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3.2.6 Task 6: Site-Scale Flow and Transport Modeling
3.2.6.1 Objectives

This task has three main objectives. The first is to evaluate the applicability of the SUFLAT
methodology to simulate groundwater flow processes (e.g., vapor-phase transport, geothermal and diurnal
thermal gradients, etc.) considered plausible at the YM site. As a result of this evaluation, the
methodology may be enhanced, as appropriate. After all possible modifications have been implemented,
a number of sensitivity studies will be conducted in order to study the future hydrologic behavior of YM
under different rates of infiltration and evapotranspiration. The second is to investigate the different
transport behavior of various alternative models of coupled flow and transport (e.g., discrete fracture,
equivalent versus stochastic continuum versus dual-porosity, conservative versus reactive transport). The
third is to investigate the role of heterogeneities in creating and amplifying preferential flow paths
resulting from elevated temperatures around the repository.

3.2.6.2 Justification

To perform a critical license application review, the NRC staff needs an assessment of the
groundwater flow and transport processes considered plausible at the YM site. Coupling multiphase water
movement, heat transfer, and gas flow models with stochastic and/or geostatistical models will allow a
critical evaluation of these processes under parameter uncertainty. The synergistic effects of coupling
complex flow and transport processes with heterogeneous properties may be profound and currently are
not well understood.

3.2.6.3 Task Description

Task 6 will have a four year duration and comprises the following activities.
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OBIECTIVE

Reactive transport simulations for the YM or ALTS will be conducted, accounting for
geochemical interactions such as aqueous speciation, sorption, and mineral precipitation/dissolution
reactions. The calculations will make use of flow fields established in Subtask 6.1. 1D simulations will
be carried out along streamlines in the flow fields. It is proposed to use the code GEM (and possibly
MPATH) for the reactive transport calculations. Currently both GEM and MPATH apply to fully
saturated conditions and will need to be modified for unsaturated flow. The code GEM provides for
advective/diffusive and dispersive transport in a single spatial dimension. It accounts for a variety of
chemical reactions including aqueous speciation, mineral precipitation/dissolution, sorption, and
electrochemical migration. In its present form, however, the solvent water is presumed to be in abundance
and is not explicitly considered. The fluid velocity is set by an external parameter and is held constant.
Modifications to GEM necessary for carrying out this task include adding Darcy’s law for fluid transport
and constitutive relations, such as the van Genuchten relationships, describing partially saturated porous
media. In addition, it will be necessary to add a two-phase fluid flow component to model vapor
transport. These modifications will be an activity shared between this project and the EBS element, with
most of ﬂ}me}elopmental work being conducted under the auspices of the EBS element. :
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2. Sub-Regional Hydrology Processes: Site-Scale Flow & Transporf
Modeling

Account Number: 20-5704-176
Collaborators: Ross Bagtzoglou

Objective: The purpose of this work is to modify the code GEM to include partially
saturated porous media.

Date Entry

@ Kp’ss WHAT DO THEY MEAN AND WHEN CAN WE USE THEM?

Notes on Retardation and Reactive Transport

ABSTRACT

The question of the use of Kp's is analyzed from the point of view of reactive
mass transport. Specifically the question of when a constant retardation factor
can be used in modeling is discussed. The question of charge balance is discussed
in regard to surface complexation models.

INTRODUCTION

Several difficulties arise when combining batch calculations of distribution coef-
ficients with reactive transport. The batch value corresponds to the local value
within a REV. It may or may not be constant.

CONCENTRATION VARIABLES

Concentration variables are defined for a single REV. Each REV is characterized
by the pore volume V, and solid volume V, with

V=V, +V. (2-5)

[2-1]
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In addition mole numbers for the jth aqueous and adsorbed species, n;, 7j, Z-éj =W (2-18)
respectively, define the composition of the aqueous and solid phases. In terms i
of these quantities the following quantities can be defined: _
n; T, = G (2-19)
aqueous concentration: C; = 7’, (2-6) 7 3o kiCs
P
L= Ty ) -
sorbed concentration: C; = v 3 (2-7) KD - G wk; (2-20)
o coooep_ W _m V.V, Gy ) i T %0 T S kiC -
distribution coefficient: K" = n SV VG T eC (2-8)
cation exchange capacity: Qu = 2= = fee. V.. Yo T MASS TRANSPORT EQUATIONS
Msolid V V, meig ps(l—9)
(2-9)
- - ms, My Violid _ a o 9J; __ )
bulk density: puk = 77 = g~ = p(l=9), (210) 59Ci + 5. ;I,,, (2-21)
|
. where the total number of moles of sorbed sites equal to oc
| 4 SE=Y I (2-22)
ee = 327, (2-11) i
i Alternatively
a — aJ;
T = (1~9)psQec, (2-12) 57 [9Ci+Cil + 5 = (2-23)
and 0 aJ
—[p(1+KP)C]+=L = 0. (2-24)
Pobulk = (1_¢)ps- (2-13) ot [ ( J ) ]] oz
9 eric)+2% = o (2-25)
MONO VALENT EXCHANGE att TN T g T
- where the retardation factor R; is defined by
:4-,'+.A'_\A,'+:Z' Iy 2-14
a 1y (214 R; = 1+KP. (2-26)
Ky = g_‘ . & (2-15) An alternative definition of the distribution coeflicient is
i i
gp _ T/ms _ Vo VW 4 po (2-27)
k; Tooni/Ve Vome ny o e
K; = 2. (2-16)
k; With this definition the retardation factor becomes
__ O _ Pbulk =p
C] — 'I;;JC]C' (2_17) Rj = 1+—¢-—Kj . (2-28)

[2-3]
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The transport equation may be rewritten in the form

03] oJE OlnR; J.0lnR,
Tiec+ 25 L sc i 2 i
5t POt G O e = O (2-29)
where J]R refers to the retarded flux defined as
J; D aC v
JE = L - 2L 0. .
f R, ¢Rj e + RjC]. (2-30)

Alteration of MINTEQ to printout Kd’s directly.

MINTEQ was altered to directly printout Kd’s, both in dimensionless form and
in the standard units of mL/g. The results for uranium sorption on goethite is

, shown below in Figure 2-3. The calculations were compared with and without

CONC/KD

carbonate species present.

URANIUM-GOETHITE SORPTION

rrTrrrirrrirrrrrirrrrTd

Figure 2-3: Sorption of uranium on goethite.

The upper solid curve corresponds to the retardation without carbonate species
present and the upper dashed curve with carbonate species. The lower curves

correspond to the concentrations of various uranium-bearing carbonate species.
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The input file used in the calculation is listed below which includes carbonate

_species.

U(VI)-Goethite Sorption; Hsi and Langmuir (1985); No C02; U(VI)=iE-5
DLM; XQUD2(OH)2-; 12/17/92 CNWRA database

25.00 molal 0.000 0.00000e-01

0010000011153

activity 330 99

0.1
hsiugoed.xyp 893 8931400 8931401 8931402 8931404
4 1 7
1.000E+00 50.00 0.000 0.000 81
330 0.000E-03 =-2.00y JH+1
813 0.000E-01 0.00 y /ADS1PSIo
811 1.918E-04 -3.72y /ADS1TYPL
140 1.000E-03 =3.72y /€03-2
893 1.000E~06 -5.00y /U02+2
500 1.000E-01 ~1.00y /Na+1
492 1.000E-0t ~1.00y /N03-1
3 1
330 2.0000 0.0000 /H+1
6 1
813 0.0000 0.0000 /ADS1PSIo
2 3
8113300 X0- 0.0000 -9.1700 0.000 0.000 0.00 0.00 0.00 0.0000

0.00 3 1.000 8t1 =~1.000 330 -1.000 813 0.000 O 0.000 0 0.000 O
0.000 0 0.000 ©0 0.000 0 0.000 O 0.000 0 0.000 O

0 0.000 0 0.000 O 0.000 O

8113301 XOH2+ 0.0000 7.3600 0.000 0.000 0.00 0.00 0.00 0.0000
0.00 3 1.000 811 1.000 330 1.000813 0.000 O 0.000 O 0.000 O
0.000 0 0.000 O 0,000 0 0.000 O 0.000 0 0.000 O

0 0.000 0 0.000 0 0.000 O

8118930 XOUD2(0H)2- 0.0000 -10.1900 0.000 0.000 0.00 0.00 0.00 0.0000
0.00 5 1.000 811 1.000 893 2.000 2 =-3.000 330 -1.000 813 0.000 O
0.000 0 0.000 O 0,000 0 0.000 0 0.000 0 0.000 O

0 0.000 0 0.000 O 0.000 O

COMBINING SURFACE COMPLEXATION MODELS WITH MASS
TRANSPORT

INTRODUCTION

Of fundamental concern to evaluating the suitability of Yucca Mountain, Nevada,
as a potential repository for high-level nuclear waste (HLW) is the possibility of
release of radionuclides from the waste package and their migration to the ac-
cessible environment as dissolved constituents in groundwater. One important

25
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mechanism for retarding radionuclide migration is sorption on mineral surfaces.
This contribution discusses some of the complications that result from com-
bining sorption reactions with a time-space description of solute transport by
advection, diffusion and dispersion coupled to homogeneous aqueous reactions

and heterogeneous mineral precipitation/dissolution reactions.

Several sorption models are currently in use including ion-exchange and surface
complexation models. Surface complexation models have been used to model
sorption of metal ions and ligands over a wide range of chemical conditions.
The more sophisticated formulations of surface complexation models provide
for incorporation of the electric double layer. These models are based on the
hypothesized formation of surface complexes at the mineral-solution interface
analogous to the formation of aqueous complexes. Because of the difficulty in
identifying species complexes on mineral surfaces, surface complexes generally

serve more as fit parameters than as actual physical species.

A fundamental difficulty which arises when combining surface complexation
models with mass transport is maintaining electric neutrality in the aqueous
solution. Although in a closed static system electroneutrality is maintained, in
an open system involving diffusive and advective transport an aqueous solution
that is initially electrically neutral may not remain so as the system evolves in
time. This effect of charge imbalance does not occur with ion-exchange models
because for each ion sorbed, an equal amount of charge is desorbed and released
into solution. Hence the aqueous solution always remains electrically neutral.
This need not be the case, however, with surface complexation models. The
cause of charge imbalance in these models results from the variable number of

occupied surface sites which in general changes with time and distance.

APPLICATION OF SURFACE COMPLEXATION MOD-
ELS TO SORPTION OF NP+ AND U®

The geochemical speciation code MINTEQA2 (Allison et al., 1991) has been
developed to implement several different types of surface complexation models.
Based on the assumed analogy between reactions at the mineral-water interface
and aqueous complexation reactions in the bulk solution, MINTEQAZ2 uses mass

action and mass balance constraints to calculate the distribution of a given con-

.

[2-6]
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N SS— goethite.

taminant between the sorbed and aqueous phases. For the purposes of HLW dis-
posal, the MINTEQA2 thermodynamic database has been modified at CNWRA
to include equilibrium constants for actinides and other radionuclides (Turner,
1993). Surface complexation model parameters, determined based on batch sorp-
tion experimental data, are also available for a number of radionuclide-mineral
systems (Turner, 1995). Qutput format from MINTEQA2 was modified slightly
to directly compute and print sorption in terms of the linear sorption coeffi-
cient (Ky in mL/g) that is commonly used in performance assessment transport
calculations.

MINTEQA?2 was used to calculate sorption of U+ and Np®* on goethite in
a batch system over a range in pH. The Diffuse-Layer surface complexation
model was used (Allison et al., 1991), and the assumed surface reactions and
their binding constants are given in Table 1. Other model conditions are given
in Table 2. In this preliminary analysis, the complete groundwater chemistry
at Yucca Mountain is not considered, but a relatively dilute system has been
assumed, similar to the ionic strength of water from well J-13. The results
for the batch distribution coefficients for uranium and neptunium are shown in
Figure 1 plotted as a function of pH ranging from 2 to 12. For both actinide-
goethite systems, sorption is strongly affected by pH, increasing with increasing
pH to a maximum, and then declining slightly at higher pH. For the Us+-
goethite system, the sorption maximum is reached at pH 6 to 7, while the
calculated sorption maximum for Np®*-goethite is at a higher pH (9 to 10).
Over most of the pH range considered, sorption on goethite is typicaily several
orders of magnitude greater for Ut as compared to Np®*. Calculated US*-
goethite sorption is also more strongly affected by pH, with K, increasing by
about 9 orders of magnitude from pH 2 to 7, as compared to a 5 order of
magnitude increase in the K, for Np®*—goethite.

Surface complexation reactions for sorption of uranium and neptunium on

reaction Log K

SFeOH + Ht =  >FeOHj 9.17

>FeOH — HY = >FeO~ -7.35

>FeOH + UO2+ + 2H,0 —3H* =&  >FeOUO,(OH); 10.19
>FeOH + NpO2 =  >FeOHNpOso+ 5.21

Woie
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Table 2-3: Model Conditions

solid concentration 1g/L Radlonuclide Sorption on Goethite
site density 2.31 sites/nm? fosd
=0 m2
surface area 50 m?/g 1046 | 2N
total site concentration 1.918 x 10~* moles sites/L U(Vl)-Goethits
ionic strength 0.001 M NaCl Tesdr '
total US+, Np5+ 107" M 3
pH 2-12 ‘Eé tes2 Np(V)-Gosthite
le+0
The introduction of carbon into a batch system has been shown by experiment
to reduce actinide sorption at higher pH (e.g., Hsi and Langmuir, 1985). The le2 T Gra00M
current modeling also predicts reduced actinide sorption in the presence of car- N CT'O'.om M

bonate. The conceptual model used here does not invoke the formation of any
actinide-carbonate surface complexes (Table 1), and relies on the formation of
aqueous actinide complexes with carbonate over much of the pH range con-
sidered to effectively compete with the mineral surface. For the UT—goethite
system, the formation of strong uranyl-carbonate complexes (Figure 2a) reduces
the predicted Ky by about an order of magnitude over much of the pH range
(about 4 to 10). As the uranyl carbonate species decrease at higher pH (>10.3)
relative to the more hydrolyzed uranyl species UOy(OH)s and UOo(OH)3™, the T

Figure 2-4: Logarithm of the distribution coefficient for sorption of uranium and
neptunium on goethite plotted as a function of pH with (dashed curve) and without
(solid curve) CO, present.

. . U{VI) Speciation iati
predicted sorption for carbon-free and carbonate systems converge. Calculated @ vhSe ®  Np(V) Speciation
) o ) 106 . . : . 106 ,
sorption for Np5+-goethite is also reduced in the presence of carbon, but by much uaz?' UVlr=107M NpOgo+ NpO2COg™
less than for the US*—goethite system. This is due to the lack of a strong Np°*- = 1 UOKOH)s™ | =~ 108 / ]
carbonate complex (Figure 2b). For example, the concentration of NpO2CO3 E é
.. . . . - = NpO20H0
does not become significant until a relatively high pH, and only becomes a dom- 5 1e10yp g te-10r p-e N
inant aqueous species over a relatively narrow pH range (9 to 10). As can be g g
. . 1612}, L
seen from the figures the K, predicted from the surface complexation model is g 12 2 te-12 3
. . o, . o N Co 3
highly dependent on the solution composition. % o4k ?g 114V PORCOd ]
3 3
& &
le-16 le-16
Np(V}r = 10-"M
16-18 : : : . 1618 : ; ‘ '
2 4 8 8 10 12 2 4 & 8 10 12
pH pH

Figure 2-5: Logarithm of the concentration of selected (a) uranium- and (b)
neptunium-bearing species plotted as a function of pH.

S 2->8
\x\\\"\ [2-8] 29
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COMBINING SORPTION REACTIONS WITH MASS
TRANSPORT

Incorporating sorption reactions in mass transport equations leads to the spa-
tial separation of different solute species resulting from their relatative affinity to
the sorbate known as chromatography. Sorption fronts may be self-sharpening
or self-broading depending on the shape of the sorption isotherm. An added
complication is caused by the changing number and types of surface sites as
minerals dissolve and precipitate. Surface site concentrations are inextricably
tied to mineral abundances. An intrinsic surface area, usually expressed in m?
g~! or m? mol™!, can be associated with each mineral. The surface contains a
known site density expressed as moles of sites per meter squared. Then know-
ing the concentration of each mineral the site concentration can be computed.
Multisite surface complexation reactions may be formulated as follows

N
Xm + D TRA; AT, (2-31)
i=1

where ¥, denotes the neutral surface site associated with the mth mineral, 77}
refers to the stoichiometric coefficients, and Z:" the 7th adsorbed surface species
on the mth mineral site. In what follows an overscore is used to designate quanti-
ties referred to the mineral surface. Examples of these reactions are presented in
Table 2-2 for sorption of uranium and neptunium on goethite with A, identified
with >FeOUO,(OH); and >FeOUO,(OH);, and ¥,, with >FeOH.

The number of surface sites corresponding to the mth mineral is given by the
equation

C, = Cx,+Y Ci. (2-32)

The total number of available surface sites is related to intrinsic properties of
the particular mineral and proportional to the amount of mineral present. By
considering a representative elemental volume (REV) containing n,, moles of
the mth mineral with surface area A,, and volume V,,, and BT moles of surface
sites, it follows that

—m m Tt An i, Vi A,
cr o= L - T Anin = D hm oy 2-33
VREV Am Nn Vin VRev Vi ¢ (2-33)

\@N\ [2-10]
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where C™ denotes the concentration of available sorption sites per unit volume
Vagy of bulk porous medium, 7., refers to the site density in units of moles
of sites m~2, V,, represents the molar volume, and A,, represents the intrinsic
surface area in m? mol~!. Note that according to this expression the site con-
centration is proportional to the instantaneous mineral concentration V;lgém.
Thus no allowance is made for covering already occupied sites by a precipitation
layer, for example. In addition as a mineral dissolves surface sites are replaced
by new ones, it is assumed that the dissolution process is slow to the rate of ad-
sorption and the new sites are instantaneously occupied by sorbing ions. Similar
transport equations hold for the multisite case as compared with the single site
case formulated above, with an additional sum over the different sites occurring

in the primary species transport equations.

If in addition to sorption, mineral precipitation/dissolution reactions take place

described by the irreversible reactions
> VimAj & Ma, (2-34)
J

for mineral M,, with stoichiometric coefficients v;,, the mass transport equa-
tions referred to a porous medium with porosity ¢ have the following form (Licht-
ner, 1985):

0 =
5 ((}5\1’]) +V- Qj = - E I/jmlm - E l/jiI,', (2-35)
for the jth primary species,

oC, - 0Cy .
—_— =1, == =-)1I, 2-36
= = 1In o Z (2-36)
for the ith sorbed species and the concentration of empty surface sites. In these
equations ¥; refers to the total generalized concentration of the jth primary
species and Q; the generalized flux defined by (Lichtner, 1985)

\I/j = Cj+Zl/j,'C,', Q]- = J]'+ZVJ‘,'J,' = (—¢DV+U) ‘I’j, (2—37)

where C; denotes the concentration of the jth primary species and C; denotes the
concentration of the ith reversible aqueous complex with stoichiometric reaction
coefficients v;;, with J; the individual species flux, D the diffusion/dispersion

s [2-11]




14

P. C. Lichtner

Printed: November 8, 1995

SCIENTIFIC NOTEBOOK INITIALS: | §C=

coefficient assumed to be the same for all species, and fluid flow velocity v, C;
denotes the concentration of the ith surface complex, Cx denotes the concen-
tration of empty sites, I, refers to the rate of the mth mineral reaction, and T;
refers to the rate of the adsorption reaction. The total number of sorption sites

must be conserved by the transport equations.

CHARGE CONSERVATION

To investigate the ability of various sorption models to conserve charge when
combined with solute transport, two distinct models are considered: ion-exchange
and surface complexation. First a two-component system is considered involving
the sorption of Na* and Ca?*.

Ion-Exchange
Ion-exchange of Na* with Ca?* is described by the reaction
2XNa + Ca?* & X,Ca+2Nat, (2-38)

in which charge is conserved separately in both the aqueous and surface phases.
In this reaction X~ denotes a surface site. Representing the rate of the exchange

reaction by I, the following transport equations hold:
L[Na] = 21, L[Ca] = —I, (2-39)

for the aqueous species Nat and Ca?* with their corresponding concentrations
denoted by the square brackets [- -], where L denotes the differential operator

~ d 0 9?
L = 5t + 'U% - ¢Da—x2- (2-40)

In this siinple example possible aqueous complexing reactions are omitted. This
does not, however, affect the utility of the example regarding charge conserva-
tion. It follows immediately that for the ion-exchange reaction charge in the
aqueous solution is conserved. The total charge density in solution contributed

by cations is equal to

Q = [Na]+2[Ca). (2-41)

2
1

L))

H
:

——
T
-
r—)

:

P. C. Lichtner

Printed: November 8, 1995

SCIENTIFIC NOTEBOOK INITIALS: | ¥C®

e — i ————————

| SUTE—————

e —

WIS S

S

P,

W \«\\\"‘/\ [2-12]
\y

a

Electroneutrality is achieved by an equal and opposite contribution from anions.
Because the anion transport equations are not coupled to the cation transport
equations, in order for the solution to remain electrically neutral, both sets
of transport equations must conserve charge individually. Therefore only the
cations need be explicitly considered in what follows. It follows that

-~ ~

L£Q = L|Na]+2L[Ca] = 2Iy—21, = 0. (2-42)

As a consequence of this equation charge is conserved and the aqueous solution
will remain electrically neutral with increasing time if it is electrically neutral

initially.

Surface Complexation Model

For sorption models with a variable number of unoccupied sites, however, charge
is not in general conserved. Consider the following surface complexation reac-

tions:
X~ 4 Nat = XNa, 2X™ 4+ Ca?* = X,Ca, (2-43)

with rates In, and Ic,, respectively, where X~ denotes a negatively charge sur-
face site and XNa and X,Ca represent sorbed species. The mass transport

equations read:
L[Na] = —Ina, L[Ca] = —Ica. (2-44)
For the sorbed species and unoccupied sites
[XNa] = Ina, [XCa] = Ica, [X] = —Iva—21ca (2-45)
It follows that the total number of sitesis conserved, as they must:

wx = [X] +Ina+2Ic, = 0, with wx = [X] + [XN&] + 2 [cha,]
(2-46)

However, total charge within the aqueous solution is not conserved:
£Q = —Iyg—2Ica = [X]#0. (2-47)

Thus the nonconservation of charge in the surface complexation model is directly
related to the rate of change with time of the unoccupied site density.

2-13
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Multicomponent System

This result can be extended easily to the general case of a multicomponent
system. To demonstrate that the transport equations do not necessarily conserve
charge, first note that the primary species transport equations Eqn.(2-35) can be
simplified by eliminating the sorption reaction rates I;, yielding the equivalent
transport equations

5] —
T <¢‘I’j + ZZ‘.‘C’;) +V.Q; = - Z VimIm. (2-48)

The transport equation for conservation of charge can be derived by multiplying
these equations by the valence z; of the jth primary species and summing over
all primary species to give

0 -
5; <¢Q + Z Zjl/j,'C,‘) +V. QQ = 0, ' (2-49)
17
where the total charge in solution @ and current density g are defined by

= FY 2¥;, and QQ=FZZJ = (=¢DV +0v)Q.  (2-50)
i

The right hand side of Eqn.(2-49) vanishes because mineral precipitation /dissolution

reactions, as all chemical reactions, conserve charge. The second term in brack-
ets on the left-hand side of Eqn.(2-49) represents the total charge on the surface.
Referring to this quantity as Q it follows that

a = FZZ]‘T/—J','?,' = FZE,’@,‘. (2-51)
ji i
With this definition, Eqn.(2-49) can be expressed as
G} oQ <
5 (@Q)+V Qo = % (2-52)

Charge is conserved only if the right-hand side of this equation vanishes iden-
tically. However, surface charge alone is not conserved in surface complexation
models as it is in ion-exchange models. For example in the electric double layer
model, surface charge plus the charge contained within the diffuse layer is con-

served. This suggests that one way to correct for nonconservation of charge is

S —
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to include in the mass transport equations the contribution from nonspecific
adsorbed ions contained in the diffuse layer. For the simpler surface complexa-
tion models which do not explicitly include the double layer, there does appear
to be any way to conserve charge when these models are combined with solute

transport.

ELECTRIC DOUBLE LAYER MODEL

The deficiency in the surface complexation model to conserve charge when com-
bined with mass transport equations can be rectified by explicitly taking into
account in the mass conservation equations the electric double layer and the
contribution of nonspecific adsorbed ions in the diffuse layer.

The concentration of ions in the diffuse layer is presumed to be related to the
bulk concentration through the Boltzmann factor by the expression

Cil(z) = Cie~%F¥(@)/RT (2-53)

where C{' denotes the concentration of the ith species with valence z; within the
diffuse layer, the coordinate z represents the distance from the charged surface,
C; denotes the bulk concentration of the ith species, F denotes the Faraday
constant, 9 the electric double layer potential, R the gas constant, and 7" the
temperature. The concentration of adsorbed species is obtained from the mass

action equations corresponding to Eqn.(2-31) leading to the expression
N
[o H %CiPy)™ = K7 Cg, Py [T (3G, (2-54)

i=1 j=1

where C; denotes the bulk concentration of the jth primary species, and the

factor P, is given by the Boltzmann distribution
Py = e Fw/RT (2-35)
where 1 the electric double layer potential evaluated at the surface. The latter

expression is obtained noting that the valence associated the the ith adsorbed
species Z; is related to the valencies of the primary species by the equation

Zi = ZVJ','ZJ‘. (2'56)
i

[2-15]
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From the expression for the total number of surface sites corresponding to the —
. . . - where
mth mineral given by the equation .
—]
—m = — — —_— . - a _ m,dl emdl
C, = Cg, +>.C = Ty, {1 + S BT (7jcj)”f‘} L (257 —~ sud = Y |ecm + Z visC | (2-62)
i i j=1 3 " !
and the mass action equations, Eqn.(2-54), the sorption isotherms for the con- T The accumula.tlon term in the trans.port. equation for l?ulk solute species is as-
centration of empty sites and adsorbed species are given, respectively, by — sumed to consist of the sum of contributions from the diffuse layer, the so-called N
—m 3. N o nonspecifically adsorbed species, and the bulk solution itself. However, because
Cy. = — ?C s —, and C; = Cy K_‘_,I:O'ZHEIN(A/ Gy —. T species in the diffuse layer are not transported in the bulk solution, they give rise - ‘
1+ Y K, P} =1 (1 C5)7 1+3, Ky By Hj=1 (% Cy)" to an additional retardation effect beyond that given by the specifically adsorbed B
(2-58) species. —
SURFACE EXCESS CONCENTRATION With this form of the transport equations charge conservation is guaranteed. “1‘

Multiplying the transport equation for the jth primary species by the charge z;

In order to formulate a transport model which has the desirable property of

and summing over all primary species yields —

conserving charge, it is necessary to account for the concentration of ions within et 9 5 [
the diffuse layer. This can be accomplished by introducing the surface excess — % (PQ)+V - Qg = 5 [Q +F ¢Z 2j5‘1’?l} . (2-63)
concentration defined by (Borkovec and Westall, 1983) ) 7
o0 B Conservation of charge in the aqueous phase thus follows from conservation of S
I = /rd [C"m'dl(x) - Ci] dz, (2-59) T charge of adsorbed and nonspecifically adsorbed species in the diffuse layer which -

for the mth mineral surface. The surface excess concentration may be positive “-——ww requires that the following relation be satisfied identically
or negative. Referring to a REV, the excess concentration in the diffuse layer w_ o 0 = -F ¢Z 2 5@?1' (2-64) -
may be expressed as j

som™d §n_{" _ é?ﬁ Am N Vo Veev _ AT_¢m rm (2-60) D A This condition is simply the statement that surface charge is balanced by the

' Ve Am Nm Vi VRey  Vp Vm T T total charge contained within the diffuse layer.

where dn]® refers to the mole excess contained in the REV. The surface excess .
concentration in the diffuse layer may be positive or negative. RETARDATION
MASS TRANSPORT EQUATIONS INCLUDING NONSPECIFIC Retardation is influenced by the nonspecific sorption in the electric diffuse layer
ADSORBED IONS S as well as specific ion adsorption on the charged surface. The local distribution

coefficient giving the ratio of total concentration of adsorbed species including

Mass transport equations including the effects of adsorption and the contribution contributions from both the specific and nonspecific adsorbed species to the —

of nonspecific adsorbed ions in the diffuse layer have the form o aqueous concentration can be defined as
S
9 _ = | e | 7.0 + sudl
5 [¢ (T +608) + > 70| + le = = Vimln, (2-61) o KP = 2. 75iCi + 0057 ”J‘C\;’ % (2-65)
. 1 m j

W\;\\{(\ 2-16] I %\\W —
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Without taking the ions in the diffuse layer into account results in the distribu- —4 Lichtner, P. C. 1985. Continuum model for simultaneous chemical reactions
tion coefficient - and mass transport in hydrothermal systems. Geochimica et Cosmochimica
T.C. - Acta, 49: 779-800.
K:]_DO — Zz V]'C‘ . (2-66) i -
; —{ Turner, D.R. 1993. Mechanistic Approaches to Radionuclide Sorption Model-
The ratio of the distribution coefficients with and without the contribution from — ing. CNWRA 93-019. CNWRA, San Antonio, Texas.
nonspecific adsorbed ions is thus equal to _ Turner, D. R. 1995. A uniform approach to surface complexation modeling
Kb . 7,:C; + 604 sodl 1 of radionuclide sorption. CNWRA 95-001. San Antonio, TX: Center for
J —_ 1 [l _ 7 —_ l + J— . 2'67 ’ ST :
}C]DO Y. 7;:C; "‘—“‘—"Zi 70 ( ) ] B Nuclear Waste Regulatory Analyses.
The ratio is close to unity if the contribution from nonspecific adsorbed ions is el
small compared to the specifically adsorbed ions. However, in general, because S
dl o : D ; ; :
6T § may be positive or negative, IC]- may become negative or even vanish. -
CONCLUSION —
Combining sorption reactions with mineral precipitation/dissolution reactions : N
S T
adds new challenges to modeling reactive transport problems. Special attention :
needs to be given to the resulting transport equations to ensure that electroneu- B S
trality is maintained in the aqueous solution as the system evolves with time. a
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