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Abstract

Several models have recently been proposed to describe solute transport in two or more mobil e regions, yet there have been
relatively few attempts to cdibrate these modelsfor a particular soil. In this gudy, adual-porosity approach is used to describe
the steady-state readive transport of a Br™ trace through a fine-textured Ultisol over arange of pore water velocities and levels
of soil water saturation. This model partiti ons the soil i nto two mobil e regions that represent the soil matrix and maaopares.
Theory and methoddogy are presented to estimate dispersive transport and adsorption in ead region and dffusive exchange
between regionsfor soil columns subjeded to steady-state water flow. Numericd inversion o the governing transport equations
wasusedin conjunctionwith nori nea least-squaresoptimizationto estimatetransport parametersfor displacamnent experiments.
Pore water velocity and water content was independently estimated for ead region wsing a pair of displacenent experiments
conduwcted onthe same wlumn bu at different degrees of saturation. Results suggest that the fitted massexchange wefficient
represents alumped processresulti ng from the cmbined effeds of intra-aggregate diffusionandlocd flow variations. We dso
concludethat when thereislimited interadion between regions, the masstransfer coefficient shoud be estimated independently.
A principa difficulty of the gplicaion d the dual-porosity model was the norlinea behavior of the diffusive exchange term
at ealy timesafter astep changein inlet concentration. Another problem wasthat fitted solutions predicted nealy all adsorption
sites to be in equili brium with solute in the macopare region rather than with solute in the matrix region. Despite these
difficulties, the dual-porosity model led to dfferentiation o transport processes that corresponced to observed structura
differencesin soil horizons.
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1. Introduction

Soils often exhibit a variety of small scde
heterogeneities sich as cradks, maaopares and voids
which permeae and separate the matrix or inter-
aggregate pore regions. A consequence of the wide
variationsin fluid velocity generated by heterogeneous
void space within an averaging volume is that the
transport proceses in some soils and geologic
formations cannot be succesgully described using the
advedive-dispersive euation (ADE). A common
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approach to ded with these difficulties is to partition
flow into two or moreregionsbased upontheporesize
Early propaents of a dua-porosity approach
(Barenblatt et al., 1960 Warren and Root, 1963
hypothesized that such a mncept was useful to describe
water transport in fradured paous media. The dual-
porosity approach consists of the introduction of a
liquid pressure and mean velocity for ead of the pore
sizegroupings. Continuum equationsof fluid and solute
massconservation are written separately for ead pore
size class and inter-region advedive and dffusive
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exchange terms provide for the interadion between
groupings.

A host of models have been introduced to overcome
the difficulties of describing solute transport in soils
which exhibit excealingly wide distributions in pore
water velocities. Stagnant region models (Coats and
Smith, 1964 van Genuchten and Wierenga, 1976
partition liquid into mobile and immobil e regions with
solute exchanges being a function of concentration
differences. Although mobil e-immobile models have
been the most succesgul in describing solute transport
in soil columns, they suffer from the fad that the
immobile fradion is operationally defined and fitted
parameters change & a function of experimental
conditions. Skopp et al. (1987 introduced a dua-
porosity model for solute transport in soils whereby
both regions are mobile ad solute exchange occurs
between the regions. However, convergent
approximations of analyticad solutions could not be
obtained for relatively large exchange wefficients.
More recently Gerke and van Genuchten (19931) and
Ray et al. (1997 introduced a dual-porosity model
which acwounts for both advedive and dffusive
exchanges of solute under non-steady-state flow
conditions. Expanding the cncept, Gwo et al. (1995
used three pore regions to describe water and solute
transport under variably saturated conditi ons. Exchange
of solutes between pore groups was governed by
advedive and dffusive exchange efficients between
the threeregions.

Despite amodest number of dual and multi-porosity
modelsin the literature that have been used to describe
unsaturated transport of solutesin structured soil s (e.g.
Skoppet a, 1981 Gerke and van Genuchten, 1993
Gwo et a., 1995 Hutson and Wagenet, 1995 Ray et
al., 1996) there have been few attempts to cdibrate or
validatethesemodels. Ma and Selim (1995 used atwo-
region model to describe tritium transport in repacked
soil columns. The flux in ead region and a single
dispersivity for both regions were obtained by best fit
procedures. They found that the use of the two-region
model could describe the bimodal pegs of
breathrough curves generated with pulse inputs of
tritium. However, a mnstant diffusive exchange
coefficient was assumed for all experiments because
attempts to fit the exchange mefficient concurrently
with other parameters were unsuccesgul. Gwo et al.
(19%) fitted a threeregion model to effluent

concentrationsobtai ned fromdisplacament experiments
for a singe undisturbed soil column. The model was
fitted to three bresthrough curves obtained from
displacements conducted at different pressure heads
(i.e. 0, -10, and -15 cm H,0). Since the experiments
wereconducted under steady-stateflow, it wasassumed
that there was no advedive exchange of solute. This
permitted the estimation of the three diffusive solute
exchange coefficients between the three regions.
However, since eght additional parameters were fitted
to ead displacement experiment, it is questionable if
the solution is unique and if fitted model parameters
acually refled the dfedive transport procesesin the
soil. These @ove noted dfficulties exemplify the
inherent problems associated with obtaining reliable
estimatesof effedivetransport parametersfor eacpore
region when independently measured estimates are not
obtainable. Nonetheless it is esential to evaluate the
degree to which multi-continuum models corredly
predict experimental data.

Thisresearch was conducted in southern Costa Rica
and was part of alarger study investigatingthe physica
and chemicd medanisms governing the transport of
tracas in a variable dcarge soil. Both physicd
nonequili brium and anion adsorption were cnsidered
to be potentially important processes controlling the
movement of nitrate in soils of this region which
recaves approximately 3000 mm predpitation
annually. In this gudy, the dual-porosity approach is
evaluated with resped to its utility in describing the
steady-state readive transport of a Br trace through
large, undisturbed soil columns at different soil water
contents and pae water velocities. Only two mobile
regions are mnsidered to reduce the difficulties
associated with nonuriqueness when attempting to
estimate multiple mass transfer coefficients between
three or more regions. Theory and methoddogy are
presented to estimate diffusive exchange and transport
parametersfor asoil column at agiven water flux using
nonlinea least-squares regresson in conjunction with
data obtained from a displacanent experiment
conducted at a lower presaurre head and slower pore
water velocity. Model performance is evaluated by
comparing simulated concentrations with experimental
measurements and by discerning the degree to which
fitted parameters vary in a meaningful manner as
physicd and chemicad conditions of the experiments
change.
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2. Theory
2.1. Governing equaions

For one-dimensional, incompressble flow with
negligible density effeds due to concentration
gradients, solute transport in each region can be
described using the ADE
a8,C) . a(fp,S)
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where subscript 1 represents the maaopare or inter-
aggregate pore region and subscript 2 represents the
soil matrix or intra-aggregateporeregion. Thevariables
C, and C, are resident solute concentrations
corresponding to solute massper unit volume of water
in eat respedive poregroup (M L) and S, and S, are
adsorbed mass of solute per unit of soil mass that
equilibrates with the solution contained in ead
respediveregion (M M™). Here p, isthebulk density of
the soil (M L), fis the massfradion of soil that
equili brateswith the solutioninregion 1 with resped to
total soil mass(M M™), 8, and 6, are the volumetric
water contents of ead respedive region per unit soil
volume (L2 L), v, and v, are the pore water velocities
for ead respedive pore region (L TY), D, and D, are
the longitudinal dispersion coefficients for ead
respedive region (L2 TY), x isdistancein the diredion
of flow (L), t is time (T), and T is the net solute
exchange rate per unit soil volume per unit time (M L3
Th.

The exchangetermI'iscomprised of both advedive
and dispersive transfers. Barenblatt et al. (1960
hypothesized that thevolumetransfer of liquid between
pore groups is dependent upon the pressure drop
between regions, the liquid viscosity, and the
geometricd charaderistics of the medium. Thus, as
might be expeded, the alvedive solute exchange rate
is a function of an effedive hydraulic conductivity
multiplied by the pressure drop. Dispersive mixing

@

between regions can be modeled in the likeness of
mixing between two tanks. Let € represent the rate of
mixingexpressed asthe pore volumes of 8, mixed with
an equivalent number of pore volumes from 0, per unit
time interval. The same volume removed from ead
region is returned, but with a different concentration.
This conceptudization allows the derivation of the
linea diff usive massexchange term (Schwartz, 1998.
The net solute exchange rate including both advedive
and dffusive transfersistherefore

T = K, 0, )A(h,-h)C 0.9 ¢ ¢
1,281 ) A(h-hy) 1,2+861+92( 1 2) 3
where K, ,(6,,) is the dfedive hydraulic conductivity
between regions (L T?), h, and h, are the presaure
heads asociated with ead respedive pore group (L),
A is the fluid exchange wefficient (L) between
regions, and € is the solute diffusive exchange
coefficient between regions (T™). Here C,, is the
resident solute concentration (M L ®) that depends upon
the diredion of flow (Gerke ad van Genuchten,
1993).
For alinealy exchanging solute, an adsorbed phase
that equili brates instantaneously with the solution
phase, and assuming that exchange sites are distributed

randomly throughout the media, adsorbed
concentrations in ead region can be defined as

S = K& @
S = K¢G ®)

where K is the distribution coefficient (L® M™).
Asaiming that soil properties do not vary substantially
with depth, aunit hydraulic gradient impliesthat h, = h,
and transfers between regionsgenerated by gradientsin
presaure head should be negligible. Combining this
asamptionwith Eq. (1) through(3) and substitutingthe
time derivatives of Egs. (4) and (5) in for 8S/ot and
dS,/at yields the foll owing coupled pertial differential
equations for stealy-state transport

ac, o, ac, 0,
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ot ox ox 0, +6,
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where R, and R, are the dimensionless retardation
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fadorsfor ead region and defined as

fp, K
R1:1+% (8)
1
1-f K
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2

and ¢, and c, are the dimensionless resident
concentrations edfied as

C,(xt) - C.
cxt) = (10
' C, - C

Cxt) - C
cxt) = 1)
2 C, - G

where C istheinitial uniform concentrationatt=0and
C, isthe mncentration in the entrancereservoir.

The mupled partial differential equations were
solved subjed to the followinginitial conditions (124)
and (12h) and baundary conditi ons (12c) through(12f)

c,(x0) = 0 (12a)
c,(x0) = 0 (12b
S R
)iiilo w - (12¢)

In contrast to ather dual-porosity or multi-continuum
solute transport models which uilize afinite lower
boundary condition (e.g. Gerke axd van Genuchten,
1993; Gwo et al., 1995 Ma and Selim, 1995 Ray et

al., 1997 the solutions obtained in this dudy are
formulated using Neumann lower boundary conditions
at an effedively infinite distancefromtheinlet. At low
Pédet numbers, the use of an infinite boundary
condition was foundto provide abetter description of
column effluent concentrationsbecause acial variations
in velocity were principally responsible for dispersion
rather than moleaular diffusion (Schwartz e al., 1999.
Moreover, use of an infinite lower boundary condition
permits a dired comparison of the two-region solution
with the one-region ADE solution of Lapidus and
Amundson (1952 and the mobile-immobile region
model (Parker and van Genuchten, 19841 typicdly
employed to analyze miscible displacanent
experiments.

2.2. Experimental approach of parameter estimation

In many structured soil s, the ADE has been found to
provide an acairate description of solute transport at
slow porewater vel ociti escorrespondingto unsaturated
conditions at relatively low (i.e. 10 to 20 cm H,0)
tensions (Elrick and French, 1966 Seyfried and Rao,
1987 Jardine & al., 1993. As sturation increases,
however, the manner inwhich solutesaretransportedin
these soil s diverges from that predicted by the ADE. It
has been hypothesized that the increasingly better
description provided by the ADE as tension increases
refleds the removal of the contribution of maaopares
towards total mass flux (Jardine & al., 1993.
Therefore, the maaopare region can be operationally
defined as that portion of the pore spacethat when
adive during steady-state flow conditions, yields
asymmetricd breakthroughcurvesnot correspondingto
Fickian dispersion theory. Let h,, be the pressure head
that corresponds to the volumetric moisture mntent 0,
at which the matrix region is saturated during steady-
state flow. Additionaly, 0, is the volume of water that
resides in maaopares or inter-aggregate pore space
during steady-state flow conditions. The volumetric
water content of the bulk soil isgiven by 0 =0, + 0,.
Accordingly, by the previous definition of the
maaopare region, breakthrough curves obtained from
displacement experiments conducted at presaure heads
greder than h,, will exhibit asymmetrica behavior. At
these presare heals the steady-state dual-porosity
model Eq. (6) and (7) can be employed to describe
solute transport in ead region delimited by the
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volumetric water contents 0,and 0,. In this manner, a
series of column displacement experiments can be
conducted at asevera pressure heads ranging from hg,
to zero to permit the cdibration of the dual-porosity
model to a particular soil column. The alvantage of
operationally defining the volumetric water content of
the maaopare region insteal of obtaining an estimate
through fitting procedures (e.g. Gwo et al., 195; Ma
and Selim, 1995 are that a mean pore water velocity
and water flux can be identified with ead region.

Let D and Rrepresent the dispersion coefficient and
retardation fador obtained from the fit of the one-
region ADE to a olumn displacenent experiment
conducted at a pressure head of h,,. At pressure heads
of hy, al of the surfface aea @&wciated with Br
exchange is asaumed to be adive even thoughthe soil
is not saturated. This is a reasonable gproximation
sinceat theselow tensions, large poreswould be empty
yet the wall s of these poreswould still be wetted by the
soil solution and hence be &le to participate in
exchange. Consequently, the expeded equili brium
retardation fadtor R, for the entire soil volume & a
moisture mntent O greaer than 0, is therefore

Ry(® = 1+ Po K

0
= 1+ Fz-[R(Gz) - 1ay

Combining Eq. (8), (9) and (13) yields the following
expressonfor theretardationfador inthematrix region

0
R, = 1+[Req(e)—1]-e£—[Rl—1]-e_l 14
2 2

Thus, in EqQ. (6) and (7) only R, need befitted to oktain
estimates of R, and f , the fradion of adsorption sites
that equili brate with the solution in the macopae
region. As aresult of incorporating information from
two displacament experiments into the dual-porosity
model, the number of unknowns in the dual-porosity
model is reduced to four parameters. |n additi on, some
of the uncertainty involved in evaluating f and the
eff edively immobil e water content associated with the
mobil e-immobil e model has been eliminated.

3. Materials and methods
3.1. Miscible displacements

Undisturbed soil columns were olleded from two
soil pedons (CR1 and CR2) locaed within a two ha

basin in southern CostaRica The soil i safinetextured
Ultisol (clayey kaolinitic semiadive isohyperthermic
Oxyaquic Hapludult) derived from sedimentary rocks
richinmafic materials. The site hasbeen cropped under
a no-till bean-corn rotation for ten yeas. Undisturbed
soil cores were mlleded at 0 to 15 cm, 20 to 40cm,
and 42 to 57 cm depths corresponding to the Ap/AB,
Bt1 and Bt2 horizons, respedively, of the CR2 pedon.
An additional soil core was colleded at 20 to 40cm
depth corresponding to the Bt1 horizon of the CR1
pedon locaed at this ste. Cylindricd soil columns
(10.1 cmi.d.) wereisolated by incrementally forcinga
beveled cutting edge oupled to a palyvinyl chloride
pipe over a previously carved pedestal of soil. Excess
soil material at the bottom and top d the ¢/linderswas
trimmed flush and caps were seaured to the ends to
permit transport to the laboratory in Costa Rica The
physicd parametersfor ead of the columns are shown
inTable1

The methods and apparatus used in the miscible
displacement experiments are described in detail by
Schwartz ¢ a. (1999. Briefly, the bottom and top o
ead column were fitted with fritted glassplates with
bubbling presaire heads ranging from -3.9 to -5.1 kPa.
Contad between fritted glass plates and the soil was
fadlit ated by pladng a small amount of uniform fine-
grade (#60sieve) sand between the plate and the rough
surfaceof the soil . Soil columns were slowly saturated
with 5.0 mM CaCl, from the bottom porous plate prior
to affixingthe top date aseembly and initi ating a set of
displacement experiments. Theinlet presaure head was
controlled with a Mariotte device ad the outlet
presaurehead wasmaintained by adjustingtheel evation
of the outflow tube. Once ®lumns were saturated,
displacement experiments were aonducted under a unit
hydraulic gradient at seleded presaure headsof 1, -2, -
5,and -10cmH,0 (0.1, -0.2, -0.5, and -1.0 kPa) using
5.0 mM CaBr, as the influent solution. In some cases,
greder negative presaures were gplied to adcieve
dower water fluxes. The Br trace was injeded
continuously only after a steady-state flux of 5.0 mM
CaCl, had been establi shed. Influent solution containing
the Br trace wascontinued for approximately five pore
volumes or until effluent trace concentrations were
greder than 95% of the influent concentration. Once a
given breathroughrun was completed for a spedfied
head, columns were ajain saturated and flushed with
5.0 mM CaCl, solutionto dsplacethetrace in the soil.
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Tablel

Physicd parameters of columnsandresultsof thefit of the ADE to di splacement experimentsconducted at slow water fluxes. Only D and Rwere

fitted for these experiments.

Column Pedon Horizon Po L hey 0 o D R
Mg m? cm cmH,0 cm® cm® cmh? cm? ht
1 CR2 Ap/AB 0.934 150 -10.0 0.510 0.63 245 1.50
2 CR2 Ap/AB 0.911 15.0 -10.0 0.497 0.67 357 157
3 CR2 Btl 0.890 20.0 -10.0 0.514 147 571 2.00
4 CR2 Ap/AB 0.854 14.9 -110 0.636 111 5.68 1.16
5 CR2 Bt2 0.957 149 -10.0 0.547 0.82 3.01 3.04
6 CR2 Btl 1.002 20.0 -10.0 0.554 217 311 1.53
8 CR2 Bt2 1.110 149 -10.0 0.568 1.58 217 2.89
11 CR1 Btl 0.968 20.0 -14.0 0.618 117 138 1.40

2 g isthe volumetric flux.

The succeealing displacanent experiment at the next
lower head was initiated when effluent CaBr,
concentrations were lessthan 5 M.

Effluent from the alumn displacement experiments
was collecded over uniform time intervals
corresponding to 0.1 to 0.15 pae volumes. Bromide
concentrations in the dfluent solution were measured
usinganion-seledive dedrode. Theionic strengths of
CaBr, standards were aljusted with CaCl, to 0.015to
match the ionic strength of the dfluent exiting the
columns. The soil columns were weighed at saturation
and upon the mpletion of ead displacement
experiment. In additi on, the oven dry weight of the soil
in each column was measured after the completion of
all transport studies to determine the volumetric water
content at saturation and at ead presaure head.

The parameters of the one-region advedive
dispersiveequation (ADE) wereidentified by fittingthe
analyticd solution of Lapidusand Amundson (1952 to
effluent concentrations. For the displacement
experiments conducted at the slowest flow rates
corresponding to hg, the best least-squares fit of the
ADE solution to measured effluent concentrations was
obtained by allowing both D and R vary. Mean pore
water velocity was asaumed equivalent to the flux
divided by the volumetric water content. Table 1
providesasummary of theresultsof thenonlinea |least-
squares estimation for the ADE (Schwartz, 1998.
Solutetransport at theseflow rateswas consideredto be

at or nea equili brium conditi ons as evidenced by the
good agreement of the ADE with measured effluent
concentrations and the fail ure of the mobile-immobile
and two-region models to substantialy improve
predicted concentrations (Schwartz, 1998. Similar
conclusions have been reached by Seyfried and Rao
(1987 and Jardine d a. (1993 for unsaturated
transport in urdisturbed, fine-textured soil sat presaure
heads lessthan or equal to -10 cm H,O. Parameters of
the mobile-immobile region model (Parker and van
Genuchten, 1984H werefitted to d mensionl esseffluent
concentrations with the retardation fador set equal to
Ry This permitted a dired comparison between the
mobil e-immobil e and dual-porosity model swithresped
to the fitted value of the massexchange wefficient.

Values of the retardation fador excealing urity in
Table 1 result from a small amourt of positive charge
in soil s due to the presence of goethite (7 to 11%) and
an equili brium pH in the dfluent of approximately 4.6
(Schwartz, 1998. Isotherms obtained from batch
adsorption experiments with bromide in a binary
system with CI" were linea within the range of
concentrations used in these displacament experiments
(Schwartz et al., 1999. Theretardation fador obtained
from the fit of the ADE at hy, (R) permitted the
cdculation of R (0) vis a vis Eq. (13). At pressure
heads greder than h, the ADE was fitted to effluent
concentrations by alowing D to vary and setting the
retardation factor equivalent to R,
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3.2. Micromorphdogy

Oriented thin sedions were prepared from air dry,
undisturbed clods impregnated with a polyester resin
under avacuum. Theimpregnatingsolution consisted of
a2:1 by volume mixture of polyester resin and aceone.
Two g L™ of fluorescent dye (UVITEX OB)” was
dislvedinthe acéonetoimproveporevisibility. Two
drops of hardeningagent (methyl ethyl ketone) per 100
mL solution was added to the mixture prior to
impregnation. Theresinwasall owed to hardenfor eight
weeks after which the samples were placed ina60° C
oven for 48 hours to cure. Verticd crosssedions of
impregnated clodswere ait into blocksusingadiamond
tipped saw blade. One side of ead block was palished
with arotating lapidary unit and banded to glass $ides
with epoxy resin. Bonded spedmens were ait and
theredter ground to a thickness of approximately 25
H“Mm.

3.3. Numerical solution

Animplementation of the numericd method o lines
(e.g. Schieszr, 1997 was used to solve the mupled
system of partial diff erential equations. Thefirst spatial
derivativeswere approximated usingafive-point biased
upwind method d Carver and Hinds (1978. The
semnd derivatives were gproximated using fourth-
order formulaobtained using Taylor series expansions.
Theset of ordinary diff erential equationsresultingfrom
the spatial discretization of Eqg. (6) and (7) were
integrated over time using DASS. (Differential
Algebraic System Solver), avariablestep-size, variable
order integrator (Petzold, 1983 Brenan et al., 1989.
Thesemi-infinite boundary conditi onwasapproximated
by setting ac, (x,t)/ox = ac,(x,t)/ox = 0 at
< - v_tn . a4 2Dt,

R R
where R and D were obtained from the least-squares it
to the ADE and t, is the time of the last concentration
measurement in the dfluent. Solutions for resident
concentrations at the outlet, x = L, were transformed to
flux concentrations (Parker and van Genuchten, 1984q)

(19

** The mention of trade or manufadurer names is made for infor-
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or exclusion by USDA-Agricultural Research Service.

for each region uwsing a fourth-order b-spline
approximation of the spatial derivative (de Boor,
1978. The dimensionlessflux concentration at the
outlet ¢; (L,t) was cdculated as

v, 0, ¢, (Lt) + v, 0,c,(L1)

c(Lt) =
(-9 v,0, +v,0, 1o

where ¢, and ¢, are the flux concentrations in the
maaopare and matrix regions respedively.

3.4. Nonlinear least-squares estimation

Modeled dimensionlessflux concentrations at the
outlet c; (L,t) were fitted to dimensionless effluent
concentrations [C; (L,t) - C; (L,0)] / [C, - C; (L,0)]
using an adaptive, model-trust region method o
nonlinea, least-squares parameter optimization
(Dennis et al., 1981; Dennis and Schnabel, 1983.
Derivatives of the two-region dimensionless flux
solution with resped to ead fitting parameter were
cdculated using forward dfferencing. Iterations of
thenonli nea least-sguaresestimation procedurewere
continued urtil both the maximum scaed relative
change in the parameters and the ratio of forecasted
change in the residual sum of squares were lessthan
1 x 10° Combinations of four or fewer model
parameters (D,, D,, R, €, v,, and 0,) were fitted to
bre&throughcurvestoidentify the parameter setsthat
yielded convergence and the lowest sum of squared
residuals (SR). The wefficient R, was always
redefined asafunction of R, and R,(0) to satisfy Eq.
(14) correspondinga constant R,(6) for agiven water
content and hence a onstant K, for a given soil
column. When v, was fitted, a constant flux was
maintained by resetting v, = (q - v,-0,)/0, where g is
total massflux. Hence the solute flux contributed by
ead region was permitted to change. Starting values
of parameters were seleded based on the fit of the
ADE at both presaure heads and previous fits of the
dual-porosity model. At least threesets of parameter
startingvalueswere used for eat estimation problem
to ensure that the optimizaion routine mnvergedto a
global minimum. In a few cases, convergence
problems were encourtered for three and four
parameter fits. This was attributed to model
overspedficaionasindicaed by thefail ureof SSRto
change significantly (1x10°) despitelarge changesin
parameter estimates.
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Table2
Measured and estimated parameters for the constrained fit of the dual-porosity model to effluent concentrations of displacement experiments
(Valuesin parenthesis $gnify the 95% confidence interval as cdculated from asymptotic standard errors.)

Column  Pedon  Horizon h 0, 0, v, A D, D,? R.® € R," f SR
(cm)  (cm®*cm (cm*cm” (cmh?®)  (cmh?) (cm?h?®) (cm?h?) (hh x102
1 CR2 Ap/AB 1.0 0.108 0.510 438 1.23 586 586 3.36 233 1.00 1.00 13114
(219 (7.0)
1 CR2 Ap/AB  -2.0 0.044 0.510 225 1.23 101 101 6.79 458 1.00 1.00 0.855
(15 (13.6)
2 CR2 Ap/AB 1.0 0.128 0.497 892 1.34 1972 1972 3.23 228 1.00 1.00 1.577
(273 (3.0)
2 CR2 Ap/AB  -2.0 0.045 0.497 484 1.34 170 170 7.33 96.2 1.00 1.00 0.928
(42 (37.9
3 CR2 Btl 1.0 0.142 0.514 1197 2.87 14787 14787 3.65 4.48 1.27 0.73 1.539
(1769 (0.16) (148
3 CR2 Btl -2.0 0.031 0.514 235 2.87 87.8 87.8 17.79 51.0 1.00 1.00 3.235
(7.4) (233)
4 CR2 Ap/AB 1.0 0.044 0.636 1467 1.75 1493 1493 3.33 884 1.00 1.00 17.708
(2021) (13893
5 CR2 Bt2 1.0 0.041 0.547 159 1.49 1986 390 2127 0.025 151 0.75 0.774
(11§ (309 (1.36)
5 CR2 Bt2 -2.0 0.024 0.547 171 1.49 1541 15.0 4313 0.025 1.23 0.89 0.078
(6949  (17.7) (1321
5 CR2 Bt2 -5.0 0.017 0.547 126 1.49 376 528 5042 0.025 1.52 0.74 0.383
(21) (77 (129
6 CR2 Btl 1.0 0.056 0.554 799 3.93 5532 5532 6.24 711 1.00 1.00 0.932
(462 (1.06)
6 CR2 Btl -3.0 0.033 0.554 657 3.93 1419 1419 9.79 337 1.00 1.00 10500
(370 (19.2)
8 CR2 Bt2 1.0 0.006 0.568 1439 279 8684 226 3577 0.025 253 0.19 2.615
(2534 (73 (317
8 CR2 Bt2 -2.0 0.003 0.568 710 279 3807 771 59.97 0.025 254 0.19 1.658
(1465 (138)  (7.37)
8 CR2 Bt2 -5.0 0.001 0.568 496 2.79 1238 76.7 137.06 0.025 2.69 0.11  0.389
(405 (47 (1690
11 CR1 Btl 1.0 0.019 0.618 365 1.89 4757 102 13.69 0.025 1.01 0.97 1.423
(912 (33 (1.10)
11 CR1 Btl -10.0 0.013 0.618 211 1.89 953 151 20.69 0.025 1.00 1.00 0.871
(113 (18)

& Matrix dispersion coefficients (D,) without a amnfidenceinterval were set equal to D, for the least-squares fit.
® R, was fit such that the values of R, and R, always satisfied Eq. (14) with R.,(8) defined by Eq. (13).
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Fig. 1. Response surface of the sum of squared residualsin the D, - v, parameter plane for the displacement experiment of column 5ath=-5
cm H,0O. Thefitted values of the remaining model parameters $hown in Table 2 were used to cdculate the solutions. Thelocation of the best fit

solution is marked with an “X” at v, = 1.49cm h* and D, = 376cm? h™.

Thefit of the dual-porosity model to observed flux
concentrations was constrained to redistic parameter
values. Accordingly, €, D,, D,, v;, and v, were limited
to values greder than zero and R; and R, were limited
to values greder than urity. A final constraint was
impaosed such that D, could not exceeal the fitted value
of D,. Thisrequirement isbased uponthereasoningthat
atrace moving throughthe matrix initially freeof the
trace should not appea at the eit boundary in this
region at higher resident concentrations than the
maaopare region.

4. Resultsand discusson
4.1. Model fits to effluent concentrations

In general, least-sgquares fits obtained using sets of
parameters that included v, did not significantly

deaease (by 5%) the sum of squared residuals (SR).
In those caes where significant improvement of the

SR wasobtained, v, converged to unredi sticadl y small
or large values. These difficulti eswere not resolved by
fixing R, to a constant value. Figures 1 and 2 represent
theresponse surface ehibited by the SSRwithinthe D,
-V, and R, - v, parameter space for the olumn 5
displacement experiment at h=-5 cm H,0. These plots
demonstrate why a shift in the value of v, did not result
in significant improvementsin the SSR. Moreover, the
longnarrow vall ey exhibited by the response surfacein
Figure 2 suggeststhat v, isdifficult to identify when R,
isalso unkmown. Thisalso explainswhy large standard
errors were often obtained concomitant with low SR
aaossawide rangein velociti es for parameter fits that
included v,. Thus, treding v, as a known parameter
incressed the identifiability of the remaining
parameters, espedally when R, (or R,) was unkrown.
Since adsorption within asingle pore region cannot be
measured, the etimation of v; and v, from the
measurements of water flux and water content at two
different presaure heals was the most suitable method
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Fig. 2. Response surface of thelog d sum of sguared residualsin the R, - v, parameter plane for the displacement experiment of column 5at
h=-5cm H,0. Thefitted values of the remaining model parameters shown in Table 2 were used to cdculate the solutions. The location of the

best fit solution is marked with an “X” at v, = 1.49cm h' and R, = 50.4.

for ascribingsolutefluxto eat region. Accordingly, all
subsequent discussons regarding the dual-porosity
model pertain to least-squaresfitswith velocity in eat
region fixed.

For nealy all of theinitial least-squares fits where
D,, D,, R, and & were permitted to vary, at least one
parameter was outside of the boundaries identified
above which delineae aphysicdly acceptable solution
domain. The four-parameter fits of the dual-porosity
model to effluent concentrationswere charaderized by
two distinct groups: (1) thosefitsin which € converged
to negative values and (2) those fits in which R,
converged to values lessthan one and frequently D,
converged to values greder than D,. The &ove
differences in the least-squares fits were consistently
associated with the soil horizon. The Bt2 horizon of the
CR2 pedon and the Bt1 horizon of the CR1 pedon
congistently exhibited fits corresponding to e

converging to negative values. In contrast, the Ap/AB
and Bt1 horizons of the CR2 pedon exhibited fits
correspondingto convergenceof R, lessthan urty and
D, converging to values greaer than D,.

For the Bt2 horizon of the CR2 pedon and the Bt1
horizon of the CR1 pedon, a solution satisfying a
nonnegative value of € wasobtained by fittingthe dual -
porosity model with a small first-order mass transfer
coefficient estimated as
g = % D, W)

where D, isthe dfedive diffusion coefficient (L2 TY),
B is a dimensionless geometry-dependent coefficient,
and a is an effedive radius of aggregates (Gerke and
van Genuchten, 1996. For the subsoils a was st to 3
cm, P was approximated as 3 for redanguar slabs
(Gerke and van Genuchten, 1993h, and D, was
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estimated using the moleaular diffusion coefficient of
Br in water (0.075cm? h't).

Solutions satisfyingthe mnstraintson R;, R,, and D,
for the Ap/AB and Bt1 horizons of the CR2 pedon were
obtained by 1) setting R, to unity and R, asafunction of
Ry and R, given in Eq. (14) and/or 2) setting D,
equivalent to D, and alowing bath to vary as a fitted
parameter. Besides delineaing an acceptable solution
domain, the second strategy also eliminated the large
negative mvariances exhibited between D, and €. The
solution of the dual-porosity model was quite
insengitiveto largevariationsin D, likely dueto thefad
that the matrix region acwounts for only a small
propartion of the total effluent flux. Fitting the dual-
porosity model with D, set equal to D, provided only a
dightly better SR than setting D, equal to the
dispersion coefficient obtained from the ADE fit to the
matrix region in isolation, despite a dange in the
dispersion coefficient by up to two order in magnitude.
A lower SR could dften be obtained by letting D,
gredly exceal (e.g. by an order of one magnitude) D,.
Dispersion coefficients of the slowly mobile region
excealing those of the regions with greaer mohility
was also reported by Gwo et al. (1995. For this gudy,
whilelettingD, exceal D, yielded lower SR, residuals
and estimated studentized residuals at very ealy times
werelarger than those obtained when D, washeld equal
to D, inall but one cae. This suppatsthe presumption
that to arrive & redistic values of concentrations at
ealy times, D, should be no greaer than D,.

A summary of the results of the best least-squares
fits of the dual-porosity model to effluent concentra-
tions using the constraints discussed aboveis provided
in Table 2. These results are cmpared with the best fit
ADE solution with R = R,(8) in Fig. 3 for severa
horizons. In every case, the two and three parameter fit
of the dual-porosity model had a lower residual
standard deviation than the one-parameter ADE fit. In
one instance, however, (column 4 at apresaure head of
1 cm H,0) the fit was overspedfied as judged by the
magnitude of the anfidenceintervalsof all parameters.

4.2. Analysis of fitted parameters

The nonlinear least-squares fit of the dual-porosity
model to measured effluent concentrations yielded
column Pédet numbers (v L / D) ranging from 1 to 50
for the maaopare region and from .004 to 3 for the

matrix region. As discused by van Genuchten and
Parker (1984), these Pédet numbers are small enough
to produce differences in fitted coefficients as a result
of the doice in boundary conditions used in the
numericd solution. The dispersion coefficient in the
maaopae region, D, exhibited a log linea
relationship with mean pore water velocity in this
region (Fig. 4). The relationship of D, with v, differed
substantially between horizons and in some caes
among horizons. The variability of the dispersivity
relationship exhibited in Fig. 4 cdls into the question
the validity of using v, to estimate D, for use in the
dual-porosity model. For transient modeling
applications, the predictability of D, is of major
importanceand theinabilit y to oltainreliable estimates
will limit the usefulness of the model in a predictive
mode.

A principledifficulty with the least-squaresfit of the
dual-porosity model for the Ap/AB and Bt1 horizons of
the CR2 pedon was the tendency of the fradion of
adsorptionsitesin equili briumwith solute concentration
in maaopares ( f) to exceal unity. For these horizons
f was set to unity to oltain a physicdly accetable
solution that corresponds to no solute alsorptioninthe
matrix region. This dgnifies that all adsorption sites
werein equili briumwith the solute mncentrationin the
maaopare region despite the lad of equili brium of
solution concentrations between regions. Such a
condition is clealy not redistic considering that the
matrix region comprises a wnsiderably greaer volume
than the maaopare region. This outcome may be a
result of the model assumption of asinge bulk density
for both regions and a spatially invariable distribution
coefficient. Largefitted values of f may also result from
the presumption of complete mixing within the
maaopare region. Thisis demonstrated by comparing
solutions obtained for arange of f (Fig. 5) and noting
that ealy effluent concentrationsarerel atively sensitive
to this parameter. A small f equivalent to 0,/(0,+0,)
overestimates ealy concentrations and underestimates
late concentrations. It is possible that limited mixing
between individua maaopaes generated a non-
normally distributed solute velocity within this region.
As a result, the retardation fador in this region may
have been fitted to large values to dffset large
concentrations predicted at ealy times by the model.

The convergence of the exchange wefficient, g, to
values lessthan zero likely resulted from the inabilit y
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Fig. 3. Comparison of measured (o) with predicted (<) relative dfluent concentrations of the dual-porosity model for the Ap/AB, Bt1, and Bt2
horizons of the CR2 pedon over arange of soil water fluxes () at prescribed presaure heads (h). Dotted lineis best fit ADE solution with R set

equal to R,(6).

of the linea massexchange term to describe diffusion
into aggregates at ealy times. Figure 6 shows the
variation of the fitted mass transfer coefficient, e,
obtained by fitti ng the dual-porosity model to effluent
concentrationsover short timeintervalswith D,, R;, and
R, fixed to values own in Table 2 for column 5 at a
presareheal of 1 cmH,O. Thusthefitted value of € at
t = 0.40represents the fit of the dual-porosity model to
effluent concentration measurements obtained from
t = 0.13 (the first measurement) to t = 0.67. The fitted
value of D, for these five least-squares fits averaged
1851cm? ht and does not differ substantially from the
fitted valuefor the entire breekthroughcurve (1986¢cm?
h™). Based on Fig. 6, it isevident that the magnitude of

the masstransfer coefficient deaeases with time. This
result has also been demonstrated by Rao et al. (1980
by matching the analyticd results of amodel explicitly
acounting for transverse diff usion with the solution of
the mobil e-immobile model. As a mnsequence of the
nonlineaity of £ with concentration differences, mass
exchange between regions is underestimated by the
dual-porosity model at ealy times. Apparently, this
discrepancy between model assumptions and adual
physicd processs related to solute exchange between
regionscaused e to convergeto sli ghtly negative values
that yielded lower SR's rather than convergence to
large values assciated with locd equili brium
conditions. Althoughthe time dependent relationship
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Fig. 4. Influence of the mean pore water velocity in the maaopore region on the dispersion coefficient obtained from the least-squaresfit of the

dual-porosity model for several soil horizons.

In(e) = B, + P,t was found to provide improved fits
(data not shown) and led to nonnegative values of the
exchange coefficient, such an expresson further
increases the number of parameters that must be
estimated and, in thisresped, isundesirable.
Thevariation of 1/e asafunction of thelongitudinal
interadion time scde expressd as D, / (v, - V,)?
asauming D, = D, for the dual-porosity model repre-
sents the degreeof interadion between regions due to

the averaging eff eds of the locd flow variations (Li et
al., 1994. Therelatively strongrelationship (i.e. large
dope) between 1/e and the longitudinal interadion
time scde for the Ap/AB horizon and Bt1 horizon of
the CR2 pedon (Fig. 7) signifiesthat the timescde for
transverse interadion via diffusive transport was
extremely rapid. Clealy this senario can result when
thetransverselength scde arresponding, for instance,
to an effedive aygregate diameter isinsignificant. An
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Fig. 5. Sensitivity of the solution of the dual-porosity model with respect to the fradion of adsorption sites in equilibrium with the solute

concentrations in maaopores.
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Fig. 6. Time-dependency of the mass transfer coefficient and its correspondence with diff erencesin concentration as assessd by fits of the
dual-porosity mode to different time intervals of the breakthrough curve obtained for column 5 at a presaure head of 1 cm H,0O. The x-axis
denotes the average resident concentration at x = L obtained by integrating over each respective timeinterval.

exponent closeto unity (1.14) for thetrend exhibited in
Fig. 7 corresponds closely with the hypothesisby Li et
al. (19949 that 1/e should be propartional to D,/ (v, -
v,)% Obvioudly, since the value of £ was fixed for the
least-squares fits of the dual-porosity model involving
columns obtained from the Bt2 horizon and the Btl
horizon of the CR1 horizon, the relative importance of

the longitudinal time scade canot be asessed for these
horizons. However, the fad that an unvarying value of
¢ yielded accetable least-squares fits for eadr column
aaossarangein velocities with little change in water
content suggests that transverse interadions via
diffusive transport dominate solute transfers between
regions for these horizons.
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Fig. 7. Variation of the inverse of the masstransfer coefficient with respect to the longitudinal interaction time scde.
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Fig. 8. Resident concentrationsin the maaopore and matrix regions predicted by thefit of the dual-porosity model to breakthrough curves for

the Ap/AB and Bt2 horizons of the CR2 pedon.

4.3. Sgnificance of model results

The model predictions of large differences in
transport between the surface (Ap/AB) and Bt2
horizons of the CR2 pedon as evidenced by the
magnitude of ¢ is not realily apparent in Fig. 3. The
differences, however, are evident when predicted
resident concentrations in ead region are plotted as a
function of time (Fig. 8). Obvioudy, the resident
concentrations within the matrix region of the Bt2
horizon lag considerably behind the maaopae
concentrations. In contrast, the model fit obtained for
the Ap/AB horizon at approximately the same pore

water vel ocity demonstratesthat bothregionsarenealy
at equili brium. Theseinterpretations essentialy refled
the contrasting structures exhibited by the soil nea the
surface and in the lower Bt horizons. Thin sedion
micrographs shown in Fig. 9 illustrate obvious
structural diff erencesbetweenthe Ap and Bt2 horizons.
The fabric of the Ap horizon consisted o a
discontinuous S-matrix disseded by a highly
interconneded pore network. In contrast, micrographs
of the Bt2 horizon were daraderized by more
extensive regions of plasma with fewer visible pores.
Sincealarger massexchange wefficient correspondsto
shorter travel distances between maaoparesand intra-
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Fig. 9. Thin-sections of peds obtained from the a) Ap and b) Bt2 horizons of the CR2 pedon.
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Fig. 10. Simulated resident concentrations at x = L for column 8at a presaure head of 1 cm H,O resulting from aBr pulse of duration 0.5 hours.
Resident concentrations cdculated for the dual-porosity model are volume averaged between regions. Inset graphisidentica except that they-
axisis modified to show the resident concentrations for the maaopore region.
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Fig. 11. Relative column holdupas a function of time cdculated from the best fit ADE and dual-porosity model parameters obtained from the

column 8 dsplacement experiment at a presaure head of 1 cm H,0.

aggregate regions, model predictions of the exchange
coefficient for these horizons correspond well to the
degreeto which continuousporespermedethe matrices
as illustrated in the thin sedions. Such a distinction
between horizonswas not evident for fits of the mobil e-
immobile model (Schwartz, 1998. For example, the
fitted value of the masstransfer term, «, for the Ap/AB
horizon ranged from 0.019to 1.072h™ and intersected
the range obtained for the Bt2 horizon (0.016- 0.035h
. Incontrast, the eguivalent term for the dual-porosity
model (£6,0,)/(6,+6,) ranged from 1.86to 397 h™ for
the Ap/AB horizon and converged to negative values
for the Bt2 horizon. In this resped, the dual-porosity
model led to a better differentiation of transport
processes that corresponded to observed structural
differencesin the soil s.

The mean residencetime |, of a solute pulse for the
dual-porosity model was estimated as

t
m o= [1-c(Lyd 19
0

using \ery large t and found to approach L R, / v, the
theoretica mean residencetime of the ADE. Hence, for
the dual-porosity model with semi-infinite boundaries,
physicd nonequili brium does not influence the mean
bre&throughtime of the solute pulse. Thisagreeswith
the analyticd results of Valocchi (1985 for physicd
and chemicd nonequili brium models with only one
mobile region. The distinction between the ADE and

the dual-porosity mode! is contained within the 2™ and
higher moments of the residence time distribution
function which is manifested by the degree of
spreading, taili ng, and peakedness Figure 10showsthe
simulated resident concentrations at the exit boundary
for column 8 at h =1 cm H,0 resulting from a pulse of
Br of duration 0.5 hours. Clealy, the solute flux in the
matrix region, which comprises at least 99% of the soil
water for this column, is relatively insensitive to
changes in solute @ncentration in the maaopae
region. As a result, very little solute is exchanged
between regions and volume aeraged resident
concentrationsinthe mlumn arelessthanthat predicted
by the alvedive-dispersive equation. Similarly, solute
contained within the matrix region will have extremely
long residencetimes. This is demonstrated by plotting
relative column holdup H(t) over timet which refleds
the propartion of solute in the column at time t with
resped to the amount initially present at t = 0 and
cdculated as
t
1- 2t ey
1 0

The plot of relative @lumn holdup for effluent
concentrations is dmulated in Fig. 11 for the
displacement experiment for column 8 at a presaure
hea of 1 cm H,O using the parameters obtained from
the best fit ADE and dual-porosity model. At ealy
timesit isevident that relative holdup predicted by the

H(t) = (19
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dua-porosity model is dightly lessthan that predicted
by the ADE. However at t > 1 hour, relative column
holdup predicted by the dua-porosity model is
significantly greaer thanthe ADE predictionindicaing
the extremely dow rate of solute transfer from the
matrix region to the highly mobile macopare region.

5. Conclusions

In this gudy, the parameters of the dua-porosity
model were fitted to column eff luent concentrations to
evaluate readive, nonequili brium transport in a fine-
textured soil . Acceptabl efitsof thedual -porosity model
with lower residual standard deviations than the ADE
could be obtained whil e holding the bulk distribution
coefficient of the soil constant and constraininge, f, and
D, to redi stic values. The magnitude of the fitted mass
exchange coefficient corresponded, in a qualitative
sense, to olserved soil structura differences. Such a
correspondence between the exchange @
efficient and soil structure was not obtained for the fits
of the mobhil e-immobile model. This outcome may be
partly attributed to the independent estimation of pore
water velocity inead region of thedual-porosity model
usingapair of displacement experiments. The principal
difficulti esof the appli cation of the dual-porosity model
to solutetransport in these soil srelated to the nonlinear
behavior of the massexchange term at ealy times and
the tendency fitted solutions to predict that nealy all
adsorption sites were in equili brium with the solute
concentration in the maaopare region despite the fad
that solute mncentrations within the two regions were
not in equili brium.

The successul use of dual-porosity model in a
predictive mode will require the estimation of D, f, &,
and lessimportantly D,. Based on the results of this
study, difficultiesin obtaining satisfadory estimates of
D,, D, and f are anticipated. Such difficultiesarelikely
to be magnified consideringthat these parameters must
be estimated over a range of water contents and
associated porewater velociti esfor eadregionin order
to apply the non-steady-state model to adual field
conditions. The fitted massexchange coefficient may
represent alumped processresulti ngfromthe combined
effeds of intra-aggregate diffusion and locd flow
variations. When there is limited interadion between
regions, the mass transfer coefficient should be
estimated by matching model solutions with diffusion

models using specified ped geometries or, better yet,
by measuring the rate of diffusion of solute into soil
peds through a known surface aea Presently, it does
not seem passble to oktain independent estimates of
these parameters when there is a significant amount of
interadion between regions. However, this represents
a scenario that may be alequately described by one-
region transport models. For the soil sused inthis gudy,
the dual-porosity model provided a more nsistent
description of solute transport in the subsoil horizons
that possessed matrix regions largely isolated from a
highly mobile pore network. Such an outcome is
anticipated since the mnceptuali zation implied by the
dua-porosity model corresponds more dosely to
porous mediain which there exist two distinct regions
which behave independently except for exchanges.
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