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Colloid-facilitated tracer transport by steady random ground-water flow

V. Cvetkovic?
Division of Water Resources Engineering, Royal Institute of Technology, Stockholm, Sweden

(Received 28 October 1999; accepted 5 June 2000

We study the transport of reactive solute in a three-phase systater—solid matrix-colloidsin

natural porous media. Semianalyti¢mitegral)solutions are derived for the first time, which can be
used for computing expected concentration, mass flux, or discharge for the dissolved as well as for
colloid-bounded tracer. The results are based on a few simplifying assumptions:
advection-dominated transport, linear mass transfer reactions, and steady-state colloidal
concentration. Derived semianalytical expressions capture the main features of colloid-facilitated
transport(the reversible-equilibrium and irreversible-kinetic sorption of tracers on co)lcdsl are
applicable for the general class of linear sorption processes on the porous matrix. Derived solutions
account for spatial variability of flovand sorption parameters, which is relevant for field-scale
applications. We apply the theoretical results to the transport of neptunium and plutonium, using
flow and transport data from the alluvial aquifer near Yucca Mountain, Nevada. Based on the zeroth
and first temporal moment, dimensionless indicators are proposed for assessing the potential impact
of colloid-facilitated tracer transport in aquifers. Generic sensitivity curves show the importance of
tracer-colloid kinetic rates. Even very low irreversible ratedich will generally be difficult to
determine in the laboratorynay yield observable effects for sufficiently long transport times. The
obtained results can be used for assessing the significance of colloid-facilitated tracer transport
under field conditions, as well as for setting further constraints on relevant parameters which need
to be estimated in the field. @000 American Institute of Physid$$1070-6631(00)50509-1]

I. INTRODUCTION ating the potential significance of field-scale tracer transport
enhanced by colloids in heterogeneous geological media, is
Many contaminants in ground-water strongly interactcurrently lacking.
with the immobile porous matrix, which retards their move-  wider interest in understanding colloid-facilitated con-
ment relative to ground-water flow. Colloidal particles of taminant migration on the field-scale, followed the discovery
different origin (biocolloids, aluminosilicate clay minerals, of plutonium in a deep aquifer at the Nevada test site, sig-
organic colloids)are very often present in ground-water. nificantly further downstream than had been predicted based
These particles have a relatively small size and large specifign its sorption properties and the mean ground-water flow
surface area. The strong affinity of pollutants to interact with(e.g., Ref. 2). The discovered plutonium was associated with
the immobile porous matrix, implies their strong affinity to inorganic colloidal particle$,suggesting that it was carried
interact with mobile colloidal particles as well. The binding by these with approximately the ground-water veloéitya
of tracers to colloids may enhance their mobility in ground-similar observation was made earlier in a shallow aquifer for
water significantly, relative to the case where colloids are Noplutonium and americiurh,although this finding has been
present; this is likely to be relevant for a variety of questioned more recently.
pollutants _ _ N Two main problems in aquifers are inaccessibility and
A class of pollutants for which colloid-facilitated trans- random spatial variability in physical and chemical proper-
port may be of particular significance are radioactive isotjes. In practice, a limited number of field measurements is
topes. One reason why geological media is considered suifrsyally available for characterizing flow and reaction param-
able for final disposal of spent nuclear fuel, is the strongeters, and contaminant transport can in most cases be moni-
affinity of many radionuclides to adsorb onto the porous matgred at only few locations. Thus the challenge in predicting
trix. The common view is that radionuclides accidentally re-ihe fate of contaminants in ground-water is on the one hand
leased, would be contained in the geological media by adgy account for coupled flow and reaction processes under
sorption, until sufficient decay has taken place. However, thonditions of heterogeneity, and on the other hand to provide

presence of colloids may enhance radionuclide mobility instatistical descriptions based on information which can real-
the ground-water, and reduce the efficiency of geologlca|stica||y be extracted from the subsurface.

media to act as a natural barrier. Although these issues are of - cyrrent models for colloid-facilitated tracer transport are
concern for safety and performance assessments of planngdseq on a one-dimensional convection—diffusion equation
nuclear waste repositories, a modeling framework for evaluyith constant parameters, and are suitable for the laboratory
scale €10' m) (e.g., Refs. 6-8). Modeling colloid-
¥Electronic mail: vdc@wre.kth.se facilitated tracer migration on the field scale-10? m),
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however, is still a major challenge in view of the random, AQUIFER
three-dimensional  spatial variability of subsurface ;

. Front of contaminant
prOpertleSg. in aqueous phase

In this work, we present for the first time a Lagrangian
probabilistic model for colloid-facilitated tracer migration in
heterogeneous aquifers, which accounts for the random spa-
tial variability in physicaland reaction properties. Our gen-
eral Lagrangian methodology developed in the past for reac-
tive transport in a two-phase systéfiuid—solid matrix}°-**
is here extended to a three-phase systiud—solid matrix-
colloids). We provide solutions of the transport problem in
the form of semianalyticalintegral) expressions, and illus-
trate the potential significance of colloid-facilitated tracer  (a)
transport for plutonium and neptunium using flow and trans-
port data for the alluvial aquifer near Yucca Mountain, Ne- Rorbgg Aty

vada. LOCAL SCALE

Front of contaminant
attached to colloids

"Control plane" (CP)

Injection area or "accessible environment"

PORE SCALE

IIl. PROBLEM DESCRIPTION AND ASSUMPTIONS

Ground-water flows in an aquifer with a steady-state,
spatially varying random velocity, V(X) where
V(V1,V,,V3) andx(xq,X2,X3) (see Appendix A for a brief
summary on ground-water flow in heterogeneous aquifers
A dissolved contaminant is injected into the aquifer over an
injection aredFig. 1(a)], the typical scale of which is either
large, or small, relative to the transverse integral scale of
aquifer heterogeneity. Alternative interpretations of the
probabilistic solutions of the transport problem depending on
the size of the injection area, are discussed in Sec. V.

If the ground-water contains colloidal particléss often
is the case), these can bind part of the contaminant mass.
Both the colloids and contaminants are in general subject to
mass transfer/transformation processes, due to various (b)
physico—chemical interactions, such as chemical sorption—
desorption (e_g_’ ion—exchange, surface complexaljon FIG. 1. Configurgtion sketches @) the coIIoid—faciIitateq t'ra(:(.er transport
deposition/filtration, decay/degradation, etc. problem on the field scale{b) a random streamtube originating atand

- . extending through an aquifer to the control plai@P) at x,. The mean

The problem of tracer-facilitated tracer transport arisesyround-water flow is set parallel with thg-axis. Three distinct scales {b)
due to two parallel processes: on the one hand, the colloidsefield scale(>10? m) determined by the scale of the transport problem
move essentially with ground-water velocity; on the other(from x;=0 to x,), thelocal scale(or laboratory scaje(~10 '~ 1¢° m)
hand, part of the tracer mass attacligsorbs”) onto the on which the support voIL_Jme/area for all quantities and parameters is de-
colloids, i.e., there is transfer of tracer mass from the solutiorf"®® 2ndPore scale(<10"* m).

(dissolved tracerpnto the mobile particulate matter(col-
loids). The result is that tracer retention due to sorption onto.
theimmobileporous matrix is reduced, and tracer mobility is ()
enhanced, relative to the case where colloids are not present
[Fig. 1(a)]. We wish to provide here a model for colloid- The support volume for the ground-water velocity is de-
facilitated tracer transport which accounts for aquifer heterofined on the local scales 10 *—10° m [see Fig. 1(b)]. A
geneity in flow and reaction parameters, and captures thmean flow exists and without loss of generality, we align the
most dominant mass transfer reactions. xi-axis with the mean flow direction such thdVy,)

It is well established that for computing average trans=U, (V,)=(V3)=0, with () being the ensemble average
port quantities in the subsurfage.g., expected tracer con- operator(Fig. 1).
centration or discharge, spatial and temporal momettie For advective transport, a streamtube is defined by
random flow velocity controls physical transport on the fieldstreamlines emerging from an elementary afea in the
scale(e.g., Refs. 14, 15). In other words, dispersion due tovicinity of x=a(0a,,as) [Fig. 1(b)]. We study the transport
velocity fluctuations on the pore scale is negligible compareaf a dissolved tracer released oveat into the aquifer at time
to the field scale dispersion due to fluctuations/ofThisis  t=0. Att>0, the tracer migrates toward the “control plane”
the basis for our first assumptidthis assumption is analo- (CP) @lso referred to as the “accessible environmerat’x;
gous to neglecting molecular diffusion in turbulent diffu- [Figs. 1(a)and 1(b)].
sion): In natural systems colloids are always present in ground-

Stream tube
V(x1,n

<

x1,n,g AA

X(z;a)

Injection area FIELD SCALE

physical transport is advection-dominated, i.e., pore-
scale dispersion can be neglected.
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water. If the concentration of colloids does not increase subean be described as first-order linear 164S,and that filtra-

stantially with the tracer release, then it is realistic to supposéion models may be applicablé.Generation of colloids is

that an equilibrium state for the colloidal concentration at themore difficult to quantify, both in the field and the labora-

time of tracer release has been established. In recent laborry. In fact, little is known about colloidal removal and

tory experiments designed to mimic field conditions, for in-generation on the field-scaté!®3 |t is apparent, however,

stance, actinides were injected as tracers in a column onlghat physical as well as chemical factors may influence gen-

after the colloidal concentration attained a steady-stateration and deposition of colloid$:*®

value® In cases where substantial amounts of colloids are We propose here a steady-state model for colloidal trans-

injected with a strongly or moderately sorbing tracer, colloi-port in the form

dal concentration is likely to reach a steady-state over short

times relative to the tracer transport time. For instance, con- V. (VC.) = — e(X)C.+ x(X), (2)

centration of kaolinite particles<(2 wm) injected in a sand

column simultaneously with cesium, reached a steady-staighere C,=C? at x=a, and e(x)=0 is the irreversible

after less than 2% of the transport tirhe. deposition/removal rates [T~ ] is likely to be correlated to
The second assumption of our analysis is: the magnitude of the flow velocity}/(=|V|). In fact, a com-

(i) colloidal concentration is a function of space only, i.e.,Mon assumption for depositioffiltration) under laboratory

steady-state conditions are applicable over the consideonditions ise~V (e.g., Refs. 19, 9). The parametg(x)
ered space-time domain. [ML 3 T71] (defined per unit volume of fluid), quantifies

E ¢ licati taminants i d-wat the generation of colloids; in general, varies along a tra-
or most applications, contaminants in ground-water ar fectory, due to spatial variability in the controlling physico-

present at low concentrations, hence, the wide class of linegr

mass transfer models is sufficigetg., Refs. 16, 6). We state

hemical properties.
. : The three-dimensional Eulerian E2) can be trans-
our third assumption as:

formed onto a trajectorystream tubeysing Lagrangian co-

(i) all mass transfer reactions for the tracer are linear. ordinates ¢, 7,{) [see Appendix A and Fig. 1(b)]; the meth-
odology was first presented in Ref. (ske also Ref. 12). The

11l. THREE-PHASE TRANSPORT MODEL benefit of this transformation is that a three-dimensional Eu-

) i , lerian system is reduced to a one-dimensional Lagrangian
In this section, we develop a transport model in severagystem in the {, 7) domain, wherer is random.

steps. First, we pr_ovide a solution for a_dvective,_steady-state The result of transforming@) is the Lagrangian equation
transport of colloids, and then establish Eulerian and La-
grangian mass balance equations for the tracer. Finally, we
adopt a few alternative mass transfeorption) models for
tracer exchange between the three phases in which the spa-
tially variable colloidal concentration is a parameter. . i
The assumption of advection-dominated transport imWhere the Lagrangian counterpart of(x) is e(7)
plies that the mass flux vectors for the colloids and tracer arg €LX(7)] (see Appendix A). SimilaryC(7) in (3) is re-

C
T

=—€(7)Cctx(7), 3)

respectively lated to C.(x) in (2) as C.(7)=C.[X(7)]; we retain the
same notation for simplicity.
J(X,H)=3C(X,HV(X), IX)=IC(x,H)V(X), (1) We solve(3) for C, along a trajectory as

whereC. [ML %] is the colloidal andC [ML ~3] the tracer
concentration defined per unit volume of fluid, afids the ol T (o 0 N
porosity that is assumed constant; the support volume fo?C(T)_e ( )[fo x(0)e"do+Cel,  v(n)= fo edr”.
both C, andC is defined on the local scal€&ig. 1(b)]. (4)

The advection velocities for colloids and tracer arélin
set equal, since we consider sufficiently small colloidal pardf the generation of colloids is negligibIeCc(T)=C2
ticles (irrespective of their origin as to be dynamically Xexp(—v).
inert®’ In reality, the advection velocity of the colloids is The simplest case is if both the removal and generation
somewhat larger than that of an inert tracer due to “exclu-are relatively small, such that=y=0 at all points, and
sion” phenomena, however, this effect has been neglecte.=C? is uniform along the entire trajectory.
on the laboratory scalée.g., Refs. 7, 8and is anticipated
even less relevant for the field scaJ@he effect of “exclu-  B. Tracer: Eulerian formulation
sion” can be incorporated into the analysis either as a spa-
tially uniform or variable factor that multiplie¥® in the ex-
pression(1) for J;.]

Let S[MM 1] denote the concentration of a tracer on
colloids, defined per unit colloidal concentration; the actual
tracer concentration is the®C, . Furthermore, leN [ ML ~3]
denote the concentration of tracer immobilized on the porous
matrix by sorption, defined per unit bulk volume.

Exchange processes of interest for colloidal transport are  The Eulerian mass balance equations that link the four
removal due to e.g., filtration, andeneration. Laboratory concentration£,, C, S, andN are written in a general form
evidence indicates that colloidal removal in porous mediaas

A. Colloids
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the reaction function(“reaction function” corresponds to
what is also referred to as the “impulse—response function”
quantifies how a pulse of unit strength ata is “de-

R%ﬂLV'(RcCV): ¥e(C,S) + Phor( C,N),

d(C.S) , formed” by mass transfer reactions, as a functionrofin
ot +V-(CeSV) = (€, 5~ €CcS, G our particular case, two reaction functions are relevast:
[T Y andyy [T 1]. y«, for instance, is most conveniently
N . . .
= ¢£,m(C,N), defined in the Laplace domain as
. C X 3
where Y= = =
C0 XO ‘]10
REReHKa,  Re=1+K=14xC, ©) Where Cy(t)=C(t.0), Xo(t)=X(t.0), andJyg(t)=J4(t.0)
are referred to as retardation factors, @y{7) is given in  denote the time change of dissolved tracer concentration, dis-
(4). charge, and mass flux, respectivelyxata, i.e., for r=0.

In (5)-(6), K4 is the dimensionless partitioning coeffi- A case of common interest is the injection of a specified
cient (or equilibrium constantjor equilibrium sorption sites contaminant mass\M, into an aquifer at a given location
on the porous matrixK, is the dimensionless partitioning and rate; the special case is instantaneous injection. The
coefficient for equilibrium sorption sites on the colloids, andboundary conditions are
x is the dimensionless partitioning coefficient for equilib-
rium sorption sites on the colloids defined per unit concen-
tration (or density)of colloids. Thus two types of sorption
sites on the colloids, as well as on the porous matrix, are
considered in(5)—(6): one where sorption is relatively fast

AM
Colt)= - @D, Xo(D) =AM (1),

J1o(t) = AM 5(Xo— 7) 8(Xa— L) (1), )

(equilibrium), and one where it is relatively sldkinetically
controlled). With the formulatiori5), we clearly distinguish

where ¢(t) [T~ 1] is the specified release rate, angl are
the Lagrangian transverse coordinates of the trajectory cross-

equilibrium from kinetic sorption on both the colloids and ing the CP[Appendix A, Fig. 1(b)], withn=a,,{=as for

the porous matrixi. = ¢, = pm= ¥pm=0 implies that only
equilibrium sorption takes place.

x=a, 7=0. Note thatd(x,— 7) d(xz—¢)=1/AA and AA
=Aa for x=a, 7=0. For pulse injectiong(t)=4(t), and

As a consequence of the linearity assumption, thdhe solution forC, X, J; is equal toyy multiplied by a

source/sink components., ¢, ¥pm, Ypm are linear in
the tracer concentrations, i.eWipn=pn(WCWN),
etc...,whereW is independent o€, N, S.

C. Tracer: Lagrangian formulation

The Eulerian equation systei®) can be transformed
onto a trajectory similar t@3) (see also Appendix A). The

result is a Lagrangian equation system for the concentrations

C, S, N in the one-dimensionalt(r)-domain.

In many applications, tracer detection is such that we
may require tracer mass flux, or discharge, across a specified

control plane(CP) [Fig. 1(a)], rather thagor in addition to)

the concentration. Furthermore, different injection modes are
relevant in applications, i.e., different quantities may be

specified at the injection point=a, such as tracer concen-
tration, discharge, or the mass flux.

The dissolved tracer mass flux vector is definedlin
and we are particularly interested in ixg-component,J;
=®CV;,. Dissolved tracer discharg&[M T 1], is obtained
by integratingJ; over the CP, i.e.X=[J,dx,dx3=qC,
whereq [L3 T~ 1] is the(constantvolumetric flow rate for a

constant with respect th 7. Relationships similar t67) can
also be written for the colloid-bounded tracer.

The Lagrangian mass balance equations for the tracer are
now written in terms of the reaction functions andyy, as

IU"’)’X a'}/x 1 1
R TJF?—ﬁcl/fc(YX,Vy)ﬁLR—cel/pm(?’x,Nx)
dinR¢
dr Yxo
dyy Iy
0 T Ty m) T ey, 8
Ny .
szpm(’yX!NX)!
where
A 9
_R_C_ d: d_R_C' ( )

In (8), Ny [MT 1] is an auxiliary quantity, proportional to
the immobilized tracer concentrationN. The three-

stream tube. The corresponding quantity for the colloid-dimensional nature of the solutions, and yy is preserved

bounded tracer isY=[Jgdx,dx3=qSGC, where Jg
=9SC.V;. Note that the fluid continuity statement ¢

through their dependence amand = (Al). Also, we require
the computation ofy, ¢ in order to magC, S,J;, orJg onto

=7%AaVy=19AAV,;=const. in any given realization of an the CP(see Appendix A).

aquifer, where/y,=V,(a) andAA is the cross-sectional area

of the stream tube at the JBee Fig. 1(b)].

Tracer mass balance between the three phases is ensured
by the following relationships:

It can be shown that for linear mass transfer reactions,

the solution for all injection/detection modes for a stream

tube involves what we refer to as the “reaction functiot?’;

’ 1 ' 1
(/lpm: - R_Cl/lpm! lpc: - R_ch '
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which is apparent in the case where colloidal concentration isand on colloidal origin and compositidnEor instance, or-
uniform, with e=xy=0 and R.=const. ForK.#0, part of  ganic materials such as humic and biopolymeric substances,
the tracer mass is bounded on colloids by equilibrium sorpbind hydrophobic organic contaminants, metal ions, and ac-
tion, whereR,>1. Because the tracer is injected in the aque-inides. Furthermore, inorganic substances such as layer sili-
ous phase, the mass transfer rdies, ¢'s) are scaledde- cate clays and calcium carbonate, as well as surfaces of iron,
creasedpy a factorR, to account for the fact that at any manganese, aluminum, and silicate oxide particles adsorb
given time, only the tracer mass present in the aqueous phabeth metals and organic contaminants.
is available for exchanges with the matrix and/or kinetic ex-  An important experimentally established fact is that trac-
changes with colloids. If equilibrium sorption on colloids is ers sorb onto colloids; this sorption is both reversible and
not presentor is neglected), theR.= 1. irreversible (e.g., Refs. 4, 7). A fairly general model for
The next step in the model formulation is the specifica-tracer mass transfer between the aqueous and particulate
tion of the sink/source termg,, and¢,., which characterize phase is the “bi-linear,” or kinetic Langmuir model, which
sorption processesin this study, “sorption” refers to the accounts for the fact that a number of binding sites on col-
exchange of the tracer mass between the aqueous phase aoids may be limited” If the tracer concentrations are suffi-
colloids, as well as between the agueous phase and the poiently low relative to the colloidal concentration in a control
rous matrix, irrespective of the actual detailed mechanisnvolume, then the kinetic Langmuir model can be linearized
involved. In reality, several exchange mechanisms will be(e.g., Refs. 6, 7).
simultaneously “active” within the support volume on the In this analysis, we consider low contaminant concentra-
local scalgFig. 1(b)]; these will generally be indistinguish- tions, and postulate the linear model for tracer sorption onto
able and therefore are described by lumped mass trafwsfer colloids .= — a;C+ «,C.S (e.g., Refs. 6, 7), here adopted
sorption) parameters, separately for sorption onto colloids,as
and for sorption onto the porous matrix.)
D. Sorption on porous media Ve H1PXT VY- (1)
Different physical and chemical mechanisms contributein (11), «'s are rates for tracer exchange between solution
to the binding of tracers onto the porous matrix. Chemicaland kinetic sites on colloidst; denotes the “forward” rate,
sorption (e.g., ion-exchange, surface complexatimrela-  andea, the “reverse” rate. The forward rate is dependent on
tively rapid and can be well described as instantanéegsi-  the colloidal concentratiol€., and linear dependence is a
librium); tracer transport which is dominated by equilibrium common assumptiofsee, e.g., Ref. 23). A special case of
sorption is referred to as “ideal™?° As a rule, kinetic ef- interest is irreversible sorptiofthat may take place simulta-
fects are observed in tracer experiments from the laboratorgeously with equilibrium sorption which is obtained in the
to the field scale, which is attributed to physical sorption,limit a¢/a,—, anda,—0.
e.g., due to intra-aggregate diffusion, or diffusion into immo-
bile water?®?* transport where mass transfer exhibits kinetic

effects is referred to as “nonidealt®2°
The general class of linear mass transfer models for poI-V' SOLUTIONS FOR A TRAJECTORY

rous medidfirst-order with single or multiple rates, diffusion We shall solve(8)—(10) for equilibrium (#.=0) and
in aggregates of different geometry, ¢tds most conve- jrreversible sorption on colloidsaf=0), each case for
niently expressed in the Laplace domain(es., Refs. 22, jgeal" (formally obtained fory,,=F=0) and “nonideal”

10, 12) transport(i.e., 7#0 and F is not a linear function of).
N These combinations cover a wide range of cases relevant for
TX:f{S,P[X(T;a]}, (10) applications. For smphqt_y, we geek solutpns qnly for the
Yx case where a tracer is injected in the solution, hg(t,0)

=4(t), yy(t,00=0, and the domain is initially tracer-free,
where = denotes the Laplace transform,is the Laplace i.e., yx(0t)=17y(0t)=0. In the absence of mass transfer
transform variableP(x) is the vector of mass transfer pa- reactions, a unit pulse is preserved as a pulse, wheygby
rameters[including R;(7)], and X is the equation of the =§(t—7) andyy,=0.
random trajectory originating & (see Appendix A). Thug In (8)-(10), all the mass transfer parameters can vary
provides an implicit definition off,,, in the Laplace domain. spatially. The equations are considerably simplified if we
Note that,,=0 (“ideal” transport) implies /=0 or 7  assume mass transfer parametérgluding the colloidal
~s; in the following, “ideal” transport will imply #/=0 for ~ concentration}to be spatially uniform; in Appendix C, we
simplicity. provide analytical solutions for this case.

E. Sorption on colloids A. Equilibrium sorption on colloids

Comparatively little experimental data is available for If kinetic sites on colloids have a negligible effect on
tracer sorption onto colloids, in particular on the field scaletracer transport, thety.=0 and the tracer is sorbed only on
It is known that a wide range of mechanisms may lead tahe equilibrium sites on colloid§.e., S=Y=0). In such a
tracer sorption onto colloids, depending on tracer properties;ase, the governing transport equations are
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dyx  dyx 1 dInR¢ transporl‘f for instance, suggests irreversible association of

R’ 7+ o R—Clﬁpm( ¥xNx) = Tdr plutonium and americium with colloids in the size range of
(12) 25-450 nm.

JINy In the following, we consider irreversible sorption on the

T R_C‘/’pm( Yx:Nx)- kinetic sites, combined with reversible sorption on the equi-

] ) ) ~librium sites, of the colloids. Settingy,=0 and «(Xx)
Equationg(12) can be solved in the Laplace domain to yield =a;(X)/R., the following coupled equation system is ob-

tained from(8):

1% d dinR
7 ﬂ:_(ﬁ c

S/X=exW’—s(r+,u)—JOT}"[S,P(G)]da—q}, (13) 1
dr ) Yx+ R_Cll,pm(yX!NX)a

where Jt ar
T T Kd(e) §7Y+[?’)’Y_a -
= " S I A ——+t——=ayx— €Yy, (18)
(= [ R =100= | T T o or
(14) Ny 1

s(7)=In(R./RY),

with K.=«C, C.(7) is given in(4), andR2=R(0) atx
=a. The parameter vectd® in (13) follows a trajectory(see
Appendix A), and incorporates the parameferin (6).

a R_c'ppm( ¥xNx).

The solution for the reaction functions is obtained from
(18) in the Laplace domain as

Inversion of (13) yields the general solution for “non- . r
ideal” transport yx(s,7)=ex —S(T+ﬂ)—f0 F(s,0)do—w—s/,
yx(t,7)=e Sy(t—pu,7), (15) i . ) (19)
where v(s,7)=e" ”‘STJO a exp{ —Su— fo F(s,0')d0' —w
—pr-1 S
yt,n)=L {exp{ ST fof(s,ﬁ)dﬂ }, (16) tv—s|do,
and £ ~! denotes the inverse Laplace transform. where
For “ideal” transport where tracer is sorbed onto the
porous matrix under equilibrium conditiong,,= =0 and _ JT
y(t,7)=6(t— 7); we then get the general equilibrium solu- o(n)= 0 a(6)do, (20)
tion from (15) as
(15) and u and v are defined in14) and(4), respectively.
yx(t,7)=6(t—7— ). 17 We invertyy in (19) to obtain
Equationg(14) and(17) make apparent the effect of col- Yx=€ ST y(t—u,7), (21)

loids on transport for the equilibrium case. If no colloids are ~

present, or the sorption on colloids is negligifRe=1; (14)  Wherey is defined in(16). Inversion ofyy in (19) yields
then yieldsu= [Kyd6 and (17) is applicable to the case of .

equilibrium sorption on the porous matrix with a spatially yyze*Vf a(0)e " Sy(t—7—u+6,0)d6, (22)
variable partitioning coefficierl For K ,>0 due to the pres- 0

ence of colloids, i.eR.>1, u of (14) decreases whereby the whereu, s, v, o in the integrand are functions @
transport is enhanced relative to the case where colloids are For “ideal” transport (F=0), y= &(t—7), and we ob-
not present. Equilibrium sorption on colloids implies thattgjn

part of the tracer mass @lwaysresiding on colloids, and o

hence is unavailable for sorption on the porous matrix; this ~Yx=€ ° “o(t—u— 7), (23)
in effect reduces the retardation due to sorption on the powhich generalizes our earlier resdlto the case where the
rous matrix. Equatior(17) generalizes the simplest model tracer is sorbed reversibly and irreversibly onto colloidal par-
used in applicationge.g., Ref. 17}o the case where sorption ticles. Foryy, we get

parameters are spatially variable. We emphasize, however,

that th_e equilibrium_sorpt?(_)n model cannot explain field ob- yy=e"" fTa(G) e’ O S S(t—7— p)do, (24)
servations on colloid-facilitated tracer transpéetg., Ref. 0
17).

whereu, s, v, w in the integrand are functions of
The Lagrangian random variabide of (20) is an impor-
tant new quantity derived in this study. It integrates the irre-
For many applicationse.g., risk and safety assessmentversible transfer of a tracer from the aqueous to the particu-
of contaminated sites, or repositoniethe most interesting late phaségcolloids), along a trajectory. Larger values of
case is théalmost)irreversible binding of tracers to colloids. (obtained either due to increasing or longer residence
The combined field—laboratory study on colloid-facilitated times along a trajectoryimply larger tracer mass transfer

B. Irreversible sorption on colloids
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from solution to colloids«, and consequently, depend on area [see Fig. 1(a)]) then (X)=AM (yx) and (Y)
the amount of colloids present in any given volume, analo=AM(yy), i.e., the statistics oK and Y are equivalent to
gous to the forward rate for reversible sorptiGgee Sec. those ofyy andyy to a multiplicative constant.
[l1D). A simple linear model for this dependence is The solutions 0f8)—(10) are applicable for a single tra-
=y C., whereay [L3MT 1] may be referred to as an “in- jectory originating froma, and are dependent an If in
trinsic” irreversible rate, i.e., an irreversible rate per unitreality the tracer is injected over a small area relative to the
colloidal concentration. heterogeneity transverse integral scalémon-ergodic”
Equations(21)-(22) summarize the most general solu- transport?) the expected values will quantify ensemble sta-
tions for a single trajectory obtained in this work. Out of thetistics, i.e., uncertainty due to random heterogeneity. If the
four random Lagrangian varibleg, s, o, and v, two are tracer release area is sufficiently large relative to the hetero-
associated with equilibrium sorptionu(and s), and two  geneity integral scal¢“ergodic” transport?) the expected
with kinetic mass transferi( and w, either by colloidal values will represent field-scale values that in principle
removal/filtration, or irreversible tracer sorption on collgids would be observed in single realizations of an aquifer by
In (21)-(22) [and also(23)—(24)] we see two simultaneous point-wise sampling of the concentration and mass flux over
irreversible mechanisms: the tracer is transferred from théhe “control plane” atx, [Fig. 1(a)], or the discharge by
aqueous solution to the colloidwith @>0), and then irre- sampling over the entire CP. For the intermediate range
versibly removed from the system by filtratiofwith »  the transition from nonergodic to ergodic transpoat more
>0). Thus the presence of colloids can both enhance as weatiomprehensive probabilistic analysis in the relative disper-
as detract transport, depending on the ratio of the mass transion framework would be require@.g., Ref. 25).
fer parameters and w. These two parameters are therefore
critical when assessing the potential impact of colloid-A. Reaction functions
facilitated tracer transport, as described by soluti@—
(22). [Note that in(21)-(22) we consider removal and gen- do
eration of colloids as separate mechanisms, such that t
possibility of returning(i.e., being “generated”pf once re-
moved colloids with tracer attached, is negligible.
Because the upper limit of the integrals(it®), (24), and
(22)is random due to the randomness of the fluid velodity
it is convenient to transform the integral from thedomain

to x,-domain (see Appendix A). For instance, we have for <7x(t,X1)>:f f Jte—s—wg(t_M'M,w,g;xl)dﬂdwdgl
“ideal” transport (F=0) from (19) in the x;-domain 0

The analytical solutions obtained fox, and yy are ran-
m due to randomness of one, or several, of the Lagrangian
rFﬁJantities 7, w, v, s, and u. To provide a probabilistic
solution of the problem, we require in the general case, the
joint probability density functiofPDF) for these quantities.
The expected valuéyy), is computed fron(23) as

(26)
Yy(s,x )=e*V(X1)fSTfX1 e
A 0o \Vi whereg(7,u,,s) is a joint PDF atxy; note that the inte-
gration overu is limited to the interval 0,to ensuret— u
xXexp—su+v—w—s}dé, (25)

>0. For the equilibrium casd,yy) is obtained from(17)
where «,V; are computed at the point where the trajectoryusing the joint PDFg(7, u;X;):
originating atx=a crosses the CP, ang, v,s,w in the inte-

grand are functions of the integration varialile t
(rx(tx1))= fog(r,t— 7,X)dr. (27)

V. PROBABILISTIC SOLUTIONS . . L T
_ o _ Equation(27) is a generalization of the equilibrium model
Due to the random spatial variability in the physico— for colloid-facilitated transport, applicable on the field scale

chemical properties of aquifers, and the reaction param- for aquifers with spatially variable flow and sorption param-
eters in (5) are random space function®kRSFs); conse- eters.

guently, the solution€ and S are random. In applications, The expected value, for instance, pf given in(24) can
we may require the statistics of the tracer concentrationge computed similar to Eq26). However, foryy we require
mass flux, or discharge. a more complex joint PDF which also accounts for the spa-

Consider the case where the boundary conditions argg| correlation ofv. The result is:
given in(7); we may be interested in the expected value and
variance ofC, X, or J;. The random character &, X, S, Xq t
etc., stems on the one hand from the random charactgy of <’}/y>:f f f f f f e X et
andvyy, and on the other hand from the possible randomness 0 0
of the injection parameters, suchaM andg. A more com-
prehensive discussion on the effect of injection modes on
nonreactive transport is given for instance in Ref. 24. (28)
In this section, we focus on computing the expected val-
ues(yx) and(yy). If AM is a deterministic parametéthis ~ Wherev,=v(x;) andv,=v(§), ands, », w in the expo-
implies thatAM is uniformly distributed over the injection nential are functions of. The joint PDFg is defined as

Xa(t—ﬂ,vx,,LL,w,Vg,Q;Xl,f)d,udwdvxdv,gdg dé,
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a7 v w0 Xy XY G,Y):J'le f f f f feﬂ})‘
0
Ef a*g(a*, 7 v, u" 0" v Xy, X])da*, (29) Xexp{—s(7xt )+ vem w—s}

><~ 1 H 1 t 1 ;X 1
where a* = a(x})/V1(x}), x| and x! denote two separate 97 s @1V, V151X, €)

locations along the mean flow direction, and 7' =7(x;), X drdedudr,dvd.dé, (33)
©"=pu(x7), and equivalently for the other variables.
The joint PDFg is a more complex form of the marginal Wheren.=r7(x1), n=v(xi), v;=v(£), andg is defined in
PDFg introduced in Ref. 11. Likewise, the random variables@n @nalogous manner gsin (29);s, @, in the exponential
v, u, and © are analogous to the random variablg  are all functions of. _
introduced in Ref. 12. Their joint statistics can be computed !N the case of uniform reaction parameters, the moments
either using Monte Carlo simulations, or analytically basedd€fined in(32) are random variables due to the randomness
on small perturbation expansiongsee results for ©f 7only. We then compute
7, u-Statistics in Refs. 12, 26); further discussion on the
gpméautations of the PDFs i{26)—(28) are given in Appen- (m";(xl)>=f m;(r)g(r;xl)dr, (34)
iX
In the special case where all mass transfer parametegind the PDF OfnL(T)
are constant, and colloidal generation/removal is zero, i.e.,

e=x=0, we compute expected values as
gl 7(mp);x4], (35)

Hmb) = d7'

m

P dmp

<7’X>:f Yx(t,7)g(7;x1)d, wherer(m) is obtained by mvertmgnp(q-) (mb) in (34)is

(30) the first moment of the PDFF(m ). The use of temporal
moments will be illustrated in the next section.

<7Y>=f yy(t,7)9(7X1)dT,

. . . . VI. APPLICATION EXAMPLES
whereg(;X,) is the ground-wate¢nonreactivetracer resi-

dence time distributiorior advective travel time PDF), from For illustration purposes, we consider transport proper-
the injection plane ax; =0, to the “control plane” atx;,  ties pertinent to the alluvial aquifer near Yucca Mountain,
and yx and yy are given in Appendix C. Nevada, where a site is being considered for a high-level
In the general case, all the integrations in the above exqclear waste repositorfe.g., Ref. 27). The following hy-
pressions have to be carried out numerically. draulic parameters have been estimdtedporosity
=0.25, geometic mean hydraulic conductivi€y,=0.29 km
B. Temporal moments yr 1, and the mean hydraulic gradiefit;=0.00173(set

An alternative approach to directly computifigy) and parallel to thexljdirection). An isotrqpic integral scale of
<7Y>! is to Characterizé»yx> and<»}/Y> by means of expected In K, and the variance of |K, were estimated HSM K:2 km

temporal moments. and 0'|2n «=1.56, respectivelysee Appendix A for a brief
Temporal momentsnX andm) (p=0,1,2,...) are de- description on ground-water flow with randomly varyikg.
p p 1=y &y . . . . . __
fined for a pulse of unit mass as The grain density of the aquifer material is 2500 kg3in

where from the bulk density is obtained ag=(1—1)
X 2500=1875 kg m 3.

mL(T)EJm , —(_ Py , (31) As a first-order estimate of the mean and variance of
P 0 JsP <0 ground-water residence time, we use simple expressions
(e.g., Ref. 29)

whereL=X,Y; the generalization to continuous injection is
straightforward. ( T>— =4x10%yr,

The expected temporal moments are evaluated f&in (36)
as 2L0—ﬁ1 KI InK

Var(r)= 0 12.4x1CP yr?,
mt YA <7L>
(m > (-1 (32) where the transport distance for radionuclide transport in the

s=0 alluvial aquifer isL=8 km. [The asymptotic expression for
Var(7) (36) is obtained from(A2), Appendix A, for large

Thus, we requird yy) and(7yy). The expected valuéyy), L/l k; in our case/l,,x=4. We argue in Appendix A that

for instance, is computed froifi9) as the asymptotic expressidid6) for Var(7) will generally be
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more accurate than the full expressioh2), in particular 1
for L/I,,x<5.] The mean ground-water velocity it (yx)= —,e’“”R'*“g(t/R’;xl),
=KgQ1/9=0.002 km yr *. With {7) and Var() given in R
(36), the PDFg(7;L) will be hypothesized as log-norm#l.

We consider transport of two radionulcides: plutonium
(Pu-239)and neptuniumNp-237). Neptunium is typically <7Y>:Fe
not considered as a tracer susceptible to colloid transport due d
to its relatively low sorptior{compared, for instance, to plu-
tonium). In fact, Penroset al? found very little neptunium
associated with the particulate phase. However, Np is impor-

tant in the performance assessment conteXtdue to its where g(r:x,) is the ground-watefor nonreactive tracer)
radiotoxicity 22 long half-life, and low sorption. In addition, a residence time. Sind®,=1, K=K andR’ =R. Equations
large “meta-data” set on sorption parameters for Np in the(37) quantify expected tracer breakthrough at the “control
Yucca Mountain alluvial aquifer is available in Ref. 33 and plane” [Fig. 1(a)]at x;=L, for unit injected radionuclide
is suitable for sensitivity analysis. mass. (In this case reference to the “accessible environ-
From the available data set provided in Ref. 33, we esment” [Fig. 1(a)]is appropriate: After crossing the “control
timated the geometric mean distribution coefficient for Np asplane,” radionuclides would be “accessible” for humans
0.0144 m kg 1.2 The dimensionless partitioning coeffi- and/or ecosystems, for instance, in a discharge/pumping area
cient for Np is thenK 4= p, X 0.01444 =108, whereby the for _drinkirjg water, or a _river. For risk assessment, expected
retardation coefficient i®=109. The half-life of Np is rela- radionuclide concentration can be computed from expected

tively large (2.14x1C° yr), and we approximate the decay radionuclide discharge, based on the estimated rate of

rate as zero. A data base for plutonium sorption properties iglround—wate.r flow er'Ch MIXES rad|o_nucI|des as they are
. . . ischarged into the “accessible environmentg.g., Ref.
the alluvium aquifer, corresponding to the one for

-y : . ) 35). If we were solving a real case where the input is other
neptuniunt,” is not readily available. For comparative pur- than a pulse, the solutiori87) would need to be convoluted

posgg, we shall use the plutonium sorption coefficient for, i, the given injection rate.Note that in(37), we have
granitic rocks of 5 M kg~ ! (Ref. 34, Table 12-1)the nep- incorporated linear decay with the rate{ T~ 1].
tunium sorption coefficient for granitic rocks suggested in \jith ground-water residence time momer§) and a
Ref. 34, Table 12-1 is 0.01 frkg™* which turns out to be |og-normal PDFg(7;L), with Ky4=108 for Np andKy
close to our average value of 0.0144 kg for the alluvial =37500 for Pu, we computéyy) using (37), for a six
aquifer)which yields a dimensionless sorption coefficient of order-of-magnitude range of values. The quadratures in
Kq=ppX5/=37500. The half-life of Pu is about two (37)are carried out numerically. The results are illustrated in
orders-of-magnitude shorter than for Np (2.40* yr), and  Fig. 2 and compared wityx) when «=0, which corre-
hence decay of Pu will be included in the computations. ~ SPonds to the case of negligible effect of colloids.
Expected tracer discharger breakthrough)of nep- Since colloids follow thg grounq-water, the first arrival
tunium at the “control plane” has been computed without©f Poth Np and Pu essentially coincides with that of the
accounting for colloid-facilitated transpdft.An interesting ground-_water(or ano nreactive trac_er). The precise time of
application problem then is as follows: To what extent couldf'rSt arrival for colloid-bounded ra_dlonuchde IS we_:akly de-
colloids affect transport of Np, as well as of other radionu-pendent on the value of the rai&(Fig. 2). The magnitude of

lid h PU? In oth ds. to what extent | he expected radionuclide discharge, and in particular the
clides, such as Fu¢ In other words, to what extent coulg,qyy g strongly dependent an the six order-of-magnitude

colloids enhance radionucli.de discharge at .the “cont-rolrange fore yields a six—seven order-of-magnitude range for
plane?” Parameters required for computing colloid-ihe peak values both for Pu and Nig. 2).

facilitated transport, such dSC, €, KC' and « for the allu- Comparison betwee(]»yY> and <7X> indicates that the
vial aquifer of the Yucca Mountain site are currently unavail-difference in the peaks is much larger for Pu than Np, be-
able. We shall therefore illustrate a generic sensitivity ofcause Pu is subject to strong sorption on the porous matrix,
neptunium transport on the reversible ratgsand «,, and  as well as to decay. If the impact of colloids is neglected, the
of neptunium and plutonium transport on the irreversible ratdirst arrival of Pu is after % 10" years with a relatively low
a= a; /R, . For simplicity, we consider only kinetic sorption peak; the breakthrough terminates after abodtyrs. The

(37)

—at/K{—\t

t ’
f e“T/Kdg( ;X)) dr
0

’

uR'’ arlK/
— . e*""dg(7;x)d7

sites on colloids, and set~0, wherebyR.=1. peak of the colloid-bounded Pu discharge can be consider-
ably larger than that for the dissolved Pu, dependingxon
A. Expected radionuclide discharge and is attained already after approximately 1000 ygBig.

) _ ) _ 2(b)]. For the highest irreversible sorption rate considered
For computations of the expected radionuclide discharge,— 1073 yr~1), the effect of colloid-facilitated transport is
(or breakthroughve shall consider the case of irreversible dramatic: the peak for colloid-bounded Pu exceggg) by
sorption on colloids for which the “reaction functionsyx 15 orders-of-magnitudgFig. 2(b)]. We emphasize that the
andyy are given in(C6). The expected values are computedcurves in Fig. 2 are applicable only if the removal/generation
from (C6) as of colloids is negligible; these curves could be affected sig-
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V. Cvetkovic

[Figs. 2(a)and 2(b)], due to both largéty for Pu and decay
of Pu.

It is peculiar that even an irreversible sorption rate as
low asa=10"° yr~ ! yields an effect which may be observ-
able at the “control plane.” If we define an “intrinsic” ir-
reversible rate asy=a/ C. (a rate per unit colloidal con-
centration, see Secs. IlID and I\jBthen with a typical
value of sayC,=10 2 kg m 3, a=10"° yr ! yields a
=106 yr'! m® kg 3=3.17x10"Y" s7! | mg™3. For a
=102 yr 1, the corresponding intrinsic rate would lg
=3.17x10 s * I mg3. These values may be difficult to
determine under laboratory conditions. For instance, “intrin-
sic” rates obtained for reversible sorption of cesium on ka-
olinite particles in laboratory columns are of the order
10 —10"7 s 11 mg 3 (Ref. 7) the range of colloidal con-
centrationsC. used in the experiments of Ref. 7 was 0.05—
0.2 kg m 3).

Since the decay of Np is relatively low, and Np sorbs on
the porous matrix weakly compared to Pu, the overall effect
of colloids of Np is modest compared to Pu. The maximum
peak of the colloid-bounded Np dischargfor a=10 3
yr 1) is approximately the same as that of the dissolved Np
when colloids are not present, whereas the first arrival is
reduced by approximately one order-of-magnituldeg.

2(a)].

B. Relative CFTT-indicators

In the following, we shall use temporal momef2d), to

define relative (dimensionless) indicators for colloid-
facilitated tracer transpofCFTT):
px=(mg)= f mag(;xy)dr,
=)= [ mig(rixar,
Lo (38)
my
0 E—f — | g(7;xq)dT,
X <T>R ( mé) g( 1)
; 1 f my (roxd
=——| | —=<|9(7;x)dr.
Y {oR) {my 9T

#’'s and u’s defined in(38) providein pairs, relevant infor-
mation on the degree to which colloids may be expected to
enhance contaminant transport; they can be useful for screen-

nificantly if colloidal removal/generation is accounted for, ing purposes in environmental assessment. We shall illus-
depending on the ratesand y (see Sec. IV B).
The impact of the two controlling sorption parameters inreversiblesorption on colloids withw; andea, as the control-
(37) K4 and «, is apparent in Fig. 2. A pulse of a strongly ling parameters. Given the ground-water residence time mo-
sorbing tracefsuch as Puinoves slowly through the aquifer ments(36) and a log-normagj(;L), we shall highlight in a
and in a sense acts as a continuous source for the colloidieneric manner the effect of rates anda, on Np transport.

bounded tracer; hence the colloid-bounded tracer break-

trate CFTT-indicator$38) for Np, with R=1+K4= 109, for

In the absence of colloid8.e., for a;=a,=0), ux=1

through is greatly extended over time. Stronger sorption alsand 6x= 1, whereasuy=0 and#y is not defined. Thus val-
implies lower magnitudes of the colloid-bounded tracer dis-ues of uy and 6y close to unity imply that the effect of
charge, since more tracer mass in attached to the porouslloids on tracer transport is small. If the effect of colloids
matrix and less tracer mass is available for irreversible sorpis sufficiently strong and tracer transport is by colloids only,
tion on colloids; hence the maximum discharge is lower forthen ux=0 and y is not defined, wheregg,=1/(1+Kj)

Pu than for Np, approximately three orders-of-magnitudeand 6y=1; in other words, tracer mobility is significantly
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enhanced and the entire tracer mass arrives with ground-
water, 1+ Ky times faster compared to the case where col-
loids are not present.

Small 6y indicates rapid transport, however, if the rap-
idly transported tracer mass is small, then the effect is still
negligible. The relative amount of tracer mass arriving at the
“control plane” on colloids is quantified byty. From the
environmental assessment point of view, the unfavorable
combination is smalldy with sufficiently large (nonnegli-
gible) wy, which implies a significant enhancement of tracer
transport by colloids. The degree to which colloids enhance
transport depends on the rates and «, , the special case
being irreversible sorptiona =0).

The indicators(38) are computed by numerical quadra-
tures using the “reaction functions” defined (€9), and are
plotted in the log-parameter spafieg D,,,log(a;/«,)] in
Figs. 3 and 4. R=(7)«, is the Damkohler number. For
large O,,, colloid-tracer exchange is under equilibrium. The
equilibrium range is clearly indicated in Figs. 3 and 4 by the
vertical isolines, where already for,[>-10, #'s and u’s are
independent of R. In the limit D,,— 0 (which also implies
a;— 0, since the ratiay; / «, is finite), colloids do not affect
transport.

log(a, <7>)

Colloid-facilitated tracer transport by steady . . .
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The patterns fofy and 6y are different, with a relatively
large region where the value @&f is around 0.9Figs. 3(a)
and 4(a)]. In comparisonyx and wy have identical patterns
with complementary valug$igs. 3(b)and 4(b)]. The isoline
patterns offy,ux are similar, with essentially overlapping
values, implying that a significant mass fraction transported 1
in solution (i.e., largeuy) is always associated with large
(retardedyesidence timéi.e., largeéy), and vice versa, due
to the retardation of the dissolved tracer. By contrégt,uy
have dissimilar patterns and nonoverlapping values. In other
words, in a substantial region of the parameter space glow -1
can be associated with relatively high,, indicating rapid
transport of nonnegligible tracer mass. It is of particular sig-
nificance to accurately estimate,n this region. Neglecting
kinetic effects for [,<<10 may result in considerable under-
estimation of the colloidal impact on tracer migration. If si-
multaneously R—0 anda;/«,— %, we obtain the irrevers-
ible limit, summarized by(18). log(ar/or)

Finally, we note the relationship between the expectegg. 3. pimensionless parametdig. (38)] for dissolved neptunium as a
discharge curves of Fig(&) and dimensionless indicators of function of dimensionless tracer-colloiceversible)exchange ratesy; and
Fig. 4. The area under the curvegy) in Fig. 2(a)is uy of  a;: (@) 6x and(b) ux. The ground-water residence time paramefejs
Fig. 4, i.e.,uy=f(yy) dt, whereas the mean residence time=4% 10_3 yr and o’= 12.4><105. yr? are those estimated for the Yucca
for Np is ft<'yy>dt=<m\1(> which is approximatelysy 6y Mﬁ:ﬂ:;a:g fsrlct)?ﬁ I;eé\f/.agg.?{ef. 28);9(7) is assumed log-normakK for nep-
(sincefy=(m{/m)). In Fig. 2 we consider the irreversible
sorption limit, whereas in Fig. 4 we consider reversible sorp-
tion. Thus the region in the parameter space of Fig. 4 wheréor equilibrium and irreversible sorption of the tracer onto
ay is large compared tey, roughly corresponds to the irre- colloids, where reaction parameters, including colloidal con-
versible case of Fig. 2. centration, are spatially variable or unifor@Appendix C).
The results in this work were obtained based on three key
assumptions: (i) the physical transport is advection-
dominated, i.e., effects of pore-scale dispersion are negli-
gible; (ii) colloidal concentration varies in space but not in
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VII. CONCLUSIONS

We derived solutions foy and yy that quantify reac-
tive solute transport in a three-phase systéhid-porous time; (ii) all mass transfer reactions are linear.
matrix-colloids), and can be used for computing dissolved The statistical computations of the reaction functiofns
and/or colloid-bounded tracer concentration, discharge, oand yy, involve, in the general case, joint statistics of La-
mass flux in aquifers. The derived solutions are applicablgrangian quantities, s, u, , and7, which depend on the
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to randomly varying reaction paramete(scluding the
steady-state colloidal concentratid®y), reversible and irre-
versible exchanges, equilibrium and nonequilibrium ex-

)]
N’

trated for the special case of spatially uniform reaction pa-
rameters, where colloid removal and generation are ne-
glected. In particular, we use@®7) for computing expected
discharge of plutonium and neptunium in the alluvial aquifer
of the Yucca Mountain site, Nevada. A generic sensitivity
analysis indicates that the effect of colloids may be dramatic,
depending on the irreversible transfer ratein particular for
plutonium. Even an extremely low irreversible ratgwhich
may be difficult to measure in the laboratprgan apparently
yield observable effects.
0 1 Suitable dimensionless indicatq&8) were proposed for
log(a/a) assessing the potential impact of colloid-facilitated tracer
b) transport(CFTT) in aquifers. Using the PDE(7) pertinent
to the alluvial aquifer near Yucca Mountain, Nevada, CFTT-
indicators(38) were shown to be sensitive to the reversible
kinetic rates of the tracer-colloid interactios; ,«, . Of par-
ticular interest is the range of kinetic rates far from equilib-
rium for which essentially irreversible mass transfer takes
place. Plotted sensitivity curves indicate that accurate esti-
mates of kinetic rateg; and a, under field conditions, may
indeed be important when assessing the extent to which
tracer transport in ground-water is affected by colloids; a
similar conclusion has been drawn for laboratory conditions
(e.g., Refs. 7, 8). The curves in Figs. 3 and 4 may be used for
a site-specific assessment of the colloidal impact, provided
that the parameters., «;, anda, can be estimated based
. on available field and laboratory data.

Several extensions of the present results are possible.
Reaction functions of Appendix C can be incorporated into
the semianalytical framework of Ref. 36 for analyzing
1 colloid-facilitated contaminant transport in a soil-ground-
log(ct/ct,) water system, which is of particular interest for organic pol-
_ _ _ _ lutants. Likewise, the reaction functions in Appendix C can
FIG. 4. Dimensionless paramet¢E. (38)]for colloid-bounded neptunium 1,0 girectly incorporated into the relative dispersion frame-
as a function of dimensionless tracer-colldidversible)exchange ratesy; . . . .
and «, : (a) 6y and(b) uy. The ground-water residence time parameters work of Ref. 25, which is useful in analyzing the fate of
(1)=4x10° yr and 0?=12.4X10F yr? are those estimated for the Yucca relatively small contaminant plumes in a risk assessment
Mountain site, NevadéRef. 28);g( ) is assumed log-normaK, for nep- context.
tunium is from Ref. 33. For risk assessment of subsurface contaminants, it is of

interest to compute higher-order mome(es., variancepf

the tracer discharge, or the mass flux, where pore-scale dis-
Eulerian statistics of the hydraulic conductivity and reactionpersion plays an important rol€Chis role is analogous to the
parameters. The moments of s, 4, w, and7 can be de- one molecular diffusion plays in turbulent diffusipnA
termined analytically based on first-order expansions, or numethodology is available for computing the concentration
merically using Monte Carlo simulations; the methodologyvariance within the Lagrangian framework, where the effect
would be analogous to the one applied in Ref.(48e also of pore-scale dispersion is accounted¥6Fhe methodology
Ref. 26)for a simpler problem of transport in aquifers with of Ref. 37 has been recently extended for computing the
spatially variable sorption properties. A discussion on thevariance of the mass flux for reactive soldtahe quantities
computation of the joint statistical moments of s, u, o, required for extending the methodology of Ref. 38 and com-
and 7, is given in Appendix B. puting the variance of mass flyrr dischargefor dissolved

The present results enable sensitivity analysis of varyings well as colloid-bounded tracer, are the derived reaction
complexity, from homogeneous conditions and cons@nt  functions[Eqgs.(15)-(17), (21)—(24)].

8r ‘ o 7 change, on one or two sites. Such analysis would aid in
13 { & setting constraints on future laboratory and field investiga-

2 b & ; e . tions designed to more accurately assess the significance of
[ b . colloid-facilitated tracer transport in aquifers.

1 :_/Q?,Q . The applicability of the general resui28) was illus-
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sition of the NRC. numerical computations of statistical momentsge.g., Refs.
12, 29). For instance, the first-order expression for Yam
APPENDIX A: GROUND-WATER ELOW AND a three-dimensional, statistically isotropic, heterogeneous
ADVECTIVE TRANSPORT aquifer is
We consider ground-water flow in an aquifer with spa-  Var(r)U? 8 4 8 8 1 s
tially variable hydraulic conductivity, K(x), where 2 _§+E__3+_2 1+E e (A2
lin kTin k & ¢

X(X1,X,,X3) iIs a Cartesian coordinate vector. The spatial
variability of the hydraulic conductivity encountered in aqui- whereé=x, /1, . Note that at first-order,A2) is identical
fers is set into a rational framework by regardik¢x) as a  in form to the longitudinal displacement variance derived
random space functioRSF). first in Ref. 14, Eq.(4.9). For {—, we obtain the
The ground-water velocity/(V;,V,,V;) satisfies the asymptotic expression for Var) (36). Clearly (36) for
continuity equatiorV - (9V) =0, and is related t&, the po-  Var(r) overestimates the pre-asymptotic valée), in par-
rosity 9, and to the hydraulic hea® through Darcy’s law ticular for relatively small x;/lj,. However, three-
V=—(K/9)V®d; consequentlyV is a RSF. The support dimensional numerical simulations have shown td) un-
scale forV is what is referred to as the loc@ir laboratory) — derestimates simulated values fof, (<=1 (Ref. 24, Fig. 2).

scale[Fig. 1(b)]. Hence applying[36) rather than(A2) for Var(r) at L/l ¢
The common assumption is tha€ is log-normally =4 is likely to be more accurafesee Fig. 2(cin Ref. 24].
distributed?® i.e., In(K/Kg) is N(0,07 ) where K is the Any Eulerian quantityQ(x) can be transformed to ob-

geometric mean oK. An (an)isotropic negative exponential tain its Lagrangian counterpart, either as a functiorr,0br
covariance is usually employed in geostatistical models oK;. In particular,

the hydraullc condyctmty, where .the mu_agral scales cK In QN=Q[X(N], Q(x1)=Q[Xy,7(xy),{(x1)].

are inferred from field dat&. In the isotropic case, one inte-

gral scale is required . Note thatQ(x),Q(7), andQ(x,) are all different functions,

Ground-water flow through aquifers is genera”y Steadyhowever, the same notation is retained for SImpIICI'[y Fur-
or changes slowly, hence we assume steady-state conditioft§ermore, a gradierit - (QV) whereQ(t,x), is transformed
The flow is driven by field-scale, steady boundary conditionsonto a trajectory(stream tubes dQ/d, whereQ(t,7).*°
that impose an average constant hydraulic grad@ntBe-  Usingdr=dx;/V;, we also have
cause the variations in porosity are relatively small, a com- - 1 Q(£)
mon assumption is that of uniform porosity. The statistics of f Q(H)do= V—dg.

V have been related to the statisticskofboth analytically 0 !
using first-order approximatior®.g., Ref. 39), and numeri-
cally using Monte Carlo simulation®.g., Ref. 40).

A nonreactive and dynamically inert tracer injected at
x=a(0a,,a3) [Fig. 1(b)]is advected as an indivisible entity, Computation of expected values in Secs. VA-VB re-
referred to as a tracer parcel. The support scale for the traceuire (joint) probability density function$PDFs), of one or
parcel is the local scalFig. 1(b)]; thus the tracer parcel several Lagrangian variables; u, v, o, ands. The basis
consists of many tracer and colloidal particles. The parcefor determining these PDFs are, on the one hand, the Eule-
advection trajectory isX(t;a) [Xi(t;a),X(t;a),Xs(t;a)], rian fields of the reaction parametexs, (e, x, P) with given
with X(0;a)=a, where X is obtained by solving statistics, and on the other hand, the statistics of the hydrau-
dX(t;a)/dt=V[X(t;a)].*+* lic conductivity, K, as well as the boundary conditiofesg.,

A useful parametrization of Lagrangian variables is ina mean hydraulic gradient), for solving ground-water flow
terms ofx,, i.e., the position parallel to the mean flge.g., (see Appendix A).

Refs. 10, 13). The solution ok;—X;(t;a)=0 yields t The Lagrangian PDFs of Secs. VA-V B can be com-
=7(Xq;a) wherer=0 for x;=0. Hencer is the advective puted from the Eulerian statistics only approximately. The
travel time fromx;=0 to x;. Note that ifx;—X;(t;a)=0 two principal approaches aemnalytical using the small per-
has multiple roots, we select the first passage time. Next waurbation approximation, andumericalusing Monte Carlo

0

APPENDIX B: LAGRANGIAN STATISTICS
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simulations. The analytical approach assumes that the trajesteady flows considered here, the time variable is not in-
tories are approximately parallel to the mean flow, wherebyolved in the computation steps, and only the spatial distri-
the Eulerian and Lagrangian statistics are related in a simpleutions of the aforementioned variables is required. The

manner'® main practical task with the simulations would be to test
The simplest PDF considered here is for the groundvarious correlations and provide a basis for simplified ana-
water residence times, g(7), used in(30), (34), and(37)— lytical models of the joint PDFs.

(38), where all reaction parameters are assumed spatially

uniform. The PDRg(7) has been the subject of several in-

vestigations, analytical and numerical. One analytical aPAPPENDIX C: UNIFORM CASE

proach is to derive the first two momentsxobased on small

perturbation approximation, and then assume a particular The coupled Lagrangian syste(8) accounts for spatial

form of g(7); a common form is the log-normal distribution. variability in the ground-water velocity through If reaction

Alternatively, g(7) can be expressed as a function of theparameters in(8) are random space functions, then we re-

PDF of the trajectoryX, g(X).'® Both approaches are ap- quire field data on their statistice.g., mean, auto-, and

proximate, since only the first two moments are computedross-covariances, etc.). In many applications, however, only

analytically (of 7 or X), and the actual form of the PDFs a few samples may be available for determining the sorption

[a(7) or g(X)] has to be hypothesized. Both analytical ap- properties, insufficient for a statistical description. In these

proaches yield comparable results and have been verified yases, the available data would be used to provide the best

numerical simulation8>*! For large variability inK, the ap-  estimate of effectivéuniform) parameter values.

proximate analytical results are not applicable, and the deter- Here we assume that= y=0, i.e.,C.=C is uniform in

mination ofg(7) has to rely on numerical Monte Carlo simu- the domain of interest, and that the reaction paramete®)in

lations (e.g., Refs. 40, 11). are spatially uniform. We consider “nonideal” transport
Joint PDFs for Lagrangian random variables which inte-(y;,,,#0), and give examples for the common reversible lin-

grate reaction parameters along a trajectdryare used in  ear sorption—desorption mod@.g., Refs. 16, 10),

(26)—(27). The moments of these PDFs can be computed ,

analytically using first-order expansions as presented in Ref. — kevet KN I i

12. The approach in Ref. 12 was to compute the first two Yom YT RN s+k’’

moments of the two random variablesind u (including the

joint moment) and then assume a particuléog-normal) ki=ki/R;, ki=k /Rq, (C1)

joint PDF. In Ref. 12, we compared the analyti€approxi-  \\narek. is the forward, andk, the reverse rate. We see in

mate) results with results from two-dimensional numerical (C1) that the kinetic sorption rates for the porous matrix are

simulations, and found a reasonable agreement for small Q. quced by a factoR., due to the presence of colloids
moderate variability in the hydraulic conductivity and reac- 4 boundary ccc;nditions fotyy and yy are yo(t O’)

tion parameter. The_ approach of Ref. 12 can be extended to 5(t) and yy(t,00=0 with an initially tracer-free porous
several random variables, relevant for the joint PDF26). medium, y»(0,7) = y(0,7) =0.

The most complex PDFs considered here are given in
(28),(29), and(33). These in'volve diffelrer?t Lagrangian vari- |.oversible sorption
ables at two different locations. In principle, the same ana-
lytical methodology can be applied as that used in Ref. 12, With ;=0 anda=a/R{, we get from(8)—(10) with
however, the computations would be more comprehensive;=0, o=ar, pn=Kqyr/RY,
since more complex correlations are involved. Monte Carlo

simulations would essentially be the same as those in Ref. 12 Yx=exXi = (s+A) 7],

for two-dimensional aquifers and in Ref. 26 for three- .« (C2)
dimensional aquifers, except that more variables need to be VYIKGXP(—ST){l—eXF[—A I}
considered.
Specifically, simulations of advectivénonreactive) Where
transport are required for computing the joint PDF, for in- A=sK+a+F,
stance, in(29). The first step is generating on a grid realiza- (C3)

tions of theK field and solving subsequently the flow equa- , d o 0

tions to obtain the velocity and the associated Lagrangian Kg= @1 Re=1+«Cq,

variables7(xy;a),n(X,;a), and{(x;;a), which depict the ¢

trajectories of the fluid flow and advective transport. In par-and F is arbitrary. With F defined in (C1) (where R,
allel, fields of e(x1,7,0), a(x1,7,0), x(x1,7,{), and ER‘C’), inversion of(C2) with (C3) yields

P(xq,7,{) are generated on the same grid by using the given ,

Eulerian statistics. Once this step is accomplished, random yx(t,7) =exp(— a7) y(t=Kq7,7), (C4)
variablesy, u, andw are derived by quadratures along the t

trajectory. In addition to the random variables which inte- Vv(t,T):aj f(t=t")h(t’,7)dt’, (C5)
grate reaction parameters, we also consider the watio; 0

and s along the trajectory. It is emphasized that for thewhere
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h(t,7)=68(t—7)—exp(—a7) y(t—Ky7,7),

f(t)=ePY coshqt) + psinr(qt) ,
1 (KIK! kD), ak/
=— +a+ ,
P=7 ok, o K}
and
y(t,7)=L " Hexd — r(s+ ]}

=e is(t—1)
+ 7kt k; exp{ —[ki 7+ K/ (t—7)]}

XT[k{ k! 7(t— ) JH(t—7)

is the reaction function for linear reversible sorption—

desorption, withT,(Z)=1,(22"3/z*? and 1, being the
modified Bessel function of the first kind of order ofesg.,
Ref. 10).
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sence of equilibrium sorption need to be reduced by a factor
R.>1, if parallel equilibrium sorption on colloids takes
place.

The solution of(C7) is

Yx(S,7)=Ar exp(A17)+ Ay exp(A,7),

(C9)

Yy(s,7) =B exp(A,7)+Byexp(A,7),

where
a;— A
A= 11— A2
A=Ay’
Ai—ag

Al———,
aio

1 1 2 12
A= 3(antazy) F3[(a—ap)“+4aax] ™"

Onceyy andyy are computed froniC9), yyx andyy can
be obtained by numerical inversion for afy An analytical
approach is to characterizg, and vy by temporal moments

(31)—(32), whereyy and yy are given in(C9); this approach

B,= B,=—-By,

The case of equilibrium sorption on the porous matrix is"@s been used for illustration in Sec. VIB.

formally obtained by settingF= 0. Equivalently, the equilib-

rium case is obtained in the limit as kinetic rates become:; McCarthy and J. M. Zachara, “Subsurface transport of contami-

large; thenF~s, sayF=B s, andB can be incorporated into
Kq4. vx and yy are for the equilibrium case given §23)-
(24) which here reduce to

yx(t,7)=exp(—a7)d[t— (1+K{) 7],
(C6)

2l T,

(t,7)= —
,T)= —ex
Yy K’

d d

—H(t—7m—K{n].
In the case wher& ;=0 andR’=1, i.e., tracer sorption onto
the porous matrix is negligible, we get simple expressions

yx(t,)=e"“75(t=1), yy(t,1)=(1-e *)o(t—17),

where the pure advective case is obtained for total tracer

dischargg(in water and on colloidsas yx+ yy=8(t— 7).
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