J,n-l)
v . (12)
T bx (Wﬁ,n- Wj,n—1> ) :

where j denotes the species and n the spatial position. The unknowns are
m., m, and mCi' However n-@j'and'mCi can be expressed as a function of all

the bare ion concentrations. Using (3), Dey can be determined i.e.

a
K, [] (v,m)%i3
B . (13)




From-(9), an expression for mj can be determined, i.e.,

N
a .
N = n, m, = n.ﬁ.<+§: n, m ' S (14)
2 TR .

s ;Z; L T3] j%%

However, using (8)

2. (1/n;) = (ng/n_) = (1-ng/n_) .
S 37 Yemy my J ; (15)
m, = O om.) (nl/nj)
R
(i/n.) = (ny/n.) - (1=-ngy/n)
| _ 2: ng(Ke) 73 m, 27757 Yemg m, 2775 . (18)
N = n. m, + -
s J J 2¢J (YJmJ )nz/nj

The term ET does contain the unknowns Ezso an iterative procedure is
needed to solve (15) and (16) for Ej._

To havé (12) written in terms of mg's only, it is neceSSary to provide
provide BmCi/amx and aﬁj/amg. The former expression can be obtained

from (13):

om ay 3y
e S e TR %5 "3 ci] NEY))
mg, ci| my Yy omy Yej  3mg

where an/amg is obtained from (4). The required expression is

Y .
3 2 9G' 31 2 9G 91 (18)
T = =-Yn’ == o= log 10 = =Y, n, == 35—
where : ‘
9G 0. 25 : > : : ,
_— —_— =0.15] 2.3 (19)
oI =<VI (1 +VI - -
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and ‘ Nc
1 2 1 2
- n + = n m_ /m
o1 ~ 2 £ 2 = ci ik ci )
am c )
1 3G 2 < 2 2 > (20)
1+ = Z n m Za., n, = n
2 231 is ¢, ¢ 3 ij j ¢y .

The expression for a;ij/ an, is obtained from (16):

aﬁ. ;1. nﬁx-n 5.
Booh UM N e ar Z
= n %y N m 'Y %I am[ nkm(n j)] - (21)

L L s £ S

_ij_[n_jh - Z'n m (n'--n)1 8¢ Zn (‘i-—)
N, LN 5% Pk P T P50 N I nJ

s & k#j s

Equation 12 then gives a set of equations for m

g amci dmz ' amj 3m£
at m] n + Za Z am dt + Z om dt n -
2 L % £
D .
m, ~-2m, +m +2a..<m =2m +m

(L\X)z J 0+ J.n J.n=1 iy ) €i,n-1 €i,n Ci,n=-1
-v
—_ | m, -m, . +2_a,.(m -m o (22)
aX [ J.n J.,n-1 ? 1J< Ci, Ci,n-1>] '

Given the initial and the boundary éonditions, thgse equations were solved
using the solver LSODI (Hindmarsh 1980).
Initially, uniform conditions are assumed throughout the porous medium.
The total aquéous concentration of each species is-given an& (3) is used. to
determine an equilibrium distribution of species. The concentration of
sorbed ions is determined from (8) and the total concentration of sites
available for sorption. Different boundary conditions are possible with -
CHEMTRN. At the inner boundary, a concentration boundary condition was
used where the magnitude of the concentration at that boundary was deter-

mined using a solubility constraint,
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A semi-infinite system is modelled. Far from the waste form, a no flux
condition was imposed. This boundary condition was imposed far enough

away from the inner nodes so it did not affect the solution at these

~points.

In many chemical systems, the hydrogen ion can be considered a master
variable since many chemical reactions can be written in terms of its
activity or concentration. In an aqueous solution, the dissociation of

water is an important source of hydrogen ions, i.e,
H,0 = HY + OH™. (24)

Current chemical transport models do not incorporate reaction (24).
Since calculations involving sblubilitf, sorption, and complexation often
depend on pH, failure to account for the dissociatiqn of water results in
incorrect estimates of chemical migration; therefore, we have included
this chemical phenomenon in CHEMTRN.

To avoid convergence problems, CHEMTRN solves for a dummy concentra-
tion, y, defined by

Y S Mgt - B | (25)
This method is employed since consideration of a mass balance equation
for either H' or OH™ must include a change in the concentration of water,
a changé which is extremely small relative t6 changes in the hydrogen ion
concentration.

To solve for y, a slight modification -must be made to the mass
balance equations for H' and QH'. The mass balancevequation for
hydrogen is

: d = ;
Lim + a m + = m = = =— m (26)
< HY ; i,H* Ci) at gt at  H20,
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and for the hydroxyl ion

Lim +Y a mn J=-94 @m (27)
OH™ ; i,08" Ci st H20 - 3

It (26) is subtracted from (25), the result is

Ly + a -a m [+ &= 5  =o0. | (28)
g( i, H¥ i,oa') Ci st HY

An additional relationship is obtained from the mass action equation for

the dissociation of water i.e.,

(H*] [OH™] = Ky - (29)
where K, s the equilibrium coefficient for (24) and is given as 10-13-99
at 25 C. Given (25), (28) and (29), -the changes in H* and OH™ can be
determined without solving explicitly for changes in the concentration

water.

APPLICATION TO CONTAMINANT TRANSPORT

Model CHEMTRN was used.to investigate the magnitudes of various chemical
processes on the propagation of radionuclides through a porous medium.
One-dimensional flow was assumed. A radionuclide source function (waste-
form) is located at x = 0 and is open to the groundwater system. Although
there exist many radioactive species that could be studied, the decision was
made to simulate the propagation of strontium and its complexes. This system
was chosen primarily because of consideration of the availability of data.
In order to test the effects of composition on radionuclide propagation,

the initial groundwater (supporting electrolyte) composition was varied.
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The supporting electrolyte consisted of NaCl or mixtures of NaCl and CaCl,
dissolved in water. In all cases, a background level of 10-12 SrCo; was
used. In order to illustrate the application of (1) through (29) an example
calculation is outlined in the Appendix.

A constant-concentration boundarf condition at the cahister was assumed.
However, the actual concentration level for each situation was determined

using the strontianite (SrCO3) solubility constraint at 25 C

[s:?+] [CO32'] = 107225, | | (30)

and calculating the activity coefficients of sr2* ana CO2 Because of

3°
variation in the initial groundwater compositions, the concentration of
strontium at the boundary in equilibrium with strontianite was different
- for the various cases considered.

Variations of the total concentrations of strontium and carbonate at
the inner boundary result ffom changes of ionic strength. As the ionic
strength of groundwater is increased, the activity coefficients of Sr2+
and CO§- decrease. In order to maintain the relation indicated by (30),

the concentrations of both Sr2+ and CO§- must therefore increase. The
Second boundary condition used was a zero-flux condition (dm/3x = 0) that
was assumed to hold at a distance far from the canister.

Several different cases were run to illustrate the relative importance
of the different chemical processes. In all examples, a diffusion/dispersion
coefficient of 0,013 mz/yr, a Darcy velocity of 0.04 m/yr, a porosity of

40 percent, and a solid density of 2.0 g/cm3 were used. These numbers are

reasonable values but rather arbitrary choices. The cation exchange capacity
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(CEC) was 0.033 meg/g. This value was chosen sd that the difference between
the propagation rates of nonsorbed and sorbed species were not so great that
their concentration fronts could not be displayed on the same grid. The
sorptive properties of the ion exchanger correspond to a material having the
ion exchange equilibrium cbefficients characteristic of Camp Berteau mont-
morillonite and the cation exchange capacity of quartz (~1/300 the CEC of
montmorillonite).

The first example (Figure 1) illustrates the general importance of the
sorption process on radionuclide retardation. The figure shows the con-
centration of Sr2+ iﬁ the aqueous phase as a function of‘distance after a
time period of five years. de cases were éonsiderede In the first case,
Sr2+ was not allowed to sorb; in the second case, Sr2+ was allowed to sorb
via an ion exchange model. The initial NaCl background cogcentration used
for this calculation was 0.001 M. In these calculations, aqueous-phase
activity coefficienté were set equal to unity and complexes were not
permitted to form. The£efore, the boundary value concentration of'Sr2+ was
held at 2.37 x lO-S_M via the constraint indicated by (30). The results of
these calculations illustrate the fundamental importance of sorption (ioﬁ
exghange) on Sr2+ mobility. Figure 1 shows that the sorption of Sr2+
(as measured by the position of the leading edge) decreases the mability by
approximately 90 per cent. Note in this and subsequent figures that the
distance traveled by a sorbable cation should be divided by 300 in order
to scale properly the transport distance of the cation relative to mont-
morillonite's actual CEC.

Many workers in the area of radionuclide transport have assumed that

radionuclide retardation can be calculated using a constant retardation
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factor. For a system containing strontium, this factor is related to the
amount of strontium sorbed on the solid and the amount of strontium left

in the liquid by the expression

where ¢ is in moles/g solid, ¢ is in moles/cm3, and kD is the constant
retardation factof (cm3 solution/g solid), commonly known as the distribution
coefficient. Elementary ion exchange theory predicts that the distribution
coefficient is approximately constant when the concentration of the ion of
interest is e#tremely low relative to the concentration of the supporting
electrolyte. Under these conditions the ionic strength of the solution is’
: determined mainly by the supporting electrolyte and is approximately con- -
stant; therefore,.aétivity coefficients of both sorbed and dissolved species
remain constant. In addition, since the anionic composition of the solution
remains constant, the degree and effects of complexation are invariant.

For example, given a binéry ion-exchange of equally-charged ionic species,

the distribution coefficients are given by

“103cEC
kp = Y <
1 K Y
eq 1
103CEC
kD = Y.c
2 ( 1 1)
n\c + K
2 eq Y2

where n is the ionic charge, Keq is an equilibrium‘constant for the reaction

Aﬁ(aq) + Kz = A + Ag(aq) and the units of C_ and 102 are as given above.

1 1
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If cq>> c2 and remains so, then site competition is not important
and the distribution coefficient will not change significantly. However,
when the aqueous phase concentrations of sorbable ions are comparable, %
then site competition, complexation, and ionic strength effects are expected
to result in variable distribution coefficients.
To investigate the effects of these chemical phenomena on the variabil-
ity of the distribution coefficient, several calcualations of strontium
transport were made. There are five general categories of calculations
which differ in their degree of chemical complexity (Table 1):
. . 2+ +
l. Binary. ion exchange of Sr for Na on a Na-loaded substrate.
. . + 2+ 24 :
2. Ternary ion exchange wherein Na , Ca , and Sr ions compete for
. . s . + 2+
a finite number of sites initially occupied by Na and Ca” .
3. Binary ion exchange coupled with complexation in thévpresence of a
single supporting electroi&te.
4. Binary ion exchange coupled with complexation and water dissociation .
in the presence of a single supporting electrolyte.
5. Ternary exchange coupled with complexation and water dissociation.
. s i . + 2+
In Table 1 are listed the initial concentrations of Na and Ca .
As noted before, the initial concentration of Sr2 is always ' assumed to be .

0-12 M. Also included in the table is the total amount of Sr2+ at the

1
boundary determined from the solubility constraint. The reactions (Table 2)
included in each case are also indicated in Table 1, as well as distribution J

. . 2+ + .
coefficients for both Sr and Na calculated from initial concentrations,

kD i and from boundary concentrations kD b Table 2 shows that kD values
’ ’ .

s e . 2+
can vary significantly across the front where the concentration of Sr

changes from its boundary to its initial value. .
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Figures 2a through 2d are graphs of the aqueous concentration of Sr2+

as a function of distance. These figures illustrate the effects of different
values of concentrations of the NaCl suppbrting electrolyte on Sr2+ transport.
Reactions 1 and 2 (Table 2) are considered. It is obvious from the fig-

ures that the.higher the NaCl concentration, theIIOWer the degree of Sr2+
sorption.

Macroscopically the tendency of an ion to be sorbed depends on its
cmmeﬂminmemmwsmuemhd%tomemmuuumndom&
sorbable ions, the selectivity of the sorptive subétréte for an ion relative
to other ions, and the number of sites on the sorptive substrate. Given
similar concentrations of sérbablé ions in the aqueous phase, the selectivi;yw
of'Sr2+ is higher than the selectivity of Na+. However, as the concentratiéﬂ
of Na+ is increased, the enhanced selectivity for Sr2+ is outweighed by the
Na+ concentration effect and the distribution coefficient of Sr2+ decreases.

As the concentration of Na+ is decreased relative to that of Sr2+ a
very intefesting phenomenon occurs. The amount of Na+ diSplaced from the
clay by Sr2+ increases across the sharp front:depicted in Figures 2a through
2d. The enhanced Na+ concentration propagates downstream togetﬁer with a
depleted Srz* concentratioh resulting in a “enhanced concentration effecf"
wherein low levels of Sr2+ are mobilized well beyond the region of the
sharp front.

Figure 2b #hows this effect when the initial background level of Na©
is 1 x 10-4 M. This effect increases significantly as the Na+'1evel is
decreased to 7 x 10-5 M (Figure 2c) and to 3 x 10-5 M (Figure 2d). The

2+ . , .
Sr ion transits ahead of the steep front at a slightly higher level than
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its initial concentration in the supporting electrolyte and can propagate to
significant distances ahead of the front. In Figures 2d and 3 the aqueous
concentration of Sr2+ is plotted as a function of distance at 10 years
and at 20 years respectively. It is evident that concentration levels an .
order of magnitude higher than the initial concentration occur far downstream
from the location of the base of the sharp front.
Groundwaters generally contain several cations other than sodium which
compete with strontium and with each other for exchange sites. To examine
the effects of this phenomenon a third cation, calcium, was added to the
supporting electrolyte mixture in amounts consistent wifh its occurrence
in natural ground waters (Table 1),
Figures 4a and 4b illustrate the effects of adding a thi;d sorbable ion
to the aqueous system. The reactions 1, 2, and 3 (Table 2) are pértinent.
(Note that each of these reaction§ involve aqueous and sorbed hydrogen ions;
equilibrium éonstants for exchange reactions between the other cations, Na+,
Sr2+, and Ca2+, are computed by combining appropriate pairs of these reac-
tions; therefore, the concentrations of aqueous and sorbed hydrogen ions
cancél oﬁt of the computations).
Table 1 also shows that calculated kD's have been reduced from the case
where Ca2+ is not included in the ground water. For 10,-"3 M Na+, the boundary -
vais reduced from about 1900 to approximately 50 when a concentration of

3

10 °M Ca2+ is added to the ground water.

2+
When Ca is omitted from the supporting electrolyte, sorption of Sr
causes the strontium concentration in the aqueous phase to drop to its initial

-1 . .
value (10 2M) at a distance of 0.1 m after ten years. However, the addition



19

of 10-3 M Ca2+ lowers the degree of strontium sorption such that the aqueous

Sr2+ concentration remains above its initial value for a fﬁll meter after ten
years.

It is aléo interesting to note that, when both Na+ and Ca2+ are present
in the groundwater, the clay sites are largely occuéied by calcium. For a
groundwater coﬁtaining 10_4 M Na+ and 10-.5 M Ca?+, Ca2+.occupies.about
160 sites to every one site occupied by Na+. Therefore when'Sr2+ is sorbed,
Ca2+ is the ion which is principally displaced (see Figure 4b). This increase
in the aqueous phase concentration of Ca2+ leads again to the enhanced concen-
tration effect observed in the case of binary exchange (Figurgs 2 and 3). The
depleted level of Sr2+ must now compete with an increased Ca2+ concentration'”
downstream, resulting in Sr2+ transiting ahead of the steep front.

The ions in the aqueous phase can also form complexes. It is possible
for a radionuclide to propagate downstream from the canister as a complex
to much greater distances and at much greater rates than would the bare ion,
especially if that complex is uncharged or is negatively charéed. To illus-
trate the effects of complexation, equilibrium complexation constants'fo:
Srcog and Nacos~were added to the data base. Activity coefficients of solute
species were calculated using the Davies equation. Figure 5abis a plot of the
concentratibns of bare ions (Sr2+ and Na+) in the aqueoﬁs phése as a funétion
of distance after five years for the binary ion exchange case with the complexes
Srcog and NaCO; fbrming,in the aqueous phase (reactions 1, 2, 4, 6 of
Table 2). Concentrations of the complexes (Srcog and NaCO;) are plotted
in Figure 5b as a function of distance. The relative concentrations of these

particular complexes are not particularly high. However, the effect of com-

plexation on the transport of strontium is evident in Figure S5b where a low,
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broad front of the strontium complex exists far in advance of thé relatively
sharp front of the bare ion, Sr2+ (Figure 5a). The magnitude of the enhanced
concentration effect due to complexation is certainly trivial in this system;
however, ceftain other radionuclides can exist in highly complexed states,
e.g., the actinides. In such highly complexed systems this effect may signifi-
cantly effect the migration of radicnuclides.

Inclusion of the dissociation of water can have significant effects on

, H_CO%,

the mobility of various solute species. Complexes such as HCO3 2

SrOHc,.Naﬂcog and NaOH® can be included in the model. The formation of
these complexes affects the hydrogen ion balance (pH) in the aqueous phase
which, in turn, affects the solubilities of radionuclide-bearing solids,
their kinetics of dissolution, and the hydrogen'ion concentration on exchange.
siteses
Figures 6a and 6b illustrate the effects of both dissociation of water
and complexation on the transporf of strontium (reactions l; 2, 4-7 wvere
modeled). One effect isvthat a pH of approximately 10 is maintained near
thé boundary despite the fact that the initial pH was varied from 6 to 1l0.
This buffering effect is principally due to the strontianite activity pro-
duct constraint coupled with the dissociation of water. It is an effect of
fundamental importance, since it suggests that the toxic waste form
can control certain facets of its surrounding chemical environment.
Accounting for the dissociation of water also allows the solution PH
to vary as a function of transport distance. Therefore, the amounts of OH
and cog' available for complexation also vary in a realistic manner, affect-
ing the amount of these species available for complexation with strontium

(Figure 6b). The effect of varying pH on the mobility of strontium is
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negligible in this system since strontium is never strongly complexed
but the effect of pH variation on the mobility of the actinides could well
be significant. |

Figures 7a and 7b show concentrations of bare ions and complexes respec-
tively as a function of distance after five years for a more complex case:
a ternary ion exchange process with an incréased number of comélexes. All
reactions in Table 2 were used for this case. Again, the pH near the waste
canister is buffered and remains approximately 10. The strontium is.trans-
ported farther downstream in this case because of the présence of the calcium

ion.
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SUMMARY AND CONCLUSIONS

CHEMTRN, a transport model which accounts for most chemical processes
common to hydrochemical systems, has been developed and applied to a
hypothetical study of contaminant transport.4 CHEMTRN provides for com-
Plexation in the agqueous phase and treats sorption as an equilibrium ion
exchange process. The ion exchange algorithm spgcifies a constant finite
surficial density of'exchange_sites.and aécounts for. competition among
different cationic species for occupancy of those sites. CHEMTRN also
inclﬁdes algorithms describing the dissociation of wa;er and the nonideality
of both solvent and solute species,

Several calculations were made with CHEMTRN in order to determine the
necessity for inclusion of specific chemical processes in this and other
models used to predict contaminant transport. The hyéotheticél waste
disposal system consisted of a strontianite waste source surrounded by a
water-saturated porous backfill composed of montmorillonite,

From the results of these calculations, several conclusions can be drawn:

1. When the concentration of a positively charged radionuclide such as.

sr2t jg extremely small, relative to the concentration of the sup-
porting -electrolyte (e;g.; NaCl), the transport of the trace cation
can be simulated adequately with a transport model based on a
constant distribution coefficient (kD). However, the distribu-
tion coefficient should be measured or calculated in a manner
designed to duplicate exactly the situation expected to exist in
the near-canister region at the time of loss of canister integrity.
In addition, it should be noted that the definition of "trace" for

each cation of interest should be determined experimentally.
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When the concentration of the radionuclide is comparable to the con-
centratién of the supporting electrolyte, a constant distribution
coefficient model is inadequate to simulate the mass transport pro-
cesse This fact is evidenced by the orders of magnitude difference
in the value of the distribﬁtion coefficient calculated to exist
écross the propagating front.

Migration of a non-trace radionuc¢lide far forward of iﬁs sharp

front was found to occur when surface site constraints were account-
ed for in the model. This phenomenon is not adequately accounted
for in models which employ constant distribution coefficients.

When the scope of the model was brdadened to account for competition
for a fixed number of surface sites by more than two species; a

significantly greater degree of mobility of strontium was noted.

Incorporation of aqueous complexation in the model does not signifi-

cantly enhance the mobility of strontium, but the calculation does

" serve to illustrate qualitatively the importance of such phenomena.

Other radionuclides such as the actinides'will be strongly complexed
in groundgater to the point that only a minimal fraction of the
element may exist as positively chafged species (Langmuir, 1978).
Thérefore} the incorporation of gomplexation-phenomena in models of
radionuclide transport appears a necessity for these radionuclides.
Allowihg water to dissociate resulted in profound effécts on'thé‘
chemistry of the system. The dissociation of water coupled with
boundary sblubility constraint buffered the pH of the groundwater
near the waste form at a value of 10, regardless of the value of the

PH of groundwater. 1In addition, the inclusion of the dissociation
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of water allows pH to vary along the transpott path. This, in turn,
causes changes in both the saturation state of the system and in

the amount and type of radionuclide complexes.,

In the future CHEMTRN will be modified in order to account for chemical
precipitation phenomena. 1In addition a model of sorption which includes sur-
face ionization and complekation will also be provided as an alternative to
the existing ion exchange model. This option will provide a more realistic
treatment of earth materials whose surficial site density is not constant,

but is a function of pH.
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Appendix 1

An example is given below to illustrate the use of (1) = (29).

The particular system chosen has Na+, Sr2+, Ht, CO%“, Cl™, OH as

basis species. These species can react to give Srcog, SroH*, NaOH®,

NaCOE, NaHCO09, HCO3, and Hzcog as the principal complexes. Given

the equilibrium coefficients for each of these reactions, seven

equations of the form (3) can be written. For example, the reaction

2- z H_Co®

2H++C03 5038

gives the equation

H_CO -
o 273
KH co = o (a1)

2
2 3 (YH+ mH+) (Ycog- mCO§->

The activity coefficient, YH2CQ3, is equal to one since the valence is
zero. The activity coefficients of H' and CO%’are determined from(4)
given the ionic strength of the aqueous phase. The ionic strength of

this system is calculated from

1
I-= —-(m + +dm_ o + mo o 4+ 4m 2=--4+m
2 \ Na Sr vt coy Cl (A2)

tMou- t mNaco; * Moront * mHCOS) .

The porous material is assumed to have a negative charge so that
the only species which can sorb by an ion exchange process are Nat,
Srz*, H* and srou*. 1Ion exchange equilibrium constants for the reaction =
of Nat and sr2?t exchanging with HY are available (Benson, 1980); however,
data for SrOHt is not available. Therefore only Na*, sr?* and H* are

assumed to sorb.
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For the reaction

Nat(aq) + H 2 Ng + HY(aq)

we can write

: , e (mNa"'/mT) (YH“' mn*) _ (a3)
- " (YNa"' mNa"’) <mH+/ mT)
where My, = My + + My + Mg 240 When the exchanging ions have the same valence,

the term ET cancels out. For the three exchanging species, only two equations

of the form A3 are availablé. However, the total number of sites is assumed

to be constant so

N, = mg+ + o 2+ + M . (A4)

Transport equations for the change in the total concentration of

each of the basis species at a point can be written:

L (wSr) 5T Psr =9 (AS5)

where me. is the total concentration of strontium in the aqueous

phase and is given by m +m o+ The concentrations
. SrCO3

of the complexes are written as functions of the bare ion concentra-

+ m
sre+ Ssrou*

tions. For example from (A1), the concentration of H,CO3 is calculated

to be

. 2 m . ‘
. : m,. = K, -<Y + m +> <y 2- 2-) (A6)
H 2co 3 H 2co 3\ 'H H co 3 co 3

and is a function of Mo 24r etc. as well as a function of m and

ou~’

mcoif. The activity coefficients are a function of the ionic strength

which in turn is a function of all charged species (A2). Each of the

complex concentrations can be written in a similar manner to (A6).
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In addition, the sorbed ion concentrations, 55' can be written as
functions of bare ion concentrations. First it is possible to write

- - ) - e -
m. 2+ and M gt 0 terms of mo+ and the my‘s. For meat’ ¥e have

5 - 3
X m , m (A7)
- _ Na Ht YNa+ Nat
Nat Y+ Byt -

using (A3). After solving for ESr2+' and substituting into (A4), an

equation for EH+ results in

= = (a8)
- @ m K @ m
- . Sr H+ Ysr2+ Sr2+ Na H+ YNa'l' Na+
- N = m + 2 + o
s H* 4 Yt Pt Yt Pyt
If the derivatives of Mey andvmj are replaced by %:(amci/amz)dm%
and 2:(aﬁj/am£) dmz, as in (22) then the transport equations can be expressed
£
in terms of mj's only. For example
om Y on 2
H_CO et co
2773 2 2 H 1 3
. " Mmoo, |mgt L - (29)
H* 273 \"'gt Yt ot Yeo2- H¥
3
om . o 2-
H,CO3 1 dymt 1 Tco3
— = m = + = (a10) .
Mgr2+ 2703\ Yu+ Mgr2+ Yeof sr2+
and
om Y Y oY
HCOT 2-
3 _ . UL A i HCO3
Myt HCOZ \ P+ Y+ Mg+ Vo2 9mpy hcoy *™u /An) N
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The derivative BYH co /amj is not included because YH co = 1.
2773 2 3

The term ayH¥/amH+ = =ygt (8G/3I) (3I/3dmy+) where

g 1 / +
I 2 (1 "Hco3 / mﬂ*')
- amH+ 1+ 1 3¢ 4 m +4m - m +
.2 oI NaCOE HCO; SrOH

An example of the expressions for aﬁz/amj is

Paat | Dxat Twt . Pnat 3e a1 i s 2
amH+ ' Ns e+ Ns oI 8mH+ Sr

- mNa+.< D+ T2 mg 24+ 3G 2l ><_2;‘ 2+>

and - _ -2 _ v
oM+ Tt Twt . Tt ose ar =
om. + M Ng m+ Ng oI 8mH+ Sr
_ Tyt [ma*‘ _ o imsv 56 a1 [ 2z 2 {l
Ng | Ng m o+ N oI 3mH+ Sr
and - - - -
Ter2t T Tt Mer2t w9 a1 - -

-er2+ 2 mH+ . (2 mH+ + 2 m“Na"’) 9G9I <mn+ + mNa+>
Ng Ng m 4 Ng 81 dm4

The terms ﬁj have already been expressed in terms of the mj's.v

- These derivatives can then be substituted into equations of the

form A5. The space derivatives are then finite differenced restlting

in a set of ODE's.

(R12)

(A13)

(A14)
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Table 2. Chemical reactions and log K values at 25 C.

Reaction

Log K
’ Ion exchange *
.- 1. Na' + ® = B + Na -0.176
2. st 4 & =5 4+ st -0.176
3. ica®t + & =8+ Ca, -0.181
Complexation * *
a. st 4 cog' = sxco] - 3.0
5. sr2t 4+ on = SroH' 0.799
6. Na' + CO2 = Naco; 0.960
7. Na' + H 4 col = NaHCO] 10.08
8. Na' + OH = Naou® ' -0.213
9. H' + col” =HCO, 10.3
+ 2~ (e] )
lo. 26" + col = H,C0] 16.7
1. ca’t 4 cog' = Cacog ' 3.15
12. cat + 5t + cog' = Canco; | o 11.33
13. ca?t + ou~ = caon’ | 1.32
Dissociation of water
- 4. H,0 =5 +o08 -13.99
= v Dissolution of strontianite
15. sfco3(s) =sr?t 4 co?” -9.25

3

* (Benson, 1980)
** (Benson and Teague, 1980)

e
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FIGURE CAPTIONS

Transport of sr2+ through a porous clay 1llustrat1ng the effect of
sorption on radionuclide moblllty.

Transport of sr2+ in background solution of 10"3 M NaCl including
sorption on clay; concentration of Nat is also plotted.

Transport of Sr2t in background solution of 10~4 M NaCl including
sorption on clay; concentration of Nat is also plotted.

Transport of sr2* in background solutlon of 7 x 10~3 M NaCl including
sorption on clay; concentration of Nat is also plotted.

Transport of sr2* in background solution of 3 x 10™3 M NaCl after

10 years including sorption on clay; concentration of Nat is also
plotted.

Transport of Srzf in background solution of 3 x-10"° M NaCl including
sorption on clay after 20 years; concentration of Nat is also plotted.

Transport of Sr2+ in background solution of 10~3 M NaCl and 10~3 M
CaCl including sorptlon on clay; concentrations of Na+ and Ca?t are
also plotted°

Transport of sr2+ in background solution of 1074 M NaCl and 1075 M CaCl,

including sorption on clay; concentrations of Nat and Ca?t are also
plotted.

Transport of Srét in background solution of 10~3 M NaCl including
complexation and sorption; concentrations of Nat and CO%‘ are
also plotted :

Transport of complexes corresponding to Figure 5a.

Transport of .Sr2+ in background solution of 10™3 M NaCl including
complexation, water dissociation, and sorption; concentrations of Nat,
HY, CO%‘ and OH™ 'are-also plotted.

Transport of complexes corresponding to Figure 6a. -~

Transport of sr2* in. background solution of 10~3 M NaCl and 1073 M CaC12
including complexatlon, water dissociation and sorption. =

Transport of complexes corresponding to Figure 7a.
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Figure 7b
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