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Abstract

Reactive transport modeling ia methodogical tool to study the coupled physical, chemical and
biological processes in Earth system. It is complex not only because of the nature of the equations, but
also because of the effects of perous medium heterogeneity on reactive trarispdiis thesis aims

to deepen the understanding of reactive transport processes in order to explain the biochemical
degradation process in porous media, with special emphasis on the role of biofilm and its growth.

First, we propose a general and efficianterical solution of reactive transport in multicontinuum
media usingMultirate Mass Transfe(MRMT) approach. To overcome the rlamearity of the
problem, induced by nelinear kinetics, we use the Newt&aphson method to get the global solution.
We sdve the system of equations in block form, which allow us to reduce the unknowns to those of
mobile zones and to, thus improving efficiency. The solution is validated by comparison with analytical
solution for linear kinetics. The code is developed in Ctpeiented way, which enables the code
reusability and data polymorphism.

Second, we investigate tleenditions forchemicallocalization (i.e., the occurrence of reactions that
would not be possible in single continuum media@)this end, we write # multicontinuum transport
equations in dimensionless form to find that reactive transport in multicontinuum media is governed by
three characteristic times: the distribution of residence times in immobile zones, and the characteristic
reaction and transpitimes. To study the interplay between these three characteristic times, we simulate
three chemical systems: conservative, single reaction and sequential reaction. Results demonstrate that
reactions driven by species that result from previous reactidhi®ealize in immobile zones whose
residence time is comparable to reaction times. Furtherrimorepbile zones with residence times

much smaller than those for transport can be lumped together (assuming that very fast reactions are
assumed in equilibriuyjnwhich greatly reduces computations.

Third, we perform simulations of reactive transport incorporating biochemical reactions that not only
oxidize organic carbon, but also produce biomass, thus causing biofilm growth. Biofilm growth is
known to cause cliging (i.e., reduction of permeability), which has concentrated most research on the
topic. But it also causes a significant change in the pore space geometry and connectivity, which leads
to not only an overall increase in mean residence time in immmagjiens, but also on its distribution.

As discussed above, this is critical to (bio)chemical localization, especially considering that microbial
mediated reactions tend to concentrate in biofilms. We propose a model for the evolution of residence
time distibution in immobile zones in response to biofilm growth. We test this model by comparison
with laboratory experiments extracted from the literature, where tracer tests have been performed at
various stages of growth.eRults show thahe dynamidMRMT model is capable ofeproducing the

salient features of these experiments






Resumen

El modelado de transporte reactivo es una herramienta metodoldgica para estudiar los procesos fisicos,
guimicos y bioldgicos acoplados en el sistema terrestre. Es complsfapor la naturaleza de las
ecuaciones, sino también por los efectos de la heterogeneidad del medio poroso sobre el transporte
reactivo. Esta tesis tiene como objetivo profundizar en el conocimiento de los procesos de transporte
reactivo para explical proceso de degradacion bioquimica en medios porosos, con especial énfasis en
el papel del biofilm y su crecimiento.

En primer lugar, proponemos una solucion numérica general y eficiente de transporte reactivo en
medios multicontinuum utilizando el enfog de Transferencia de Masa Multivelocidad (MRMT). Para
superar la no linealidad del problema, inducida por una cinética no lineal, utilizamos el método de
NewtonRaphson para obtener la solucion global. Resolvemos el sistema de ecuaciones en forma de
bloque, lo que nos permite reducir las incognitas a las de zonas méviles y a, mejorando asi la eficiencia.
La solucion se valida por comparacion con la solucion analitica para cinética lineal. El codigo se
desarrolla de forma orientada a objetos, lo que petmiteutilizacion del codigo y el polimorfismo de

los datos.

En segundo lugar, investigamos las condiciones para la localizacién quimica (es decir, la ocurrencia de
reacciones gue no serian posibles en un medio continuo Unico). Con este fin, escribémoad@nes

de transporte multicontinuum en forma adimensional para encontrar que el transporte reactivo en
medios multicontinuum se rige por tres tiempos caracteristicos: la distribuciéon de los tiempos de
residencia en zonas inmdviles, y los tiemposedegion y transporte caracteristicos. Para estudiar la
interaccion entre estos tres tiempos caracteristicos, simulamos tres sistemas quimicos: conservador,
reaccion Unica y reaccion secuencial. Los resultados demuestran que las reacciones impulsadas por
egoecies que resultan de reacciones previas se localizaran en zonas inmaviles cuyo tiempo de residencia
es comparable a los tiempos de reaccion. Ademas, las zonas inmadviles con tiempos de residencia mucho
mas pequefios que los de transporte pueden agruparseiéndo que se asumen reacciones muy
rapidas en equilibrio), lo que reduce en gran medida los célculos.

En tercer lugar, realizamos simulaciones de transporte reactivo incorporando reacciones bioquimicas
gue no solo oxidan el carbono organico, sino @qmbtén producen biomasa, lo que provoca el
crecimiento de biopeliculas. Se sabe que el crecimiento de biopeliculas causa obstrucciones (es decir,
reduccion de la permeabilidad), lo que ha concentrado la mayor parte de la investigacion sobre el tema.
Pero ambién provoca un cambio significativo en la geometria del espacio poroso y la conectividad, lo
gue conduce no solo a un aumento general del tiempo medio de residencia en las regiones inmoviles,
sino también a su distribucién. Como se discutié anterioemesto es critico para la localizacion (bio)
guimica, especialmente considerando que las reacciones mediadas por microbios tienden a concentrarse
en biopeliculas. Proponemos un modelo para la evoluciéon de la distribucion del tiempo de residencia
en zonasnmoviles en respuesta al crecimiento de biopeliculas. Probamos este modelo comparandolo
con experimentos de laboratorio extraidos de la literatura, donde se han realizado pruebas de trazadores
en varias etapas de crecimiento. Los resultados muestrahmodeto MRMT dinamico es capaz de
reproducir las caracteristicas mas destacadas de estos experimentos.
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Resum

La modelitzaci6 del transport reactiu és una eina metodologica per estudiar els processos fisics, quimics

i biologics acoblats en el sistema tetre. Es complex no només per la naturalesa de les equacions,
sin- tamb® pels efectes de | 6heterogeneptat mit)]
a objectiu aprofundir en la comprensio dels processos de transport reactiu per ekplioaés de
degradacié bioquimica en medis porosos, amb especial émfasi en el paper del biofilm i el seu creixement.

En primer lloc, proposem una solucié numerica general i eficient de transport reactiu en medis
multicontinuos mitjangant I'enfocamenttiensferéncia de massa multirata (MRMT). Per superar la no

linealitat del problema, induida per cinétiques no lineals, fem servir el métode de Nragtoson per
obtenir I a soluci- global. Resol em el sradgirt e ma  d
l es inc,gnites a |les de |l es zones m, bil s -i a, mi
la amb una soluci6 analitica de cinética lineal. El codi es desenvolupa de manera orientada a objectes,
gue permet la reutilitzacié del codkli polimorfisme de dades.

En segon |l oc, investigem | es condicions per a |
gue no serien possibles en un mitja continu). Amb aquest objectiu, escrivim les equacions de transport
multicontinu en formadimensional per trobar que el transport reactiu en mitjans multicontinuos es

regeix per tres temps caracteristics: la distribucié dels temps de residéncia en zones immabils i els temps

de reaccio i transport caracteristics. Per estudiar la interaccg antests tres temps caracteristics,

simulem tres sistemes quimics: conservador, de reaccié Unica i reaccid sequencial. Els resultats
demostren que les reaccions impulsades per especies que resulten de reaccions anteriors es localitzaran
en zones immobilel temps de residéncia és comparable als temps de reacci6. A més, les zones
immobils amb temps de residencia molt menors que les del transport es poden agrupar (suposant que
sbassumei xen reaccions molt r " pi demselsealcule qui | i br i

En tercer lloc, realitzem simulacions de transport reactiu que incorporen reaccions bioguimiques que

no només oxiden el carboni organic, sind que també produeixen biomassa, provocant aixi el creixement

del biofilm. Se sap que el creixemethte | biofilm causa | 6obstrucci
permeabilitat), que ha concentrat la majoria de les investigacions sobre el tema. Pero també provoca un
canvi significatiu en | a geometria iontnesacunnnect i
augment global del temps mitja de residéncia en regions immobils, siné també a la seva distribucio.
Com sO6ha comentat anteriorment, aix, ®s fonament
en compte que les reaccions mediatiqu&sobianes tendeixen a concertsaren biofilms. Proposem

un model per a | devoluci- de |l a distribuci - del
creixement del biofilm. Provem aquest model en comparacié amb experiments de laboratetdextret

la literatura, on s’han realitzat proves de tragador en diverses etapes de creixement. Els resultats mostren
qgue el mo d e | din"mic MRMT ®s capa- de reprodui.l
experiments.
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1 Introduction

This thesiss motivatedy projects dealing with water renationalization by Soil Aquifer treatment (SAT)
and degradation processes in the subsurface.

The hydrogeology research group has worked recently on a methodology to enhance water quality
improvement processesrihg soil passage/@lhondo et al., 2020The approach consists of installing

a reactive barriertahe bottom of infiltration basins in SAT system to favor the adsorption of organic
pollutants and their degradation. To this end, the reactive barrier consists of a mixture of sand (to ensure
high permeability and to guarantee structural strength), @rgaatter (woodchips or vegetable
compost, to provide sorption sites for neutral compounds and as a source of organic carbon to promote
reducing conditions)lay (to provide sorption sites for cationic compounds). Ideally, having a broad
range of sorptiosites and redox conditions should ensure the removal of most organic contaminants.
Many of them hardly degrade under aerobic conditions, but require reducing conditioisgefisen et

al., 200).

Another type of application is the removal of nitrates from mine tailing's seepage. An efficient passive
technology to reduce nitrate concentration consists aflating the nitrate loaded water through a tank
containing woodchips, which ensures denitrification conditibldstrom et al., 202Nordstrom &
Herbert, 2019Nordstrém & Herbert, 2018Nordstrom & Herbert, 2007

Both approaches have been successfully tested in the Nleldgtrom et al., 2022valhondo et al.,

202Q Valhondo, Martinez.anda, et al., 202(Nordstrém & Herbert, 20%8/alhondo et al., 2018
However, quantitative interpretation of results is difficult because degradation reactiomsrothe
biofilm, which evolves overtime. Microbial communities grow, which causes degradation rates to take
place more efficiently, but also risks clogging. Quantitative interpretation of results is required for
proper understanding and for upscalifgervation from pilot to large scale and from relatively short

(2 years) to long term operation.

Quantitative interpretation is made by means of humerical models, which is challenging for several
reasons. First, degradation reactions take place withibidi#gm, which hosts the vast majority of
microorganismsKlemming et al., 200 Morales et al., 201@-lemming & Wingender, 201®&atpathy

et al., 2016Flemming & Wuertz, 201,9Vu et al., 2019 but where water does not flo@¢sterton et

al., 1995 Flemming et al., 20Q7Flemming & Wingender, 2030 Obviously, mobildmmobile
representations of porous dia are required. Many such representations are availablBdrgne et

al., 2009. But such representations are primarily motivated to reproduce the imgeteabgeneity,

which leads to a broad range of residence times because of the variability of water velocity in different
flow paths, but not necessarily because of the time it takes to reach actual immobile zones. Second, as
a result of the above, the exjgmce about simulating reactive transport in this kind of model
representations is limitedDfnado et al., 20Q9Willmann et al., 2010 Worse, the computational
demand increases dramatically because the number of unknowns is multiplied by the number of
immolile zones used for representing the broad range of residence times. This may lead to
computationally unfeasible problems when the chemical system is complex. And, third, these immobile
regions evolve in time as a result of biofilm growtany studies exts on Its effect on hydrological
parameters, such as permeability, porosity and retention curvel@ytpr et al., 1990Morales et al.,

201Q Carles Brangari et al2017 LopezPefa et al., 20)9Its effects on the parameters controlling
mass exchange between mobile and immobile zones have beed stadimodelled much less
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To address these challenges, | have opted for a-ratdtimasstransfer (MRMT) approactHaggerty

& Gorelick, 1995 ), because it localizes chemical data, thus makingssipte to use conventional
chemical calculation tools, which | have also developed as part of the thesis. In this context, | have
made several contributions. Each of them is described in one chapter, which will hopefully be published.
This implies that ewsy chapter can be read independently, but also that a portion of the mathematical
description is repeated in every chapter.

Chapter 2 contains a new method to solve MRMT problems. The method benefits from the fact that
immobile zones are connected to ipdedent mobile nodes. This leads taghly sparsesystem matrix,

which facilitates solution. In fact, the final system only contains the mobile zone concentrations because
immobile zones concentrations are expressed as a function of mobile zone ctionente resulting
algorithm is very fast.

Chapter 3 analyses the interplay of immobile zones residence times, transport time and reaction times
with two goals: first, to minimize the number of immobile zones, and second, to identify the conditions
for chemical localization (i.e., the occurrence of reactions that would not take place if all the water was
mobile).

Finally, Chapter 4 contains a proposal for biofilm growth. To date, biofilm growth models emphasize
clogging (i.e., the reduction of permeatyilias the pore space becomes filled by biofilm. Here, |
emphasize that the residence time distribution changes in response to biofilm growth. This change is
relevant for proper representation of the evolution of redox states that occur both duringlartifici
recharge across a reactive barrier and during flow through a woodchips porous medium, which
motivated this thesis.



2 A general and efficient numerical solution of
reactive transport with multirate mass transfer”

The presence of low permeability regs within porous media impacts solute transport and the
distribution of species concentrations. Therefore, (bio)chemical reactions are equally affected. Multirate
Mass Transfer (MRMT) models can be used to represent this anomalous transport process. MRMT
conceptualizes the medium as a set of multiple continua: one mobile zone and multiple immobile zones.
It simulates species transport in mobile and immobile zones simultaneously, which are related by first
order mass exchange. Numerical modeling of reattaresport in this kind of multicontinua media is
complex and demanding because of the high dimensionality of the problem. In this paper, we establish
the governing equations of reactive transport in multicontinuum media incorporating chemical kinetics
into the governing equations. We propose a general numeobation of reactive transport with
MRMT by applying direct substitution approach (DSA) based on Newtgphson method. The
efficiency ofthe proposed algorithrbenefits of theblock structure of tke system, which allows us to
eliminate immobile zones equations and leads to significant savings in CRWMeartest the validity

of the developed solution by comparison with other numerical and analytical solutions.

" This chapter is bageon the paper Wang et al., 2024 general and efficient numerical solution of reactive
transport with multirate mass transfer, submitte@donputers & Geoscienceasnder2-nd review.
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2.1 Introduction

Solute transport is tdn anomalous in the sense that observedertdrations display numerous ron
Fickian features, such as asymmetric spatial distributions or heavy tailecthreagh curves (BTCs)
(Kosakowski et al., 20Q1Zinn et al., 2004Zhang et al., 2007Le Borgne & Gouze, 2008Many

methods have been developed to address anomalous transport, including continuous time random walk
(CTRW) Berkowitz & Scher, 1998entz et al., 2004Cortis & Berkowitz, 2004Dentz et al., 2015
fractional advectiordispersion equations (FADEBenson et al., 20Q0Schumer et al., 2003
Marseguerra & Zoia, 2008memory functiongCarrera et al., 199&8aggerty et al., 2000Villmann

et al., 2008Gouze et al., 20@8, multiple interacting continua (MINQPruess & Narasimhan, 1985

De Dreuzy et al., 20)3strudured interacting continua (SINGBabey et al., 2015Rapaport et al.,

2017, multirate mass transfer (MRMTHaggerty and Gorelick, 1998Vang et al., 20055alamon et

al., 2006 Benson & Meerschaert, 200%nd ohers. These methods are essentially equivélzentz

& Berkowitz, 2003 Silva et al., 200pin that theycan be viewed agpresenting solutmass exchange
between a mobile zorad severdmmobile zones witimegligiblewatervelocity. The above references
demonstrate that all thessethods are relevant for realistic solute transport, whiehpsacondition

for realisticreactive transporBut MRMT, MINC and SINC are advantageous because they localize
concentrations. That is, concentrations are computed and available at mobile and immobile zones at
each point in space, which facilitates reactive calculations. In thig sidse MRMT for its simplicity

and generality, but our results can be relevant as well for MINC and SINC.

MRMT consists of viewing the medium as the superposition of mobile and immobile Fogere (

2.14). Typically, the immole zones represent areas where water does not flow or flows very slowly.
Numerous (actually a distribution of) immobile zones are needed to reproduce the distribution of
residence time in the immobile regions. Numerical solutions can be viewed as addingogebes to

every mobile nodeRjgure2.1b).

(b)

Figure 2.1 (a) lllustration of MRMT model in porous media, white areas bounded by black curves
represent mobile zone, theabk areas represent solid matrix, and the gray areas represent immobile
zones, dark gray corresponding to a lower possibility of visit, while light gray denotes a higher



possibility to visit Gouze et al., 2008b(b) Numerical discretization of mobile and immobile zones,
each circle (labelled m for mobile, and im for immobile) is a node.

MRMT or any other method to address anomalous transport is relevanbrfoacrange of reactive
transport problems. A clear example is reactive transport in fractured mede(ep& Spycher, 2019

for a review). Groundwater flow in fractures is much higher than in the rock matrix. Mass transfer
between the fracture and the matrix is by molecditiusion and can lead to mineralissolution
precipitation depending on the distance or connection to the fracture. Another important example is
mass exchange between pore water and biofilms GhgnCharpentier, 1999 iwari & Bowers, 2001
Gaebler & Eberl, 2018Brangari et al., 2028 Biological reactions mainly take place in biofilms
composed of cellular material and extracellular polymsulzstances (EPS). As hydraulic conductivity

of biofilms is very low, mass transfer is controlled by diffusion and shape and size of the biofilm.

A broad range of residence tintaay be relevant in many reactive transport problems. Simulating them

is relevant not only for proper reproduction of (conservative tracers) breakthrough curves, but also for
reproducing geochemickdcalization(SolerSagarra et al., 20)6Localization refers toeactions that

occur in some portions of the domain, but which would not occur with the concentrations averaged over
all portions of the domaifi.e., in single porosity wdels) General reactive transport codes must be
coupled to MRMT to simulate these problems.

MRMT is computationally costly because it involves multiplying the number of unknowns by the
number of immobile zones plus one. This is especially true for imngtitvers, which require building

a system of equations with size equal to the number of unknowns. Therefore, it is not surprising that
devel opers have sought Atricksd to reduce this
option is to solve iffusion into the immobile region and then perform a convolution to acknowledge

the time variability of concentrations in the mobile z¢@arrera et al1998 Wang etal., 2005 Silva

et al., 2009 This istedious, so many othersldggerty & Gorelick, 1995Berkowitz et al., 2006
Berkowitz et al., 2008propose using a Laplace transform, which transédim convolubn into a

regular product. But these tricks require that the transport problem is linear. Therefore, they would not
be valid for general nelinear reactive transport.

MRMT is still feasible if all reactions are fast (i.e., simulated as equilibrium oeejtand identical
because transport of components is lingawnado et al., 2009Villmann et al., 2010 However,
MRMT is most important for reactive transport problems with kinetic reactions, because of both the
broad range of residence timg$aggerty et al., 200Gand chemical localizatiofsolerSagarra et al.,
2016.

However, solving MRMT for general reactive transport including kinetics cannot take advantage of the
above Atrickso. | t n &iguded.1b byaising genesabpurposedcodespsaghh e wa'y
PA.OTRAN (Lichtner et al., 2015Hammond et al., 2014raola et al., 2019 OpenGeoSys{laf

Kolditz et al., 20120. Kolditz et al., 2012Bilke et al., 201% PHREEQC Parkhurst & Appelo, 2(3),

CrunchFlow Eteefel et al., 201 Beisman et al., 20)5CHEPROO Bea et al., 2009RetrasqSaaltink

et al., 2004 and PHT3D(Prommer et al., @1, Prommer et al., 200%5teefel et al., 20)5which is

costly. Therefore, it would be desirable to have a general, yet efficient method to solve reactive transport

with MRMT.

The objective of this paper is to propose an accuratesiictent numerical approach of MRMT for
general reactive transport. In part one, we establish the mathematical governing equations. In part two,
we formulate the traditional and proposed numerical solutions. Irifpag we verify the accuracy of
propased formulation by comparing with the traditional one and available analytical solutions. We also
analyze the efficiency of the proposed algorithm.
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2.2Governing Equations

The immobile zones are fully defined by the distribution of mass exchange rates betwisienand
immobile zonesQ) is the probability density of immobile zones that transfer mass at a given
exchange rate (Haggerty et al., 2000

The total concentratio{#dfb (i.e., mass of solute per unit volume of medium) at a given point is the
weighted sum of mobilgg  ¢fd and immobile-  ¢fi fd concentrations, written as

. . . 2.1
Lefp %k oo % Q4 o @D

where%. and%. are porosity of mobile zone and porosity of immobile zone, respectively. As we
deal with reactive transport with several chemical species and reagtignsanddt are vectors
containing the concentrations of several species.

The governing mass balance equation to simulate species transport in mobile zone is defined as follows
(Willmann et al., 2008
ALy
o T 5L o % Logip & RO Q % e b
00 T (‘) 0] ar 00 | ar ar | | 00

2.2)

where O 4 @ A O% 4 is the transport operator, which accounts for
advection and dispersiog, is the dispersion and diffusion tensaiis Darcy flux, » ofo is a vector

of sink-source term that represents the mass added or removed by chemical reactiohe zone
per unit volume of water per unit time.

Mass in immobile zones exchange with the mobile zone as

T4 ch N .

‘rﬁ Ak a4 i s o D
Different distributions can be used for the mass exchangg rafEhe (truncated power law
distribution(Haggerty et al., 20QMHaggerty et al., 2005chumer et 412003 Benson & Meerschaert,
2009 is commonly used. Integrating equati@B) with weight'Q  in terms ofQ|, and multiplying
by % , then adding it into equatid®.2), yields the governing equation for the total concentrations,

(2.4)

(2.3)

>y

N 10)
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in which, »afD is the total reaction rate (now per unit volume of porous medium) that integrates
reaction in both mobile and immobile zones,

T chho o .
T _— "0 04 v s

. . . 25
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For any chemical system, reaction rakesfd at any point can be written as,
»afo | > » D (2.6)

where{ and-{ are the stoichiometric matrices describing equilibrium and kinetic reactions
respectively» and» represent the vectors of reaction rdtesaltink et al., 1998

The component matris is introduced to eliminate equilibrium reactions in equa{6), and to
reduce the number of unknow(Saaltink et al., 1998Molins et al., 2004 = is the kernel oﬂ| ,
satisfyingf-” . Multiply equation(2.2) and(2.3) by component matrix=, we obtain the simplified
governing equation in terms of componethizt iswritten as,
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where component vector = dis the product of component matrix and concentration vector.

Lo i o iR = ep i (28)

2.2.1 Numerical Equations

We solve the nodinear coupled reactive transporov@rning equatior{2.7) and (2.8) by applying
NewtonRaphson method, i.e., direct substitution approach (DStee(el& Lasaga, 1994Saaltink et
al., 1998 Saaltink et al., 20QIMolins et al., 2004Liu et al., 2019. Therefore, we define th&ystem
equations in both mobilend immobile zones simultaneoushhe details are given lppendixA. To
explain the algorithm, we write the equation system in the |orm T

1o o 3 5 (2.9
I %o ﬁ 0 ¢ oo 3 %0 » oD Tt
10 /oo . - . C e e (2.10
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T o
where0 is the number of immobile zones for each noaledy is the exchange rate between mobile
and immobile zone

The NewtorRgphson method is based solving the linearized form of the equations, i.e.,

2.11
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In our case, this can be written as,
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in which,¢ is the column vector containing all components in mobile zha#é nodes, ang¢ , is
the columnvectorcontaining all the components’tih immobile zone at all nodethe matrix at the left

hand side is the Jacobian matﬂbl it o consisting of the derivatives of system equations with
respect to the unknown components in both mobile and immobile zones at all nodes.

The important feature of equati@h1?) is the block diagonal form of the lower portion of the Jacobian,
which allows us to rewrite it into blocks representing the mobile and immobile zones separately and
leads to

= ° I (213
For ¢

Block [ is a block diagonal matrix with 0 blocks of size) 0 (0 being the number of mesh

nodes and the number of components). This characteristic can be used to solve system equations by
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defining Schurcomplement of blockr, thatis= ||t g In this way, solutions can be efficiently
solved by

“lrore 40 4 @19
« o7 -H— Fe (2.15

The traditional aproach is to solve equati@®.12) as one large system with a size equal to 0

0. We propose to split the solution into two parts, first solving equéid®), followed by equation

(2.14). We conjecture that this is much less cosigcause equatiq@.14) is N times smaller than that

of the tradiional approach of equatigf2.12) and, because the block diagosaicture of matrixy

permits the calculation of its inverse for each immobile zone of each node separately. The approach is
valid not only for MRMT, but also for MINC of SINC. The differenges in that, if these methods are
adopted, then matriy must include all immobé zones connected to a node, instead of each immobile
zone separaty. Note that both solution approaches are mathematically equivalent, which means that
the convergence of the Newt®apson method will be identical for both.

2.2.2 Algorithms

We apply two nestd NewtorRaphson iteration loops to solve the nonlinear system in each time step,
the outside one is used to solve components transport, the inner one is used for chemical speciation
calculation in each iteration. The algorithm proceeds as follows:

Step0: SetQ 1, and initialize component® .

Stepl: Compute functionl .

Step2: Compute the derivative of functions to construct Jacobian ma@&— .

Step3: Solve system equatiq@.14) and(2.15) to get solution®/< o o

Step4: Compute solutiopat next iteration step@ 0 Yo

Step 5: Execute speciation calculation pfimary gecies concentrations',,',: and secondary
species concentration#: from components¢ according to equations qpmponents and
mass action law iteratively. Then calcul#te derivativesof % and it— Furthermore,

a
compute the derivatisof kineticswith respect to componentso’—ﬁ and %
ﬁ
|

calculation of function derivativeso—

to facilitate he

Step 6: Convergence check. close to ¢ orl , then stop. Otherwise, s&
‘Q p, and return to step 1.

2.3 Accuracy Verification and Efficiency Analysis

2.3.1 Accuracy Verification

To test the accuracy tifie proposed solution, we perform 1D simulations ofr(@jreactivetransport

test, (2) multicomponent reactive transport for MRMT in chemical equilibrium and (3) kinetics. All
these models are undbe same MRMT modelyith 0  p 1t&tm, %o T, %o ™, N p8m/s,

‘O p Bm¥s, and a power law distribution of mass exchange rdtescorresponding residence time



(that is the inverse of the mass exchange tatepj| ) distribution,0 T © t , with exponenit
qgj G.
2.3.1.1 Non-reactive solute

We compared our method with that of Silva et al. (20@8)ch differs from our method ithatit writes
the concentrations of the immobile zones as an explicit function of those of the mobileTiosean

be done only for on-reactive transportn Figure2.2, the breakthrough curve of solute at distanoe

p m&um is displayedlt is a typical BTC, the characteristic advection tiine is betweer¥o oj 1] and

% %o ajn, and theconcentrations decreager times longer than the characteristic advection
time, at the late times the power law tail is reproducegh @s® o . The blue solid line is the
numerical formulation proposed ISjlva et al. (2009)and the square red line is the numerical solution

of our proposed method. As can be seen, these two numerical solutions are almoat.idéetemall
differences may be due to the explicit calculation of the concentrations of the immobile zones by the
method of Silva et al. (2009).

100 T T

T T
==Silva et al., 2009 (numerical)
8 proposed method (numerical)

1040,

1045,

10° 10" 102 103 10* 10°
t

Figure 2.2 Comparison between the results of the -neerctve transport model calculated by the
proposed method and the method of Silva et al. (2009).

2.3.1.2 Equilibrium gypsum dissolution

Figure 2.3 displays component (left) concentrations and (right) reaction rates for a case physically
identical to the above one, but transportingd and™Y0 in equilibrium with gypsumd @ "Y0
0w "YU forwhich we apply the mass action law: @ 0, where®is activity andb is

an equilibrium constdn(@ ¢ "Quu 3 18 Y Q. Activities are calculated from concentrations by
means of the extended Debye Hiickel equation. We compare the numerical results of our proposed
method with the analytical solution Bfonado et al., (2009As we can see the numerical resaite
consistent with analytical solution&.clearseparation between BTCs in mobile and immobile zaes
presentediue to the physical mass transfer limitagoromponents both imobile and immobile zones

are retarded at lateme. Notice that the reaction rates are negative, that nmezdcism ion and sulfate

ion are oversaturated and precipitated into gypdura.analytical solutions of reaction ratesnobile

and immobile zoneswhicharegivenby

T by - (2.16)

» oD Q) 5 4 ad = i Q
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(2.17)

—u_ (analytical) —Tem (analytical)

08l ou (numerical) or,., (numerical) |
—U (analytical) — oim (analytical)

ou (numerical)

o r_. (numerical)

0.6 eim
=
041
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10° 10" 102 103 10° 10" 102 103
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Figure 2.3 Distribution of (left) component8 andd |, (right) reaction rates andi  versus time

at distanceo p T&m. Theblue color represents state variables in the mobile zone, and the red color
represents state variables in immobile zones. The solid lines are the analytical solutions and the circle
dot lines are the proposed numerical solutions.

2.3.1.3 Kinetic reaction

To testthe performance of our proposed solution in chemical kinetics, we choose a simjuledérst
kinetics. In this case, ttanalytical solution can be foundtimeLaplace dorain (the solution is deduced
in AppendixB). Then we ghulate the distribution of components and kinetic rates inattobile and
immobile zones over time with the component degradatior rate@@t pAs we can seéhe proposed
numerical solutios agreewith the analytical solution as displayed figure 2.4. Comparing the
evolution of components in chemical equilibriuRigure 2.4 left), the presence of chemical reactions
decreases the concentrations of the components both in mobile and immobile zones.

1 T 0.01 T
—u (analytical) —em (analytical)
0.8 ou (numeri.cal) 0.008 | o (numeri.cal)
—u, (analytical) —Tim (analytical) I/
0.6 ou (numerical) 0.006 1 ° Nim (numerical) ‘
=} o
0.4r 0.004
0.2 0.002
10° 10’ 102 103 10° 10’ 102 103

Figure 2.4 Distribution of (left) component8 ando6 , (right) reaction rates andi  versus time
at distanceo p m&m. The blue color represents state variables in the mobile zone, and the red color

10



represents state variables in immobile zones. The solid lines are tiicahablutions and the circle
dot lines are the proposed numerical solutions.

2.3.2 Efficiency Analysis

The efficiency of the algorithm depends on the problemésitgetotal number of unknowns of system
equation(2.13) that equalgo the number of mesh nodes times the number of components times the
number of immobile zones plus one. In our problem, the matrix operation is the most time consuming.
Boththe computational cost of matrix multiplication and matrix inversionjage .

Instead of solving system equati¢a13) globally, we solve it in blocks representing mobile and
immobile zones separately, using equatig@d4) and (2.15). Since these twapproaches are
mathematically identical, the two will converge to the same solution within the same iterations. The
advantage of the proposed block solution is thegduces the size of the system to be the number of
mesh nodes times the number of congras.

We simulate an irreversible bimolecular reaction 6 © 6 for the number of immobile zones equal
to 3, 10, 30, 50, 70 and 100, with a seconder kineticsi IOG . In Figure2.5, we compare the
CPU time ofthe proposed method (i.e., block solver) and full DSA on ddggscale. As we can see,
the CPU time of the block solver increases linearly with the number of immobile Zopeghfle that

of the full DSA increases much faster, approximating toClearly, the block solver runs faster than
full DSA for ahigher number of immobile zones. Fsmall number of immobile zones, the full DSA
runs faster because of the costs of building the more complstateture of the block solver

10°

Il Proposed method
IFull DSA
10*F o}
)
(]
£
=
o 10°
o
a |
g O(N) =
-
| II
10°
3 10 30 50 70 100

Number of immobile zones

Figure 2.5 CPU time comparison between proposed method and full DSA for different number of
immobile zones. The chemical systems are identical for all cases that is an irreversible bimolecular
reactiono 0 © 0, with a secondarder kinetics low.

2.4 Conclusions

The proposed method is effective and efficient for reactive transport modeling capable of accounting
for numerous immobile zones. We formulate the general numerical solutieaative transport with
MRMT based on the NewteRaphson method, which enables us to simulate complex chemical kinetics.
For chemical systems, whatever it is in equilibrium or in kinetics, the convergent solution is efficiently
solved within several iteriains.

11
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The proposed numerical solution is verified in caspassivesolute transport, chemical equilibrium

and chemical kinetics. In all cases the simulations agree very well with available analytical solutions
and other numerical solution¥he full corsistencybetween the proposed numerical solutions and
available analytical solutions indicate that our proposed method is capable of reproducing the
anomalous transport of reactive transport with MRMT.

The computational efficiency dhe proposed algoritim is improved by solving system equations in

block instead of full DSA, which eliminates the impact of the number of immobile zones on the
computational complexity and decreases the size of the linear system to be the number of mesh nodes
times the numbepf components. This may become particularly important for more complicated
chemical models in combination with MRMT. In that case the full DSA can become prohibitively
expensive in CPU and the block solver may be the only feasible method.

The advantage dfhe method increases with the number of immobile zoBebey et al. (2015)
concluded that five immobile zones (compared to one hundred in our models) are sufficient to address
anomalous transport of noractive solutes. However, this may be differemt rieactive transport
because of the broad range of residence titdagderty et al., 20QGand chemical localizatiorsler

Sagarra et al., 2016The number of immobile zones needed for proper reproduction of reactive
processes requires further research

2.5Computer Code Awailability

Name of code: Reactive Transport with Multirate Mass Transfer
Developer: JingjingVang

Contact detail:Department ofCivil and Environmental Engineering, Universitat Politécnica de
Catalunya (UPC), Jordi Girona3l, 08034 Barcelona, Spain

Emal: jingjing.wang.xiang@gmail.com

Year first availableOdober, 2020

Hardware requiredNo specific hardware is required. However, the code has been developed on a
computer with pr d56e09 ERU@ 3.206Hz,| 16GB Metalled Enemory (RAM),
64-bit Operating Systenx64-based processor.

Software development platform: Microsoft Visual Studio 2015
Program languagebgectoriented programming FORTRAN 2003
Compiler: Intel Parallel Studio XE 2@ Cluster Edition for Windows*

Library: Intel® Math Kernel Library. To solve the systeaquation(2.14), we call routine dgbtrf() to
compute the LU factorization of the left hand side matrix of system eqatiet), then we call routine
dgbtrg) to solvethe linear system with the L-fhctored square coefficient matrix returned by routine

dgbtrf().
Program size4.39 MB

Details on how to access the opurce code: the source code can be freely dodritoan GitHub
on the public repositorigttps://github.com/Jingjingwangxiang/RT_MRMT_DSA

Our codes are developed in objeciented instead of procedwmatierted which lacks flexibility and
extensibility(Meysman et al., 2003avleysman et al., 2003bT he objectorientedprogrammingallows

the code reusability and facilitates the implementation of reactive transport modelisigaulate the
reactions, two main modules are develofdde biochental system module simulates the localized
chemical reactiongccurringin a (bio)chemical system, it contains procedures that are capable of
constructing the stoichiometric matrix and component matrix. The local biochemistry module captures

12
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(bio)chemical tate variables at each mesbde such as components, concentrations, equilibrium
reaction rates, kinetics, as well as the derivatives of kinetics reshect to concentrations, etc. It
encapsulates procedures of chemical calculationsateaapable ofcomputing the stte variables at
each mesh nodey using the biochemistry system modudleese two main developed modules are
coupled with the transport equations in the reactive transport module, which e¢habiezdeling of
reactive transport
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3 On the localization of chemical reactions In
multicontinuum media *

The objective of this work is to study the localization of reactions in different portions of the porous
medium. For this we use thenlocal MRMT modelwhichviews the porous media Beng composed

of one mobile zone anmanyimmobile zonesThelocalizedphysical and chemical heterogeneity are
reflected byadistribution of residence times and reaction times in the different immobile zones, which
can beincorporated in the governing egjfionsthroughmemory functions and reaction rate kernels,
respectivelyWe show that the dimensionless form of governing equations is characterized by reaction
times, transport times and distribution of residence times. To analyze the interplay betmeewdh
simulated three cases: one without reactions, one with a single reaction and one with sequential
reactions. The results indicate that reactions driven by species that are not present in the inflowing water
but are the result of previous reactiondl wake place in immobile zones, whose residence time is
comparable to reaction times. Furthermore, mobile zones with residence times much smaller than those
for transport can be lumped together (assuming that very fast reactions are assumed in eguilibrium
which greatly reduces computations

" This chapter is basednathe manuscriptWang et al., 20210n the localization of chemical reactions in
multicontinuum mediasubmitted tdNater, under review.
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CHAPTER 3

3.1Introduction

Characterzation ofreactive transport in heterogeneous media is impoftargnvironmental science

and engineeringroblems,such as manadeaquifer recharge, seawater intrusion, CO2 geological
storage and in situ bioremediatiorRPhysical heterogeneity may induce chemical heterogeneity or
localization of chemical reactions by which different reactions occur in different portions of the porous
medium GolerSagarra et al., 201Babaei & Islam, 2018 Dentz et al(2011) concluded that transport
under physical and chemical heterogeneity cannot be upssgladatelyupscaling reactiondepends

on physical heterogeneity and upscaling transpaffectedby chemichheterogeneityln addition

we acknowledge that the behavior of macroscale transport in the mobile zone of the porous medium is
determined by the microscale transport process in immobile zGoegé et al., 2008Yet, it is not so

clear how thdocalized physical and chemical heterogenaitgcts the distribution and evolution of
reactive species in different portion of immobile zones and how these microscalegsac@ssnobile

zones govern the reactive transport in mobile zone?

It is well known that ransport in heterogeneous porous media displays anomalous-iftaam)
behavior Kitanidis, 1988 bothatfield (Adams & Gelhar, 1992and laboratory scad€Valocchi, 1985

Levy & Berkowitz, 2003Berkowitz & Scher, 2002 Hence the advectiordispersioareaction equation
(ADRE) is no longer appropriate. Mamonlocal methods have been developed to represént th
anomalous transport, including continuous time random walks (CTBR&fkd¢witz & Scher, 1998
Dentz et al. 2004 Berkowitz et al., 2006Berkowitz et al., 2006Dentz et al., 2015 fractional
advectiondispersion equations (FADEBenson et al., 200@chumer et al., 2008 arseguerra & Zoia,
2008, multirate mass transfer (MRMTMH&ggerty & Gorelick, 1995Wang et al., 2005Salamon et

al., 2006 Benson & Meerschaert, 200Pentz et al., 201;1FemandezGarcia & Sanche¥ila, 2015

De Dreuzy & Carrera, 20)6memoryfunctions(Carrera et al., 199&aggerty et aJ 200Q Willmann

et al., 2008 Gouze et al., 2008and so forth Although these methodsise different approaches
essentially they are equivalemédntz & Berkowitz, 2003Silva et al., 2009Neuman & Tartakovsky,
2009. Many studies focus on the behavior of breakthrough curves (BTCs) and consemeatsport

in heterogeneous porous meditaggety et al., 2000 Schumer et al., 2003Villmann et al., 2008
Berkowitz & Scher, 200Dentz et al., 2015 Only few deals with reactive transpoiMillmann et al.,
201Q Dentz et al., 200)1probablyduethe complexity of reactive transport in heterogeneous porous
media. For nonlinear kindic reactions, no analytical solutions exist in the Laplace domain which
further limits the study of the problem.

Among the nonlocal methods the MRMT formulation allows localized concentrations which
simplifiesthe simulations of reactive transport ihygical and chemical heterogeneous meDien(z

et al., 2011SolerSagarra et al., 2018abaei & Islam, 2018 Moreover, the MRMT formulation for
conservative transport can be extended to reactive transport, including nonlinear retétior@n(

et al., 201].

The objective of this work is to studyeteffects of localized physical and chemical heterogeneity on
reactive transport based on the MRRfmulation To do so,ifst, we establish the governing equations
of reactive transport in multicontinuum mediad deducea dimensionlesgorm of theseequations.
Then we present three models one without reactionswith a singlereaction, andne with two
sequential reactianin section 3, whose results are analyzed in sect®h The last section is
dedicated to the conclusions

3.2Methodology
We modd reactive transport heterogeneous porous medium by using the MRMT apprétdgerty

& Gorelick, 1995. Every point (representative elementary volume) is vieagecbnsisting of a mobile
zone and a distribution of immobile zones characterized by their residence time. Each of these
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exchanges solute mass with the mobile portion proportionally to the mass transfer 4ate,
Therefore, it is natural to chatacdze this distribution by probability density function (pdf) ohass
transfer ratesQ  (seeFigure3.1 left). To facilitate comparison to other ntotal methods, we also
characterize immobile zonby the distrilution,0 T , of residence timed; k pj| [T] (Haggerty et
al., 2004 (seeFigure3.1right). 0 T is given by Dentz & Berkowitz, 2003Dentz et al., 20L1Dentz
et al., 201%

ot t Q (3.2)

The residence timprobabilityd T ‘Qf is the frequency of the immobile zone, characterized by the
residence time in the intervat it 'Qf . Obviously, it satisfies the condition 0 T QF  p.

_a°=0.1 —T{!0=0.1
—a,=1 10°¢ —7 =1
5 100 3 a0=10 g ':qg Ta0=10
= a
102} ] /
102 10° 102 102 10° 102
« Ta

Figure 3.1 Pdf of exchange rates, (Gamma distibution), and residence timgs, plotted in loglog
scale for several values df andf  pj ¢. Note that the maximurof latter isaroundt (the mode
ist ¥1 p andtheexpectedvalde j p T ).ltslarget slopeig p.

3.2.1 Governing equations

The transport of any reactive species in a mediumdtagists of a mobile continuum and multiple
immobile continua can be expressed@sn@ado et al., 20QWillmann et al., 2010Dentz et al., 2011

[ . ” T T . 3.2
%OTT 0O % Tﬂuf O ad O Wt O % (32)
whered ® R ® D% O @ is the transporbperator that describes advectiamd

dispersiony) [LT]is Darcy flux,O [L?T?]is the hydrodynamic dispersion tensws; [-] and %o
[-] are the porosities ahobile and immobile zones, which denote the volume fraction of the mobile
pore zone and immobile pore zones over the bulk volume, respectivgML °] andw [ML ] are
concentrations ithemobile and immobile zone, which are expressedassiper unit volume of mobile
zone and mass per unit volume of immobile zongML =T is the sinksource term due to chemical
reactions in mobile zone and corresponds to the mass removed by reactions in mobile zone per unit
volume of mobile wateper unit time
Mass balance in each immobile zone is given by
T® ot b v x4 e
@ TP Pohad o dth 1 ot
T O T
wherei  [ML-3T7] is the reactions sinkource term in the immobile zone with residence time

whichcorresponds to the mass removed by reactiotheimmobile zone per unit volume of immobile
water per unit time

(3.3)

The mass exchange between mobile and immdoite is modeled bya first-order mass transfer
mechanismrepresented by theontinuous variablé and characterized by the distribution density
functiond 1t for the immobile zonesThus, thetotal mass exchange is the weighted sum over all
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immobile zones as expressed in the integral term of equéidn Integratingequation(3.3) with
weightd T interms oft , multiplying by%. , andsubstitutingt into equatior(3.2), yields the total
solute mass balance,
@ o 5 ® ot N e g
%0 T—‘ %0 0 T T—‘,Q'- L W (.d’D | (.d’D
T o T O
in which,i is the total reaction rat@how per unit volume obulk porous medium}hat integrates
reactiors in both mobile and immobile zones,

(3.4)

N . - . 35
i add %i Wb %o OfF i ot G (35)

If the reaction follows firsbrder kinetics, the reaction rate in mobile zone will be
i oo Qo o (3.6)

whereQ is the reaction rateonstant. Similarly, the local reaction rate in theimmobile zone
becomes

i ait ho Nt o ot (3.7)

whereQ 1 [T7is the local raction rate constarithe reaction time in the immobile zonetofis
t k pj'Q t ,whichis a variable dependent on the immobile zone.

By inserting equatiorf3.7) into (3.3), then slving equation(3.3), we obtain the concentration in the
immobile zone off as a function of mobile concentration history

ot Y e i Y > N \ \ o Y I~ (38)
w adithh w adf 1TQ e 0 OW o ™
in which, the definition of 0 is
. P, (3.9)
e 0 —0Q
T

Assuming that the initlazoncentration in the immobile zones is zero (te., ofit ® 7 T, then
by substituting equatiof8.8) into equatior(3.2) and rearranging terms, we obtain the total solute mass
balance, aa sole function ofo
T oo D e a s
%o ———— %o —, QO O w WO ™
T O T 0O
0 @ ofp o o0& oo ®

(3.10)

where the memory functiofCarrera et al., 1998laggerty et al., 20Q@nd reaction rate kern@entz
et al., 2011 pre given by

ol Ot - o0t (.40

and

L (312

T
respedtely. In which)] 0 is the Dirac delta. ile memoryunction can be viewed as the rate of change

of concentration in the immobile zone that is caused by a unit change of concentration in the mobile
zone at initial timed 1. In the presence of reactigribe memory function not only incorporates the

I o %o (l)~Q1 o] %0 W T e OQT
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distribution of local mass transfer rates but also the distribution of local reaction rates. Similarly, the
reaction rate kernel represents the local reactions in immobile zones, it integrates both thes ri@acti
mobile and immobile zones, and accounts for the mass transfer between mobile and immobile zones.

Although the memory function is mainly controlled by thstribution of residence times in immobile
zones, it is also affected by the local reactiores in immobile zones. Likewise, the reaction rate kernel
is mainly controlledby the chemical reactions, but it is also affected by the distribution of residence
times in immobile zonedentz et al., 201)1

Clearly, the governing equations of reactive transport under physical and chemical heter(g)é@gity

(3.11) and(3.12) are controlled by the distribution of residence times and reaction times in immobile
zones simultaneously. The physical and chemical heterogeneities interact with each other, and together
they govern reactive tnaport Dentz et al., 2011

3.2.2 Dimensionless formulations

To characterize the governing equat{8ri0), (3.11) and(3.12), we define the characteristic length as
follows
5 %0 'O (313
n

andthe characteristic traport time as follows
5 0 %O (3.19
0 n
Note, that in 1D, the characteristic length equals the longitudinal dispersivilye to the definition
of disperonO | U ,whereb N J %o isthe mean fluid velocity in porous mediatroducing
these definitions of characteristic length ahdracteristic transport tinigto equatior(3.10), we obtain
the dmensionless form of the governing equations, that is

@ . 3.1
T : —T—‘ MO O w 0™ (319
To To
@ 2 o o o w oW
with the following dimensional variables
. ® . 0. W . %o . t . T .

CF o0 2F o 2h - 2F o+ f ot L (19
w o] ) %0 0 o]

In the dimensionless formulations of governing equat{8rl5), the physical and chemical
heterogeneity are represented by the distribution of resdiémes and reaction times, respectively,
and reflected simultaneously in the memory function and reaction rate kernel.

Obviously,in the situation where the characteristic lengtland the dimensionless ratio of porosity of
immobile zone to porosit of mobile zone- are invariables, the governing equati(®15) in
dimensionless form are totally governed by three characteristic times, that is the characteristic transport
time 0, the dimensionless residence tifhe and the dimensionless reaction tifne in immobile

zones.

The solutionof governing equatio(B8.15) in Laplace domain is expressed as

~ w
fid i Qan-p p tip A Qi Al (3.17)

wherefl D i represents the Laplace transform of a function. The Laplace transform of the memory
function and reaction rate kernel are defined as
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- 3.18
fl Qi ot fle @ Qf (318
and
. . 3.19
Al i Qo - Tiw fle iQf (319
in which, the Laplace transform ef 0 is
P (3.20)
fl o | T#
# |
If we substitute fori p —fl "Q i fl I i inequation(3.17), then equatior3.17) becomes the

solution of the transport equation in homogeneous méabaiously, the retardation of localized
physical heterogeneity on transport is reflected in the tefin’Q i , and the decay of localized
chemical heterogeneity on reagtispecies is shown in the tefiml i .

3.3 Solution method

To study the behavior of reactive transport in physically and chemically heterogeneous media, we
simulated three cases using the formulation of se@®i@n For the calculation we usdbe code
RT_MRMT_DSA (Wang et al., 2021Chapter 2 which is an objeebriented code based on finite
element method (FEM). The global solutions are solved by applying the iterative Neapbson
method.

3.3.1 Numerical setup

All the model are onéimensional with the perties¥%o T [-], %o T [-], | P8t [L],
n P8T[LTY. Thus we haved p8t[L],0 T®[T],— 08t The length of the domaitx
p Tti, and the simulated tini p 10 . The space intervdleo 0 and theimeintervalY0 0.

Initial concentrations are set to zero both in mobile and immobile zones, thati® ™ T8
[ML?] andd= ofift ® 1 781 [ML?], except for the first mobile node that has initial
concentrationo @ TO T p8T[MLI].

At the inlet, we set a Cauchy boundary conditmexpress that no solute mass enters the domain
o o MJI [ oo M oo mh A4 3 =« (3.22)
G o T T8
where® is the concentration of the inflowing watehd outleis an open boundary condition
ono @ MJI m™m /A d n (3.22
wherel is a unit \ector which is normal to the boundary, a@ndpresents the inner product operator.

In addition to the calculation of concentrations of this pulse injection, we also calculated the
accumulative concentration until tinge( o ‘Qdfor both molle and immobile zones. This is

equivalent to a continuous injection, simulated through a Cauchy boundary condition at the inlet
(equation(3.21)) with w equal to the initial mass of the pulse injection divided by the fldev (ca

@30 W 0 TIO T T8t .
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3.3.2 Cases considered

We simulated three cases: a no reaction system (conservative transport), a single reaction system and a
sequential reaction systedill models use the same gamma distributidiresidence timewith{

pig, T pT

In the single reaction system, only one reactich ¢ occurs, following a firsbrder rate law with

i "Q®». Thus, the degradation of specidgollows i "Q®, and theformation of species B,

i Q. In the sequential reaction systetwo sequential reactiofs® & and® © 6 take place
simultaneouslyThe eaction ratesf bothare firstorderwith i Q0, andi Q& . Thus,the
degradation of species A follows "Q, the formation and degradation of species B, Qo

"Qw, and the formation of speciesiC, Q®.

3.3.3 Steady state analytical solution
The final steady states ireferred to the cumulative concentration of species in immobile and mobile
zone, respectively. The ratio between them is given by
b off P b ol ® file is (329
as can be obtained from the Laplace transform of equgi®nand(3.9).

The concentration in immobile zone is the weighted integral of concentratiatisiinmobile zones,
which is defined as

O o bt 6 oft B oo (324

From equatior{3.8), we can obtain that

(3.25)

© o MO O 0 ol WD
Then, the ratio between the cumulative concentrations in immobile and mobile zone becomes
O o ™ O o ® flQis (326
For the sequential reaction case, the immobile region equations in steady state follow

T o o Qo (3.27)

T | ® O Qo Qb

- | W
& |—~Q (3.28
N I S o T4
w | 7Q
. o Qo
w

Assumingc © 11, from equatior(3.28) we can obtain the analytical solution of each species
in steady state
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w | (3.29
) | Q
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o 00

® I Q] 0

In Figure3.2, we present the steady state of species A, B and ®émnedit immobile regiondNote that

thesum of concentrations A, B and C equals one. This reflects the fact that this sum has a conservative
behavior, because 1 i Vo QO Qo QO Tm(see section 3.3.2) and the fact

that in steady state the concentration of a conservative species in the mobile zones equals that in all
immobile zones. Also note, that the species A (blue) can be foundrinbile zones with residence

times smaller than theharacteristic reaction timef the first reactionf 1 pTQ), species B

(red) in thosewith residence timebetween the reaction times of the two reactidns ( + ¥

p7Q) and species C (yellow) in thogéth residence times larger than tieaction time of the second
reactions { t ). In fact, it resemble&igure 3.10. The only difference is that, in the latter the
existence of efter species is limited by the overall time, that is, species only exist at immobile zones
smaller than the overall timé (0.

)
10
1072

Figure3.2 Steady state concentrations of species A (baler), B (redcolor), and C yellow colo) as

a furction of residence time in immobile zonds[T], assuming that mobile concentrations of B and C
are zero. First rate constaif, [T™], for Af B transformation equals 0.1 (solid lines), 1 (dot lines), and
10 (dash lines). The rate constatu,[T™, for Bf C reaction is @1.

3.3.4 Model verification
The analytical solution is verified by the numerical results in se8th@ (sed-igure3.3). It confirms
that thefinal steady sategbpends on the reaction time and the distribution of residence times in immobile

regionssimultaneouslyln the region® | 1 , the ratios are almost one. In the regions 1
the ratios become to decrease from one to zeroelretfion® L T , the ratios are almost zero.
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Figure 3.3 The ratios between the cumulative concentration in immobile zones and mobile zone for
reactant species A (left) in immobile zones elcterized by the residence times and (right) at different
reaction times. The solid lines represent the analytical solutions, and the squares represent the numerical
solutions.

3.4Results

3.4.1 No reaction system

Results for the conservative transport case amnmrized inFigure 3.4 and Figure 3.5. The
breakthrough curved-{gure 3.4) are displayed both arithmetic and logarithmic scale. The gy

scale is usually preferred for tradest analysisbecausé emphasizesailing. The late time slope of

the pulseBTC is that of the memory function plus 1. Therefore, by analyzing the BTC, modelers can
gain insight into the nature tieimmobile zones Tailing can be also observed in tr@hmetic scale

plot by looking at the time of peak concentrati®ior slow exchange (low ), most of the solute

mass pulse flows in the mobile region. The opposite occurs for fast exchange, which allows
equilibrating concentration in the mobile and immobile zones, so that the medium behaves as if the
whole porosity was mobildt is important to notice the above separation between fast and slow is
relative to theadvectivetransport timgo 0 ] %o , whered is the travel distance of solute). If

o0 | 1 ,the immobile region becomes accessible to the sahdethe actual travel time reflects the
total porosity(0 0 ] % Wwhere%o %o %o is the total porosity).

The effect of tailing is somewhat less dramatic for a continuous injection (cumulative concentration of
a pulse). The bréghrough curve approaches asymptotically the input concent@ipwith the bulk

of solute aising atd . This kind of observations may explain why Aonal models are less popular

in unconsolidated, granular, aquifers than in fracturedan&dactured media with diffusion lengths of

the order of meters will display residence times of the adder0 YO p1a Tpm & fi e

p i e o® W 'QaiThat s, diffusion is never exhausted. Diffusion length®orous mei are less

than 1cm, so that residence times in immobile zones will be of the orderofp ma Tpm a ¥

i pmix td& ¢ €M This time may be relevant for tracer tests, where travel time is of a few days,
but is too short fonatural groundwater flow. Support for this kind of observations is provided by
GuimeraandCarrer2Q0Q . They observed that the fAadvective
the peak arrival time) calculated from a broad collection of tracer test€iaredrocks correlates with

the peak arrival timeThis implies thathe mobile porosity increases when the flow rate is reduced,
which we take as indicative of fast immobile regions equilibrating with truly mobile zones. Increasing
the travel time causes and increasing fraction of immobile regions to equilibrate witlle zwies,

thus becoming effectively mobile.

Further insight into the behavior of conservative solutes can be gaine#iffore3.5, which displays
the concentration in the immobile regions versus distance. The figure is sommeisteding the
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immobile porosity associated to small residence tifnesall pdf of immobile zones for a gamma
distribution). Still, as shown iRigure3.2 the concentration in immobile regions is independent of their
volumetric fraction. WhatFigure 3.5 shows is that concentrations in the immobile zones with short
residence times (much shorter than travel time, 300 dimensionless Ufigsiia3.5) are identical to
concentrationsi the mobile zone. On the other hand, concentration is negligible in the immobile zones
whose residence time is much larger than travel time. This might suggest that slow immobile regions
might be neglected, whereas fast immobile regions might be lumgledhei mobile domain. While

this may be appropriate for inert ¢eas, it may not for reacting tracers because reactivity is usually
higher in the immobile regions, certainly in the case of biofilireylor & Jaffé, 1990 Seifert &
Engesgaard, 20Q0Rone et al., 2019 which motivats our work.
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Figure 3.4 Mobile (top row) and average immobile (bottom row) concentrations versus time at

p mlin responsdo a pulse input (left in arithmetic scale, center in log scale) and to a continuous
injection (right) for transport in a medium with a distribution residence times in immobile zones with
f pig T p T, p TP T, andp Tt . The la)-scale enhances the BTC tail (note vertical scale),
which is only relevant in this case for p 1. When exchange with the immobile zones is slow
(i.e, larget ), the BTC peaks at the advective time in the mobile zone (p 1, indicated by blue

arrows). The peak occurs at the advective time for the full porosity (¢ T,7Ted arrows) when
axchange is fast, which also reduces the time it takes for immobile zones to equilibrate with inflow
water.
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Figure 3.5 Cumulative immobile scaled concentration profiles versus dimensionless distance and
dimensionless residence times (pdf with pj ¢ andt p T)atdo o m.Mmlote that immobile
concentrations are identid@ mobile concentrations fot p .

3.4.2 Single reaction system

Results for the case of two solutes, A and B, Beis produced by the degradation of A, are shown
in Figure 3.6 and Figure 3.7 for several characteristic reaction times. The situation is now more
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complicated than in the conservative transport case because two sets of characteristic times are involved
(residence times in immobile regions and reaction times). The first immediat@aticn, is that BTC
concentrations are reduced when the reaction rate is increased (i.e., when the characteristic reaction
time is reduced). Note that BTC concentratibecome negligible when transport time is much larger

than the reaction time

The belavior of concentrations in the immobile regions may be less intujsee Figure 3.8).
Concentration of the parent species, A, is igdgle in regions where residence time is much larger than
the reaction timef( | T ) because the solute diffusing into these regions is degraded before a
significant concentration can build up. On the other extreme, concentrafast immobile regions is
virtually equilibrated with the mobile concentration.

More interesting is theehaviorof species B, which is washed away from the mobile region and fast
immobile regions before it becomes significant. As a result, B concentrations are significant only in
immobile regions where residence time is comparable to the characterisimréass.

Figure3.6 Mobile (top row) and average immobile (bottom row) concentrations of species A (first and
third columns) and B (second and fourth columns) versus time atp Tt in responsedo a pulse

input (left two columns) and to a continuous injection (right columns) for transport in a medium with a
distribution residence times in immobile zones With pj ¢, andt p T, and reaction times are
uniformly distributed in immbile zones witht H, p 1, p Ttandp 1. SpeciesB is absent when

no reaction occurs.

Figure3.7 Cumulativemobile and averaged immobitencentration profiles versus dimensionless time
and dimensionless distance for species A (b column$ and B (right two columrs). Species
transport in a medium characterized by the immobile zones in which the residence time follows gamma

25









































































































