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Kurzfassung

Die korrekte Quantifizierung des Durchmischungspsses ist von hochster Bedeutung zur
Modellierung des reaktiven Transports in poroserdigle und um Verbleib und Verhalten von
Stoffen in der Umwelt einzuschatzen. In dieser Arlenzentrieren wir uns hauptsachlich auf
zweidimensionale Systeme unter stationdren Flugstpaiigen mit einer kontinuierlichen, konstant
linearen Quelle. Wir untersuchen den konservatived reaktiven Transport in homogenen und
heterogenen porésen Medien und beriicksichtigenbdiietaborversuche sowie numerische
Modelle auf der Darcy- und Feldskala. Unter dercbasbenen Annahmen finden die wichtigsten
Durchmischungsprozesse in Querrichtung zum Hawpiststatt. Die Hauptfragestellung dieser
Arbeit ist also, wie man Querdurchmischung auf Darcy- und Feldskala genau quantifizieren
kann. Quasi-Zweidimensionale Laborversuche wurdemchjefihrt um i) die Effekte der
Fokussierung des Flusses in hoher durchlassigearzaunf die Querdurchmischung bezuglich des
konservativen und reaktiven Transports gelostefféSim untersuchen; ii) die Stoffabhangigkeit der
mechanischen Dispersion auf der Darcyskala zu safien; iii) die Effekte eines stoffspezifischen
lokalen Querdurchmischungskoeffizienten auf digdpenfraktionierung bei konservativem und
reaktivem (d.h. aerobem und anaerobem Bioabba@nsport zu studieren. Numerische Modelle
wurden verwendet, um die experimentellen Ergebnigsantitativ auszuwerten und um
verschiedene Grof3en fur Verdinnung und Durchmisghib@ konservativem und reaktivem
Transport auf der Darcy- und Feldskala zu studietgnterschiedliche feldskalige Szenarien
wurden analysiert, mit dem Ziel die verstarkenddfekEe auf die Durchmischung aufgrund der
Fokussierung des Flusses in hoch durchlassigertidirssen zu quantifizieren und die bedeutende
Rolle einer korrekten Parametrisierung des lokatansversalen Dispersionskoeffizienten fur die
Definition eines effektiven Durchmischungskoeffiien zu verdeutlichen. Die Hauptergebnisse
dieser Arbeit sind: i) die Fokussierung des Fluseesdher durchlassigen Zonen ist ein zentraler
Mechanismus zur Verstarkung der Durchmischung ier€@ehtung und fuhrt deshalb zu effektiven
Dispersionskoeffizienten, die auf der Feldskala tldgu hoher sind als die lokalen; ii)
flussspezifische GrolRen fuhren zu einer Verbesgeden Quantifizierung der Durchmischung und
insbesondere der neu definierte flussspezifischelWrmungsindex kénnte, durch Einfihrung des
kritischen Verdiunnungsindex, zur Quantifizierung deaktiven Transports in Beziehung gebracht
werden; iii) lokale Querdurchmischungskoeffizientesnd fur einen weiten Bereich von
Pécletzahlen stoffspezifisch: Stoffe mit verschiese Diffusionskoeffizienten in Wasser zeigen
immer unterschiedliche physikalische VerschiebungenQuerrichtung. Dieses Ergebnis hat
maf3gebliche Konsequenzen fur mischungskontrolliRgaktionen am Rand von Schadstofffahnen
und fur die Interpretation von Isotopensignaturen;die Effekte von stoffspezifischen lokalen
Querdurchmischungskoeffizienten sind auch auf delddkala relevant und sollten bei der
Modellierung des Transports von konservativen umsbeésondere reaktiven geldsten Stoffen in
Grundwasser bertcksichtigt werden.






Abstract

The correct quantification of mixing is of utmostportance for modeling reactive transport in
porous media and for assessing the fate and trengpoontaminants in the subsurface. In this
work we mainly focus on two-dimensional systems arnsteady-state flow conditions with a
continuous, constant linear source. We investigaith conservative and reactive transport in
homogeneous and heterogeneous porous media anbyhem@nsider laboratory bench-scale
experiments as well as numerical models at theyDand at the field scales. Under the specified
conditions the most important mixing processes patuhe transverse direction perpendicular to
the main flow. The leading question behind this kv hence, how we can properly quantify
mixing in the transverse direction at the Darcy atdhe field scales. Quasi two-dimensional
laboratory bench-scale experiments have been peefbrin order to study: i) the effects of flow
focusing in high-permeability zones on transversging for conservative and reactive solute
transport; ii) the compound-specific behavior ofcimanical dispersion at the Darcy scale; iii) the
effects of compound-specific local transverse disipa coefficients on isotope fractionation for
conservative and reactive (i.e. aerobic and ana&eknbdegradation) transport. Numerical models
have been used to quantitatively interpret the @uts of the laboratory experiments and to study
different measures of dilution and mixing for comnvsgive and reactive solute transport at the Darcy
and at the field scales. Different scenarios haenhlinvestigated at the field scale, with the afim o
guantifying the mixing-enhancement effects of fleaecusing in high-permeability inclusions and
the important role of a correct parameterizatiodoofl transverse dispersion on the definition of
effective dispersion coefficients. The main outcenoé this work are i) flow focusing in high-
permeability zones is a key mechanism for trangverixing enhancement which leads to effective
dispersion coefficients at the field scale sigmifitty larger than the local ones; ii) flux-related
guantities lead to an improvement in the quantiiica of mixing and in particular the newly
defined flux-related dilution index may be relatedthe quantification of reactive mixing through
the introduction of the ‘critical dilution indexiii) local transverse dispersion is compound-specif
over a wide range of Péclet numbers: compounds diffierent aqueous diffusion coefficients
always show different transverse displacementss Timding has important consequences for
mixing-controlled reactions at the fringe of contaamt plumes and for the interpretation of
isotopic signatures; iv) the effects of compoundesfic local-scale transverse dispersion
coefficients are relevant even at the field scalé should be taken into account when modeling
conservative and especially reactive solute transpgroundwater.






Introduction

Groundwater is by far the most abundant sourcereghivater of the planet, if we exclude
glaciers and ice caps, and in Europe, for exany{3@p of the population depends on it as fresh
water supply. Nonetheless, as pointed out in thewiords of the new groundwater directive of the
European Union, the social and economical valugrafindwater has been often underestimated in
the past decades. This underestimation and theofaokerall planning of the use of this precious
resource led to major environmental issues likerex@oitation of aquifers, salinization and the
uncontrolled spreading of diffuse and point sourcépollution in the subsurface environment.
Groundwater is a “hidden resource” for which patlatprevention, monitoring and restoration are
more difficult than for surface waters due to ngadcessibility. This “hidden” character makes it
difficult to adequately locate, characterize andemtand pollution impacts and to predict the fate
and transport of the released contaminants. Theecpences of anthropogenic activities may last
for decades or even centuries and hence polluti@inaccurred somehow in the past — whether from
agriculture, industry or other human activities aynstill be threatening groundwater quality today
and, in many cases, will continue to do so for sslvgenerations to come. The main causes for this
long timescale when dealing with groundwater palutare both the slow velocities of the flow
through the subsurface porous matrix and the slowtic of the physical and chemical processes
which may affect a contaminant.

Different processes occur at different scales &ed understanding is an essential prerequisite
for risk assessment studies in soils and sedimamisfor the design of subsurface remediation
techniquesBear, 1972;Dentz et al. 2010]. In fact, it is extremely important to cag the kinetic
of the mechanisms in act in order to quantify tineetrequired for the remediation of a site: the
slowest process is the limiting factor which in #red will control the whole remediation strategy.
Natural attenuation of organic contaminants in gowater and most in situ remediation
technologies of contaminated aquifers (e.g. enhthrimeremediation, chemical oxidation, etc.)
depend on mixing of reaction partners such asreleatonors and acceptoiserner et al, 2000].

In fact chemical reactions such as many oxidatexhiction reactions, aerobic degradation and
denitrification are often fast - and in some cas®g/ be considered instantaneo@rpka and
Valocchj 2007] - in comparison to the timescale of mixipgpcesses. If we consider typical
groundwater plumes, we often can address the probfecontaminant transport in porous media
under the assumption of steady state conditiBadl¢ et al, 2009]. In this case, the most important
mixing process between the contaminant plume apdsthrrounding clean water occurs in the
transverse direction perpendicular to the mean flOigpka et al, 1999;Ham et al, 2004;Liedl| et

al., 2005; Maier and Grathwohl 2006] and it is strongly affected by the porowure of the
aquifer.

A bundle of capillaries, called pore channels, @med through junctions can be assumed as a
simplified model for a porous mediunBgar, 1972]. Hence, the smallest scale of interest for
transport in this structure is the pore scale a@ lthe flow of a solute is described by the Navier
Stokes equations and appropriate boundary condifexg.,Willingham et al. 2008, 2010]. In case
of laminar flow conditions, the only physical migiprocess is molecular diffusion. This is the only
mechanism which may lead to reaction between tittalily segregated reactive species which
flow in adjacent streamtubes and it is driven bgoacentration gradient [e.gSao and Kitanidis
1998]. At this level it is possible to capture astddy the real physical and chemical processes
occurring in the porous matrix but unfortunatelystis a very complex system and for practical
applications it is not feasible to describe it ietalls. Even if we aim to investigate a relatively
simple and small bench scale problem it is necgdsdind up-scaled quantities able to capture the
main features of the microscopic proces$®sal, 1972]. We need these parameters to be easy to
define, to measure and to use, in fact they shalltwv us to work with a model with lower
resolution but still capable of predicting the fated transport of a solute.
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A typical solution strategy to obtain these quaediis to average them at the pore scale over a
representative elementary volume (REV), as deflmne8ear [1972]. After this averaging step the
flow can be described by Darcy’s law, and hencg s$eale is commonly called Darcy scale. Since
the up-scaled quantities are considered locallptzon over an REV, this scale is called local scale
as well. Here mixing in the transverse directiodasninated by two main processes: pore diffusion
and mechanical dispersio®dffman 1960;Bear and Bachmatl967]. The first term is the ratio
between the molecular (aqueous) diffusion coefficend the tortuosity of the porous medium, a
geometrical parameter which accounts for the redivolume available for molecular diffusion due
to the presence of the solid matr@rathwoh| 1998]. Mechanical dispersion is a mixing process
which derives from the up-scaling procedure we @afroim the pore- to the Darcy scale and reflects
the fluctuations of the velocity at the pore saai®ong an average valugdar and Bachmatl967].
Hence, mechanical dispersion is not a physical mgixprocess like molecular diffusion, but a
guantification of the unknown mixing generated bg flow variations through pore channels that
we are not able to capture in an up-scaled motléd. possible to obtain Darcy-scale parameters
from laboratory bench-scale experiments which aintest and verify the outcomes of up-scaling
theories and to investigate single physical andnit@ processes under well controlled conditions
[Delgado and Carvalha2001;Klenk and Grathwohl2002;Bauer et al. 2009]. Researches carried
out at this level are of utmost importance in terohigprocess understanding [e.@swald and
Kinzelbach 2004], but real aquifer systems are orders ofmtage larger and much more complex
than what it is possible to recreate in a laboyatoperimental setup.

At the field scale the description of the porousdiam given at the Darcy scale is often too
detailed and at the same time oversimplified, afe¢his may seem to be a contradiction. In fact,
the natural presence of heterogeneities in the ysomoatrix at this level would require the
assignment of specific Darcy-scale parameters ® different formations present. This is
impossible with the available technologies, sirfue ¢haracteristics of the geological structures in
the subsurface remain usually widely unknown inhsdetails. At the same time laboratory-scale
experiments are not able to capture the varietyslpes, permeabilities and geochemical
characteristics commonly occurring in nature. Heméerther up-scaling step is required in order to
define an effective dispersion coefficient whichalde to describe mixing and dilution at the field
scale [e.gKitanidis, 1988;Dagan 1984, 1990, 1991Rajaram and Gelhar1993a, 1993b, 1995;
Gelhar and Axnesdsl983;Neuman et aJ 1987]. One additional difficulty is related taoig last up-
scaling step: it is very challenging or sometimesneimpossible to generalize the experimental
outcomes from field studies since they are notgueréd under well controlled and repeatable
conditions. Hence, the definition and quantificatiof the parameters to use at the field scale is
usually addressed using stochastic theories anemcahmodelsDentzet al, 2010]. In addition to
the processes parameterized with the local dispersoefficients, at the field scale we have to
consider those mixing mechanisms associated weHatfyer scale heterogeneities which affect the
flow of a solute. Among the advective mixing meakars, flow focusing in high-permeability
inclusions is a key mechanism able to significaetihance transverse mixing/érth et al. 2006].
This effect is considered as a possible reasoeffective transverse dispersion coefficients at the
field scale much larger than those observed aDérey scale [e.gMaier and Grathwoh| 2006;
Prommer et al.2009].

When a plume develops from a source of contaminatian aquifer, different compounds are
released and transported through the porous medioegh may interact with chemical species
already present in the system (e.g. dissolved axygirate, iron, sulfate etc.). Hence, it is calci
to correctly quantify reaction and degradation na@i$ms when considering reactive transport of a
contaminant, since they determine for exampleghgth of contaminant plumeki¢d! et al, 2005;
Cirpka et al, 2006]. In order to react two particles have tggitally come into contact through
mixing, hence the leading processes we are ingtastare mainly the pore-scale on@éllingham
et al, 2008, 2010]. However, due to the aforementiomaddtions of a pore-scale approach to the
problem (e.g., the difficulty in describing the pos medium in details), we need to use for
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practical purposes (e.g., risk assessment) upeqaeameters. The up-scaling procedure which
leads to a local dispersion tensor can be verdgainst laboratory bench-scale experiments and the
coefficients derived from conservative transporpariments [e.g.Harleman and Rumerl963;
Olsson and GrathwohR007] can be applied for the reactive caseseaDidwrcy scaleRolle et al,
2009; 2010]. On the contrary, due to the increasedplexity of the system and to the difficulty in
capturing all the features of a field-scale expentn up-scaled quantities at this scale are not
usually able to predict correctly reactive transmmenarios Cirpka, 2002] and the use of Darcy-
scale parameters typically overestimate the lemjtla reactive plumeMaier and Grathwohl|
2006]. How to derive an effective transverse disioer coefficient able to describe mixing for
conservative as well as reactive species, is atithatter of debate, even if considerable research
effort has been devoted to answer this relevangtgqpre[Dentz et al.2010].

The present work aims to further investigate theied problem of transverse mixing in porous
media: i) starting from the question of how to qufgmmixing; ii) verifying which are appropriate
measures of mixing against bench-scale experimdatal iii) improving the description of Darcy-
scale processes with multi-tracer laboratory bestdie experiments; iv) considering the influence
of compound specific Darcy-scale processes on-felde scenarios.

In the first Chapter of this thesis, the resultdatforatory bench-scale experimeniole et al,
2009] are shown both for conservative and reacBedute transport in homogeneous and
heterogeneous porous media under steady-stateramglent flow conditions. The experimental
results are successfully reproduced with a numlemcalel and the enhancement of mixing, due to
flow focusing in high-permeability inclusions anal non-stationary flow conditions, is quantified
using measures of mixing like the second centramemd, the newly introduced flux-related
dilution index, for conservative solute transparid the product mass flux for reactive transport. |
the second Chapter we further develop the toolwéifrelated dilution index, providing analytical
and semi-analytical expressions to compute it mdgeneous porous media and, more importantly,
we link it to reactive transport defining the ardl dilution index Chiogna et al. 2010a]. This
guantity measures how much mixing is required tbngwish a contaminant plume with a given
mass flux for a given instantaneous bimoleculactrea. This modeling study investigate scenarios
both at the laboratory as well as at the field escahowing that an effective transverse dispersion
coefficient derived from the flux-related dilutiamdex can be used in reactive transport simulations
in order to predict the exact length of the reacplume at both scales.

In Chapters 3 and 4 we focus our attention on Daoaje transverse mixing processes. First we
guantify the local transverse dispersion coeffitighrough multi-tracer experiments with
conservative solutes (oxygen, bromide and fluoieyc&he goal of this study is to investigate
whether mechanical transverse dispersion is afielayeproperties of the different compounds like
the aqueous diffusion coefficienChiogna et al 2010b]. The experimental outcomes show how
laboratory bench-scale experiments are helpfulest the assumptions beyond a theory: the
mechanical transverse dispersion term, in fact, feasd to be compound specific in contradiction
with the conclusions of random walk based thedeg., Scheideggerl961]. Since the agueous
diffusion coefficient is a mass dependent propetya chemical specieWorch 1993], we
investigated these compound-specific effects ineca$ transport of different contaminant
isotopologues. In particular we focused on the stigation of transverse mixing under steady-state
conditions and its potential to lead to isotopiacfronation. The results of a flow-through
experiment demonstrate that for conservative tramspf labeled ethylbenzene a relevant
fractionation is measurable due to the differemcthe dispersion coefficients of the light and heav
isotopologuesRolle et al, 2010]. Furthermore the same system is investigateler aerobic and
anaerobic reactive conditions and it is shown htable isotope analysis related to biodegradation
of a hydrocarbon can be improved by consideringtisaation due to transport mechanisms.

In the fifth Chapter we combine the main outcomgshe laboratory studies, i.e. the compound
dependency of local mechanical transverse dispersith new (e.g. flux-related dilution index,
flux-related second moment) and traditional (eaglar dissipation rateKjtanidis, 1994], second
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moment Pentz and Carrera2003]) measures of mixing. Field-scale conseveaand reactive
transport simulations are analyzed for differentefmgeneous flow fields and the influence of
compound-dependent local transverse dispersiorficieets on the up-scaled effective dispersion
coefficient is investigatedJhiogna et al.2010c].
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Chapter 1

Enhancement of dilution and transverse reactive mixg in porous
media; experiments and model-based interpretation

Abstract

Transport and natural attenuation of contaminaotmels in groundwater is often controlled by
transverse dispersion. The extent of mixing betwaisaolved reaction partners at the fringe of a
plume determines its length and depends stronglyhengroundwater flow field. Transient flow
conditions as well as the focusing of the flow ighhpermeability zones may enhance transverse
mixing of dissolved species and, therefore, créaterable conditions for the natural attenuation of
contaminant plumes. The aim of the present studg isxperimentally test the influence of these
processes on solute mixing and to directly compaes results with those under analogous
homogeneous and steady-state conditions. We haverped conservative and reactive tracer
experiments in a quasi two-dimensional tank filleth glass beads of different sizes. The
experiments have been carried out in both homogenaad heterogeneous porous media under
steady-state and transient (i.e. oscillating) flieids. We used fluorescein as conservative tracer;
whereas an alkaline solution (NaOH) was injected ambient acidic water (HCI) in the reactive
experiments. A pH indicator was added to the ragcplutions in order to visualize the emerging
plume. We simulated the laboratory experiments vatmumerical model and compared the
outcomes of the model with the measured conceotrstat the outlet of the tank and with the
observed tracer plumes. Spatial moments, a newigeteflux-related dilution index, the product
mass fluxes and the reaction enhancement factors eaculated to quantify the differences in
mixing and reaction extent under various experimenonditions. The results show that flow
focusing in heterogeneous porous media signifigaatihances transverse mixing and mixing-
controlled reactions, whereas temporally changiog fields appear to be of minor importance.

! Reproduced from: Rolle, M., C. Eberhardt, G. Chagd.A. Cirpka, and P. Grathwohl (2009), Enhancdmén
dilution and transverse reactive mixing in porousdia: Experiments and model-based interpretatlonrnal of
Contaminant Hydrology110, 130-142. Copyright 2009 Elsevier.
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1.1 INTRODUCTION

Mass transfer, mixing and hence reaction ratesndutiansport of solutes in groundwater
depend on dispersion processes. When contaminanepl evolving from continuous sources
approach steady-state conditions, vertical trasgvelispersion controls the mixing of reaction
partners (i.e. electron donors and acceptors forahial degradation of organic contaminants) thus
determining the effective reaction rates and theengl length (e.gCirpka et al., 1999; Mayer et al.,
2001; Ham et al., 2004, Liedl et al., 2005; Maiad &rathwohl, 2006). Pore-scale mixing of the
reaction partners is a necessary condition for rbection between two or more dissolved
compounds (Kitanidis, 1994; Cirpka, 2002). Expemntaé and modeling investigations at different
scales showed that vertical transverse dispersefficients are typically very small (e.g. Sudicky,
1986; Klenk and Grathwohl, 2002; Cirpka et al., @0@Isson and Grathwohl, 2007). As a
consequence, mixing-controlled reactions of dissblecompounds can only take place in narrow
stripes at the fringes of contaminant plumes. Eweéethat important reactive processes are
restricted to the fringe of contaminant plumes wgven both at the laboratory (Huang et al., 2003;
Willingham, 2006; Cirpka et al., 2006; Rees et 2007; Rolle et al., 2008a; Willingham et al.,
2008; Bauer et al., 2008, 2009a, 2009b) and dig¢lescale (Davis et al., 1999; Lerner et al., 200
Tuxen et al., 2006; Rolle et al., 2008b; Anneseal 2008, Prommer et al., 2009). In detaileddfiel
investigations of an aquifer contaminated by phienmmpounds, Lerner et al. (2000) showed the
occurrence of fringe degradation reactions betwtenplume contaminants and the dissolved
electron acceptors in the background groundwaiernilé& findings were obtained at a landfill site
(Tuxen et al., 2006) and, recently, at a site aoirtated by petroleum hydrocarbons (Anneser et al.,
2008). The latter study showed, by means of higlolttion multi-level sampling devices, the
presence of narrow (mm-cm) reactive zones and ¢hercence of steep concentration gradients of
reactive biogeochemical species at the plume fringe

All these studies show that mixing processes anmgtrabst importance in determining the fate
and transport of contaminants in groundwater amy thiten represent the limiting factor to the
overall degradation. For these reasons considerallention should be dedicated to the
investigation of processes possibly enhancing tixéngof reactants in porous media, in particular
in the transverse direction.

Transient flow conditions have been indicated asssible source of mixing enhancement. For
transport of non-reactive chemicals in homogengmrsus media, it was shown (Kinzelbach and
Ackerer, 1986; Goode and Konikow 1990) that fluttwss in the groundwater flow direction due
to transient conditions can lead to an increasérasfsverse dispersion. In modeling studies of
organic contaminant plumes, Schirmer et al. (2081 Prommer et al. (2002) investigated the
influence of transient flow conditions on contammh&ransport and biodegradation in homogeneous
porous aquifers. Both studies found just slighthigreased transverse dispersion and therefore
degradation enhancement. The latter authors sweghsdt the presence of transient flow combined
with sorption processes could lead to a more st mixing enhancement. Similar conclusions
were obtained by Cirpka (2005) for solute transpord kinetic sorption in a spatially homogeneous
flow field undergoing sinusoidal fluctuations ime.

Many studies based on both deterministic and sgicthaapproaches, investigated the
importance of sediment heterogeneities in detenmitiie flow field in saturated porous media and,
therefore, the transport of dissolved compoundsedi stochastic theory predicts only small
enhancement of transverse effective dispersion digrbgeneity (Dentz et al., 2000; Fiori and
Dagan, 2000). This theory results in an enhancewfanansient mixing in heterogeneous media of
approximately one order of magnitude under tradlew conditions (Cirpka and Attinger, 2003;
Dentz and Carrera, 2003). However, the approprstef linear stochastic theory for transverse
dispersion may be questioned (Attinger et al., 20@&nce higher-order effects such as the
enhancement of transverse mixing by flow-focusivgefth et al., 2006) may be dominant.
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Experimental studies of transverse mixing in hajeneous media are scarce, and the interpretation
of individual transverse concentration profiles nb@yimpeded by the deformation of the flow field
(Rahman et al., 2005).

In this study, laboratory bench-scale experimengsewperformed, in quasi two-dimensional
flow-through systems, to deepen the understandingrtical transverse dispersion in porous media
and to quantify the influence of transient flowldi® and heterogeneities on mixing and reactions.
We carried out transport experiments in saturatembuofined porous media under steady-state and
transient flow fields using both conservative aedctive tracers. The same experimental set-up was
used for both uniform and heterogeneous porousanddis allowing a direct comparison between
the different experiments. In the latter experirserihe heterogeneities consisted of two well-
defined high permeability zones (coarse materiaedded into a lower permeability matrix.

Numerical simulations of the conservative and tigadtacer experiments may help interpreting
the laboratory results. We compared model restutts tive measured concentrations at the outlet of
the tank and with the observed conservative anctiveacolor plumes. A quantitative evaluation of
the experimental and modeling results was perforthealigh the calculation of spatial moments,
dilution indexes, mass fluxes of reaction produnct eeaction enhancement factors.

1.2 MATERIAL AND METHODS

1.2.1 Experimental set-up

The experiments were carried out in a quasi 2-QYliaeglass flow-through tank with inner
dimensions of 77.9 cm length, 15.0 cm height addcin width (Fig. 1.1). The tank was equipped
with 13 equally spaced ports (1.1 cm distancenbts and outlets on both sides. The ports were
made of pierced rubber septa, and the injectiomlasenere directly connected to tygon pump-
tubing (ID 0.57 mm, Ismatec, Glattbrugg, SwitzedanFor the experiments performed under
steady-state flow conditions, two 12-channel higbcsion peristaltic pumps (IPC-N, Ismatec,
Glattbrugg, Switzerland), one for the inlet pont&ldhe other for the outlet ports, were operated at
identical pumping rates.

The tank was filled with glass beads up to a heghapproximately 14 cm. The top of the
domain was kept unsaturated to avoid an upper @ltodf the injected tracer solutions. In the
experiments with a homogeneous fillivge used glass beads of uniform grain size of 0.Z6r0Nn
(Sartorius AG, Goettingen, Germany).

Tracer Solution Tank dimensions: 77.9cmx 15cm x 1.1 cm

i
A

Porous Medium

Tracer Plume |

AonNOOBONONS

@ Sampling

Inlet Outlet
Pump Pumps

— S

Ambient solution

Figure 1.1: Experimental setup
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Transient flow conditions in the homogeneous pomeslium set-up were established by using
three peristaltic pumps. While the inlet ports 2#8re connected to pump 1 and operated with a
flow rate of o = 7.083 x 1d mL/s for each port, inlet port 1 was connectegump 2 and set to
the double flow rate (2%g) and inlet port 10 was connected to pump 3 sebtflow rate (gort =
0). At the outlet, the water was withdrawn from tngpermost 5 ports, which were connected to
pump 2 with the double flow rate (23g), while the lower 5 ports were connected to pumpat3a
subsequent stress period the flow rates were clasygemetrically: the flow rate of inlet port 1 and
the outlet ports 6-10 were set to 0, while the odnnected to pump 3 (inlet port 10 and the outlet
ports 1-5) were operated at a double flow rate §&¥q

To create a heterogeneous porous medium, two inalsi®f higher permeability made of glass
beads of a grain size of 1-1.5 mm (Fisher ScientfmbH, Schwerte, Germany) were embedded
into the finer glass beads (0.25-0.3 mm). The twgh{permeability zones were placed directly in
line with the central plume’s injection port anckiththickness was equal to the port spacing (1.1
cm). The length of the inclusions was 20 cm, tretadice of the first zone from the injection port
was 15 cm and the distance between the two inclasi@s 8 cm.

In the experiments with conservative color tracarsodium fluorescein solution with a
concentration of 30 mg/L was injected through teetial inlet port (port 6), while clean water was
injected through the other ports to establish pardlow. After the displacement of two pore
volumes, when the plume reached steady-state comslitsamples were taken at each outlet port
and the fluorescence signal was measured usingeeficence spectrometer (Perkin EImer LS-3B).
Conservative experiments were repeated under ématngiow conditions in the homogeneous
porous medium.

In the reactive experiments, a solution of 0.004/indaOH (pH = 11.49) was injected through
two middle inlet ports into an ambient solutionGo®1 mol/L HCI (pH = 2.03), which was injected
through the surrounding ports. Both solutions warepared from deionized water and contained
the pH indicator bromophenol blue at a concentmatit5.92x10F mol/L. The indicator changes its
color from yellow to blue in the pH interval 3-4.6 the heterogeneous setup, the reactive
experiments were repeated with increasing condsmsaof the alkaline solution (0.008, 0.022 and
0.030 mol/L). Pictures of the alkaline plume weaken at different times in both the experiments
carried out under steady-state and transient dondit

1.2.2 Hydraulic properties

The most important parameters determining the fii@d in the tank systems (i.e. hydraulic
conductivity, porosity) and the transport of cons¢give and reactive solutes (i.e. longitudinal and
transverse dispersivities) were determined experiatly and are summarized in Table 1.1.

Permeameter tests were conducted to determineytiradlic conductivities of the fillings with
different grain sizes used as porous media inwedimensional flow-through systems, resulting
in average values of 6.14x4n/s and 1.27xIdm/s for the fine (0.25-0.3 mm) and coarse (1-1.5
mm) glass beads, respectively. Thus, the ratiohef hydraulic conductivities between the two
different porous media in the heterogeneous sysia® 20.7. This parameter determines the
amount of water flow that is focused in the twohgermeability inclusions of the heterogeneous
setup and therefore plays a very important rolettier mixing enhancement in the heterogeneous
system compared to the equivalent homogeneous @ateih et al., 2006).

Transverse dispersivities for the two different igraizes were determined in separate
homogeneous tank experiments with fluorescein bgsmeng the tracer distribution at the outlet
ports. In the tank filled with fine glass beads average linear velocity of 1.1 m/day was
established, whereas in the tank with the coarsmn gize a higher value of linear velocity (10
m/day) was set in order to closely match the exggkconditions in the high permeability inclusions
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of the heterogeneous setup. In these homogenestes/the simplifying assumption of uniform
parallel flow could be considered valid. The sirhpld two-dimensional analytical solutions of the
transport equation for a line source under stesaty-g1) and transient conditions (2) (Domenico
and Palciauskas, 1982; Domenico and Robbins, 1G88) be applied since the constraints pointed
out by Srinivasan et al. (2007) are satisfied:

C(xy) _1 (y+vr2) |__ o (y-Y/2)
C, _2{erf{z(xq/v)“2} en{z(xDT/v)”z (1.1)
Cxyt) _1 (X = Vvt) (y+y/2) | (y-Y/2)

C, =21 2(DLt)l’2Herf[2(xDT/v)”z} erf{Z(XDT /v)l/z}} (1.2)

whereDyand D, [L?T?] are the transverse and longitudinal hydrodynadigpersion coefficients,
C [ML] is the tracer concentratiof, [ML ] is the tracer concentration at the souh¢g.] is the
source widthy [L] is the spatial coordinate in lateral directjon[L] is the spatial coordinate in
longitudinal directiont [T] is the time and/ [LT™] is the pore water velocity. In order to determine
the transverse dispersion coefficid)y, the analytical solution of equation 1.1 was dtt® the
fluorescein concentrations measured at the outbetsp minimizing the sum of the squared
residuals. Successively, the transverse dispersuitL], was calculated according to the standard
linear model for saturated porous media (Scheided§61):

(1.3)

in which the effective pore diffusion coefficieBr [L°T™"] can be approximated d@ = Dyqn
(Grathwohl, 1998; Boving and Grathwohl, 2001), vehBeq is the aqueous diffusion coefficient
[L2T ] andn [-] is the porosity. A value afr = 1.4x10° m was determined for the glass beads with
0.25-0.3 mm diameter at a seepage velocityl.1 m/day, andr = 5.1x10° m for the coarse glass
beads (1-1.5 mm) at= 10 m/day.

Parameter Value

Tank inner dimension (m) 0.779x0.15x0.011

Average fine grain diameter (mm) 0.275
Average coarse grain diameter (mm) 1.25
Number of inlet/outlet ports used (-) 10
Total flow rate (mL/s) 7.083x10°
Average linear pore water velocity (m/s) 1.27x10°
Porosity fine grain (-) 0.42
Porosity coarse grain (-) 0.40
Hydraulic conductivity fine material (m/s) 6.14x10"
Hydraulic conductivity coarse material (m/s) 1.27x10°
Hydraulic conductivity ratio (-) 20.7
Longitudinal dispersivityg, fine material (mm) 0.183
Longitudinal dispersivityq, coarse material (mm) 0.767
Transverse dispersivitgr fine material (mm) 0.014
Transverse dispersivitgiy coarse material (mm) 0.051 0
Effective pore diffusion coefficient for fluoresoejnt/s) 21121’;11%19

Effective pore diffusion coefficient for NaOH andCHsolutions (rfY's)

Table 1.1:Summary of flow and transport parameters.



18 Enhancement of dilution and transverse reactiveéngiin porous media: experiments and model-based
interpretation

To determine the longitudinal dispersion coeffitiBn the analytical solution of equation 1.2 was
fitted to the measured breakthrough concentratidisiorescein at the central outlet port.

Successively, longitudinal dispersivities were gkdted as:

(1.4)

A value ofa, = 1.83x10" m was obtained for the fine grain size, whergas 7.67x10" mwas
determined for the coarse glass beads.

Porosity values of 0.42 and 0.40 were calculatednfthe specific discharge and the mean
arrival time of the tracer in the homogeneous tagktem for the fine and coarse grain size,
respectively.

1.2.3 Numerical Modeling

In order to analyze the experimental results, weukated flow and transport in the different
flow-through systems with a numerical model. Thedelaomain was discretized into 35 530 cells
with a varying spacing™Xmin = 1x10% m, AXpmay = 5%10° m) along the flow direction and a constant
spacing Az = 7.5x10"m) in the vertical direction.

The flow field was simulated using MODFLOW (McDodand Harbaugh, 1988) and particle
tracking simulations were performed using MODPATRbl{ock, 1994). The flow-through systems
were simulated as unconfined aquifers using therdwit parameters reported in Table 1.1.
Neumann boundary conditions were applied and actdls, with a distance equivalent to the ports
spacing in the experimental set-up, were usedtalaie the inlet and outlet ports.

Non-reactive tracer experiments were simulatedgusii3DMS (Zheng and Wang, 1999) with
a third order total variation diminishing (TVD) sahe to solve the advection problem and an
implicit finite difference scheme for the remainitegms of the advection-dispersion equation.

The reactive transport simulations of the acid/bsygsems were carried out with the multi-
component reactive transport code PHT3D (Prommaal.et2003), which combines MT3DMS
(Zheng and Wang, 1999) with the geochemical motgPEQC-2 (Parkhurst and Appelo, 1999).

1.3 RESULTS AND DISCUSSION

1.3.1 Conservative Transport Experiments

Steady-state plumes the homogeneous system the steady-state catisertracer plume is
characterized by a thin lateral extension whichadems with increasing distance from the inlet
(Fig. 1.2a). The picture also shows low color istgnat the plume fringe and close to the outlet of
the tank, corresponding to a decrease of tracezertdration as a result of dispersive processes. The
fluorescein concentrations measured at the outlgs show a characteristic Gaussian-type shape.
The plume shape is quite different in the heteregas system. Here the permeability contrast
between the two different porous media induces dmgu of flow into the high-permeability
inclusions. This behavior is shown in Fig. 1.2bthg computed flowlines which converge within
the coarser inclusions. In the homogeneous tankltBerved plume is just moderately thicker than
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the region occupied by the computed streamlinegir@iing from the central inlet reflecting the
plume boundary in purely advective transport. Tdifference can be attributed to the contribution
of transverse dispersion to the plume spreadintbarhomogeneous porous medium at a velocity of
1.1 m/day. On the contrary, in the heterogeneotugpsthe small distance among the streamlines in
the high-permeability inclusions favors the difftesiexchange of solute mass and enhances
transverse mixing. Therefore, the fluorescein pluose to the outlet of the heterogeneous setup
appears to be spread over almost the completeeadhi€kness and exhibits lower concentrations,
as shown in the profiles reported in Fig. 1.2b. bath the homogeneous and heterogeneous setup a
good agreement between observed and simulateds@sad obtained. Triplicate measurements of
fluorescein at the outlet ports of the tanks anmmared with the results of the numerical transport
model at the virtual outlet ports and with simuthtertical profiles taken inside the porous medium
at 2 cm from the right boundary of the homogenemgheterogeneous flow-through systems.
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Figure 1.2: Steady-state fluorescein plumes in the homogen@uand heterogeneous (b) tank
and computed flow lines. On the right, measureglitate fluorescein concentrations, normalized
to the inlet concentration &30 mg/L (circles), simulated results at the oupetts (triangles) and

a vertical profile inside the tank 2 cm from theleu(solid line).

Moment analysis of transient plumékransient flow conditions in the homogeneous psro
medium setup were established by using an additjper@staltic pump and resulted in oscillating
fluorescein plumes. Snapshots at different timeewaken for two experiments corresponding to a
different frequency of flow oscillations (Fig.1.3fig. 1.3a shows the results at different times
(t1=2.82, $t=2.94, and#=3.00 days) for an oscillating period of half tihavel time of the solute in
the tank and Fig. 1.3b shows the plumes correspgni an oscillation period of a quarter of the
travel time for {=0.71, $=0.78 and 4=0.88 days. In the same figure, the correspondutgomnes of
conservative transport simulations are reported.
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Figure 1.3: Observed and simulated fluorescein plumes corredipgnto changes of boundary
conditions of half- and a quarter of the solutevehtime in the tank (a and b). Computed first and
second central spatial moments in the homogenegatema (c and d). In the plots of the second
central spatial moments the black solid lines cep@nd to the time of the pictures

We computed the spatial moments of the correspgnsiimulated concentrations. In a three-
dimensional saturated porous medium, the raw Spatenents of the concentration distribution
C(x,y,z,tyare defined as (Aris, 1956):

+00+00 +00

M, , (1) = jjjnc(x, y z § X y'Z“dxdydz (1.5)

—00—00—00

wheren represents the porosity ardyandzthe spatial coordinates. We calculated the zefogh,
and second spatial moments of the fluoresceinibligion for the steady-state experiment and for
the transient setups at the times for which theupgs and the outcomes of the numerical modeling
were available. In our application, the concenbratiistribution is uniform over the width of the
domain W). Also, the size of the cross-sectidn)(is limited so that the integration in the lateral
coordinates is bounded. The first moment normalizgdhe zeroth one represents the location of
the center of gravity of the solute plume. For ¢batinuous-injection experiments, the normalized
first spatial moment in the vertical direction wadculated as:
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LZ

jz[t(x, y,z)dydz

m(X) =% (1.6)
J' I c(x, y,z)dydz
00

o'—.<§

<

which is computed for each column of the computetiaomain.

The results corresponding to the different timeswshin Fig. 1.3a and b are reported in Fig.
1.3c and d. The normalized first moments of thendient plumes change their position in
comparison to the steady-state fluorescein plurteeKbsolid line) with the same phase as applied
in the flow boundary conditions.

The normalized second central spatial moment is easore of the spreading of the
concentration distribution about its center of gisaand its value in the vertical transverse di@tt
was calculated as:

I f(z‘ m,(x))* C&(x, Y, z)dydz
T (1.7)
j q % Y, 2)dydz

<

My (X) =

o'—.<§

Fig. 1.3c and 1.3d show the normalized second @emoments for each vertical section along
the length of the tank at different times. Undemnsient conditions the second central spatial
moments increase where the plume bends. In fadhdse zones, the longitudinal dispersion is
acting in a direction that is no more horizontat presents a significant component also in the
vertical transverse direction (Kinzelbach and Aeked986; Goode and Konikow, 1990). Several
authors (e.gKitanidis 1994, Cirpka 2002) pointed out the difiece between plume spreading and
mixing, with the former concept related to the apaof the plume shape whereas the latter referred
to the change of volume occupied by the solute. él@n, in the homogeneous flow-through setup,
both plume spreading and dilution are describetbbgl dispersion coefficients, and the computed
second central spatial moments increase with thge (.3c and 1.3d). These findings suggest that
the second central spatial moments, representmdlubrescein plume spreading, can be assumed
as a good proxy for quantifying plume mixing in th@mogeneous system. This conclusion clearly
does not apply for heterogeneous porous media, evpkmme spreading does not represent a
measure of mixing (or dilution), as can be obserwedrig. 1.4. The plot shows the computed
second central transverse moments in the homogsreeul heterogeneous systems under steady-
state flow conditions. When the plume is focusesida the high-permeability inclusions, its second
central transverse moment decreases while its lagituion cannot decrease because dilution is an
irreversible process.

Quantification of mixing enhancement by the Dilntimdex. Since second central spatial
moments are inadequate to quantify plume mixing dihdion in heterogeneous porous media,
another measure of these processes is requireddér to perform a quantitative analysis of the
experimental results. We refer here to the conoégtlution index introduced by Kitanidis (1994).

In its original form, the dilution index is defined:

E(t) = ex;{— [ p(&BIn(p(% AV (L.8)
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Figure 1.4: Normalized second central spatial moments in thedverse direction computed for
the homogeneous and heterogeneous setups.

wherep(X,t) is the distribution function of the solute (contration normalized by the total mass
of the solute in the domain).

The illustrative explanation of the original dilomi index is the effective volume occupied by a
solute cloud. This is a useful property for thelgsia of mixing when the compound is introduced
as an individual slug, and when the concentratistridution in the entire domain is observable at
any given time of interest. However, the origingdition index gives no indication how the dilution
of the solute increases with the travel distancerwtine compound is continuously injected into the
flow domain, as occurred in our experimental setupgerefore, we define a modified dilution
index that can be obtained in a cross section peipelar to the mean direction of flow and
expresses an effective discharge over which theesohass flux is distributed.

In the following, the reference framework is thétsolute flux. While in the discussion of the
original volume-related dilution index, dilution walefined as “the act of distributing solute mass
over a larger volume” (Kitanidis, 1994), we addrd#stion as the act of distributing a given solute
mass flux over a larger water flux. The concemragiconsidered are local flux concentrations, that
is, the solute mass flux in the direction normathe control plane divided by the specific disclearg
in that direction. As is well known, the differenbetween flux and resident concentration lies in
the normal gradient component of the resident catnagon times the bulk dispersivity (Kreft and
Zuber, 1978). At the local scale, this differene@egligible in advection dominated transport.

Computing the dilution index involves integratidn. the volume-related dilution index, this
was an integral over the volume of the domain. umn flux-related framework, we compute the
integral over the water flux which can be expresaedtegral of the quantity to be integrated times
the normal component of the local specific discharger the cross-sectional area.

We start the analysis by considering the totalteatoass flux:

+00 +00

F()= [ [ dx %2 @, (x v 2)dydz (1.9)

—00 —00

wherec(x,y,z)is the flux-related concentration agdx,y,z)is the normal component of the specific
discharge with respect to a cross-sectional ardzeiplane y-z.

A flux related density function of the solute masm be defined as the ratio between the
concentration and the mass flux:

Po (X, ¥ 2) =% (1.10)

which has units of an inverse discharge, and egpsethe probability that a solute particle, in the
cross-section at distangeis within a certain fraction of the water flux.can easily be shown that,
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po is a true flux related density function sinceiittegral over the whole water flux crossing the
control plane is unity:

+00 +00

[ ] po(x, v, 2, (x, vi2)dydz=1 (1.11)

—00 —00

Then, the flux-related dilution index becomes:

Eo() =exp = | [ o (%, %2) n(pq (% %:2)) (X v, z)dydz} (1.12)

—00 —00

which has units of a discharge.

Eo(x) quantifies an effective volumetric flux transpodithe solute flux at the longitudinal
positionX. In a conservative system at steady-st&géx) can only increase with travel distance
because transverse dispersion distributes thees@ilik over a larger water flux. In contrast, the
cross-sectional area over which the solute fluxassported may decrease in regions of converging
flow.

In our application, the integration in the latecalordinates is bounded, and the flux-related
dilution index can be written as:

L,

Eq(x) = ex;{— [ [ po(x,%,2) On(py (% v 2)) (8, (% ¥, 2)dydz (1.13)

<

In a system with finite cross-section, the uppmitliof the flux-related dilution indekqg(y is the
total discharge passing through the system:

Wy Lz

E,"(x)=Q= J’ J'qx(x y, z)dydz (1.14)

in which Eq(x)=Eq"*{x) requires a uniform concentration distribution otrex cross-section.
In analogy to the volume-related dilution index Kitanidis (1994), we may define a flux-
related reactor ratiMq(x), by normalizingEqg(x) with Eq™*{x):

(X)
Mo (%) :% (1.15)

which cannot exceed the value of unity.

Fig. 1.5 shows the computed flux-related dilutiolicesEq(x) and reactor ratio/1o(x) as
function of travel distance for both the homogerseand heterogeneous cases. It can be observed
that for the homogeneous steady-state plume (F2g) the dilution index increases monotonically
at a moderate rate along the flow direction. Fa beterogeneous setup (Fig. 1.2b) the same
behavior observed in the homogeneous system ckawss the portion of porous medium close to
the inlet (same grain size). When the plume isdedunto the first high-permeability inclusionigt
significantly diluted as can be noticed by the dapicrease of the dilution index. A plateau is
reached between the two inclusions and furthetidilutakes place in the second zone. In this zone
the increase of the dilution index is not as promaa as in the first inclusion since the plume
entering into the second high-permeability zonalisady partially mixed with surrounding water.
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Using the flux-related dilution index as a measofemixing, the degree of mixing of the
fluorescein plume at the end of the heterogeneauk ts 2.46 times higher than in the
homogeneous setup.

In the given application, the original volume-relatdilution index would have been no useful
measure of mixing, because we consider a steath-&acentration distribution of a continuously
injected compound. This would yield a single vatdien effective volume occupied by the plume.
How the degree of mixing increases with travel afise could not be quantified. Likewise,
modifying the dilution-index to a cross-sectionalaqgtity without weighting by the water flux
would have failed to capture the physical procebdransverse mixing taking place in the
heterogeneous system. In fact, the shrinking ofptbhene in the high-permeability inclusion would
have led to a decrease in the cross-section retiitetion index at distances downstream of the
high-permeability inclusions. This would have neth correct since, as mentioned above, dilution
is an irreversible process and, under steady-statditions, its measure should increase with the
travel distance. Using the flux-related dilutiomléx this physical constraint is fulfilled. In thegh-
permeability inclusions, the streamtubes get nagrdeading to a smaller cross-sectional area, but
transverse exchange makes the particles in thegphample a larger fraction of the water flux.
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Figure 1.5: Comparison between the computed dilution index aeactor ratio for the
homogeneous and heterogeneous setups.

We applied the concept of flux-related dilution eéxdalso to the transient experiments in the
homogeneous setup. The results corresponding taiffevent oscillation frequencies are shown in
Fig. 1.6. According to the computed values of dilatindex, local mixing enhancements occur
where the plume bends following the oscillatingaflield. The mixing enhancements increase with
time, as the signal propagates in the flow-throsggtem. These findings, similar to the outcome of
the second central spatial moments analysis, demabmshat transient flow fields cause local
mixing enhancements in comparison with the analsgbeady-state setup.

x10™
0- "0 ol — 08
- o —— — 0.6
N 0.4 14 — e
,A X [m] 12 - L il
0 — . - — 0.2  X[m]
. (1]

T[days] 0.8 >

Dilution index [m:‘!day]
= N
k]
-
o
-
" \
o)
[--}
Dilution index fmlrday]
-- L]

Figure 1.6: Dilution index computed at different time in tharsient setups, for the two distinct
frequencies of flow oscillations.
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1.3.2 Reactive Experiments

Steady-state plume$Ve performed reactive experiments by establistangalkaline (0.004
mol/L NaOH) plume in an acidic ambient solution0O(® mol/L HCI). Both solutions were amended
with a concentration of 5.92xPmol/L of bromophenol blue as pH indicator. Thees&d aqueous
acid/base reaction is very fast, therefore it repnés a suitable example for the investigation of
mixing-controlled reactions in saturated porous iaetihe reaction between the acidic and alkaline
solution reduces to water hydrolysis since the wsndand chloride ions behave as conservative
compounds (spectator ions). The pH indicator adddabth solutions behaves as a weak acid and
undergoes the reaction Him H™ + I’

Titration experiments of 0.01 mol/L HCI solutionere performed with increasing volumes of
alkaline solutions with different NaOH concentraso The results plotted in Fig. 1.7 show the
titration curves obtained with 0.004, 0.022 and30.@nol/L NaOH. The symbols (x) represent the
measured pH whereas the continuous line shows aheesy computed with the speciation code
PHREEQC-2 (Parkhurst and Appelo, 1999) is the volumetric fraction of the alkaline solutio
in the mixture of the acidic and alkaline solutipalso denoted mixing ratio. A pH of 4.6, where the
color change of the pH indicator is complete, waached for mixing ratios 0Kax=0.712,
Xak=0.309, andXak=0.249 (dashed lines) for the experiments with 4,022 and 0.030 mol/L
NaOH, respectively.
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Figure 1.7: Titration of 0.01 mol/L HCI solutions with alkalirsmlutions of 0.004, 0.022 and 0.030
mol/L NaOH (case 1, 2 and 3, respectively) usingnmphenol blue (5.92x10mol/L) as pH
indicator.

A steady-state alkaline plume was first establisicethe homogeneous tank by injecting the
0.004 mol/L NaOH solution in two adjacent centrdét ports and the ambient acidic solution (0.01
mol/L HCI) in the surrounding ports. The same pthoe was repeated in the heterogeneous
system. As shown in Fig. 1.8a and b, the plume ehand lengths are quite different in the two
systems: while in the homogeneous porous mediunpltirae extends for more than half the tank
length, in the heterogeneous setup it appears tislvaas soon as it reaches the first high-
permeability inclusion. As shown above for the emative tracer, the focusing of flow causes an
enhancement of mixing which leads, in the reactiase, to an enhanced acid/base reaction. This
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results in a considerably shorter alkaline plumesukcessive increase of the concentration of the
inlet alkaline solution in the heterogeneous systesulted in longer plumes. For example, Fig.
1.8c shows a plume (0.022 mol/L NaOH) that trawleisugh the first high-permeability inclusion
and vanishes as it enters the second inclusion. 18y shows an alkaline plume (0.030 mol/L
NaOH) traveling along the entire tank length.
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Figure 1.8: Reactive plumes observed in the homogeneous aedobeheous setup (left) and
simulated with the numerical model PHT3D (contanes$ corresponding to pH=4.6). Plumes (a)
and (b) were established injecting a concentratdr0.004 mol/L of NaOH, whereas (c) and (d)
with 0.022 and 0.030 mol/L NaOH, respectively.

We performed forward numerical modeling of the tea&c experiments with the multi-
component reactive transport code PHT3D (Prommal.,e2003). The simulations were conducted
using the flow and transport parameters summarinedable 1.1, except for the transverse
dispersivity that was estimated following Cirpka &t (2006). According to this method, the
measured steady-state plume length in the homogeneetup can be used to estimate the
transverse dispersion coefficient by:

D = vY?

" 16L(inverf(X))? (1.16)
wherev is the seepage velocitly,is the plume lengthy is the injection height and is the volume
fraction corresponding to a specific pH value fdriet the plume can be visualized (pH=4.6 in our
application). Assuming a standard linear model tf@nsverse dispersion, as explained above,
transverse dispersivity can be estimated accordingquation 1.3. The value of; (2.3x10°> m)
determined for the reactive experiments was oktme order of magnitude but higher than the one
obtained in the conservative tracer experimentsigoted in the same porous medium (1.4%fr).
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The outcome of the reactive simulations are regareFig. 1.8 (right) and are consistent with the
observed results.

Analysis of reaction enhancemeNumerical simulations were performed in order t@mfify
the reaction enhancement in the heterogeneousitaokmparison to the homogeneous porous
medium. The reactive system for this analysis wagplffied to the instantaneous reaction between
two dissolved reaction partners A and B givingdissolved reaction product C:

A+B->C (1.17)

The concentration of the reactants and product walailated using the analytical solution of
Cirpka and Valocchi (2007) after the numerical catagon, in both the homogeneous and
heterogeneous setups, of the transport of a coatser\species (i.e¢he volumetric mixing ratio of
the reactants” solutions).

Figure 1.9 shows the calculated mass fluxes ofptfeeluct C of the instantaneous mixing-
controlled reaction (equation 1.17) taking placethe homogeneous and heterogeneous setups,
where B is introduced in the central inlet portaatoncentration ten times higher than that of
reactant A (0.01 mol/L) in the ambient water. Witlese concentrations the plume of compound B
reaches the outlet of the tank in both the homogemneand heterogeneous porous media. The
production of C can only take place at the frindeh@ plume where reactants A and B mix by
hydrodynamic transverse dispersion. The increasaryl of the product mass flux is similar to the
one observed for the dilution index for a conseveatompound. The mixing enhancement in the
first high-permeability inclusion causes a sigrafit reaction enhancement as can be noticed by the
steep increase of the product mass flux. The inflaeof the second coarse grain inclusion is clearly
less important and the rate of increase of theymbnohass flux is comparable, and almost parallel,
to that observed in the homogeneous system. Thidtreeflects that, after the first inclusion, the
plume of B is spread out and its successive fogusito the second high-permeability zone is less
effective. The flowlines carrying the compound B d@rought closely together inside the second
inclusion, whereas the contact with the flowlindstltee ambient groundwater, carrying the other
reaction partner A, takes place mostly outside dbarse material. Therefore, the reactive zone
turned out to be located outside the second irmtuand does not provide a significant reaction
enhancement compared to the homogeneous setupr @ihetive transport simulations were
performed assuming a setup similar to the experiahemeterogeneous tank but with different
locations of the second inclusion. Fig. 1.9a shawscenario where the second high-permeability
inclusion was shifted 3.2 cm towards the bottontheftank. In Fig. 1.9b the second inclusion was
divided into two thinner zones (each one with akhess of half the experimental inclusion)
located symmetrically with respect to the longinadiaxis of the inclusions in the experimental
flow-through system. As can be noticed in Fig. 1t8e different location of the high-permeability
inclusions resulted in different mass fluxes of pineduct. For the configuration shown in Fig. 1.9a,
a higher product mass flux was calculated. Thistrea enhancement is caused by the focusing of
the lower fringe of the plume in the second highapeability inclusion. In this case, both flowlines
from the plume and from the surrounding ambient ewatonverge into the second high-
permeability zone resulting in a more effective imgxof A and B in the second half of the tank.
The product mass flux additionally increases whendecond inclusion is divided into two thinner
zones (Fig. 1.9b), thus resulting in a more effecfocusing of both the lower and the upper plume
fringes.

The reaction enhancement factor (RF) was the paesrselected for the quantification of the
reaction enhancement in the heterogeneous setéps. defined as the ratio between the mass flux
of a reaction product in a heterogeneous porousumednd the product mass flux in the equivalent
homogeneous system (Werth et al., 2006). In ourliGgtipn, we calculated the reaction
enhancement factor, based on the outcome of themeahflow and transport simulations, as:
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L,
J-qHET( LY.2) m:c,HET( L, y,2)dydz
L (1.18)
Guom (L ¥i2) m:c,Horvl( L, y,2)dydz

0

RF=
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whereguer(L,y,z) and guom(L,y,z) are the water fluxes computed by the flow modethat outlet
cells of the heterogeneous and homogeneous donmmaspectivelyce ner(L,y,z) andcc vom(L,Y,2)
are the concentrations of the product at the outlet
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Figure 1.9: Heterogeneous tank and virtual shift of the sedoigth-permeability inclusion (a and
b). Calculated product mass fluxes along the homeges and heterogeneous porous media (c).

The reaction enhancement factor in the heterogenexperimental setup was calculated to be
1.64. This means that the focusing of flow in thghkpermeability inclusions and its consequent
increase of mixing result in considerable higherssnfluxes of a product of an instantaneous,
mixing-controlled reaction in the heterogeneousktanmpared to the analogous homogeneous
porous medium. An increase of RF from 1.64 to Wa2 obtained when the second coarse grain
size zone was shifted (Fig. 1.9a), therefore rewgylin a more efficient focusing of the lower
reactive fringe of the plume in the second highpeability inclusion (Table 1.2). A higher
increase of RF (8.9%), in comparison with the expental heterogeneous setup, was calculated for
the configurations shown in Fig. 1.9b.
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Setup Inclusions Flux C [mol/nf/d] RF

HOM — experimental - 2.5x10 1.00
HET — experimental 2 in line 4.1x10 1.64
HET — simulated 2 shifted 4.3x10 1.72
HET - simulated 3 shifted 4.5x10 1.80

Table 1.2 Product Mass Fluxes and Reaction Enhancement Factor

Reactive experiments were conducted also undesiéainflow conditions. In analogy to the
conservative transport experiments using fluorescan alkaline plume was established in the
homogeneous porous medium under oscillating flowddns. The oscillating flow field was
induced by using different flow rates at the irdatl outlet ports as described above. Pictureseof th
alkaline plume were taken at different times. Tlseiltating plumes generally showed a plume
length comparable to the one of an analogous expeatiin the same homogeneous setup but under
steady-state conditions. Snapshots of the tranpientes after 1.6 days (a) and 2.1 days (b) from
the beginning of the experiment are shown in Fid01together with the simulated contours at
pH=4.6.
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Figure 1.10:0Observed and simulated (contour at pH=4.6) transieactive plumes.

A quantitative comparison of reaction enhancemestivéen the transient and steady-state
experiments was done on the basis of the outconmumierical simulations. In analogy with the
analysis carried out in the heterogeneous set@pjn$tantaneous reaction (equation 1.17), with
injection of the same alkaline and acidic solutiowas considered. Thus, an alkaline transient
plume stretching over the whole domain was obtaifi&éé mass fluxes of the product C, generated
by mixing and reactions at the plume fringe, waakewated along the length of the flow-through
system. Fig. 1.11 shows spatial profiles of thedpod mass flux in the homogeneous tank under
steady-state and transient conditions, respectiglyilarly to what was observed by calculating
the second central spatial moment of a conservateer (Fig. 1.3c and 1.3d), the mass flux of the
reaction product shows local increase comparetidcteady-state setup. In fact, the profile taken
under transient conditions shows mixing enhancememesponding to the points were the reactive
plume bends as a consequence of the flow fieldaediy the pumps’ switch. However, these local
mixing and reaction enhancements are less relesampared to the ones computed for the
heterogeneous system (dash-dot line).



30 Enhancement of dilution and transverse reactiveéngiin porous media: experiments and model-based

interpretation
10°

) ——— ST ——
8 ==='HOM Steady-state e o =
°E 3| |---HET Steady-state | .+~

2 | [=—=HOM Transient #

£ s

02 s

5 ; i SR
i ) P e S i
“g' 1 K4 o -

(0]

0.1 0.2 03 0.4 0.5 0.6 0.7

X [m]

Figure 1.11: Product mass fluxes in the homogeneous tank undadystate (dash line) and
transient conditions (solid lines). The dash-datelirepresents the product mass flux in the
heterogeneous system at steady-state.

1.4 CONCLUSIONS

In this paper we experimentally investigated theat$ of physical heterogeneity and transient
flow conditions on mixing and mixing-controlled ofi@ns in saturated porous media. The
laboratory experiments were performed using bothseovative and reactive tracers and the
interpretation of the measured data and observetieobehavior was aided by forward numerical
modeling. Conservative and reactive non-sorbing pmumds were selected in order to limit the
investigation to mixing caused by transverse hygnadhic dispersion.

Mixing and reaction enhancements were caused Wy toarsient flow fields and flow focusing
into high-permeability inclusions compared to agales homogeneous setups under steady-state
flow conditions. However, for both conservative am@ctive tracers, the contribution of porous
medium heterogeneity, in the form of geometricalBll-defined high-permeability inclusions, was
distinctly more significant. The results of thisidy demonstrate the importance of flow focusing,
suggested in the theoretical work of Werth et2006), for the development of dissolved plumes in
groundwater. For plumes whose behavior is conttolig diffusive/dispersive mixing-controlled
reactions at the plume fringe, the amount of flmeusing, caused by the permeability contrast
between the different materials, is of utmost inigace in determining the plume development and
length. Moreover, the extent to which the reacfrugge is focused considerably contributes to the
degree of mixing enhancement. This depends on #uengtry of the porous medium and, in
particular, on the location of high-permeabilitglumsions.

For conservative and reactive non-sorbing compguosisilating flow fields only cause local
mixing enhancements where the groundwater flow géanits principal direction. For the
investigated settings, these enhancements werdicagily lower than those obtained by plume
focusing and mixing in the high-permeability inctuss.

Forward conservative and reactive transport modethowed a good agreement with the
measured concentrations and the observed behavibe @lumes. Based on the outcome of the
numerical simulations, a quantitative analysis loé different experiments was possible. The
transverse spatial moments of the plume were atedifor the conservative experiments, whereas
for the reactive experiments the quantitative agialyvas based on the computed fluxes of the
product of an instantaneous mixing-controlled reactin particular, the definition of a flux-relate
dilution index proved to be of significant importanfor quantifying mixing in both homogeneous
and heterogeneous porous media. In the lattermgstee second central spatial moments fail to
describe plume mixing and a clear distinction bevplume spreading and dilution is necessary.
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Although the absolute values of the computed parenmeare likely to be specific for the
simplified experimental settings used in our studportant outcomes have a broader significance.
For instance, the analysis based on the dilutiaexnfor the conservative tracer and on product
mass fluxes for the reactive experiments, cleangws the major contribution of the first high-
permeability inclusion on mixing and reaction entement in the heterogeneous setup. In this
zone, the rate of dilution increases consideraddyan “undiluted plume”, characterized by sharp
gradients at the fringes, is effectively mixed witke surrounding clean water. These findings
suggest the importance of focusing of the reacfrugge close to contamination sources for
groundwater plumes. For organic contaminant pluomekergoing fringe biodegradation processes,
the microbial activity is expected to be enhancedhigh-permeability zones located close to
contaminant sources and hot-spots, provided tlealifh contaminant concentrations do not inhibit
the activity of the microorganisms and that ambignbundwater, rich in dissolved electron
acceptors, is also focused into the high-permeghiticlusions. This behavior was observed in
experiments on biodegradation of organic contamgam flow-through laboratory experiments
(Cirpka et al., 1999; Bauer et al., 2009a and 2D09b

Oscillating flow fields, cause only limited and &anixing enhancements for conservative and
reactive non-sorbing tracers as considered in ogrer@mental investigation. Some previous
modeling studies (e.g. Prommer et al., 2002; Cirpkal., 2005) suggest a more significant one-
time chromatographic mixing event for sorbing oigacompounds. However, the mixing
enhancement can entail a decrease of the overallaminant degradation if the microbial
populations mediating the transformations are ¢ 0 react sufficiently fast to the changes of
environmental conditions caused by transient flow.
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Chapter 2

Transverse mixing of conservative and reactive tragrs in porous
media: quantification through the concepts of fluxrelated and critical
dilution indices?

Abstract

The correct quantification of mixing is of utmostportance for modeling reactive transport in
porous media and for assessing the fate and trenspacontaminants in the subsurface. An
appropriate measure of mixing in heterogeneousysoformations should correctly capture the
effects on mixing intensity of various processeditierent scales, such as local dispersion and the
mixing enhancement due to heterogeneities. Invtbik, we use the concept of flux-related dilution
index as a measure of transverse mixing. This gyaatpresses the dilution of the mass flux of a
conservative tracer solution over the total disghaof the system and is particularly suited to
address problems where a compound is continuomgigeted into the domain. We focus our
attention on two-dimensional systems under stesatg-slow conditions and investigate both
conservative and reactive transport in homogenaodsheterogeneous porous media at different
scales. For mixing-controlled reactive systems,inteduce and illustrate the concept of critical
dilution index, which represents the amount of mgxirequired for complete degradation of a
continuously emitted plume undergoing decay upoxingiwith ambient water. We perform two-
dimensional numerical experiments at bench and fehkles in homogeneous and heterogeneous
conductivity fields. These numerical simulationswstthat the flux-related dilution index quantifies
mixing and that the concept of critical dilutiondax is a useful measure to relate the mixing of
conservative tracers to mixing-controlled degramtatf reactive compounds.

’Reproduced from: Chiogna, G., O. A. Cirpka, P. Bnathl, and M. Rolle (2011), Transverse mixing ofservative
and reactive tracers in porous media: Quantificatirough the concepts of flux-related and critidddition indices,
Water Resources Research, 47, W02505, doi:10.1020Y2R009608. Copyright 2010 American Geophysicablin
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2.1 INTRODUCTION

A detailed characterization of mixing in geologarrhations and fixed-bed reactors is relevant
in order to correctly quantify and describe reaetprocesses in porous media. In particular, many
biodegradation reactions may be limited by the latdity of reaction partners. Under steady-state
flow and transport conditions, dissolved reactasdme into contact through transverse mixing,
which is determined by dilution processes in theaions perpendicular to flow (i.e., processes
which increase the entropy and decrease the pea&eptration of conservative solutes). In
particular, we consider steady-state two-dimengitraasport of two reacting species continuously
injected in parallel. In homogenous media, trans¥enixing is determined by molecular diffusion
and dispersion, while in heterogeneous formatitims, local mixing process is enhanced by flow
focusing within high-permeability inclusionB¢ar, 1972;Kitanidis, 1994;Werth et al. 2006;Rolle
et al, 2009]. The Darcy-scale processes can be invéstigarough laboratory experiments and are
typically modeled by Fickian dispersion. Althougiffetent theories and empirical expressions
were proposed to compute the components of the thspersion tensor [e.gScheideggerl961;
Bear., 1972;Klenk and Grathwohl2002], a general agreement exists about the ofd@agnitude
of these parameters.

The enhancement of transverse mixing due to theepoe of advective heterogeneities is more
difficult to quantify. The focusing of streamlin@s high-conductivity zones is known to be one of
the mechanisms that enhance transverse mixing sinexluces the transverse mixing length,
increasing the mass flux across streamlinderfh et al. 2006, Rolle et al, 2009]. However, a
guantitative parameter to capture this effect wadduire field-scale experiments in which the
heterogeneities are very well characterized; sugierments are unfortunately not feasible and
usually the details of the flow field remain widelynknown. Furthermore, the presence of
heterogeneities may stretch and squeeze the plamdeleads to meandering [e.Bahman et a).
2005]. However, as pointed out Bytanidis [1994], these processes do not directly contribate
physical mixing. Squeezing and stretching are ndisplacements connected with advection
mechanisms, and hence they are not strictly migindemixing processes, even if they affect the
second central transverse moments of the pluRehian et al. 2005; Rolle et al, 2009].
Meandering causes an increase of the uncertainttyeoplume’s first transverse moment, but does
not contribute to a net increase in transverse ngixStochastic analysis has dealt mainly with
ensemble behavior of spatial moments in order sty dispersion in heterogeneous formations.
Half the rate of change of second-central momemtthe® ensemble concentration defines the
ensemble dispersion tens@dlhar and Axness1983;Dagan 1984;Neuman et a) 1987], which
does not quantify mixing properly; in fact it islisaffected by the uncertainty of tagging the pkim
center (i.e. it is affected by meandering). Althbugpmmonly used, ensemble dispersion is not a
measure of pure mixing. Another possibility is tefide so-called effective dispersion. The
conceptual model underlying the effective dispersensor differs from ensemble dispersion in the
order of taking spatial moments and averaging @lerealizations. In effective dispersion, the
second central moments of each realization areuated first, and the ensemble average of the
second central moments is obtained subsequekidginidis, 1988; Dagan 1990, 1991Rajaram
and Gelhar 1993a, 1993b, 199®)entz et al 2000a]. It is possible to define effective traarse
dispersion coefficients for wide plumes [e.Bgntz et al 2000b]. In this case both the irregular
plume shape and the smooth transition of concemtrétom the plume centre to the surrounding
are quantified. Only the latter property is relatecctual mixing of the plume with ambient water,
while the former quantifies an average squeezimg) siretching. Effective transverse dispersion
coefficients can also be defined for point-likeeictjons Pentz et al 2000a;Cirpka, 2002;Dentz
and Carrerg 2003, 2005]. As claimed bgirpka [2002], this is a good measure of mixing for
reactive transport in case of complete mixing at@farcy scaleTartakovsky et akR009], since the
scale of chemical transformation is the local oné & this way it is possible to quantify mixing.
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Unfortunately, this measure is not applicable tividual plumes, it is not a measure for plumes of
finite width, and it is affected by very high untenty. The mentioned stochastic approaches
consider expected ensemble behavior and cannotr ¢bgeuncertainty of mixing and thus the
variability of observable mixing in real measurensen

In multi-species (bio)reactive transport [e@irpka and Valocchi2007,Prommer et al 2009],
the limiting step for the reaction is the mixingtween the different reactive compounds, if this
process is slower than the (bio)chemical react@insteady state, the reaction partners must be
mixed into the plume from the sides, hence the nmegbrtant components of the dispersion tensor
are the transverse oneSifpka et al, 1999a;Lied| et al, 2006]. The mixing processes of real
interest are the ones at the pore-sc#lilihgham et al. 2008, 2010] since reactions occur at a
narrow reactive fringe, as shown by field scale sneamentslerner et al, 2000;Anneser et a).
2008] as well as by laboratory bench-scale experimBauer et al. 2009]. In order to estimate the
length of a reactive plume in heterogeneous fl@h§, we have to estimate the effect of advective
heterogeneities and in particular of flow focusiog the enhancement of mixing and reaction
[Werth et al. 2006;Rolle et al, 2009]. Hence, we have to consider a procesdagar scale than
the pore one.

Kitanidis [1994] proposed to quantify mixing processes iougdwater by measuring the
entropy of the plume, introducing the concept @ dilution index. This kind of measurement was
applied to determine mixing of conservative tracarghe laboratory [e.glJrsino et al, 2001,
Moroni et al. 2006; Rossi et al. 2007, 2008] and at the field scale [eThjerrin and Kitanidis
1994]. The dilution index was also used in pordescaodeling [e.g.Cao and Kitanidis1998]; in
modeling studies in heterogeneous porous mékakie 1998;Kapoor and Kitanidis1996, 1998;
Pannone and Kitanidjs1999; McLaughlin and Ruan2001], and even to determine numerical
dispersion of transport codeSHilakapati and Yabusaki999]. Recently, this measure was applied
in pore-scale multi-component reactive transpomusitions Tartakovsky et al.2009]. The
dilution index was modified bgle Rooij et al[2006] to apply it to breakthrough curves obtaitgd
multi-compartment sampler data and later use8logm et al[2009] for the interpretation of field
experimentsBear and Sur{1998] slightly modified the dilution index in cegd to account for
changes in the porosity of the system, which wasrasd constant bgitanidis [1994].

The dilution index as implemented bytanidis [1994] is a useful measure in case of a slug
injection, while for continuous injections a fluglated dilution index appears to be more
appropriate Rolle et al, 2009]. In this work we further develop the cortcefpflux-related dilution
index, providing analytical expressions to compitéevalue in homogeneous porous media, and
comparing it with the volumetric dilution index pented byKitanidis [1994] (Section 2.2). More
importantly, we focus our attention on the reactoase (Section 2.3): we define the effective
transverse dispersion coefficient needed in anvatpnt homogeneous system to match the reactive
behavior in a heterogeneous one, and we relatethd dilution of a conservative tracer. This is
accomplished through the introduction of the caitidilution index. This parameter quantifies the
degree of mass flux dilution required to obtain ptete degradation of a reactive plume emitted
from a continuous line source. In Section 2.4, wesent the results of numerical simulations of
laboratory bench-scale systems and larger binanerdgeneous flow fields to show the
applicability of the flux-related and critical dilan indices.
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2.2 FLUX-RELATED DILUTION INDEX FOR CONSERVATIVE
TRANSPORT

The flux-related dilution inde¥q [L3TY, introduced byRolle at al.[2009], describes dilution
“as the act of distributing a given solute massg fiwer a larger water flux” and quantifies how the
continuous mass flux of a conservative compoundmiged in a given flow field. The
concentrations considered are local flux conceiotnat(i.e., the solute mass flux perpendicular to
the control plane, divided by the specific discleang the same direction), which differ slightly
from the resident concentratiortsrgft and Zuber1978]. In contrast, the original dilution indek o
Kitanidis [1994] considered dilution as “the act of disttibg (a finite slug of) solute mass over a
larger volume”. The possibility to work with mashkiXes, instead of a finite mass, allows
investigating how the dilution of a solute flux reases with travel distance when the compound is
continuously injected into the flow domain. An adehtransfer of the original dilution index to the
situation of a continuously emitting source woukdtb consider the distribution of solute mass over
a larger cross-sectional area perpendicular tortb@n direction of flow. Such a concept would fail
in the presence of heterogeneities where the estsonal area of a plume may shrink and expand
due to spatially variable advection alone. In fast,derived in Appendix A weighting the dilution
index with the flow velocity is necessary to obtaimeasure of mixingolle et al, 2009;Chiogna
et al, 2010a]. Both formulations of the dilution indexend to quantify mixing by the exponent of
the entropy of the system. Entropy in this casetbdse interpreted as a local spatial measure of
dilution, and not as a thermodynamic quantiBe¢kie 1998]. In Table 2.1, we compare the
distribution functions, the different definitiong the volumetric and flux-related dilution indices
and of the reactor ratios (the normalized versibthe dilution indices for a bounded domain). We
also compare the rate of increase of the dilutiadex with time and of the flux-related dilution
index with distance; the derivation of the latesummarized in Appendix A. The concentration of
the tracer solution is expresseddffvIL®], the cross-sectional area ByL?], the volume by [L7],
the porosity byn [-], the specific-discharge component in thdirection byagx [LT] and the total
discharge byQ,[L*TY]. We assume that the flow is generally orienteth&x-direction, and that,
is positive throughout the domain (i.e., we do oonsider cases in which strong heterogeneity
contrasts may cause a local flow reversal).

The volumetric dilution index introduced H§itanidis [1994] is a function of time, while the
flux-related dilution index oRolle et al.[2009] is a function of space. It can be notideat the rate
of increase of both indices is the same, with thedrtant difference that for the first one we
consider the time derivative, while for the secom@ we consider the spatial derivative in the flow
direction. The rate of increase of the entropy depecritically on the shape of the plume and on its
interfacial areaKitanidis, 1994] in both concepts. The property of being @atonic increasing
function is a necessary condition for both formolas of the dilution index. This allows to capture
the essential characteristics of dilution procesgkgh are irreversible and lead to a continuous
increase of the entropy of the plume in both homeges and heterogeneous flow fields.

The volumetric expression for the dilution indexdae restricted to a cross-sectional dilution
index Ecs [L?, obtained by considering only the transverse divates (i.e., we integrate the
entropy over a cross section of the domain instaad the whole volume, see Appendix B). At
steady state in a homogeneous domain, the intatgmetof the flux-related dilution index is
strongly related to the cross-sectional dilutiodexr and therefore with the original volumetric
expression introduced bilitanidis [1994]. In this context, we may transfer the |dadinal
coordinatex of the cross-section to the equivalent travel tihe Then the flux-related dilution
index in a uniform medium scales linearly with #ress-sectional dilution index by a factorqf
(Appendix B):
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) e (). (2.2)

For a line source of widtlw [m] in y direction in an unbounded two-dimensional domdin a
steady state, we can express the flux-relatedigiluhdex as a function of the inverse transverse
Péclet numberg() defined as:

_ nxb,
y o~ 2
W

(2.2)

wheren [-] is the porosity of the systerD, [LT"] is the local transverse dispersion coefficierd an
the flow is oriented in the direction.
For this geometry, we obtain the following expreasofEq(g,) (Appendix C):

ATE
= WZQLl— /471"%11 +,/4ﬂexd1)£y} (2.3)

whereZ [L] is the thickness of the system in direction

This analytical expression (Eq. 2.3) is in very ga@greement with the result obtained from a
numerical computation of the flux-related dilutiomdex for a line source in a 2-D unbounded
homogeneous domain (Figure 2.1).

In Appendix C, we briefly illustrate other analylcexpressions of the flux-related dilution
index for different homogeneous flow domains (witte flow oriented in thex-direction) and
boundary conditions.

Volumetric Dilution index [ Kitanidis, 1994] Flux-related dilution index [Rolle et al., 2009]

't :M |:ij| p (x): C(X) |:l:|
Density . Lc(x, v [L® © _[Aqx(x)Dt(x)dydz L
function

L p(x, HdV =1 jA Po (X) [y (X)dydz=1

Dilution E(t)=exp(—Lp(x,t) n(p(x, 9)v) (2] exp( [ Po (9 In(po(x))@ dydz){ }
Index
Reactor E(t E
Ratio M(t)=¥ [ Mo(x)= g(x) ]
Rate of  din(E) _ T 1 din(E, )
increase p ——L pCin p DOIN @V {?} ™ I PollIn pg ' NDOIN pydydz { }

Table 2.1: Definition and properties of the Volumetric Dilutidndex E(t) and the Flux-related
Dilution Index E(x).
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=—Numerical result
X Eq. 3
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Figure 2.1: Comparison between the values of the dilution indemputed numerically and
analytically (Eq. 2.3) for a line source in a 2-Dhounded homogeneous domain.

2.3 CRITICAL DILUTION INDEX FOR REACTIVE TRANSPORT

2.3.1 Reactive transport problem

For simplicity, we restrict our analysis to consgive and reactive transport in a two-
dimensional domain under steady-state conditiong &¥sume an instantaneous bimolecular
complete reaction of the foralA + bB— cC (wherea, b andc are the stoichiometric coefficients)
so that the reaction rate is controlled only bynhiging process between the spedeandB. The
reacting compound is injected through a continuous line source atitiiow boundary while is
introduced from its sides into the domain with @abient groundwater. Figure 2.2 shows two
examples of the heterogeneous flow fields at differscales considered in this work. The
continuous line source of compound A is highlightedthe left boundary of the domain.

E Line
> source|

0.00

\

\ //
/]
A

Figure 2.2: Streamlines computed for a bench-scale (a) anéld-fcale (b) binary heterogeneous
porous media. The gray zones where the streamtim@gerge are the high-conductivity inclusions.

Assuming that aqueous diffusion coefficients arentctal for all reactive species, we can
simplify the problem by considering a virtual consgive compoundk, denoted the mixing ratio of
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the plume De Simoni et a). 2005, 2007;Cirpka and Valocchi 2007], introduced with unit
concentration through the line source:

vIOX -00(DOX)=0

n{vX -DOX)=n¥ along A
n{vX -DOX)=0  along®
nDOX =0 alonglr OT,,

(2.4)

Where the seepage velocityis mainly oriented in th& direction and is expressed &s qn™*
[LTY (for simplicity hereafter we will leave the subigtion ), Aand? are the fractions of the

inflow boundary where compoundsrespectivelyB are introduced s is a no-flow boundary, and
INout the outflow boundary. The local transverse digparsoefficientD; is defined following the
non-linear empirical parameterization recently msgd byChiogna et al[2010b]:

vd
D, =D+ 25
tTTP T JPe+123 (2:5)

In which Dy [L?TY is the pore diffusion coefficient, i.e., the mbetween the aqueous diffusion
coefficientDaq[Lle] and the tortuosity factor of the porous mediufr] (in this work we assume
1=n"), d[L] is the grain size diameter, aRe = vd/Daq [-] is the grain-Péclet number.

The mixing ratio can be converted to concentratiohseactive compounds byC[rpka and
Valocchi 2007]:

c, =Xk —%(1— X)c2™ i X 2 X,
0 if X <X,
(1—x)c*”“b—9xcin if X <X,
CB = B a A crit (26)
0 if X=X,
Excn if X <X,
C.=y2
o (1-X)ca™ if X =X,

in which C}, [ML] and cam™ [ML®] are the inlet concentration of compoufdnd the inlet (and

ambient) concentration of compouBd respectively, ani; is the critical mixing ratio at which
both reactive-species concentrations are zero:

amb
crit = aE:B i (27)
aCi™ +bC}
For the homogeneous case with the source wid{.], X will satisfy the two-dimensional

analytical solution for the transport of a consémeaspecies continuously injected by a line source
[Domenico and Palciauska$982]:
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y+ y-
X(x,y)=% erf| ——2_ |-erf| ——2_ (2.8)

2D, % 2/p %
\' \

As pointed out bySrinivasan et aJ2007], this approximate analytical solution it to
some limiting constraints. In this work we assuima those constraints are met and we rely on the
applicability of Eq. 2.8.

2.3.2 Definition and derivation of the critical dilution index

In section 2.2, we have defined the flux-relatelditain index, which measures the degree of
dilution of a continuously emitted conservativectaundergoing steady-state transport. We can
now try to answer the following questions:

1. How are the dilution of a conservative and a reactompound related?

2. Which information can be extrapolated from a covatve plume to a reactive plume?

3. How much mixing is required to achieve the comptitgradation of a reactive plume?

The plume length of the injected compoukds defined as the minimal distanc¢L] from the
source in the average flow direction at whi€a = O over the entire cross-sectional profile
perpendicular to the average flow directi@irpka et al, 2006]. The mixing ratio exactly has the
value X = X.it where the concentration of bothandB are zero. For the homogeneous case, and
when Eq. 2.8 is valid, we obtai€irpka et al, 2006]:

L= vw?

= (2.9)
16Dyinverf (X gt )

In case of an instantaneous reaction (i.e., thetimaoccurs immediately upon mixing), the
boundary of the plume is defined Ky= X.i;, stemming from the stoichiometry of the reactite
inflow and ambient concentrations. This distancehef farthest downstream point with = X
(i.e., the plume length), depends on hydraulic patars (e.g., dispersion coefficient,
heterogeneity) but the required amount of mixintpeenA andB will be similar for any hydraulic
setting.

We now define the critical dilution index as the amt of mixing required for complete
degradation of a reactive compound that is contislyoinjected into a porous medium and reacts
with another compound injected in parallel. We echjre that the required amount of mixing is
unique (or at least affected by a negligible vasggnwhen the aqueous diffusion coefficients (and
hence the transverse dispersion coefficients) efdifferent reaction partners are the same. We
define the critical dilution index as the value thfe flux-related dilution index of a given
conservative tracer at the lendthof the reactive plume in the same flow field and the same
mass flux. For the homogeneous case, it is posilidemonstrate analytically that the value of the
critical dilution index depends on the mass fluxtbé solute and on the critical mixing ratio
(Appendix D).

Figure 2.3 shows the plume of a conservative comgau a homogeneous flow field: the white
contour represents the normalized concentra@oqy)/Co = Xerit, i.€., the boundary of a reactive
plume. It is worth noticing that th€(x,y)/C, profile at a cross section before the end of react
plume exhibits the value of.; at two locationsand the reactive plume extends farther into the
domain (Figure 2.3A). At a cross section beyondehd of the reactive plume, the concentration
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ratio never reaches the value X (i.e., the reactive plume never reaches that misfa At the
distance where the reactive plume ends, the trassveormalized concentration val@L,y)/Co
has the critical mixing ratid{.; as its maximum (Figure 2.3B). This behavior alsdd&dor
heterogeneous cases. At steady state, the maximfurtiheo normalized concentration of a
conservative compound (i.e., the mixing ratio) vailvays be a continuously decreasing function
with distance; and the length of a reactive plusmainiquely related to a particular maximum,
corresponding to the critical mixing rati®(). Quite obviously, since the total mass flux oé th
conservative compound does not change with distanckecrease of the maximum concentration
requires the distribution over a larger water flukat is, dilution. We conjecture that the
relationship between the degree of dilution and thaximum concentration does not vary
significantly with the specific flow field.
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Figure 2.3: Conservative plume in a homogenous bench-scale idofupper panel). The critical
mixing ratio X determines the boundary of the reactive plumeténtontour line, upper panel).
The vertical profiles of the normalized concentratof the conservative plume are compared with
the critical mixing ratio at different cross-seat® (i.e. 0.2 m, 0.5 m and 0.7 m in the lower panels
A, B and C respectively).

Considering a continuous injection through a linarse under steady-state flow conditions, we
obtain for the critical dilution index, as a fi@tder approximation:

£, (0)

crit

CDI = Ey(L)= exp(l/2) (2.10)

As discussed in Appendix C, Eq. 2.10 applies utiteiassumptions of validity of the analytical
solutions Eq. 2.8 and Eq. 2.9.

No analytical solution is available to predict tbencentration distribution in heterogeneous
flow fields. However, in order to directly compate critical dilution index of the homogeneous
porous media (Eq. 2.10) with any heterogeneougpseti construct an equivalent homogeneous
system. We define this system as the equivalenlgemous domain characterized by (i) the same
injected solute mass flux as in the heterogeneass and (ii) an effective transverse dispersion
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coefficient leading to the same reactive plume tlerag in the heterogeneous domain. Using Eg. 2.9
and assuming we know the plume length of the hg&reous case, the effective transverse
dispersion coefficient of the equivalent homogemsesystem will be:

2
Dyoit = viw (2.11)
16L [ﬂnverf(XCm )2

This definition of the effective dispersion coeitiot differs from that proposed Witanidis
[1988] andDentz et al[2000q], which relates to spatial moments of the plume Néve to point
out that the effective transverse dispersion coiefiit of the equivalent system will be usually &rg
than the mean local transverse dispersion coeftidiecause it includes effects of heterogeneity on
mixing, but it does not quantify the spreading, $stretching and the meandering of the plume in the
heterogeneous case. By construction, at distarthe equivalent homogeneous system will exhibit
a maximum ofX equal to the critical valu¥.i. We expect in general that in a spatially variable
permeability field the degree of mixing will be f@ifent than in a homogeneous one. However, at
the end of the reactive plume, according also itk results ofValocchi et al.[2010], we
conjecture that the dilution undergone by a coretes® tracer is very similar for the homogeneous
and any heterogeneous case. In fact, given the saass flux and inflow concentrations at the
boundary, we expect to obtain values for the @itidilution index very close to each other,
independently from the heterogeneity of the systeience, as long as the flux-related dilution
index does not reach the critical dilution indejuea the plume will propagate farther both into the
heterogeneous and into the homogeneous domains.

The concept of critical dilution index establishasrelationship between the dilution of a
conservative tracer and the behavior of a compoundergoing a reaction. Furthermore it
guantifies, for a given mass flux and a given nieacstoichiometry, to which extent a reactive
species should be mixed with ambient water in otddre completely degraded. The advantage of
the critical dilution index is that it connects a&livknown physical quantity, i.e., the entropy
generated by mixing, with the possibility to preédat which distance a reactive plume will be
completely degraded.

2.4 TRANSPORT SIMULATIONS AT DIFFERENT SCALES

We perform two kinds of numerical experiments: hie first one, two-dimensional laboratory
bench-scale experiments [e.@Rauer et al., 2009Rolle et al, 2009, Rolle et al, 2010] are
simulated both under homogeneous and heterogersamastions; while in the second one, we
perform two-dimensional field-scale simulationshieterogeneous systems. The parameters of the
numerical examples are summarized in Table 2.2.

In the heterogeneous bench-scale experiment, thglepermeability inclusions (each 0.14 m
long and 0.01 m wide) are placed at a distance.I é, 0.33 m and 0.53 m from the inflow
boundary. Ten cases are considered, each onamtiffeom the previous one by shifting the lenses
0.01m upwards, the first one being aligned with teater line of the tank. In the field-scale
simulations, the heterogeneities are stochastigmlyerated: irregularly shaped high-permeability
inclusions are created using an auxiliary normatriiuted variable with zero mean, Gaussian
covariance function, longitudinal correlation lemgtf 2 m and lateral correlation length of 0.1 ®, a
described inWerth et al.[2006]. In order to simulate naturally occurringclusions where the
bottom surfaces are more curved than the top ssfar cut-off value for the auxiliary variable is
set to represent the 40% quantile and as a fucthrestraint its vertical gradient component must be
positive in the elements belonging to a high-comgitg lens. Both in the field- and in the bench-
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scale simulations, the heterogeneous field is pjnidwe system is confined, fixed head boundary
conditions are applied at the left- and right-hame boundaries, and the mass flux of the injected
solution is identical in all realizations. Heterogéies thus lead to variations of the source width
between the realizations, but we can define arcefe source width by the width in an equivalent

homogeneous mediundg Barros and Nowak010].

Bench-scale domain 0.8x0.01x0.13 Discretization [cells] 600x1x1000

dimension [m?] (LxWxH)

Field-scale domain 30x1x1 Stoichiometric 1

dimension [m3] (LxWxH) coefficients a=b=c

Tortuosity factor [-] 2.5 Dag [m2sY] 0.8x10°

d coarse sand [m] 0.78x10° Field-scale  specific ~ 5x10°
discharge [nTs?]

d fine sand [m] 0.25x10° Bench-scale specific  0.75x10°
discharge [nTs?]

K coarse sand [m3] 6.14x10° K fine sand [ms’] 6.14x10"

Table 2.2:Model parameters

The steady-state flow problem for hydraulic hbaahd stream function:

-01(kon)=0
1o (2.12)
D[ﬁK ij =0

is computed on a rectangular mesh grid by Finigsrteints.

For the transport problem (Eq. 2.4), the domaidiseretized into 6001000 Finite Volumes
with streamline-oriented cells constructed by thpraach ofCirpka et al.[1999b,c]. The discharge
is identical in all stream tubes. Figure 2.2 illagts that streamlines are focused in inclusions of
high-conductivity (light gray), leading to narrowpegated cells in that region. Orienting the gnd i
the flow direction avoids numerical transverse dispn caused by diagonal fluxes between the
cells; hence, no artificial-mixing entropy is gesexd through numerical errors. The transport
problem is solved using the UMFPACK direct solveMatlab® [Davis and Duff 1997]. Since we
work under the assumption that all species areackenized by the same aqueous diffusion
coefficient we can use the post-processing proeediiCirpka and Valocch{2007] in order to
evaluate the reactive concentration values for aamgsA, B andC (Eqg. 2.7) from the mixing

amb

ratio X. The ambient concentration of compoudias kept constant, i.eC;™ = 1, while the inlet

concentrationCY of compoundA is varied in order to obtain different values g;. The
stoichiometric coefficients, b andc are set to unity.

2.4.1 Results of conservative transport simulations

Figure 2.4 shows simulated plumes for different bgeneous and heterogeneous porous media
at the bench-scale. The behavior of the flux-relatactor ratio Nlg) in a homogeneous setup is
compared with the results of three heterogeneossscdn the first heterogeneous domain (Figure
2.4 HET A), in which the plume is focused in thghiconductivity inclusions, the concentration is



48 Transverse mixing of conservative and reactivesa@ porous media: quantification through thecemts of
flux-related and critical dilution indices

distributed over a larger water flux and hence thkie of Mg shows a steep increase, i.e., the
increase in dilution leads to an effective mixinghancement. The high-conductivity zones are
almost in line with the source so that the wholessndux of the injected conservative tracer
solution is diluted in the first inclusion. In tisecond heterogeneous case (Figure 2.4 HET B), the
lenses are shifted towards the upper part of tiséesy and just the upper fringe of the plume is
focused. The reduced focusing of the mass fluxddada smoother increase in the flux-related
reactor ratio. The effectiveness of the focusingrel@ses after each inclusion: the plume leaving the
high-conductivity zone spreads over a wider regutmch is focused in a less efficient way by the
successive inclusion (i.e., the mass flux involiedhe flow focusing process decreases with the
number of inclusions). In the last case (Figure RET C), the plume is just meandering, but no
effective focusing happens due to the presencéeheterogeneities, since the mass flux of the
tracer solution does not pass through the inclgsitm this case the mixing in the heterogeneous
case is even slightly less effective than in thenbgeneous one because the heterogeneities
exclusively cause expansion of the plume. Howewer ftux-related reactor ratio is always a
monotonically increasing function, while for examphe second central spatial moment would
decrease in the high conductivity inclusions assshbyRolle et al.[2009].
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Figure 2.4: Conservative plumes in the homogeneous bench-seatkel (HOM) and in three
heterogeneous cases (HET A, HET B and HET C). &helpn the right shows the computed
reactor ratios (the gray regions indicate the laoatof the high permeability inclusions).

In the field-scale setup, the plume can be focused higher number of high-conductivity
lenses than in the bench-scale scenario. The avevagomes over 1000 realizations of binary
heterogeneous flow fields, generated as previalessgribed, are shown in Figure 2.5 as solid line,
and the light gray shaded stripe indicate the raafjer 1 standard deviation. While single
realizations show a step-like increase in the maetio (similar to the bench-scale simulations),
the reactor ratio averaged over the entire enseailykalizations behaves like the reactor ratioafor
homogeneous system and can be fitted by Eq. 2d8n Ene fitted inverse Péclet number we can
evaluate the value of the effective transverseatispn coefficientD e = 3.7x10° mPs™. This
coefficient represents the geometric mean of thHece¥e mixing of the system due to local
transverse dispersion enhanced by flow focusing.aFbydraulic conductivity contrast of 10, the
mean value of the local dispersion coefficient,raged over the entire domaib;& 6.3x10° n’s™)
is 6 times smaller than the effective one. We tas tonclude that, over the ensemble average, the
flow focusing effect increased the mixing capaafythe system by almost an order of magnitude.
This result is in good agreement with the outcorakgeactive transport modeling studies at
contaminated sited equipped with high-resolutiomitaoing wells (e.gPrommer et al.2006 and
2009). For instance, in the coal tar contaminatgdfer studied byPrommer et al(2009), the best
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fit of the measured biogeochemical and isotopidligrsts was obtained using a=B.85x10° m?/s
in the reactive transport simulations carried ow two-dimensional homogeneous domain.
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Figure 2.5: Average reactor ratio over 1000 realizations of theld scale model. Light gray
shaded region represent =1 standard deviation.

2.4.2 Results of reactive transport simulations

For a reactive system, we need to verify the vglidif the definition of the equivalent
homogeneous system given in section 2.3.2. Stantitigthe bench-scale simulations, we consider
some of the scenarios presented in Figure 2.4tllieeHOM, HET B and HET C cases) with an inlet
concentration of compound A, emitted from the seusqual 1/6 of the ambient concentration of
compound B in the ambient groundwater. Figure 2@&as the contour boundaries of the three
reactive plumes and the dilution indices of theseowmative tracer in the same system. In case HET
B, the mass flux oA is focused in the inclusions, the mixing is enleghin an efficient way and the
resulting plume is much shorter (0.15 m) than i@ tlomogeneous setup. In case HET C, which
presents the same high-permeability inclusions &% B only shifted towards the upper boundary,
the plume is bended due to the heterogeneous fldd dnd just a negligible part of the fringe is
focused, whereas the bulk plume exhibits only egmandue to the heterogeneities. As a result, the
plume is even longer (0.78 m) than the homogeneaes0.59 m). We conclude that knowing the
overall degree of heterogeneity is not sufficiemtquantify effects on mixing of an individual
plume; one must know how the mass flux of the plisreffected by the flow field: if the plume is
expanded rather than focused, then a heterogersystesm may even reduce the dilution of the
plume.

It can be noticed that, for a given mass fluxApfno difference can be detected between the
values of the flux-related dilution index (i.e.etamount of mixing) at the lengthof the reactive
plume. This shows that even in extreme cases (a@mpbcusing of the plume and bending with
negligible focusing of a single fringe of the plumtne critical dilution index has the same value.
We have to point out that, in order to correcthaqufy the value of the critical dilution index,eh
numerical dispersion of the code must be negligiliieact, the value oEq is the exponential of
the entropy of the system and hence even a sm@aéncal error may strongly affect this quantity
if computed through numerical simulations.
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Figure 2.6: Contours of three reactive plumes (upper panel) Hrar flux-related and critical
dilution index (lower panel).

In order to test the conjecture that the valueh&f tritical dilution index does not depend
significantly on the heterogeneity of the systems, generate 1000 random conductivity fields with
a conductivity contrast of 10, as previously ddseli These realizations are performed at the larger
field scale. The statistical analysis of the res(lie. a chi squared goodness of fit test) shdwas t
the values of the reactive plume length and thetedleffective transverse dispersion (Eq. 2.11) are
lognormal distributed (Figure 2.7). The smaller Yadue ofX.;, the longer is the plume and hence
the plume can sample a higher number of heteroteneaif the flow field before the end of the
reactive plume is reached. This reduces the véditialof the effective transverse dispersion
coefficient and of the plume length within the enbée of realizations (in faating) and Ot ef
must be equal due to Eq. 2.11). On the contramy,stiorter the plume (i.e., the larg&yi;) the
larger is the variability of the effective transserdispersion coefficient among the realizatioms. F
the same reason for small valuesXgi; (i.e., long plumes) we obtain a slightly higheogetric
mean of the effective transverse dispersion caeffts derived in the heterogeneous cases (Eq.
2.11) and hence we have a slight dependen&y gfon Xcit.

Kt Geometric mean of Geometric mean of the effective Oin(Dt,eff)
the plume lengthL  transverse dispersion coefficienD g 10’ and
[m] [m?s] Oin()
conservative - 0.38 -
0.4 16.1 0.36 0.2
0.5 10.1 0.35 0.3
0.6 6.5 0.34 0.4

Table 2.3: Relationship betweenc plume length and effective transverse dispersmefficient,
with the standard deviation of the logarithm ofitlgéstribution dinqy and gin), respectively.
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Table 2.3 shows this slight dependencdgfion X.i;, and thus on the reaction stoichiometry
and the concentrations of the reaction partnershe inflow. It is worth to notice that the
determination of the effective dispersion coefinti@ising the flux-related dilution index (i.e. for
conservative transport) and analyzing the reactases leads to very close results. Other methods
to determine an up-scaled dispersion coefficienflg are not able to predict a correct effective
dispersion coefficient for reactive transpdCirpka, 2002]. In the numerical simulations, the value
of the logarithm of the flux-related dilution indéixe., the entropy of the conservative mass fhix)
the end of the plume for the heterogeneous casettn@dquivalent homogeneous case remain
almost identical, showing an average difference 6f4%. That is, in most cases, the distributions
of po for the homogeneous and the heterogeneous cagesnbaonly the same maximum (per
construction) but also the same entropy, so thatctincept of the critical dilution index appears
valid. Although it is mathematically possible tonstruct distributions with significantly different
entropy but identical maximum, our numerical expemt indicates that physical constraints of
solute transport (e.g. diffusive nature of govegnieguation, typical values of the parameters
involved such as the velocity and the local dispargoefficient, natural heterogeneity patterns,
etc.) strongly limit and generally avoid the ocemte of such distributions.
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Figure 2.5: Probability density functions and histograms of #féective transverse dispersion
coefficient (upper row) and of the reactive pluregth (lower row) computed over the ensemble of
1000 realizations of field scale heterogeneous dosydor different values ofcx.

Taking the geometric mean over the ensemble oizedgins, the relation betweefyi;, L and
the effective transverse dispersion coefficiepdiis the same as Eq. 2.11 (Figure 2.7):

LD, g = w’ . (2.13)
16inverf(X it )

in whichw is the effective width of the line source in tliualent homogeneous cagkexis the
geometric mean of the effective transverse dispersoefficient of the equivalent homogeneous
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systems andl. the geometric mean of the length of plumes inhberogeneous simulations. The
average seepage velocitys constant for all realization, since we keepdiseharge of the system
constant. The product between the plume length taadeffective dispersion coefficient is per
construction univocally determined for a givén: (Figure 2.8).
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Figure 2.8: Relations between CDI andand between the product LBnd X . The geometric
mean over 1000 realizations is plotted for the nucaésimulations’ results.

The results of the simulations confirm that thdical dilution index and the critical mixing
ratio are related as predicted by Eq. 2.10 (Figug for a given mass flux at the source. Them is
small deviation from the expected values for high (i.e. short plumes) that can be explained by
the fact that Eq. 2.10 is a first-order approximatfor small values oK.i;. We have to consider
furthermore that the validity of the analytical wixdn of Domenico and Palciauskd4982] is not
given in the proximity of the sourc&ifinivasan et aJ 2007].

Table 2.4 lists results for three different condutt contrasts. These results indicate that the
critical dilution index remains constant if the mdhix of the injected compound is the same; it
only depends on the critical mixing ratio of thestgyn (Table 2.4), as correctly predicted by Eq.
2.10. Hence, the definition given for the equivaleBomogeneous system is reasonable since it
allows obtaining a very good approximation for tfiuition required for complete reaction of a
plume even in heterogeneous systems with diffggertheability contrasts. The distributions of the
plume length and of the effective transverse dspar coefficient are affected by a higher
uncertainty if the conductivity contrast is highBor instance, given a conductivity contrast of 10,
On() varies between 0.2 and 0.3, %1:=0.4 andX.=0.5 respectively; while for a conductivity
contrast of 30 and the same valueXgf, the variancey,) of the log plume length varies between
0.3 and 0.4. Heterogeneous fields with higher cohdty contrast (and thus more effective flow
focusing), result generally in shorter plumes aighér effective dispersion coefficients. We can
notice that the effective transverse dispersiorfficdent in this setup increases almost linearlytwi
the permeability contrast.
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Khigh/Kiow = 10 Knigh/Kiow = 20 Khigh/K ow = 30
Xeit [-] 0.40 0.45 0.50 0.40 0.45 0.50 0.40 0.45 0.50
Diar X10' [m*s™] 0.36 0.35 0.35 0.68 0.67 0.66 0.96 0.91 0.87
Length [m] 16.1 12.5 10.19 8.4 6.5 5.2 5.9 4.8 3.9
CDI x10 [m3s7] 0.21 0.18 0.17 0.21 0.18 0.17 0.21 0.18 0.17

Table 2.4:Influence of the hydraulic conductivity contrastig{Kiow) on D e, the plume length L,
and the critical dilution index CDI for different.a{ (geometric mean values).

2.5 CONCLUSIONS

In this study, we illustrated the concept of fletated dilution index, which is an appropriate
measure to quantify mixing in both homogeneous &aeterogeneous systems into which a
conservative solute is continuously injected. Feactive systems, we introduced the critical
dilution index, which is the degree of mixing reea for the complete degradation of a reactive
plume in case of instantaneous complete bimolecakstions. In homogenous systems, the critical
dilution index can be computed analytically. In @rdo transfer the concept of the critical dilution
index to heterogeneous porous media, we have definequivalent homogeneous system in which
the effective transverse dispersion coefficierthesone which matches the length of the plume. The
results of the numerical simulations show thathiis tvay it is possible to extend the use of the
critical dilution index to heterogeneous systemse Tiewly defined effective transverse dispersion
coefficient of the equivalent homogenous porousioreddepends on the permeability contrast of
the system and, via the critical mixing ratio, ¢ tstoichiometry of the reaction, as well as the
inflow and ambient concentrations. The local disper coefficient can be substantially smaller
than the effective dispersion coefficient derivedfifting parameter to simulate the behavior of
reactive plumes in heterogeneous formations. Inopumion, the apparent scale dependency of the
transverse dispersion coefficient which appearhéninterpretation of field scale plumes is caused
by the difficulty to capture correctly the flow kiewhen flow focusing effects caused by advective
heterogeneities are the dominant mixing-enhancermpentess. Furthermore, we showed that
information about the mass flux of a solute araitofiost importance in order to predict the fate of
contaminant plumes. The performed theoretical andharical analysis helps to answer the
guestions we posed in section 2.3.2:

1. The mixing of a conservative and of a reactnaedr can be quantitatively related to each
other by the concept of critical dilution index moderately heterogeneous aquifers and for
instantaneous complete bimolecular reactions.

2. The flux-related dilution index of the systermdae calculated from a conservative tracer.
Under the assumption of instantaneous, mixing-ctlett reactions, we can predict where a
reactive plume generated by a continuous sourdeend if we know the critical dilution index of
the system. In heterogeneous systems, informatmutathe mass flux is required in order to
correctly estimate the dilution of steady statenms, whereas the knowledge of the spatial
concentration distribution alone is not sufficient.

3. The amount of mixing required to completely @elgr a reactive plume is well approximated
by the value of the critical dilution index, a qtisnwhich is exclusively controlled by the critica
mixing ratio of the system and by the mass fluxhef injected reactive species. The critical dilatio
index is defined over a cross section of the domidence, it is not required to map the whole
heterogeneity of an aquifer system, if we can gfijatite mass flux of a plume over the cross
section where the critical value for dilution is.ched.
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As already pointed out biitanidis [1994], the possibility to define a dilution inddras a
significant impact on many engineering applicatiosh as the design and optimization of in-situ
remediation applications. With this work, we hadeled important information in order to answer
the question whether it is possible to predeternfiogv much mixing is necessary to let a
contaminant plume degrade. The determination otthieal dilution index and of the flux-related
dilution index may be challenging in practical apations, due to the difficulties in measuring
mass fluxes, determining the geometry of the squacel estimating the concentrations of the
reaction partners. Nonetheless, any reactive toahspodel contains this information either as an
input (e.g. initial concentration of the reactivgesies, source geometry) or they can be easily
computed (such as the mass fluxes of the diffezrbamical species). So the direct computation of
the critical and the flux-related dilution indiceshich can be performed on the basis of only
conservative transport, will be useful when assgssplume development and/or potential
remediation interventions on the basis of a modedindy.

The study of the behavior of the critical dilutiorex in cases of different reaction kinetics, of
non-complete equilibrium reactions, of reaction tpars with different aqueous diffusion
coefficients and when the effects of transient flowthe effective dispersion tensor are relevant
[e.g.Cirpka and Attinger2003,Dentz and Carrera2005] requires further investigations.
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APPENDIX A:  Transport of the entropy density

In this appendix, we derive the transport equafion the entropy densitypqg:-In(pg) of a
conservative component. In case of steady statespoat, the probability density functigiy as
defined in Table 2.1, must satisfy the followingservation equation:

0 dap, —nDOp,)=0 (2.14)

Multiplying Eqg. 2.14 byln pg and applying the chain-rule of differentiation wbtain the
following equation for the advective and disperdiuges:

In p,0] [qqu): D[ﬂquln pQ)_D[(qu) (2.15)

In po0{nDOp, ) = 0{nDO(pg In g ))- E(nDDpQ)—pi(DpQ)T nD(Tp, ) (2.16)
Q

Hence, combining Egs. 2.14, 2.15 and 2.16, we olataiadvection-dispersion equation for the
entropy with a source term:

O [(qu In p, —nDOp, In pQ): - po0In p,"nDOIN p, (2.17)

Integrating Eq. 2.17 over the unbounded cross@egierpendicular to the main direction of the
flow we obtain (remembering that we defirggety):

d 1 2.18
&j(qu In p, —e;nDOp, In p,, )dydzz —f po0In p," nDOIN p,dydz= —Ip—DpQTnDDdeydz ( )
[~ ] o Q

In the advection dominated case we can negleddbend term of the left hand side integrand,
so that the rate of increase of the flux-relatedtidin index respect to the main direction of troanv
is:

dF

Pg In pg

dx

d dinE
=&j(qpo In pQ)dydz= ™ Q = —J' poIn pQTnDDIn podydz (2.19)

[

WhereF, |, is the total entropy flux integrated over a crosgtional area.
QN Po

APPENDIX B:  Relationship between flux-related amdss-sectional dilution
indices in homogeneous cases

In this appendix, we show how to relate the flubated dilution index to the cross-sectional
dilution index in a homogeneous porous medium. fitherelated dilution index is defined as:

Eq(X)= exq) - [, Po(x)in{po(x)) @, (X)aydz (2.20)
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In a homogeneous domain, the volumetric flux idamily distributed along the cross section,
SO we can write:

—oxd — [ PO | PX)
EQ(x)—exp{ Aqx(x)Eﬂn(qx(x)jﬁx(x)dydz} (2.21)
And hence:
Eq(x)= exi} = [ (p0) In(p(x)) - p(x) (g ())dydz | = Ecs(Xlay(x) (2.22)

If we now change to a coordinate system moving wéllocityv, so thatx = vt, we obtain:

Eo(X) = Ecs(Vt)ay (vt) (2.23)

APPENDIX C:  Flux-related dilution index for a lim®urce in homogeneous two-
dimensional domains and analytical expressionsttoer remarkable cases

In the following, we derive the semi-analytical atjan to express the flux-related dilution
index in case of a line source and we present soralytical expression for other remarkable cases.
We assume that the value of the flux-related diluindex can be expressed by a nested radical of
the form:

EQ(L)=WZC|X(1+ Jax+ (n+a)? +xfalcrn)+ (n+a) +(x+ n)ﬁj (2.24)

wherew is the source width iy direction andZ is the thickness of the system in directiohe
fitted coefficientsa, x andn have the following values:

a=0

n= ‘/4T[exaljsnyj (2.25)

4T[Ey

4TlEy +1

X=-

Whereg, is defined as in (4) i.&,=nxD/(gw).
We note that the nested radical is the general dtation of the Ramanujan identity
[Ramanujan1911], which can be simplified through:

Ee,)= qu[l— /Ey;ym(l) +J4nexp(1)sy] (2.26)

Eg. 2.26 converges for the limit—0 to the expected analytical solution given by E1, for
the limit x—0 to the dilution index at the source (i.e., thtugaof the exponential of the entropy of
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a uniform distribution), and it fits in an excelteway the results of the numerical simulations
(Figure 2.1).
It is worth noticing that the inverse Péclet numéem be expressed as:

1
L)= .
L) 16inverf(X,, )} (2.27)

if we are far enough from the source zone (i.e. higpothesis underlying Eq. 2.8 are satisfied
[Srinivasan et al 2007]). This requirement is satisfied for smallues ofX.;. If we truncate the

Taylor expansion of theverf(X ;) at its first order we obtain:
inverf(X_, =£\/7_Txcm +0(X,,° 2.28
! 2
It is now straightforward to compute the first-ard@proximation for the critical dilution index:

CDI =Eq(L)= iQ ) expl/ 2) (2.29)
crit

This value is exactly the value of the critical titun index we have to expect for a Gaussian
plume. Hence Eq. 2.14 satisfies the convergendemfgrplumes to a Gaussian shape.

The values ofEq(x) for the case of uniform flow with a continuousirgoinjection can be
computed from the analytical expressions giverKliginidis [1994] (Eqgs. 2.26 and 2.27). In a 3-D
unbounded domain with uniform flow in directi@nwe obtain for a point-like injection:

Eq(x) = 4mexp{1)xnDy (2.30)

wheren [-] is the porosity of the system aBg[L*T"] is the local transverse dispersion coefficient.
In a two-dimensional domain with thicknes$§L], we obtain for an injection over the thickness:

E, (X) = exp(l/2)Z,/4rxnD,q, (2.31)

That is, in the unbounded 3-D uniform case, the-filated dilution index increases linearly
with distance, whereas in the case of 2-D flow Wwtam an expression scaling with the square-root
of travel distance.

APPENDIX D:  Unigueness of the critical dilution ixlin homogeneous media

In this appendix, we compute the critical dilutiowlex in the homogeneous case and prove its
uniqueness independent from the transverse digpecsiefficient. We consider the same reactive
system (i.e. same stoichiometric coefficients, séowe conditions, same source geometry, etc.) for
two different transverse dispersion coefficientg(éwo packed beds with two distinct grain sizes)
and we work under the hypothesis that the validiyditions of Eq. 2.8 and Eq. 2.9 apply.

The plume lengtlh is different, since it depends on the transversgedsion coefficients:



Transverse mixing of conservative and reactiveettai porous media: quantification through theoemts of
flux-related and critical dilution indices

58
L —
1~ .
16Dinverf (X )2 (2.32)
L —

2 = ;
16D, inverf (X i )2

We consider the analytical solutiodgmenico and Palciauska$982] for the two conservative
cases, with initial concentratid®, [ML ):

w

w
y+_ y-
GOY) L ~ 2 | _gpp| 2 i=1.2 (2.33)
CO 2 X X
2,|Dy — 2,|Dy —
v \Y;
If we compute the concentration of the conservatiaeer ak=L; andx=L, we obtain:
y+ y-
Gy 1 erf 2 —erf 2 (2.34)
Co 2 2 W2 2 W2
16nverf(X_.,) 16nverf(X_.,)

The same procedure can be applied to compute tieentration for the second case:

g+ y- W
e =2 er . -erf 2 (2.35)
Co 2 2 W 2 W2
16nverf(X_,) 16nverf(X,,)
So we demonstrated that:
Ci(L,y)=Cy(Ly,y) (2.36)
We compute the probability density function for thex-related dilution index:
C(x,y)
X,Yy) = 2.37
PoX:¥) [a,C(x y)dxdy (237
And we notice that:
C,(L,, C,(L,,
1('—1 y) 2( 2 y) = sz(l—z’y) (2.38)

Po, (L ¥) = [a.c(L.ydy [a.C.(L,.y)dy
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Hence, it is straightforward to demonstrate thatdhtical dilution index must assume the same
value in homogenous porous media:

CDI(Ly) = Eq(Ly) = Eo(Lz) =CDI(Ly) (2.39)
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Chapter 3

Evidence of compound-dependent hydrodynamic and mbanical
transverse dispersion by multi-tracer laboratory experiments’

Abstract

Mass transfer, mixing, and therefore reaction rai@sng transport of solutes in porous
media strongly depend on dispersion and diffusionparticular, transverse mixing is a
significant mechanism controlling natural attenomtof contaminant plumes in groundwater.
The aim of the present study is to gain a deepeerstanding of vertical transverse
dispersive mixing of reaction partners in saturapetlous media. Multi-tracer laboratory
experiments in a quasi two-dimensional tank filledh glass beads were conducted and
transverse dispersion coefficients were determirad high resolution vertical concentration
profiles. We investigated the behavior of conseveatracers (i.e. fluorescein, dissolved
oxygen and bromide), with different aqueous diffuscoefficients, in a range of grain-related
Péclet numbers between 1 and 562. The experimegalts do not agree with the classical
linear parametric model of hydrodynamic dispersionywhich the transverse component is
approximated as the sum of pore diffusion and a pmamnd-independent mechanical
dispersion term. The outcome of the multi-tracegpeziments clearly indicates a non-linear
relation between the dispersion coefficient andaberage linear velocity. More importantly,
we show that transverse mechanical dispersion dspen the diffusion coefficient of the
compound, at least at the experimental bench-sddles result has to be considered in
reactive-transport models, because the typicalnagsan that two reactants with different
aqueous diffusive properties are characterizechbysame dispersive behavior does not hold
anymore.

% Reproduced with permission from: Chiogna, G., BefBardt, P. Grathwohl, O.A. Cirpka and M. Rolle1@),
Evidence of compound dependent hydrodynamic andhamécal transverse dispersion by multitracer latooya
experimentsEnvironmental Science & Technologd4(2), 688-693, doi: 10.1021/es9023964. Copyrihd9
American Chemical Society.
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3.1 INTRODUCTION

Dispersion in porous media is a process of utmagpbortance in many scientific
disciplines and technical applications, includimntaminant hydrology, water treatment, olil
reservoir engineering and chemical engineering.rblyghamic dispersion can be described
as the sum of two simultaneous contributions: pdiféusion, resulting from Brownian
motion, and mechanical dispersion, resulting frarations of local velocities in the porous
medium, both in magnitude and direction (1).

The efforts to describe dispersion of solutes iffasm porous media began more than
100 years ago (2), with major developments in t@s‘and ‘70s. An overview of the
principal dispersion theories is given in the textks of Bear (1, 3). Two main approaches to
hydrodynamic dispersion can be distinguished: erathematical methods which solve the
governing flow and transport equations for somepéifred boundary conditions (4) and
statistical methods, for which the description rainsport through a porous medium is based
on probability distributions and averaging procesuto obtain macroscopic properties (e.g.
refs. 5-9). The development of these statisticahoas led to the description of dispersion as
a tensorial property (6, 9). For a Cartesian comtdi system oriented along the principal flow
direction, the dispersion tensor can be simplife@@d second-order diagonal tensor in which
components in the longitudinal (parallel to thewfjoand transverse (perpendicular to the
flow) directions can be distinguished.

The transverse dispersion components, typicallyllsmthan the longitudinal ones, are
very important for transverse mixing, which is @gess of major interest for the spreading
and mixing of contaminant plumes in groundwateg.(eefs. 10-12). Since reactions take
place at the microscopic (pore) scale, pore-scapedsion was identified to be a critical
process for overall contaminant degradation (18er&fore, many recent studies addressed
the topic of transverse dispersive mixing usinghbexperimental and modeling approaches.
At the laboratory scale, flow-through experimenasdrbeen performed to investigate mixing
and mixing controlled abiotic and microbially metéich reactions in porous media (e.g. refs.
11, 14-16). At the field scale, high-resolutioresitvestigations (17) showed the importance
of mixing-controlled reactions occurring at the noar (mm-cm) fringes of organic
contaminant plumes. Mathematical modeling studesguboth numerical (e.g. refs. 10, 18)
and analytical techniques (e.g. refs.12, 19, 2@uged on transport and mixing-controlled
reactions. At the pore scale, microfluidic expenrse(21) and pore-scale simulations (e.g.
refs. 22, 23) were recently carried out to invegggmixing for well-defined porous media
geometries.

Reactions in porous media require mixing of thectiea partners as well as pore scale
transport of the reaction product(s). Dependingeattion pathways, a multitude of different
compounds and species undergo dispersion proceglas. the goal of this study is to
investigate the dispersive behavior of differenimpounds by performing multi-tracer
laboratory flow-through experiments. Conservatirgcer tests were carried out at different
velocities with the simultaneous continuous ingetiof at least two compounds in a
homogeneous isotropic porous medium. We chosesithiglified experimental set up in order
to reduce the complexity of the problem and to gasnghts into the fundamental physics that
govern transverse dispersion of solutes in satirptgous media. An improvement in the
description of the diffusive/dispersive behavior different compounds is of primary
importance in order to quantify and understand ngxgontrolled reactions (e.g. in
groundwater or in chemical flow-through reactorghich require the simultaneous presence
of the reactive partners at the location wheradagtion occurs.
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3.2 THEORETICAL BACKGROUND

Hydrodynamic dispersion coefficients have been usedescribe dispersion of solutes in
porous media. These coefficients are defined asdaive contribution of a pore diffusion

coefficient,D, [L°T™], and a mechanical dispersion coefficiebt, ., [L°T]. Therefore
the coefficient of hydrodynamic dispersion in traerse directionD; can be written as:

Dt = Dp + Dmech (3-1)

However, as already pointed out by Bear (1), ardeparation of the two contributions is
rather artificial since hydrodynamic dispersionlimes both processes in an inseparable
form.

Velocity ranges in which pore diffusion or mechaiaispersion is dominating are
commonly distinguished (1, 23) by the value ofditaensionless Péclet numb&dg:

v d
Pe= , 3.2
Do (32)

in whichv [LT™]is the flow velocity in the porous medium,[L]is the length of a pore
channel, represented by the average grain sizen¢dés), andD,, [LT™"] is the diffusion

coefficient of the compound in water.

In porous media, molecular diffusion of solutes aamly occur in the pore space.
Considering the diminished cross sectional aredadta for diffusion, the tortuous nature of
the pores, and the size of the pores, the poresiiffi coefficient is smaller than the free
aqueous diffusion coefficient. In most practicades, the tortuosity and pore size distribution
are unknown and the pore diffusion coefficient eived from empirical correlations as a
function of the aqueous diffusion of the soluted #&me porosityn [-] of the medium (24, 25).
Under water-saturated conditiddg can be approximated as:

D =D.n (3.3)

p aq

Mechanical dispersion, considered as a pore-scategs, quantifies the scattering of the
particles in the porous medium due to the presehtee grains and the fluctuations about the
average velocity of the fluilConceptualizing random walks in a network of capés, the
transverse mechanical dispersion was defined asiaatity linearly proportional to the
velocity and to the grain size (e.g. refs. 7, AHwadays it is commonly accepted (e.g. 27) to
define this term with the linear parametric modelgmsed by Scheidegger (9):

D ayv (3.4)

mech —

where the transverse dispersivity; [L] is a property of the porous medium assumed

proportional to the grain size under some resuectassumptions (28). If we accept this
description, it seems that we can treat molecuffusion and mechanical dispersion as two
separate phenomena, that 3, is identical for all compounds. Consequently twiedent
compounds will show the same dispersive behavibigit velocities, where the contribution
of pore diffusion to the overall dispersion is neile.
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Based on a statistical approach with spatial awegagn a representative elementary
volume (REV), Bear and Bachmat (5) theoreticallyivi the following expression for the
transverse component of the dispersion tensor:

D, =D, +a\vf(PeJd) (3.5)
wheref(Pey) is defined as:
Pe
f(P =
(P& o) et 244007 (3.6)
_d (3.7)
a

in whichd [L] is the length of a pore channel amnflL] its hydraulic radius. The value of the

ratio 0 can range between 4 to 10 (8, 29). The introdactb the functionf(Pey) was
justified by physical considerations about thetreéarate of growth of the volume occupied
by a moving elementary mass of solute in a poroeslinm. This function implies a
compound-dependency of the mechanical dispersiom #ear and Bachmat also considered
the possibility of introducing a non-integer expona order to reproduce nonlinear effects
observed in experimental studies (e.g. refs. 16339 This approach clearly points out that
molecular diffusion is a key process inseparaldenfmechanical dispersion; only diffusion
allows transfer of molecules from a streamlinenother.

The parametric model of Eg. 3.5 allows overcomingonsistencies of Eq. 3.3. with
experimental results. Several recent studies gle@adicate the non-linearities (16, 23, 29-35)
and temperature dependencies (34) of the transdesgersion over large velocity ranges and
at large values ofPe Therefore, this study focuses on well-controllexperiments to
elucidate the compound dependency of mechaniga\easse dispersion as a function of flow
velocity. To our knowledge this is the first studyhich is specifically dedicated to this
phenomenon.

3.3 MATERIAL AND METHODS

The experimental setup consists of a quasi two-dsiaal flow-through system, made of
glass, Teflon and alumina, with inner dimensiorid37m x 14.0 cm x 1.1 cm (L x H x W).
The tank is equipped with 10 equally spaced (1.2intet and outlet ports connected to three
high precision peristaltic pumps (IPC-N, Ismatedattburg, Switzerland), which allow
maintaining constant flow boundary conditions, lassirated in Fig. 3.1. We used Tygon™
tubes for all ports, except the inlet port of tmacer where a Fluran™ tube was used to
minimize atmospheric oxygen diffusion into the tuBémilar setups were recently used for
flow-through experiments with conservative and teactracers (e.g. ref. 33) and to study
coupled transport and biodegradation processesréésy 14, 15).

Oxygen concentration gradients were measured e¢ thxygen-sensitive polymer stripes
(10 cm x 0.5 cm, PreSens, Germany) attached tantrer wall of the tank (Fig. 3.1), at a
distance of 40.5 cm (A1), 57 cm (A2) and 74 cm (AB8)n the inlet.

Before the injection into the tank, the tracer siolu passed through a vial equipped with
an oxygen-sensitive membrane spot to check theomlgen concentration.
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Figure 3.1: Experimental setup.

The tank was homogeneously filled with glass bewsitls diameters ranging between 0.5
mm and 0.75 mm (Fisher Scientific GmbH, Germany)ciiy the filling procedure, the water
level was always maintained above the height ofgthes beads in order to avoid trapping of
air into the porous medium. In the experimentswhger table was kept below the surface of
the porous medium, thus maintaining an unsaturatee on top of the aquifer to avoid a
shortcut of the tracer along a free water surfate porosity of the system was determined
from evaluation of breakthrough curves of the itgdcsolutes, obtaining an average value of
0.39.

We performed tracer tests with a bromide solutid®.{ mg/l or 20 mg/l) depleted in
oxygen and a sodium fluorescein solution (20 mggipleted in oxygen at different seepage
velocities. The oxygen depletion was performed toipging the solutions with nitrogen-gas
and then storing them in a gastight Tedlar bagtéal, Germany). Hence three different
tracers (i.e. fluorescein, bromide and oxygen) wiharacteristic aqueous diffusion
coefficients were selected. Fluorescein is ofteeduss conservative tracer and has, at 22°C,

an aqueous diffusion coefficierD4,) of 48x10™° m*/s (determined after Worch (36)). This
value is similar to those of many organic pollusaritequently found in contaminated
groundwater. Bromide and oxygen are characterizgdctnsiderably higher aqueous
diffusion coefficients 0f196x10° m? /sand 197x10° m? /sat 22°C, respectively (36, 37,
38).

The tracer solution was injected into the middlet gport 6, counted from the bottom of
the tank). The other 9 ports were used for thectga of the ambient solution: tap water
when we applied fluorescein as tracer and Millipsater in case of bromide. The oxygen
concentration in those ambient solutions was inliegum with the atmosphere.

After steady-state conditions were reached (i.eerahe exchange of at least two pore
volumes) water samples for fluorescein or bromideasurements were taken at the outlet
ports (Fig. 3.1) and analyzed by UV-spectrometrg emm-chromatography (Dionex DX-120,
Germany), respectively. The oxygen concentratioesewneasured at 45 points along the 3
oxygen-sensitive polymer stripes from outside vaithon-invasive optode technique using an
optical fiber as a light guide between the oxygesten(Fibox 3, PreSens, Germany) and the
sensor foil (Fig. 3.1). The principle of the sensperation is based on quenching of
luminescence caused by collision between mole@xXggen and luminescent dye molecules
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in the excited state. The oxygen sensing is a laguence lifetime detector. The detection
limit is at 0.015 mg/l dissolved oxygen.

The injected solutions containing fluorescein andnbide were depleted in oxygen and
were injected separately for each selected flowoosl. In this way, two compounds
(fluorescein and oxygen, or bromide and oxygenpeesvely) could always be measured
during the same experimental run at a given floWaity. The good agreement between the
measured value of the transverse dispersion caaftifor oxygen during the runs with the
oxygen/fluorescein solution and the oxygen/bronsdiition guarantees the same hydraulic
conditions of the system. The fact that the plunmeukaneously carried two compounds
allowed studying the effect of molecular diffusican transverse dispersion without
disturbance by non-identical experimental condgidfiow rates, packing, etc.) which may
occur in individual tests with only one compoundeTrelative experimental error for the
determined transverse dispersion coefficient caredignated in the order of 15%. Further
details about the measurements of each compouné@oged in the supporting information.

The determination of the transverse dispersionfiooefits was performed by applying the
analytical solution of the 2-D steady-state adwerctlispersion equation neglecting
longitudinal dispersion:

9°C _

vaC -D =0 (38)

ox a2

in which C is the concentratiofML™ ,]x [L] is the coordinate in the direction of the flow
andz [L] is the transverse coordinate. This equation isicgide, as pointed out in ref. (39),

since longitudinal dispersion is negligible undeeasly-state conditions at a sufficient
distance from the source.

As boundary condition, we consider a line sourderde@ned by the continuous injections
of two constant concentration solutions:

COD|z|<W
C(x=0,2) = 2 (3.9)

w
C, D|Z|>?

where C, is the uniform ambient concentration of the commblC, is the concentration in

the injected tracer solution, akd[L] is the source width (1.2 cm in our experimérsztup).
In a semi-infinite domain, the general solutiortte problem is (adapted after 40):

W (W
C(>cz)=Cl+C°;Cl erf 2 |—erf|——2 (3.10)

2./D, % 2.p, %
V V

This analytical solution was fitted to the measudada points using the Nelder-Mead
simplex algorithm in which the dispersion coeffitied, and a shifa, which accounts for the

usually small deviation of the plume centerlinenirghe injection port, were the fitting
parameters.
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Concentration profiles of the conservative traarslifferent flow velocities (1 m/d, 3.5
m/d, 9.5 m/d, 16.5 m/d) are shown in Fig. 3.2. tdeo to compare the results for the three
different tracers and to eliminate systematic arrdue to the different measurement
techniques the data are plotted as normalized atrat¢®ns, defined a&C-C,)/(Co-Cy), along
the vertical cross-section. Measured solute conagoms at the outlet ports (fluorescein and
bromide) and at the last oxygen sensitive stripe (&8/gen), respectively, are shown by
markers, whereas the lines indicate the fittedydical solution. A remarkable difference in
the physical displacement of fluorescein and themmunds with larger aqueous diffusion
coefficient (bromide and oxygen) can be clearlyicgeat for all seepage velocities. The role
played byD,, is obvious at low flow velocities, where the dispen process is dominated by

diffusion, but the difference is still relevanthagher flow velocities, as it can be clearly seen
from the difference in the peak concentration. ghler value of the dispersion coefficient
leads to a broader Gaussian concentration profile wer concentration peak at the same
flow velocity.
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Figure 3.2: Comparison of vertical concentration profiles foxygen, fluorescein and
bromide at flow velocities of 1 m/d (a), 3.5 m/¢, @5 m/d and 16.5 m/d (d). Solid lines
represent the best fibtained with Eq. 3.10 for the different compounds.

Fig 3.3A shows the average values of the hydrodynaransverse dispersion coefficient
as function of velocity for all compounds. The ploearly shows that the measured
concentrations of the different solutes follow atidict pattern. For the entire range of
velocities investigated, the dispersion coefficeent bromide and oxygen are found to be
significantly higher than the ones of fluoresceliis behavior is observed also for high
velocities, for which mechanical dispersion shdugdthe dominant process (corresponding to
Péclet numberPe>5 (1)). The theoretical ratio between the transealispersion coefficients
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for the three compounds analyzed in this studylasted in Fig. 3.3B as a function of the
seepage velocity. It can be noticed that the biggdifference for the ratios of

bromide/fluorescein and oxygen/fluorescein is efgmbcat low velocities, where pore
diffusion dominates transverse hydrodynamic dispersFor the porous medium (average

grain size of 0.625 mm) and the compounds (rattawéen the highD,, and the lowD, of

~ 4) used in this study, the ratio between the trarse dispersion coefficients has a minimum
( 1.36) at 5.3 m/d. At higher velocities the ratiok transverse dispersion coefficients
increase again with velocity. This clearly indicatbat also the mechanical contribution to
transverse dispersion is compound specific.

We interpreted these experimental results withthe®retical model proposed by Bear
and Bachmat (5) because it already predicts a cantpdependent mechanical dispersion.
An exponentf is introduced in order to account for the nondiriges reported in previous
studies (e.g. refs. 10, 16, 29-35) and it is assutoebe a fitting parameter in the following
evaluation of the experimental data. In the modd&ear and Bachmat (5), it is assumed that
the relative rate of growth of the volume occupigch moving elementary mass of solute in a
porous medium is linearly dependent on the chatiatitevelocities in the pore channels. The
introduction of an exponenf #1 is based on the hypothesis that the physical tawtHe

volume growth rate may be non-linear:

Pe? g
D,=D,+ Daq( Pe+2+4w2J (3.11)

Eqg. 3.11 has been used to evaluate the relatioristipeen the measureld, of each

compound and the Péclet number. We fitted paramptandd by minimizing the squared
residuals of the modeled and measubgdalues. The results are summarized in Table 3.1.

Compound B[] 3 [] X2

Fluorescein 0.52 5.5 11
Oxygen 0.49 54 1.3
Bromide 0.53 5.8 1.1

Table 3.1:Values fors, 6 and the reduced chi-squared coefficight

Average values of 0.5 and 5.5 were determinedHerexponentfl) and for the ratiod)
between the length and the width of a pore chamaspectively. The estimated uncertainty
for these parameters is in the order of 10%. Thiobd o, values were not significantly
different from each other suggesting that the ma&lebnsistent with the experimental results.
In fact, as mentioned above, the homogeneous paradium used was the same in all
experiments, and is supposed to be a property of the porous mediome. A dependence of
transverse dispersion on the velocity characterizgd an exponent lower than one is in
agreement with other experimental studies (16, 3, 33, 40) and pore-scale modeling
results (23). The continuous lines reported in Bi§A represent the calculated valuesDyf

with the proposed parametric model (Eq. 3.12) fgrgen, bromide and fluorescein.
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Based on the outcome of the multi-tracer experigjetite relationship describing the
hydrodynamic transverse dispersion in the givenaorsan be written as a function of the

Péclet number:

P& d
D, =D, +D =D 4V (3.12)
‘ PN Pe+2+4055)? * JPe+123
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Figure 3.3: A) Transverse dispersion coefficients for fluor@scbromide and oxygen as a
function of the seepage velocity; lines represkatrion linear parametric model (Eq. 3.12),

in which bromide and oxygen (black lines) aimostriap because of simildd,,; B) Ratio
between the transverse dispersion coefficienthefdifferent compounds in a wide range of

seepage velocities.
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At the limit of low flow velocities, pore diffusiors the dominant process. This holds for
velocities up to ~1 m/d, depending on the compoand on the grain size of the matrix.
Mechanical dispersion begins to be the dominantgs® at ~10 m/d. For compounds which
diffuse faster, these velocities are higher, whibe compounds with lower diffusion
properties these velocities are smaller. The lifoit very high flow velocities should be

handled carefully, since Darcy’'s law holds only Reynold’s numberRe:V—I\?sl (N =

1x10°° m?/s being the kinematic viscosity of water) which,the given domain, requires
velocities <150 m/d. The experimental results o$ tudy and the new parametric model
proposed (Eqg. 3.12) were compared with literatia@a 30, 32, 33, 42, 43, 44), with grain

sizes up to 1.25 mm and Péclet numbers ll@"to This range covers all cases of practical
interest for flow in natural porous media. Thesteréiture data relate to flow-through
experiments performed using tracer compounds witardnt aqueous diffusion coefficients,

such as chloride [, = 203x10™° m?/s), trichloroethene (TCED,, = 84x107 % m?/s),
and fluorescein D,, =48x10°°m?/s). In Fig. 3.4 the literature values of transverse

dispersion coefficients and the measurements «f #tudy are shown as a standard
dimensionless plot. All data points appear to menge a single line, as predicted by Eq.

3.12, sinceD, is normalized byD,, and plotted as a function dPe. This graphical
representation should be interpreted with cautionesboth values plotted (i, /D,, and
Pe) are inversely proportional 0,4, SO that the compound-dependencépfis not obvious.
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Figure 3.4: Dimensionless scatter plot of literature data (gs)non transverse dispersion
coefficients ;) compared with the new relationship (Eq. 3.12).

The comparison with previously published literatwata allows generalizing the
conclusions of this study to a wider range of commuis and grain sizes, even if the value of
the parameter and particularlyy may depend on the porous medium. The ratio between
length of a pore and its width depends on the gégmaad the homogeneity of the grains that
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compose the porous material, while we suggestttteavalue for the exponefitshould be
kept constant. This value is in qualitative agreetmeith the outcomes of Klenk and
Grathwohl (29) and the concept of incomplete miximghe pores. The validity of Eq. 3.12
for each compound allows one to use the same erabirelation to describe transverse
dispersion for different tracer solutions. Thisais important outcome of this work, since
standard power law fitting (e.g. 32, 33) would letad different coefficients for distinct
compounds therefore preventing the formulation géaeral empirical relationship.

The experimental evidence that transverse dispeiways depends on the compound-
specific molecular diffusion coefficient implies ath physical mixing is also compound
specific at any flow velocity. This outcome is naat for mixing-controlled reactive
transport in groundwater. The interpretation of exkpental studies such as (16), (45), (46)
and (47) could be improved by the introduction ofc@ampound-dependent dispersion
coefficient. Thus, a compound-specific descriptioh transverse dispersion should be
implemented in numerical codes simulating transpoostesses both at the laboratory and at
the field scale. For instance, the efficient salitof transport and mixing-driven chemical
and biochemical processes based on the distribudfomixing ratios (i.e. conservative
species) recently introduced into the groundwaiterdture (19, 48, 49) may need to be
reconsidered since this approach is based on suengsion that the dispersive behavior of all
reaction partners is identical. Additional effos required to quantitatively assess the
influence of compound-dependent local-scale mixingeterogeneous porous media. At the
current state of knowledge, it is not clear to vihéxtent compound-dependent behaviors will
prevail in the macroscopic description of mixindagter scales.
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S1. SUPPORTING INFORMATION: Measurements of tramsgelispersion
coefficient.

S1.1 Fluorescein tracer experiments

Values of the aqueous diffusion coefficient of flescein vary in the literature. Most of

the studies report values close 3¢10° m*/s (Nugent and Jain, 1984; Radomsky, 1990;
Himmelsbach et al.,, 1998; Huang, 2001; Zhou et 2007). In this work, a value of

48x107°m?/s for a temperature of 22 °C, was computed with enepirical equation
proposed by Worch (1993):

D,, = 359510™ T053, (3.13)

n

(where M [g/mol] is the molecular weight of the qoonind,n [Pa-s] is the dynamic viscosity
of the fluid, and T [K] is the temperature).

Fluorescein concentrations were determined over rders of magnitude with a
fluorescence spectrometer, hence the expected stewentration profiles can be measured
with high accuracy. The concentration of sodiunofféscein used in the tracer experiments
was 20 mg/l. The solutions were depleted in oxybggnstripping with nitrogen gas. The
oxygen depleted solution was stored in a Tedlatigil#ssampling bag (Alltech Assoc.
Incorp., Germany).

In order to measure the transverse concentratiofilgof the plume, samples from the
outflow ports were taken after the establishmentaofsteady state flow regime. The

fluorescein concentratiol©[M /L® for each of the 10 samples was normalized by the

injection concentrationGy [ M / L3] ) and plotted against the lateral distance relatvthe
injection port as shown in Fig. 3.5.

I
(=

0.3
Normal. Conc. [-]

Figure 3.5: Experimental setup with a fluorescein plume atdyestate flow conditions in a

homogeneous porous medium; the continuous lineesgmts the analytical solution, which is
fitted to the fluorescein concentrations measuredthee outlet ports to determine the
transverse dispersion coefficient (modified aftésg0n and Grathwohl, 2007).
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S1.2 Bromide tracer experiments

The NaBr solutions (25.7 mg/l and 55 mg/l corregfiog to a bromide concentration of
20 mg/l and 42.7 mg/l, respectively), were prepdrgdiilution of NaBr salt with Millipore
water and depleted in oxygen as explained for liheréscein tracer solution. The bromide
concentration in the samples from the outlet pads determined by ion chromatography
(Dionex DX-120, Germany).

The self-diffusion  coefficient of bromide, in stamd conditions, is
208x107° m*/s(Atkins, 1990). We corrected this value, followi#y. 3.13, taking into
account the experimental temperature conditions gR°C,196x10”° m? /s). We conducted
few tests at the same velocity usi@aCl,(13.9 mg/l, prepared with Millipore water) as
ambient fluid to investigate potential ionic effean the dispersion of bromide. The results
showed no appreciable differences between the ¢éups.

S1.3 Measurement with oxygen as tracer

We used oxygen in the multi-tracer experiments dditianal conservative tracer. The
oxygen concentrations were measured with a norsimgaoptode technique (fiber optic
oxygen meter, PreSens GmbH, Regensburg, GermahygeTstripes of oxygen sensitive
polymer were glued inside the tank to the inner wth distance of 40.5 cm (stripe Al), 57
cm (stripe A2) and 74 cm (stripe A3) from the inl&he concentrations were measured
scanning the stripes from outside of the tank tghotlne glass wall using an optical fiber as a
light guide between the oxygen meter and the seiodoiThe measurement can be conducted
on line and allows rapidly to check if the plumestable. Moreover, the technique is precise
(see Table 3.2 for the relative error of each mesmsant) and non invasive, since no sampling
at the outlet is required. This method allows atdvespatial resolution compared to the
conventional sampling at the 10 outlet ports, bseatb points could be measured along the
10 cm long stripes.

<v>x10°[m/s] <D,>x10°[m%s]  RelativeError %

0.51 1.35 18.8
1.21 1.83 6.3
3.75 3.45 8.0
10.80 8.19 8.7
19.26 9.99 8.0
23.60 11.75 5.1
28.40 13.22 4.6
43.15 18.1 8.8

Table 3.2: Average values and relative errors of transverserbgynamic dispersion
coefficients determined from oxygen measuremeis.rélative error is computed as the
ratio between the standard deviation of the measerds and their average value.

The solutions of fluorescein and bromide, injeatedhe central inlet port (port 6), were
depleted in oxygen, as previously described whetkasambient water injected from the
other ports was in equilibrium with the atmosphefée good agreement between the
measured value of the transverse dispersion caaffifor oxygen during the runs with the
oxygen/fluorescein solution and the oxygen/bronsdiition guarantees the same hydraulic
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conditions of the system. Furthermore it can beenlel (Fig. 3.6) that each of the stripes
provides a reliable result independently on thetjwsin the tank.

-8
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Figure 3.6 Reproducibility of transverse dispersion coeffit®erletermined for oxygen
measured at different positions of the oxygen seasstripes (distance from inlet: Al=
40.5cm, A2=57cm, A3=74cm)

The value for the aqueous diffusion coefficient giwen in literature for standard
conditions 21x10° m%*s and was corrected for temperature according to &43
(197x107° m?/s).

In some experiments oxygen-depleted solutions wiréiscein (20 mg/l) and bromide
(25.7 mg/l) were injected simultaneously. In thesses all three compounds could be
determined for the same experiment. However, brero@lld not be directly measured in the
presence of fluorescein which had to be filteret dherefore, the measurement analysis of
samples containing simultaneously bromide and #scein turned out to be an extremely
time consuming procedure, and was, therefore, aledafor most of the other experimental
runs.

S1.4 Experimental Data

The complete list of the experimental runs and thktive dispersion coefficient
measured for the different compounds is reporte@able 3.3, while in Figure 3.7 we show
the normalized plot (i.e. {Daq [-] vs Pe [-]) of our experimental data.
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Compound v x10° [m/s] Pe [] D x10° [m?/s] Daq X107 [m2/s]
Fluorescein 10.6 138 4.34 0.48
19.2 249 6.87
23.6 307 8.72
28.4 370 8.26
43.2 562 141
194 253 7.11
19.2 250 7.33
1.21 15.8 0.90
3.75 48.9 1.82
12.0 157 6.90
0.51 6.65 0.58
Bromide 10.6 31.9 6.00 1.96
19.2 57.5 8.54
43.2 130 20.0
194 58.4 10.8
19.2 57.7 9.65
194 58.4 9.64
10.9 32.6 6.67
10.9 32.6 6.62
10.8 325 6.85
10.8 325 6.85
0.50 151 1.33
1.39 4.16 1.90
4.16 12.5 3.20
4.06 12.2 3.23
O, stripe A3 10.6 31.6 7.46 1.97
19.2 57.0 10.2
23.6 70.3 11.0
23.6 70.3 12.0
28.4 84.5 12.5
43.2 128 20.8
194 57.8 9.22
194 57.8 11.6
19.2 57.2 9.60
19.2 57.2 9.65
19.2 57.2 9.65
19.2 57.2 10.7
10.9 32.4 7.80
10.9 32.4 7.78
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Compound v x10° [m/s] Pe [] D x10° [m?/s] Daq X107 [m2/s]
O, stripe A3 10.8 32.2 8.49 1.97
1.21 3.60 1.88
1.21 3.60 1.95
3.75 11.2 3.85
3.75 11.2 3.33
3.75 11.2 3.85
3.75 11.2 3.33
0.51 1.51 1.36
0.51 1.51 1.10
43.2 128 17.5
O, stripe A2 19.2 57.0 9.83 1.97
23.6 70.3 12.4
28.4 84.5 13.7
43.2 128 17.3
19.4 57.8 8.49
19.2 57.2 9.66
19.2 57.2 104
10.9 324 8.13
10.9 324 8.41
10.8 32.3 9.30
10.8 32.3 7.95
1.21 3.60 1.86
1.21 3.60 1.64
3.75 11.2 3.05
3.75 11.2 3.44
3.75 11.2 3.05
3.75 11.2 3.05
3.75 11.2 3.05
0.51 1.51 1.25
0.51 1.51 1.26
10.6 31.658 8.19
19.2 57.0 9.65

23.6 70.3 11.7
O, stripe Al 28.4 84.5 135 1.97
43.2 128 17.3
19.4 57.9 11.0
19.2 57.2 9.36
19.2 57.2 10.6
10.9 32.4 7.80

87
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Compound v x10° [m/s] Pe [] D x10° [m?/s] Daq X107 [m2/s]
O, stripe Al 10.9 324 8.15 1.97

10.8 32.2 10.2

10.8 32.2 8.09

1.21 3.60 1.80

3.75 11.2 3.55

3.75 11.17 3.55

0.51 1.51 1.77

Table 3.3: Measured transverse dispersion coefficientsaDdifferent velocities v and for
compounds with different aqueous diffusion coeffiti Q. The porosity of the system is
0.39 and the grain size is 0.5-0.75 mm.
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Figure 3.7: Normalized transverse dispersion coefficients flolorescein, bromide and
oxygen (Q); lines represent the non linear parametric mo(sd. 3.12).
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Chapter 4

Isotopic fractionation by transverse dispersion: fow-through
microcosms and reactive transport modeling study

Abstract

Flow-through experiments were carried out to inigasé the role of transverse dispersion
on the isotopic behavior of an organic compoundindgurconservative and bioreactive
transport in a homogeneous porous medium. Ethythenzwas selected as model
contaminant and a mixture of labeled (perdeutejatadd light isotopologues was
continuously injected in a quasi two-dimensionawithrough system. We observed a
significant fractionation of ethylbenzene isotogples during conservative transport at steady
state. This effect was particularly pronouncedhat plume fringe and contrasted with the
common assumption that physical processes onlyiggav negligible contribution to isotope
fractionation. Under the experimental steady stataditions, transverse hydrodynamic
dispersion was the only process that could haveezhthe observed fractionation. Therefore,
the measured isotope ratios at the outlet porte weerpreted with different parameterization
of the transverse dispersion coefficient. A nordin compound specific parameterization
showed the best agreement with the experimental Gatccessively, bioreactive experiments
were performed in two subsequent stages: a firgt pkase, involving a single strain of
ethylbenzene degraders and a second phase withi@emd anaerobic (i.e. ethylbenzene
oxidation coupled to nitrate reduction) degradatid@ignificant fractionation through
biodegradation occurred exclusively due to the bwdia activity of the anaerobic degraders.
We performed analytical and numerical reactive dpamt simulations of the different
experimental phases which confirmed that both fifeces of physical processes (diffusion
and dispersion) and microbially-mediated reactiblase to be considered to match the
observed isotopic fractionation behavior.

4 Reproduced with permission from: Rolle, M., G. Gjria, R. Bauer, C. Griebler and P. Grathwohl (2010),
Isotopic fractionation by transverse dispersioawfthrough microcosms and reactive transport madediudy,
Environmental Science & Technology, 6167-6173. Copyright 2010 American Chemicadi&ty.
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4.1 INTRODUCTION

The release of organic pollutants into the subserfs a significant and widespread
environmental problem that frequently causes persis groundwater contamination.
Understanding the physical and biogeochemical psE® that determine the transport and
fate of contaminants is a major challenge and sgris an important requirement to quantify
the effectiveness of natural attenuation and/orirmgged remediation of contaminated
aquifers.

In the last decade, compound specific isotope arsal{CSIA) has emerged as a tool to
assess in situ biodegradation of organic contanbipiumes (1-3). CSIA has been most
frequently applied to carbon isotopes for a nundderganic contaminants including BTEX,
MTBE and chlorinated hydrocarbons, but is also iapple to other elements such as
hydrogen, oxygen, nitrogen, sulfur, chlorine andnbine (4). The method is based on the
assumption that (bio)chemical transformations @&sponsible for significant shifts in the
isotopic composition of dissolved organic compoumnsereas mass transfer (e.g. sorption)
and transport processes (e.g. advection, diffualmh dispersion) only cause much smaller
isotopic changes (5). The changes in stable isdtap@onation are typically described by the
Rayleigh equation which expresses the variaticth@fisotope ratio as a function of the initial
isotope value of the compound, the normalized catnagon of the residual contaminant and
a fractionation factor (6). Several studies poirgatlimitations of the Rayleigh equation and
suggested different approaches to extend its wali#-9). These methods often include
conservative and/or reactive transport modeling ctvhiallows dealing with spatial
heterogeneity of physico-chemical aquifer propseried with complex reaction networks.
The interpretation of isotope data with the aidnodthematical modeling was applied at
different field sites (10-12).

Recent studies pointed out the important active/andonfounding role of physical
transport processes on isotope fractionation. Kapit al. (13) observed, in their laboratory
experiments, significant carbon isotope fractiomatf organic contaminants due to sorption
on humic acids. In a column study under unsaturateaditions Bouchard et al. (14)
measured isotope changes during volatilizationatfgbeum hydrocarbons. Aeppli et al. (15)
showed that mass-transfer limitations, for transfdr chlorinated compounds from
nonaqueous phase liquids to the aqueous phasegenc# the observed carbon isotope
fractionation associated with contaminant biodegtiatd. Eggenkamp and Coleman (16)
investigated the isotope fractionation during difiie transport of chlorine and bromine at
different temperatures. The importance of diffudimnisotope fractionation in groundwater is
also the main outcome of the numerical modelingestigation presented by LaBolle et al.
(17).

In this study, we also focus our attention on thpartance of physical processes on stable
isotope patterns. The objective of our investigatie to quantify the role of transverse
hydrodynamic dispersion during conservative andtiea transport of different contaminant
isotopologues in saturated porous media. Dispeisiarkey process controlling the spreading
and effective mixing of contaminant plumes in grdwater (18). In particular, the transverse
component plays an important role for mixing-coléa reactions frequently observed at the
fringe of organic contaminant plumes (19). To tlestbof our knowledge, no experimental
study has yet been dedicated to the effect of wease dispersion on isotopic shifts during
contaminant transport in saturated porous media.afproach followed in this work is based
on conservative and bioreactive tracer experimesityg different ethylbenzene isotopologues
carried out in a quasi two-dimensional flow-througystem. Different transverse dispersion
parameterizations are used to interpret the coateev and reactive (i.e. aerobic and
anaerobic) experimental results. A reactive trartspwdel incorporating the physical- and
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reaction-specific fractionation behavior was depebb to describe and interpret the observed
isotope ratios.

4.2 MATERIAL AND METHODS

4.2.1 Experimental Setup

Tracer experiments were carried out in a quasidweensional flow-through system in a
saturated porous medium (20-23). The flow-throughtesn (0.785mx0.011mx0.14m) is
equipped with 12 ports (with diameter 0.75 mm),cgplal.2 cm, at the inlet and at the outlet
(Fig. 4.5 Supporting Information).he system was homogenously packed using middi@ san
with an average grain diameter of 0.256 mm. Clesardsvas used to avoid sorption of the
organic contaminant to the solid matrix. After tlestablishment of steady state flow
conditions, at an average seepage velocity of Xdayncorresponding to a residence time of
15.7 hours, an ethylbenzene plume with an inflomcemtration of 30QuM was injected
through the central inlet port. The plume consisied mixture of non-labeled ethylbenzene-
h;p and perdeuterated ethylbenzeng-@tatio of 3:1). The light and heavy isotopologues
underwent conservative transport under identicadrdmylic conditions. When the plume
reached steady state (i.e. after the exchangeleésittwo pore volumes), samples were taken
daily at each outlet port during the conservativeegimental phase (day 1-4).

Ethylbenzene concentrations and isotope ratios determined by GC-MS analysis (see
Supporting Information).

The reactive phases of the experiment (i.e. dayl &fAd 11-18, respectively) were
performed by inoculating the system with two diéiet microbial strains: an aerobic degrader
(Pseudomonas putidal) and an anaerobic degrader Aeomatoleum aromaticufebN1) in
two successive stages. These microbial strainaldecto degrade ethylbenzene using oxygen
and nitrate as electron acceptor, respectivelyirThetabolic pathways show a significantly
different fractionation behavior (24). Dissolved ygen and nitrate were continuously
provided with the ambient water (Table 4.1); therefoptimal conditions for ethylbenzene
degradation are established at the plume fringeevtihe reactions partners are brought into
contact by transverse mixing. No alteration of thalraulic properties due to microbial
growth (25) was observed during the experiment.

Table 4.1 summarizes the principal characterigtidhe experimental setup including the
flow and transport parameters, the inlet concentmatand the biokinetic parameters obtained
in batch experiments. A schematic illustration loé¢ xperimental setup is provided in the
Supporting Information (Fig. 4.5) as well as furtdetails on the experimental procedure and
measurements.
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Flow and Transport Parameters Inlet Concentrations

Tank dimensions (LxWxH) [m] | 0.785x0.011x0.14thylbenzenel]M] (central port) 300
Number active inlet/outlet ports 11/10 Ratio: Deated/Light 0.25/0.75
Ports spacing [m] 0.012 EthylbenzenelM] (ambient water) 0
Total flow rate [nf s7] 9.67x10° Oxygen iM] (ambient water) 285
Seepage velocity [m'$ 1.39x10° Oxygen pM] (central port) 100
Porosity [-] 0.48 Nitrate [uM] (ambient water) 360
Porous medium tortuosity [-] "3 Nitrate [uM] (central port) 0
Hydraulic conductivity [m $] 4.11x10" Bromide uM] (central port) 625
D.q Ethylbenzene [18xn? s7] 1.0087
D.q Ethylbenzene [18xnr s7] 0.9613
Daq Oxygen [10xn¥ s7] 2.1
Daq Nitrate [10°xn” 7] 1.9
Biokinetic Parameters Aerobic Anaerobic
K [d7] 13.1 3.F
KSubstrate[IJM] 10 11.4
KElectron Acceptor[“M] 3 70
Kaec [d7] 0.1 0.02
Kinn [UM] 30 30
Yield [umoly/pumolg] 1.26 1.05
For [LMOlga/pmolg] 4.2 4.2
Faed UMOIza/Umolg] 6.3 4.2
X max [HmMol L 250 250
Fractionation factom 0.996 0.569
“estimated value based on (26)
# determined according to Eq. 4.4 at T=298.15 K
Sfrom (26) at T=298.15 K

minimum oxygen concentration that was possibleataio without the addition of a reducing agent
& determined as fitting parameters for the simulatibthe last experimental phase

Table 4.1: Experimental setup: flow and transport parametardet concentrations and
biokinetic parameters.

4.2.2 Conservative transport modeling

In a two-dimensional homogeneous domain, undedgtetate conditions, the analytical
solution for a line source (27, 28) describes tis&iution of a conservative species:

LW W
C(g’z)=% f 2_|-erf|l —2_||. (4.1)

0 2D, * 2D, %

\"

whereC [ML 9] is the solute concentratiom,[ML Y] is the seepage velocit; [L?T™] the
transverse dispersion coefficient a@g [ML ] is the concentration of the injected tracer
solution;x [L] andz[L] are the longitudinal and transverse coordésatrespectively and/

[L] represents the source width. In our experimes&up we observed an effective source
width of 1.2 cm, resulting from the rapidly divemgiflowlines at the inlet ports.
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In this section we focus our attention on conséredtransport of ethylbenzene during the
first abiotic phase of the experiment. In a presi@udy (29) we investigated, in a similar
flow-through system, the simultaneous transport noh-reactive tracers (i.e. bromide,
fluorescein and oxygen) over a wide range of floeloeities. The light and heavy
ethylbenzene isotopologues are considered as aisspecies and their steady state
distribution is described by Eq. 4.1. The only paeter which is different in the mathematical

description of transport of the two isotopologuethie transverse dispersion coefficibpt

Dispersion ParameterizatiorThe hydrodynamic dispersion coefficient, desagpsolute
dispersion in porous media, includes the additieatribution of pore diffusionD, and
mechanical dispersion (30). Pore diffusion is d&finas the solute aqueous diffusion
coefficient divided by a tortuosity factor, takimgto account that molecular diffusion can
only take place in the pore space. Mechanical dispe quantifies the spreading due to the
variation of local velocities in the complex, tastis structure of a porous medium and is
often described as the product of the seepageitsebrtd the dispersivity (31). Therefore, the
classical description of transverse hydrodynanmspelision reads as:

Dt = Dp + a\v (42)

where a; [L] is the transverse dispersivity, assumed a tmsproperty of the porous
medium.

Based on the outcome of multitracer experimentsethout in a similar laboratory setup,
a new non-linear parameterization of transverspedgson was recently proposed by Chiogna
et al. (29):

d
—— 4.3
JPe+123 (4.3)

where d [m] is the porous medium grain size afe=(vd)/Dy is the Peéclet number.
Compared to the classical description of transvdrsgersionD; in the new model depends
non-linearly on the seepage velocity and the agaiebffusion coefficient affects both the
pore diffusion and the mechanical dispersion terifise latter property is particularly
significant for transport of isotopic species, sirdistinct isotopologues are characterized by
different Dy
Aqueous Diffusion CoefficientfAs pointed out by Richter et al. (32), the effexdt

different isotopic masses on the diffusion of nalutspecies in water is not yet well
documented nor completely understood. Little data available for deuterated and non-
deuterated hydrocarbons. Mills (33) measured e rafi aqueous diffusion coefficients
between light and perdeuterated benzene of 1.08blserved that this is in agreement with

D, =D, +v

the inverse square root mass relatiom,, /" D,, =+ " m/" m. We obtained similar results
for ethylbenzene using the correlation proposetMaych (34):

T

Daq = 3595010
n

053 (4.4)

whereM [g-mol'] is the molar mass of the compoundPa-s] is the dynamic viscosity of the
fluid, andT [K] is the absolute temperature.

Using this empirical correlation, considering0.897x10° [Pa-s] andT=298.15 [K],
aqueous diffusion coefficients of 1.0082%16’s* and 0.9613x18 m“s* were determined
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for the light tethylbenzene, MW=106.17 amu) and the heavy, peedsted isotopologue
(Hethylbenzene, MW=116.17 amu), respectively.

4.2.3 Reactive transport modeling

Reactive transport simulations were performed ideprto investigate the effects of
coupled transport and biodegradation processesobope signatures. A finite volume method
using a streamline oriented grid was applied toutate the reactive transport of different
isotopologues. The features of the code were extgsdescribed in previous studies (35-
36). Different parameterizations of transverse elisjpn (Eq. 4.2 and 4.3) were implemented
in the code together with a reaction network incigdthe biodegradation reactions and the
dynamics of the microbial strains inoculated in tit@wv-through system. Dispersion is
described with a second order tensor oriented enptimcipal directions (i.e. diagonal). The
transverse component is expressed with the noarlip@arameterization given in Eq. 4.3. The
longitudinal component (not sensitive in our expemtal setup) is described following the
classical linear parameterization (Eq. 4.2), wheeelongitudinal dispersivity was estimated
equal to the average grain size (=0.256 mm). The reactive processes are included as
sink/source terms in the governing transport equati The system of equations was solved
implicitly with an operator split approach, useddecouple the physical transport from the
reactive terms.

The reaction network consists of four mobile specihe light and labeled substrate
isotopologues (i.e-ethylbenzeneethylbenzene), two dissolved electron acceptoss. (i.
oxygen and nitrate), and two immobile species:a®bic and denitrifying microbial strains,
assumed to be attached to the solid matrix.

The specific rates of contaminant removal can bpressed with multiple-Monod
formulations that for the aerobic (aer) and nitra@ucing (den) cases read as:

o Ce c., (4.5)
Saer maxaer Cs + Ks C02 + K02
M sden = Kmaxd ( Cs j( Cnos I Kinn j (4.6)
CS + KS CN03 + KN03 kihn + COZ

in which Kmax.aeraNdkmax gen[T™'] are the maximum specific degradation ratgsco, andcyos
[ML] the concentrations of the substrate (i.e. sumthe labeled and non-labeled
isotopologues) and the electron acceptéis.Ko, and Knos [ML ] are the half-saturation
constants of the organic contaminant, oxygen atrdtaj respectively. A term expressing the
inhibition of oxygen concentration was includedtie specific rate of contaminant removal
by denitrification.

Isotope fractionation during degradation is desatikncorporating different kinetic
expressions for the light and heavy species. Thgradation of the light ethylbenzene
isotopologue is described as the product of theadveubstrate degradation rate corrected by
the ratio between the light isotopologlies( and the total ethylbenzene concentration (6):

L L L
E = _rS,aerxaer CS - r.Sdenxden & (47)
ot Cs Cs




4.2 MATERIAL AND METHODS 97

whereXaer andXqen are the concentration of the two considered bisemfVL?].

Similarly, the degradation rate of the heavy isotogue [('co) is based on the overall rate
corrected by the proportion of the heavy isotopo®@nd a kinetic isotope fractionation
factor (@), relating the isotope ratio of the instantaneprusluct to the isotope ratio of the
substrate (see Supporting Information for furthetad):

d"c He "
Gt S = _rSaerxaer( SJalaer - rSdenxden(c_S aden (48)

S

The dynamics of the biomasses is described bydh&ibution of a growth and a decay
term:

L H
% = rS,aerYS,aer(& + = aaer] 1- Xaer - kde(;aer Xaer (49)
ot Cs Cs maxaer
oX L. Mg X (4.10)
— = =r denY den(_S + S Q gen 1_i - kde den Xden
at |: 3 3 CS S maxden :

in which Ys gerand Ys gen[M ng'l] are the substrate yield coefficients ag: aer andKyec den
[T are the specific decay rates. The terh&{(Xnay) are introduced to limit the simulated
biomass growth, especially close to the continusupply of contaminant and electron
acceptor at the inlet of the system (37).

The removal rate of the electron acceptors is esgae by the additive contribution of
oxygen and nitrate consumption during degradatiénthe light and heavy substrate
isotopologues and during biomass decay:

0Co, _ ‘es , e
- _rSaerxaer —t D aer I:aer,gr - kdec.aerxaerFaer,dec (411)
ot Cs  Cs
ac,, e e
03 — S S
- _rSdenXden + aden I:den,gr - kdecdenxdeanendec (412)
at CS CS

where Faer and Fgen are stoichiometric coefficients of electron acoeptonsumption for
aerobic degradation and denitrification, respedtfive
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4.3 RESULTS AND DISCUSSION

4.3.1 Conservative Transport Experiments

The results of the conservative tracer runs peréarin the first phase of the experiment
are shown in Fig. 4.1. The data at consecutive d@igsv a consistent pattern indicating
fractionating behavior. Significant differences iime ratio between the heavy and light
isotopologues concentrations were observed at tfiereht sampling locations. During
conservative transport, under steady state conditibansverse hydrodynamic dispersion is
the only process that can cause the observeddnation. In fact, differences in aqueous
diffusion coefficients result in a different phyaidransverse displacement of the two isotopic
species. The light molecules are characterized Wygher Doq which facilitates a more
effective mixing across different streamlines agslits in an enrichment of this species at the
plume fringe. In order to interpret the measurethdae used the steady state analytical
solution (Eg. 4.1) to describe the behavior of the ethylbenzene isotopologues. As
discussed in section 4.2.2, we considered diffefgarameterizations of the transverse
dispersion coefficient of the two isotopologuessatibed as different species undergoing
conservative transport. Figure 4.1 shows the caledlisotopic ratio at the end of the flow-
through domain. Modeling was performed in a formaradde and the only adjusted parameter
was the ratio between the heavy to light isotopaéogt the plume source which was set to
0.225/0.775 instead of the nominal 0.25/0.75. Hugistment was required in order to take
into account that the nominal concentration ragoneen the ethylbenzene isotopologues was
not perfectly matched while preparing the plumeusoh. Therefore, a solution slightly
depleted in the heavy ethylbenzene isotopologue imjasted in the flow-through system.
The classical transverse dispersion parameterizdq. 4.2), without distinction between the
different aqueous diffusion coefficients of thehligand labeled isotopologues, does not
produce any shift in the ratio between the heawy laght species at the outlet of the flow-
through system. Equation 4.2 was successively egp@onsidering an isotopologue-specific
pore diffusion term. We used the aqueous diffusioefficients"D,=1.0082x10 m?/s and
"Daq=0.9613x10 m?/s, calculated with the empirical correlation prepd by Worch (Eq.
4.4). The mechanical dispersion term was the samebdth transported species, with a
transverse dispersivitgr=7.6x10° m determined from bromide tracer experiments i th
same experimental setup. This value was calculaitdthe classical linear parameterization
(Eq. 4.2), taking into account the diffusion coa#nt of bromide and using the fitting
procedure described in a previous study (21). Tifferdnt pore diffusion terms for the light
and heavy species cause a shift of the isotopia aatthe plume fringe but less pronounced
than the one observed. A more satisfying agreemghtthe experimental data was achieved
when we used the new empirical formulation of tvamse dispersion (Eq. 4.3), since it
considers the effects of the different aqueoususliéin coefficients on both the pore diffusion
and the mechanical dispersion terms.
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Figure 4.1: Vertical profiles of isotopologues ratios measugddthe outlet ports (symbols
representing days 1-4 of the experiment: crossesngles, circles and diamonds,
respectively) and simulated with the analyticalusioin centered along the plume axis (Eq.
4.1), using different transverse dispersion parargations.

4.3.2 Reactive Transport Experiments

Aerobic DegradationAn aerobic ethylbenzene degrading str&seudomonas putidal,
was injected at day 4. The aerobic biodegradationgss established in the saturated porous
medium is a typical mixing-controlled reaction reqg mixing of the ethylbenzene plume
with the ambient groundwater rich in dissolved axygTherefore, the microbially-mediated
ethylbenzene degradation takes place predominanttge plume fringe where the electron
donor and the electron acceptor are brought intataod by transverse dispersion.
Contaminant degradation coupled to active biomassvi) can be summarized by the
following redox reaction:

CeHy, +420,+126NH," - 126C,H,O,N +17HCO, + 296H * + 078H,0 (4.13)

where the biomass is conceptualized as a chenpeglies (GH;O.N), and the portions of
substrate’s electrons used for cells synthesismmduhie aerobic process is assumed to be 0.6
(38).

The degraders’ kinetic parameters for aerobic digran of ethylbenzene were studied in
batch systems and are reported in Table 4.1. Aumaxtf light and deuterated ethylbenzene,
with the same ratio used in the flow-through expents (3:1), was provided as sole carbon
and energy source. An average value of the fraation factora,,~=0.996 was determined in
triplicate experiments (data not shown). This vaisierery low, considering the fact that
hydrogen isotope fractionation factors for mixtuggslabeled and non-labeled compounds
(i.e. toluene) were found up to 3 orders of magletgreater than the ones typically reported
for *C/*°C (39-40). Therefore, it can be safely assumed fhatputida F1 does not
significantly fractionate between the light and weated ethylbenzene during aerobic
degradation, as it is also documented for thigrstrnéth aerobic toluene degradation (24). A
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lack of extensive fractionation was observed dutimg entire aerobic degradation phase of
the flow-through experiment. In fact, the rationafavy to light isotopologues measured at the
outlet ports (Fig. 4.2) shows a similar patternhi® one observed during the conservative run
of the first experimental phase (Fig. 4.1), witkignificant decrease at the plume fringes and
a slight increase in the plume core. The reacti@asport modeling study substantiates the
observed behavior. Simulations carried out with tisetopologue-specific transverse
dispersion parameterization (Eq. 4.3) and the kinparameters for aerobic degradation
(Table 4.1) allow capturing the observed behaviotha outlet of the flow-through system
(Fig. 4.2). The considerable decrease of the isdbgpies ratio at the plume fringes is due to
the more efficient transverse displacement of thbt Ispecies compared to the heavy one,
whereas in the plume core the labeled isotopolagyeariched. This fringe- and core-specific
behavior of the isotope ratio cannot be describ&ld s reactive transport formulation using
the same reaction kinetic parameters but a trass\dispersion parameterization non-specific
for the heavy and light isotopologues (e.g. Eq. with sameD,q for the light and heavy
species).

Aerobic Degradation
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Figure 4.2: Isotopologues ratio during aerobic degradation. $pia represent the ratios of
measured concentrations. The solid and dash limestlze result of the reactive transport
modeling with different transverse dispersion pagtanizations: Eq. 4.3 (solid) and Eqg. 4.2
(dash), respectively.

Aerobic and Anaerobic Degradatiomhe anaerobic degradeékromatoleum aromaticum
EbN1, was inoculated in the flow-through systenday 11. This strain is able to degrade
ethylbenzene under nitrate reducing conditions.il8rty to aerobic degradation, also the
ethylbenzene oxidation coupled to nitrate reduci®m process taking place at the plume
fringe. Assuming an electron transfer fraction 0 @rom the oxidizable substrate to the
synthesis of new cellular material (38), and thenfi@a GH-O,N representing the biomass of
the anaerobic degraders, the degradation of ethy#yee can be summarized as:

C,H,, + 42NO,” + 105NH," + 04H* — 105C.H,O,N + 21N, + 275HCO, + 225H,0 (4.14)

The metabolic pathway of ethylbenzene oxidationAbyaromaticumEbN1 produces a
significant isotope fractionation. The fractionatitactor for the mixture of labeled and light
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ethylbenzene injected in the flow-through experiteemas determined in batch cultures with
nitrate as electron acceptor. An average valuergf0.596 was obtained from triplicate
experiments (data not shown). After the injectidntiee denitrifying strain (day 11), the
concentrations measured at the outlet ports shosigaificant fractionation due to the
metabolic activity of the denitrifying bacteria ¢i4.3).

As expected, an increased fractionation is obseavéide plume fringe where nitrate from
the ambient solution mixes with ethylbenzene, ttogeeproviding favorable conditions for
the metabolic activity of EbN1. The observed raifahe labeled/light isotopologues shows
an interesting transient trend. Increasing ratiesewobserved at subsequent observations (day
14 and day 15) where the anaerobic activity in@éasd stabilized at higher values towards
the end of the experiment (day 16, 17 and 18).
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Figure 4.3: Isotopic ratios measured (symbols) during the aeramaerobic phase (day 11-
18) and simulated profiles (lines) at the end ef élerobic phase (day 11).

The observed transient behavior of the isotopeosatwas captured by the reactive
transport simulations. This third experimental ghass simulated as a new stress period,
starting from the computed species distributiothatend of the previous aerobic degradation
phase. Ethylbenzene degradation was described ssgaential process coupled to the
consumption of oxygen bk. putidaF1 at the outer fringe and of nitrate Ay aromaticum
EbN1. The sequential degradation is described usmmpnhibition constant (Eqg. 4.6) set to a
value ofk,,=30 uM. The comparison between the observed and simllai®os of labeled
and light ethylbenzene is shown in Fig. 4.4. Faaddtion starts to be observed 3 days after
the inoculation of the system with the anaerobraistand becomes progressively more
significant towards the end of the experiment. $meulated ratios show two distinct peaks
corresponding to the active denitrifying fringe wé¢he degradation activity of EbN1, and
hence the fractionation of ethylbenzene is moreniiggnt. The three-dimensional
representation of the transient isotopic behavioms the results of a simulation considerably
longer (30 days) than the actual experiment. Iis tpatio-temporal representation, the
increase of the ratio of the labeled to light etieylzene and successive approaching of steady
state conditions can be visualized.

On the basis of the measured isotopologues ratithatoutlet ports, the specific
contribution of the anaerobic fractionating streonthe overall ethylbenzene degradation can
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be assessed by the port-resolved application ofagleRh-type equation based on the
measured isotopic ratios (see Supporting Informatior a more accurate estimation of
biodegradation an initial isotope ratio taking imcount the fractionating effects of transport
processes (i.e. transverse mixing) should be ssle@tig. 4.8 Supporting Information). In
fact, if we take a uniform value of the ratio (i.mtio at the source) neglecting the
fractionation due to dispersion, an overestimatibbiodegradation at the plume core and an
underestimation at the fringes are introduced.
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Figure 4.4: Transient evolution of the isotopic ratio due tee thractionating effects of
transverse dispersion (parameterized accordingdo43) and biodegradation under nitrate-
reducing conditions.

4.3.3 Environmental implications and significance

The outcomes of this study show a significant efilce of transverse dispersion on
isotopic fractionation during transport of a mixwf labeled and non-labeled ethylbenzene in
a homogeneous porous medium. This finding contradts the common assumption that
dispersive dilution of solutes does not cause ifvaation of different isotopic species.
Moreover, the effects observed during conservdtaesport experiments are also relevant for
the interpretation of the measured isotopic ratlosing the subsequent reactive transport
phases, where ethylbenzene undergoes aerobic amiloaic biodegradation. It has to be
underlined that the results of the present laboyagtudy are obtained under very simplified
conditions compared to a complex natural aquifempBfying assumptions include the
physical system (e.g. scale, homogeneous porousumgdthe contaminant source (i.e. a
single contaminant in a mixture of labeled and rabeled isotopologues), the
microbiological conditions (i.e. use of well-chamexized pure cultures, optimal growth
medium for the plume and ambient water solutions) ¢he geochemical conditions. In
particular, we think it would be interesting to @stigate the fractionating effect of transport
processes also for non-labeled organic contamirfantwhich the differences of the masses
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of the heavier and lighter isotopologues are smakeis resulting in more minute differences
in the aqueous diffusion coefficients. Moreoversaggested by a recent modeling study (16),
differences on the physical displacement of ligid Aeavy isotopic species can be enhanced
in heterogeneous porous media. Preliminary simanatresults indicate a still significant role
of diffusive/dispersive processes also for nondetheompounds; however this topic should
be further explored using comprehensive modeliryexperimental investigations.
Nonetheless this study, together with an emergungber of investigations of the role of
physical processes on isotope fractionation (12-fpbints to the need of considering both
physical and reactive processes to achieve an wegdrinterpretation of observed isotope
data. This would probably lead to an increasedreftw the evaluation of observed data, but
could also open new possibilities of using staldetdpe techniques to gain a better
understanding of complex coupled reactive trangpatesses in porous media.
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S1. SUPPORTING INFORMATION: Experimental setup

Fig. 4.5 shows a schematic illustration of the expental flow-through system, described
in detail in previous studies (Bauer et al., 200&)9).

Plume medium (Ethylbenzene)

Oxygen sensitive
sensor strip

GW medium

Tank: 785 cmx1.1cm x 14 cm

Ambient groundwater

Flow direction

Sampling device

Figure 4.5: Experimental setup (modified after Bauer et alQ&0

The plume medium was injected through a singlet iptet with a concentration of 300
UM ethylbenzene, kept as constant as practicallgiptess Bromide (623uM) was amended,
as conservative tracer, to the plume medium. Theiemhgroundwater solution was prepared
based on freshwater medium (Widdel and Bak, 198d)@ntained high concentrations of
dissolved electron acceptors (i.e oxygen 288 and nitrate 36QuM). Ethylbenzene was
measured by GC-MS (Finnigan Trace Ultra and Tra8&QDThermo Electron Coorperation,
Waltham, MA, USA, with a DB-5MS column, Oiin film thickness, 0.25 i.d., 30 m length,
J&W Scientific, USA) after addition of internal sidard and liquid-liquid extraction with
cyclohexane. Sample injection was on split modéQinL min') and the flow rate of the
carrier gas helium was 1 mL min The oven temperature was 40 °C for 1 min, thempex
first at a rate of 15 °C mihto 200 °C and then at a rate of 25 °C to 300 °@relit was held
for 1.33 min.

The concentrations of ionic species (i.e. nitratd &romide) were determined by ion-
chromatography (Dionex AS3500, Idstein, Germany3sblved oxygen was measured with a
non-invasive optode technique (Microx 1/FIBOX, RS Regensburg, Germany) at an
oxygen sensitive stripe located 3 cm from the oufethe flow-through system. Detailed
explanation of this technique can be found in Habet al., (2010). Measurements of the
electron acceptors (i.e. oxygen and nitrate) dutimegconservative and reactive phases of the
experiment are shown in Fig. 4.5. In the conseveagihase the depletion of oxygen in the
center of the plume is just due to the smaller eatration injected through the central inlet
port (~1/3 of the surrounding clean water, i.e. Imim oxygen concentration that was
possible to obtain without the addition of a redigcagent) and the side diffusion/dispersion
from the ambient groundwater. In the reactive plasgen is consumed in the central zone
of the flow-through system occupied by the ethyitme plume. During ethylbenzene
anaerobic degradation consumption of nitrate wagied in the central zone of the plume.
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Figure 4.6: Electron acceptors concentrations measured at rdiffe phases of the flow-
through experiment.

S1.1 Batch cultures

The aerobic ethylbenzene-degrading stRaiputidastrain F1 was obtained from J. R. van
der Meer, DUbendorf, Switzerland, and the anaersbigin A. aromaticumEbN1 from F.
Widdel, Bremen, Germany (Rabus and Widdel, 199&)citures of both strains were grown
using ethylbenzene as sole carbon and energy samdeoxygen and nitrate as electron
acceptors foP.putidaF1 andA. AromaticumEbN1, respectively. All batch cultures were
grown in half-filled 100 mL serum bottles sealedhnbutyl rubber stoppers (Maag Technik,
Switzerland) and incubated in the dark. For theeastac strain, the headspace was flushed
with an N/CO, (80/20) atmosphere. Before inoculation of the fitmough system the strains
were grown to an OPs=0.08-0.1 (corresponding to a concentration ran§e X cells/mL)
in batch cultures, with ethylbenzene as sole cadmihenergy source. The inoculation of the
flow-through system was performed continuously dtijeg the biomass suspension for 15
hours through the two ports surrounding the cenimbdt used for the injection of the
ethylbenzene plume.

The isotopic behavior of the different microbiatagts was also determined in batch
cultures. Figure 4.7 shows the degradation of bnzene by the anaerobic strain EbN1. The
temporal decrease in contaminant concentratioasasmpanied by a significant increase of
the ratio between the perdeuterated and the natedlisotopologues.

The kinetic fractionation factor during ethylbenzene degradation was determined by
fitting the logarithmic form of the Rayleigh equati(4.15) to the experimental data. A value
of a=0.596+0.019 was obtained for the anaerobic, fvaeting strain. Differently from what
was recently reported for the toluene degradatigeements of Kampara et al. (2008) we
did not observe a clear fractionation change calsedioavailability limitations. This was
probably due to the specific conditions at which degradation experiments were performed
and in particular the electron-acceptor limitatimhich resulted in only few data points
available at low substrate concentrations.
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Figure 4.7: Ethylbenzene degradation and isotope ratio duriagch experiments with the
fractionating strain A. aromaticum EbN1

S2 SUPPORTING INFORMATION: Calculation of biodegasidon

Quantification of biodegradation based on isotogtos is often performed using the
Rayleigh equation (Mariotti et al., 1981), whicmdae generally written as:

{%:(2%{%[1] (4.15)

whereR; andR, are the ratios of heavy] to light speciesl() at timet andt=0, respectively.

f is the fraction of compound remaining agds the kinetic fractionation factor which relates
the isotope ratio of the increment of product whebpears in an infinitely short time
(instantaneous product) to the isotope ratio ofstitestrate:

= dHg/dL

ST 4.16)

In natural systems, for important elements such@&°C and™®N/*N, Eq. (4.15) is often
approximated as:

R _fo1 (4.17)
R

This equation has often been used for practicaliGgifpns by changing the temporal

dependency of the concentrations and isotope ratiospatial dependency.
Based on the Rayleigh equation, biodegradatiorbeagalculated as:
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B=1- f (4.18)

In the case of the flow-through experiments pre=sgnh this study, the amount of
biodegradation at each outlet sampling port duéhéoactivity of the fractionating nitrate-
reducing strain was calculated from the measuretbpsc ratios combining Eq. (4.15) and
Eq. (4.18):

U(a-1)
- — R ort +1 (R ort
Bport—l_ f=1- FZO+1 EE FF;O j (419)

whereRyort is the ratio of the deuterated to light isotopoleg measured at the outlet poRs.
was considered in two different ways:

1) ratio between deuterated and light ethylbenzenleeasource (inlet port), assuming no
fractionation due to dilution;

2) ratio between deuterated and light ethylbenzenesuned at the end of the aerobic
phase preceding the injection of the fractionaingerobic degrader, therefore taking
into account the fractionation contribution of saarse dispersion.

Fig. 4.8 shows the percentage of biodegradationutzted at the outlet ports at the
different days of the experimental phase with a&ctifractionation during anaerobic
biodegradation. The results show that neglectingftaetionating contribution of dilution
leads to overestimation of biodegradation in them@ core and underestimation at the
fringes.

Biodegradation [%)]

Time [day]

147 2 &5

Figure 4.8: Biodegradation contribution of the anaerobic degeesl calculated from the
measured isotope ratios neglecting (black bars) emdsidering (red bars) the fractionation
due to transverse dispersion.
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Chapter 5

Relevance of local compound-specific transverse @garsion for
conservative and reactive mixing in heterogeneoupous media

Abstract

Different measures of dilution have been proposedescribe solute mixing in heterogeneous
porous media. Most of these approaches lead tod#imition of effective dispersion
coefficients. In order to quantify mixing, these-sgaled parameters should account for both
local-scale dispersion and effects of flow varigypiin heterogeneous formations (e.g., flow
focusing in high-permeability and defocusing in {oanductivity inclusions). The correct
quantification of mixing is particularly importarior transport of compounds undergoing
reactions. Recent results of laboratory-scale éxysts showed a dependency of local
transverse dispersion on molecular diffusion ovevide range of flow velocities, implying
compound-specific transverse mixing even at inteliate and high Péclet numbers. The goal
of this study is to assess the relevance of a canmgpspecific local-scale transverse
dispersion on conservative and reactive mixingeatefogeneous domains at the field scale.
We restrict our analysis to steady-state two-dinumerad flow and transport with continuous
injection by a line source. We present numericalusations in heterogeneous domains with
different characteristics of variability in the ahrctivity field, and apply as measures of
solute mixing (1) the effective transverse disparstoefficient derived from second central
spatial moments, (2) a dispersion coefficient datisrom flux-related second central spatial
moments, (3) the scalar dissipation rate and @¥persion coefficient derived from the flux-
related dilution index. The results indicate compibgpecific transverse mixing behavior
also at the field scale which is particularly sfgrant in case of low to moderately
heterogeneous porous media. Moreover, we showntieasures of dilution calculated in a
flux-related framework result in an improved quaaation of mixing processes and allow to
define up-scaled parametei( effective transverse dispersion coefficientseetiéd by a
low degree of uncertainty. For mixing-controlledacgve transport we illustrate the
importance of compound-dependent local effectdherdngth of reactive solute plumes.

® Chiogna G., O.A. Cirpka, P. Grathwohl and M. Ro{R010), Relevance of local compound-specific gvanse
dispersion for conservative and reactive mixinghaterogeneous porous medi&ater Resources Research
(submitted).
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5.1 INTRODUCTION

The investigation of dilution and mixing processes porous media is of primary
importance in many scientific disciplines (e.g.n@minant hydrology, chemical engineering,
reservoir engineering, etc.) and technical appboat (e.g., water treatment, groundwater risk
assessment, nuclear waste storalge3ubsurface environments such as groundwatézrags
the complex interplay between physical and biogeotbal processes determines the
transport and degradation of contaminant plumesuffitient mixing of reaction partners
often limit (bio)chemical reactions thus controfiinnatural attenuation of dissolved
contaminants and the performances of many engideersediation interventions. Therefore,
the correct characterization of mixing processes, those processes which affect both the
entropy as well as the peak concentration of a pjuis a challenging but necessary pre-
requisite to accurately describe and assess reaslute transport in natural porous
formations. Modeling and experimental studies hsivewn the importance of mixing at the
plume’s fringe in determining the transport ancfaf organic contaminants [e.§irpka et
al., 1999a;Lerner et al, 2000;Maier and Grathwoh|2006;Prommer et al.2009;Bauer et
al., 2009;Rolle et al, 2010].

In order to model and understand the physics behindng in porous media, it is
necessary to define the scale of interest at wimehaim to address a problefdar, 1972;
Dentz et al. 2010]. Porous media structures can be analyz#teagtore scale [e.gGao and
Kitanidis 1998;Li et al,, 2006;Tartakovsky et al2009;Willingham et al,. 2008, 2010], at the
Darcy scale [e.gBerkowitz et al 2000;Ginn et al, 2001] or at the larger field scale [e.qg.,
Thierrin and Kitanidis,1994; Heinz et al. 2003; Englert et al, 2009; Li et al, 2010].
Depending on the system we are interested in, we fimaus just on one of these scales.
Nevertheless there is always an influence of thellemscale processes on the larger scale
[Bear, 1972]. The main goals of up-scaling proceduresato quantify this influence and ii)
to define up-scaled parameters which are stillwapg the significant physical properties at
the lower scale [e.gBear, 1972;Kitanidis, 1988;Dagan 1984, 1990, 1991Rajaram and
Gelhar, 1993a, 1993b, 1995Gelhar and Axness1983; Neuman et aJ 1987; Whitaker
1999]. Therefore up-scaling procedures aim at da@agrsolute transport in complex systems
such as natural porous formations through someivela simple equations using up-scaled
parameters. A detailed description of up-scalingragches is beyond the scope of this study
and we refer, for this purpose, to the recent rgwéDentz et al[2010].

Two fundamental steps can be identified in the egdisg of mixing processes: 1) the up-
scaling of flow and transport equations from theepohannels to the larger Darcy scale,
where the most important physical quantities arerayed over a defined domain (i.e., a
representative elementary volume) and 2) the ujprgcliom the Darcy to the field scale. At
the Darcy scale, the up-scaled quantity that dessrdilution in homogenous porous media is
the tensor of local hydrodynamic dispersi@eér, 1972]. The components of this tensor are
usually described as the sum of two processes: giffitesion and mechanical dispersion
[Bear, 1972;Freeze and Cherryl979]. Pore diffusion is described by the ratatveen the
aqueous diffusion coefficient of a compound and tireuosity of the mediumGrathwonhl|
1998; Boving and Grathwohl2001]. Mechanical dispersion takes into accobatdffects of
variable velocity at the pore scale and quantifiess mixing of a solute is affected by this
process at the Darcy scalBdar, 1972]. For a Cartesian coordinate system orieitetthe
principal flow direction, the dispersion tensor dam simplified to a second order diagonal
tensor in which components in the longitudinal §tlat to the flow) and transverse
(perpendicular to the flow) directions can be idiead. The transverse dispersion
components, typically smaller than the longitudimale [e.g.Bijeljic and Blunt 2007],
determine transverse mixing, which is the processnajor interest for the transport of
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contaminant plumes from continuous sources unaéadststate flow and transport conditions
[e.g. Cirpka et al, 1999a;Ham et al, 2004;Lied| et al, 2005]. Since reactions are taking
place at the microscopic (pore) scale [&teefel et al.2005], a correct quantification of
Darcy-scale dispersion and its influence on sotlitetion was identified to be of critical
importance in modeling transport of contaminants Kitanidis, 1994].

At the field scale, the effects of spatially varyiadvection, caused by the heterogeneity
of the formations, have to be considered in themgson of mixing processes. In particular,
flow focusing in high-permeability zones was shotwncause a significant enhancement of
mixing [e.g., Werth et al. 2006, Rolle et al, 2009]. This enhancement is caused by
converging streamlines in high-permeability inctus increasing the probability of a solute
particle to cross a given number of streamlinesyetore resulting in enhanced dilution.
Conversely, defocusing in low-permeability zones oaduce the rate of increase in mixing
[e.g., Chiogna et al. 2010c]. The permeability contrast and the locatid the inclusions
strongly influence the effectiveness of mixing. Bgaled parameters to measure dilution at
the field scale need to account for both localechidpersion and effects of flow variability in
heterogeneous formations.

In this work, we study the effects of a new compbspecific parameterization of the
local transverse dispersion coefficient, obtained aa result of multi-tracer laboratory
experiments Chiogna et al. 2010a] on dilution and reactive transport atdfistales. This
parameterization differs from the classical lineapression $cheideggerl961] because it
retains a significant dependence of transverseethgm on molecular diffusion also at higher
velocities. Up to now, this feature was neglectgdhiost up-scaling approaches. We show
through numerical experiments the impact of thisngound dependency on field-scale
dispersive mixing. For the interpretation of consdive transport simulations we consider the
following measures of dilution: (1) the effectivespersion coefficient [e.gCirpka, 2002;
Dentz and Carrera2005], (2) a newly defined effective dispersiaeficient based on flux-
related second central moments, (3) the scalaipdissn rate [e.g.Kitanidis, 1994;Beckie
1998,De Simoni et a).2005], and (4) the flux-related dilution indeRdlle et al, 2009]. In
the reactive cases, we quantify mixing using thecept of critical dilution indexQhiogna et
al., 2010c], the length of the reactive plume andflilne of the mixing ratio squared (which is
directly related to the scalar dissipation rate).

5.2 PROBLEM STATEMENT

In this work, we perform conservative and reactramsport simulations of continuously
injected solutes in a two-dimensional domain (10domg and 3 m thick) representing a
vertical cross-section of a confined aquifer unstexady-state flow and transport conditions
(Figure 5.1). In the reactive case we considematantaneous bimolecular complete reaction
of the form fA + fgB — fcC, with fa, fg, and £ being stoichiometric coefficients. By this
choice, the reaction is controlled only by mixinigtioe reactive species andB [Luo et al,
2008]. This reactive system represents mixing-ablel degradation of an organic
contaminant A) under aerobic conditions, where oxygd) &cts as oxidant. The reactive
speciesA is continuously injected through a line sourceppeadicular to the main flow
direction, while the reaction partn®ris introduced parallel té& into the domain with the
ambient groundwater (Figure 5.1).

The numerical approach used to solve flow and pamsan be summarized as follows
[see alsadChiogna et al.2010b]: (a) generation of a conductivity field amegular grid, (b)
simulation of hydraulic head, and stream functi@hues, (c) construction of a streamline-
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oriented grid, (d) simulation of conservative aedative solute transport on the streamline-
oriented grid.
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Figure 5.1: Principal model setup. White area at the left baanyd injection source of
compound A; adjacent black regions: injection zoolesompound B. White lines: streamlines
illustrating how flow is focused in high-permeatyilinclusions

5.2.1 Generation of heterogeneous conductivity fields

We generate four different types of heterogeneaunsluctivity fields: two of them are
binary, characterized by different permeability tasts, while the other two are the Gaussian
equivalent fields associated to the binary onesexgdained in the following paragraphs
(Figure 5.2). All these fields have the same irdégrales,F 3.9 m andyF 0.02 m, in the
horizontal and vertical directions, respectivelgr Each field we consider an ensemble of 100
Monte Carlo realizations.

Binary fields

The binary fields are generated followid¢erth et al.[2006]: a periodic auxiliary multi-
Gaussian fielda(x) with zero mean, standard deviation of unity, &aussian covariance
function is generated on a 1000 x 500 grid using gpectral approach ddykaar and
Kitanidis [1992]. In order to obtain the binary fields, wefide a cutoff value of the auxiliary
variablea: points exhibitinga-values exceeding the 40% quantile and with a pesiertical
gradient componenta/oy fall into high-conductivity inclusions, while atither points fall
into the low-conductivity matrix. Théa/oy criterion leads to shapes of the inclusions with
straighter top than bottom surfacéke[nz et al, 2003].

The hydraulic conductivity value of the porous rais 6.14x10" m s' and remains
constant in both binary cases, whereas the comityctialue in the heterogeneous lenses
Khigh varies: in the first type of binary fields we s&tcontrast between high and low
conductivity regions Kaic=100 (i.e. Kig= 6.14x10° m s%); while in the second case we
select a lower permeability contrastzde = 25 (i.e. K,igh:1535><103 m sY).



5.2 PROBLEM STATEMENT 119

Gaussian equivalent fields

For the binary fields with Kqic=100 we construct equivalent continuous multi-Geuss
fields with identical covariance functions of logdnaulic conductivity, and the same is done
for the binary fields with Kai—=25. Since the (original) binary field is in botases periodic,
the covariance function can conveniently be evaellidty taking the Fourier transform of the
binary log-conductivity field, multiplying it withts complex conjugate and performing the
inverse Fourier transformation. Multi-Gaussiandgebenerated with this covariance function
exhibit the same variance as the binary fields ¢°gx=3.2 ando?.«=1.6 for the Kaic=100
and the kai=25 binary cases, respectively). However, sincebihary fields don’t exhibit
intermediate log-conductivity values, the range cohductivity values in the equivalent
continuous fields must be substantially larger @y and 6 orders of magnitude in case of
Kratiic=100 and of Rai=25, respectively) to achieve the same variancehilyway, higher
conductivity contrasts can occur in the equivatanttinuous fields.

Binary KRati°= 100 Gaussian equivalent KRati°= 100
30— -1.2 - 0.4
— N —:_
s T ===
I e
ppE———————— -3.2 -6.5
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Binary KRatl°= 25 Gaussian equivalent KRaﬁo= 25
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00— | 132 5.2
50 100
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Figure 5.2: Examples of the flow fields studied. The gray scatbcates the values of
log1o(K).

5.2.2 Governing equations
Groundwater flow

We consider two-dimensional flow in a confined deuiNo-flow boundaries are applied
at the top and bottom boundaries, while the hydréhdad is fixed at the left- and right-hand

side boundaries. The steady-state flow problemhjmraulic head) and stream functioy
for a given conductivity field reads as:
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~0I(KOe)=0
el (5.1)
D[@K ij 0

Eq. 5.1 is solved numerically on a rectangular d¢uydbilinear Finite Elements, applying
Dirichlet boundary conditions on the left- and ttigfand side for the head-problem. The value
of the hydraulic gradient is adjusted to obtainghme dischargei(JL>T™] between different
realizations (@= 5x10° m’s'). In the stream-function problem, the top and duott
boundaries have fixed values, in which the valdtedince equals the total volumetric flux
through the domain. With the simulated valuespoénd ), we can construct streamline-
oriented grids using the approachQipka et al [1999b].

Conservative and reactive transport

Steady-state transport of a conservative tracefegribed by the advection-dispersion
equation:

vioc-01(poc)=0 (5.2)

in which C is the concentration [ME] of a conservative species, [LT™] is the seepage
velocity mainly oriented in the direction, and [L?T™] is the local hydrodynamic dispersion
tensor. As boundary conditions, we assume fixedeslat the inflow boundary, and zero
dispersive flux at all other boundaries:

A

C=1 along I,
C=0 along I} (5.3)
n[DCC =0 alongall otherboundaries

in which [} and T2 are two complementary fractions of the inflow bdaryT;,.
Reactive transport is described by the followingtesn of partial differential equations:

viOC, -00(D,0C,)=~f r,
vIOC, -0MD,0C, ) = —f 44 (5.4)
vIOC, -00D.0OC. ) =f.r.

with boundary conditions:

A

C, =C,, C; =0 C. =0 along I,
C, =0 C,=C,, C.=0 along ;> (5.5)
nD,0C =0 i =A,B,C alongall otherboundaries

in which C; [ML™] (with i =A, B, C) are the concentrations of the different reactipecies
andr; are the reaction rates. The inlet concentratidreompoundsA andB are indicated by
Cain [ML™®] and Cgi, [ML ], respectivelyD; is the local dispersion tensor specific for each
compound. Due to the conditions of the problem. (seady-state, advection-dominated
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transport), the longitudinal component of the disms tensor is not a sensitive parameter
[e.g.,Liedl et al, 2005]. The transverse component determining {scale transverse mixing
is parameterized following a non-linear compoungdet@lent parameterizatioliogna et
al., 2010a]:

D, =D, +v

d
B 5.6
v Pe+123 (5.6)

whereD,, [L°T™] is the pore diffusion coefficient, defined as ttagio between the aqueous
diffusion coefficient, Daq [L>TY, and the tortuosity of the porous mediuth[L] is the
average grain size and Pevxd/Dyq [-] denotes the Péeclet number. The parameterizaifo
the local transverse dispersion coefficient in &.requires the grain size at each location in
the domain. In our application, we reconstructani the local conductivity values using the
relation ofHazen[1892]:

d=AVK (5.7)

with the proportionality consta#t= 0.01m>°’. The tortuosityt = 2.5 [-] and the porosity

= 0.4 [-] are kept constant throughout the domkimay be noted thdd; as parameterized in
Eq. 5.6 is compound-specific at all velocities hessathe mechanical dispersion component
depends via the Péclet number on the moleculangidf coefficient of the solute. Eq. 5.6
was empirically derived through a number of mudtigr bench-scale experimen@hjogna

et al, 2010a], but is in agreement with several expental studies clearly indicating
compound-specific transverse dispersion even atrirgdiate and large velocity ranges [e.g.
Carvahlo and Delgado2000; Klenk and Grathwohl2002; Olsson and Grathwohl2007;
Haberer et al.2010].

The transport problem is solved on the previoustgcdbed streamline-oriented grids
using the Finite Volume scheme @irpka et al.[1999c]. The resulting system of equations is
solved using the direct solver UMFPACK implementedVatlab [Davis and Duff 1997].
Instead of keeping a constant geometrical widtfL] of the source, we fix the volumetric
flux (10% of the total flux) over which we injecthd solute A in all realizations.
Heterogeneities thus lead to variations of the sowvidth between the realizations, but an
effective source width could be defined over theeenble of the realizationsl¢ Barros and
Nowak 2010]. The inlet concentration of compouBds defined agi, and set to 1 [ML],
while the inlet concentration @ is defined aain and set to 1.5 [ME]. The stochiometric
coefficients f, fg, and £ are set to unity and the aqueous diffusion caefiits ofA andC are
close to those of many organic pollutar@gqs= Daq,c=0.8x10° m’s™), while the one oB is
that of oxygenDaq =2.1x10° m’s?) [Cussler 2009].

5.2.3 Solution of reactive transport

In this section, we briefly describe the two apptws we use to solve the reactive
transport problem. The first one is a purely nucarimethod, in which we perform a Picard
iteration for the reactive term of Eq. 5.4. Theo®t one is a well known semi-analytical
approach for the case of compound-independent rdisipe in which Eq. 5.2 is solved for the
mixing ratio of the system and the concentrationthe reactive species are obtained by post-
processing.
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Numerical iterative solution

We are not aware of closed-form solutions of mixoogtrolled reactive transport in
heterogeneous media in case of compound-specdal toansverse dispersion. Thus, under
these conditions, we use an iterative numericakragmh. As initial guess, we solve the
transport equations neglecting the reactions0j. We defineM nop; @s the mobility matrix
for each specig resulting from discretizing the divergence of ectiwe-dispersive fluxes by
the Finite Volume Method on the streamline-orierdeds:

vIOC, -00p,0C, ) O fseer . M, C, i=A,B,C (5.8)

mobj ~i

in which C; denotes the vector of discrete concentration wabfecompound in all cells.
Then, we proceed with the numerical computatiothefreactive transport problem through
a Picard loop which consists of 6 steps, as sunzedin Algorithm 5.1.

while C*-C‘>0 i=ABC

K K
ry trg

Stepl: C/** = sCf +(1- M %, (bi + jfi i=ABC

K+l K+1 K+1 K+1
Ca o Cs . Ca oG

Step2: Ct=0 if : cit=0 if :
A fB A fB
_ M__,.C—p .
Step3: 1, = —1 fl ' i=AB.C
Stepd: ry* = > T = ) Ty
Ncells Ncells
F rtol ‘F rlot
step5: rit =-A (io + 1); ret=-8 [Lo + lj;
A2 e 52

step6: increasex by 1
end while

Algorithm 5.1: Solution of multi-component, mixing-controlled, asty-state, reactive
transport by Picard iteration.

The reactive term istep 1(ra“+rg")/2is a sink term foiCa andCg, while it is a source
term for the product concentrati@g; b; is the right-hand side vector resulting from thiet
boundary condition, and the facteris a relaxation factor which was set to 0.9 in the
following simulations. Since we consider an instameious bimolecular reaction, the two
reacting compound& andB cannot coexist:

C,[C, =0 (5.9)

For each iteratiom, Eq. 5.9 implies that at each locatiGa or Cg must be zero and the
conditions instep 2have to be fulfilled [e.g.Clement et a).1998; Cirpka and Valocchi
2007]. Furthermore the reactive terms fof and Cg must equal the fluxes across the
interfaces of the cells in which the reaction takésce. So we start defining the reactive
fluxes for the reactive fringe of the plume as showrstiep 3. The equality of the total
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reactive fluxes of compoundl andB over the entire computational domain has beemgige

a condition at the end of each logpefps4 and5) to define the reaction rates to be used again
in step 1 of the following iteration. The iterative procedurterminates when the
concentrations converge to a constant value.

Semi-analytical solution

As illustrated in the previous section, a numerpracedure is required when the aqueous
diffusion coefficients of the species considered different. However, when the aqueous
diffusion coefficient is assumed identical for theacting compounds, a semi-analytical
approach can be applied. This method is based @rcdhcept of the mixing ratiX [-],
defined as the volumetric ratio of the injectedusioh in the mixture with ambient water
(Cirpka and Valocchi2007).X behaves as a conservative component according.t®.Eq
This or similar approaches have been applied iers¢vecent contributions [e.de Simoni
et al., 2005, 2007Chiogna et al.2010c;Bellin et al.2010] to which we refer for a detailed
description of the solution strategy.

5.3 MEASURES OF DILUTION IN CONSERVATIVE TRANSPORT

We quantify mixing of a conservative tracer by fdifferent measures of dilution: (1) the
effective dispersion coefficient, (2) a newly defih flux-related effective dispersion
coefficient, (3) the scalar dissipation rate, add the flux-related dilution index. Since
dilution directly leads to decreasing peak con@ins and increasing entropy of the plume,
mass displacements connected with purely adveatnawvements of the plume (e.g.,
squeezing and stretching of plumes in heterogeneoomtions) cannot be considered as true
mixing processes. This implies that the ensemldpeatsion coefficient, quantifying the rate
of change of second central moments of the enseavalaged concentratioiglhar and
Axness 1983;Dagan 1984;Neuman et aJ 1987], are not considered, since they are widely
affected by the uncertainty of determining the measition of a plumeKitanidis, 1988,
1994]. In particular, we analyze to which exterg #bove-mentioned measures of dilution
retain the compound-specific behavior of local $tsrse dispersion. Since the values of
effective transverse dispersion coefficients in ilsimflow fields were found to be
approximately log-normal distributed [e.@hiogna et al. 2010c], we generally take the
median of the dilution measure as characteristigevéor the ensemble of realizations. In the
following we will indicate withDy oy the results obtained for a conservative traceh wie
aqueous diffusion coefficient of compouAdi.e. typical organic pollutant), and wit nign
the results obtained for a conservative tracer wite aqueous diffusion coefficient of
compoundB (i.e., oxygen)

5.3.1 Effective dispersion coefficient

Effective dispersion Kitanidis, 1988; Dentz et al 2000a] differs from ensemble
dispersion in the order of computing second cemaments and taking expected values. In
ensemble dispersion the concentrations are averagadthe ensemble of realizations first,
followed by computing second central moments oféhsemble concentration. In effective
dispersion, by contrast, second central momentsamguted in each realization first and
averaged over the ensemble subsequently. By tloisegure, uncertainties about the first
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moments are factored out. Analytical expressionsftective dispersion have been derived
for wide sources [e.gDentz et al 2000b] and for point-like injection®gntz et al 2000a;
Cirpka, 2002;Dentz and Carrera2005]. In the first case, the effective disparsioefficient

is affected by squeezing and stretching of plumas @ spatially variable velocity fields,
while in the second cas€irpka [2002] claimed that effective dispersion is a good
measurement of mixing.

Most studies on effective dispersion were perforrfadiransient transport of a solute
slug. Here, we consider steady-state transport system with continuous injection and
exclusively analyze the transverse spatial momedntshis context, the normalized first
transverse spatial moment of each realizalar{L] represents the location of the center of
gravity of the solute plume as a function of thegibudinal travel distance:

yC(x, y)dy

—, T

M, (x) = (5.10)

C(x, y)dy

ot—T1|°

Successively, we compute the normalized secondratespatial moment of each
realizationM.c [L?], which represents the spread of the concentratistribution about its
center of gravity:

[y~ M, ()FClx, vidy

M (x) = (5.11)

C(x, y)dy

Ot I

Finally, we calculate the effective dispersion dic&nt D; [LT] as half the rate of
increase in the mean flow directiarof the mean normalized second central spatial mbme
multiplied by the average flow velocitys:

_ (V) d(Myc)
Pt = 2  dx (12)

This definition is modified compared to the commexpression ofD; for a pulse
injection, where the dispersion coefficient equaddf the time derivative of the normalized
second central moment. The traditional expressiuite obviously, cannot be applied in
steady-state transport because the time derivaéineshes in such settings.

Figure 5.3 shows the results of the second cesfratial moments for the different
heterogeneous fields. Mis normalized by its initial value at the line socel and plotted as
function of distance, normalized by the integral scale in the directdrflow. This kind of
normalization is chosen for practical reasons, dkhecome clearer in the next section.
Besides the median, indicated by a bold line, v8e ahow the range bounded by the 16 and
84 percentiles as shaded area. These percentilelsl wepresent the mean plus/minus one
standard deviation if M was normally distributed.

The results exemplify that the transverse spadabsd central moment obtained for two
conservative species, introduced with the samenvetric flux but characterized by different
aqueous diffusion coefficients, such as compodndnd compound, are different at a



5.3 MEASURES OF DILUTION IN CONSERVATIVE TRANSPORT 125

statistically significant level. While the 16-84rpentiles of the two compounds overlap, a
Wilcoxon rank sum test (always considered in thiskawvithin 95% confidence level) shows
that the two datasefd; oy (i.€., compoundd) and Dy oy (i.€., compoundB) are not samples
from identical continuous distributions. We condutiat considering the compound-specific
local transverse dispersion coefficient is requiteccorrectly characterize the mean spatial
second central moment of the plume ensemble, evengh these moments exhibit high
uncertainty.

In all four settings, the second central momenteaases approximately linearly, resulting
in two constant effective transverse dispersionffaaents, one for each compound. The
values are listed in Table 5.1 along with other sneas of dilution. In every single
realization, the simulation with the highBrvalue resulted in a quicker increase of the
second central moment, and this also results tindtly different median values.
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Figure 5.3: Second central transverse spatial moments of a ertwasve compound
normalized by the value at the source,{)). Red: low transverse dispersion coefficient;
blue: high transverse dispersion coefficient. Bbfges: median; shaded regions: 16 to 84
percentiles.

5.3.2 Flux-related effective dispersion coefficient

A key problem of traditional spatial moments anlys that these moments are directly
affected by spatial variability of advection, whishnot a mixing process. Even though plume
meandering is corrected for in effective dispersithe advective squeezing of plumes in
high-velocity regions and the stretching in loweaty ones leads to changes in second
central moments that are not directly related tgimgi. In particular for plumes with finite
initial width, effective dispersion includes a cooment of uncertainty in streamline positions
rather than mass exchange between streamlinesdém to quantify the lateral exchange in



126 Relevance of local compound-specific transversped&on for conservative and reactive mixing in
heterogeneous porous media

terms of volumetric flux rather than spatial cooate, we therefore suggest taking
normalized flux-related lateral moments defined as:

TwC(¢,w)dw

My (@)= S4—— (5.13)
[clp.w)ay

[ -Ma)fFcp.p)i

M e (9) =2

- (5.14)
[clp.w)dyw
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Figure 5.4: Flux-related second central transverse spatial muisieof a conservative
compound normalized by the value at the sourcedfl Red: low transverse dispersion
coefficient; blue: high transverse dispersion coefht. Bold lines: median; shaded regions:
16 to 84 percentiles.

Using the flux-related second central moment, ffeceof the local transverse dispersion
coefficient being compound specific is more prormadh(Figure 5.4). This is so, because the
traditional spatial transverse moments are affedigdplume squeezing and stretching,
introducing additional uncertainty, independentlafal transverse dispersion, whereas the
flux-related moments are not. In Figures 5.3 ardvite show the relative values of the two
second moments considered (i.e.ocMlacin and MpdMgecin, respectively). While the
increase of the median of the second central momedtof the flux-related second central
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moment has similar slopes, the ranges of the 1peBdentiles are much narrower in the flux-
related measures (Figure 5.4) than in traditionain@nts analysis (Figure 5.3).

In analogy to the framework in Cartesian coordisatee can define an effective dispersion
coefficient based on the flux-related second cénanent:

D, = (V) Dd<|\/|qzc>

“ 2 (5.15)

in which the scaling by > results from the transformation of the stream-fiomcvaluey to
lateral spatial coordinates.

Table 5.1 lists the values of the flux-related eiffexdispersion coefficients for the four
different cases considered. The major differenceth® traditional effective dispersion
coefficient is the significant reduction of uncemtg, highlighting that a flux-related
framework is better suited to quantify lateral mxithan traditional moments analysis [see
alsoRahman et a).2005].

5.3.3 Scalar dissipation rate

The scalar dissipation rate 1'CDOC of a conservative compound is a measure of
mixing related to the total flux of the concentoatisquared Beckie 1998] and thus the
concentration variance. In fact, if we multiply teady-state advection-dispersion equation
of a conservative compound (Eq. 5.2) by its conegioin and apply the chain rule of
differentiation, we obtain:

%D fvc? - DOC?)=-0"cboc (5.16)

The integration of this equation over the entiressrsection of the domain gives the total
flux of the concentration squaredcf; As discussed belowDe Simoni et al[2005, 2007],
Bolster et al.[2009, 2010],Luo et al.[2008], Bellin et al.[2010] among others, related the
scalar dissipation rate to the reaction rate imctrea transport controlled by local dispersive
mixing.

As already mentioned, the mixing ratio is a conagve quantity, so that twice the change
of the total flux of the mixing ratio squaref?, is identical to the scalar dissipation rate. We
calculateFyx? by integrating the longitudinal advective and disive fluxes ofX* over the
entire cross-section of the domain. The resultstlier different heterogeneous fields are
shown in Figure 5.5, exemplifying that the fluxdgtee mixing ratio squared for compounds
with different local transverse dispersion coe#fids are distinct, even if they are close to
each other.

A Wilcoxon rank sum test confirms the statisticdledtence between the two results. Note
that the scalar dissipation rate does not dirdetig to a definition of an effective dispersion
coefficient, but there is an increasing interesstudying the properties of this quantity in
order to address mixing problems in complex hetenegus porous media [elge Borgne et
al., 2010aLe Borgne et aJ.2010b].
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Figure 5.5: Flux of the mixing ratio squared normalized by tfsue at the source &).
Red: low transverse dispersion coefficient; blughhtransverse dispersion coefficient. Bold
lines: median; shaded regions: 16 to 84 percentiles

5.3.4 Flux-related dilution index

The flux-related dilution index was introduced IRolle et al. [2009] and further
developed byChiogna et al[2010c] in order to transfer the concept of voltmeedilution
index [Kitanidis, 1994] to measure dilution of steady-state plunteseloping from
continuously emitting sources. In illustrative ternt quantifies the effective volumetric flux
over which a given solute flux is distributed. Itwao-dimensional domain it is defined as:

0

EQ(X)=exx{—T pQ(x)Eﬂn(pQ(x))qx(X)dg (5.17)

in which the flux-related probability densipy is defined as:

C(x)

Po (X) =5
[ a,(x)e(x)dy

0

(5.18)

The reactor ratio is the normalized form of the<fhelated dilution index defined as:
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E,(x)
M 0 (X) = Q (5.19)
X
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Figure 5.6: Reactor ratios. Red: low transverse dispersion facieht; blue: high transverse
dispersion coefficient. Bold lines: median; shadegions: 16 to 84 percentiles.

Figure 5.6 shows values of the flux-related dilatimdex for all settings and both
compounds as a function of dimensionless distaBouilarly to what we observed for the
other measures of mixing, the results indicate aump-specific differences between tracers
with different local transverse dispersion coe#ius.

Averaging the values of the flux-related dilutiordéx over the ensemble of realizations,
we obtain a flux-related dilution index, which shew similar dependence on distance as in a
homogeneous equivalent system. Therefore, we canhastwo-dimensional formulation of
the semi-analytical expression given Ghiogna et al.[2010c] to estimate a value for an
effective transverse dispersion coefficient (EQ03, using a best fit procedure (e.g. Nelder-
Mead simplex algorithm).

Eo(D,)=wa,|1- (5.20)

The values of the calculated effective transverspaision coefficients, for compourid
and B, are listed in Table 5.1. Like for the previousasies of mixing, these up-scaled
values ofD; reflect differences of transverse dispersion atlidical scale.
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5.3.5 Discussion of conservative transport results

In the previous sections, we have quantified dilutof conservative tracers by different
tools. All measures and all settings confirm théctive dispersion coefficients, quantifying
transverse mixing in heterogeneous domains, shaatbunt for differences of aqueous
diffusion coefficients among different compounds)east in cases of low to moderate log-
conductivity variability. Even in the case of higbnductivity contrasts (e.@n«=3.2), the
macroscopic solute mixing is affected by the ddferes in the aqueous diffusion coefficient
at a statistically significant level. In highly valble media, however, the uncertainty of mixing
caused by heterogeneity may be higher than thersgsic difference caused by different
molecular diffusion coefficients.

The results obtained for the effective dispersioefficients derived by the flux-related
dilution index and the flux-related second centnaiments are affected by a lower uncertainty
than those based on traditional spatial moments dutcome can easily be explained by
advective plume squeezing and stretching whichctffstandard spatial moments, but is
corrected for in the flux-weighted schemes. Howetlierresults presented in Table 5.1 show
that for binary fields the effective dispersion ffimeents derived with the three different
methods are consistent (i.e. similar mean valugsgreas more pronounced differences are
obtained for the Gaussian equivalent cases. ThdBmedces can be explained by the
different weight given to low concentrations in qmuiting second central moments and the
flux-related dilution index (Egs. 5.11, 5.14, 5.1The main advantage in using an effective
dispersion coefficient derived from the flux-reldtdilution index is that it is affected by a
lower variability than the values obtained analgzine second central moments of the plume.
The effect of flow focusing in high permeabilitycinsions is important, leading to an
increase of approximately two orders of magnituoi®agared to the pore diffusion term of the
local hydrodynamic transverse dispersion coeffici€@onsidering the results presented in
Table 5.1, we can notice that a higher variancéhe conductivity field leads to a higher
enhancement factor.

Binary GaussianEquivalent Binary GaussianEquivalent
KRratio= 100 KRraioc= 100 KRatio= 25 KRratio= 25

[Eff2e<_:1t]ive Disp.  Geom.mean G,y Geom.mean Gy ~Geom.mean Gnpy Geom.mean Ginpoy
m?s

Second central

moment

Dy jow CaSe 5.4x10° 1.9  7.9x10 1.9 2.9x10 1.9  2.4x10 1.9
D high CaS€ 7.0x108 1.9  9.0x1C¢ 1.9 4.0x16 1.9  3.4x10 1.9
Flux-related

second moment

Dy jow CaSe 5.9x10° 0.2  6.0x10 0.9 2.5x10 0.1 2.2x10 0.7
D high CaS€ 7.3x10° 0.2 6.3x10 0.9 3.5x10 0.1  2.6x10 0.7
Flux-related

dilution index

Dy jow CaSE 6.0x10° 0.1  8.9x10 0.8 2.6x10 01  2.7x10 0.3
D high CaS€ 7.4x10° 01  9.7x10 0.8 3.5x10 0.1  3.4x10 0.4

Table 5.1:Values of the field-scale effective transverseatspn coefficients obtained from
different measures of dilution. & represents the case for compound A (i.e., lowevaiu
Dag) and Dnigh represents the case for compound B (i.e., highevaf 0Oy).
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Hitherto we have focused our attention on the niesdravior of these measures of mixing
and we have observed that they are all affectea@ logrtain degree of uncertainty, which
arises from the variability and uncertainty of tienerated log-conductivity fields. In fact, in
single realizations, the compound-specific locapdision coefficient always influences the
degree of mixing of the two compounds: the one withlower aqueous diffusion coefficient
always undergoes less mixing than the species lgher D, In Figure 5.7 we show an
example of the flux-related dilution index computied single realizations. Figure 5.7 also
shows that, in the binary case, the flux-relatédtidin index of the single realization behaves
similarly to a homogeneous case (or the ensembln)nehowing the expected square root
increase (Eq. 5.20) already after a few correlatlemgths. On the contrary, in the Gaussian
equivalent cases the step-like behavior indicdtasgermeability contrasts of some orders of
magnitude act as hot spots of mixing.
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Figure 5.7: Reactor ratios for a single realization.

5.4 REACTIVE TRANSPORT

In this section, we focus our attention on mixirgrolled reactive transport, trying to
extend the concepts discussed for conservativersao reactive systems. Like before, we
discuss alternative measures of mixing, this timehe context of reactions triggered by
mixing of reactants.
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5.4.1 Length of steady-state reactive plumes

A parameter of utmost importance in practical aggtlons is the length L [L] of a reactive
plume, i.e. the distance from the source wherectireentration of a contaminant becomes
zero. The length of a steady state plume is impbria groundwater risk assessment at
contaminated sites. We performed numerical simadatito investigate the effects of
compound-specific local transverse dispersion enléhgth of a reactive plume in the same
heterogeneous flow fields as used for conservdtamsport. The results of the analysis are
summarized in Table 5.2, where we report the geacn@iean of the plume length computed
over the ensemble of realizations and the standevéation of its logarithm. Neglecting the
compound dependence of the local transverse dispec®efficients of the two reactive
species (e.g., an organic substrate and an eleccopptor in a microbially-mediated
oxidation-reduction reaction), we either overestenar underestimate the plume length (D
specific case). The latter was obtained using the compspedific local dispersion coefficients
and applying the iterative solution procedure descrin Algorithm 5.1. In cases where we
attribute the same local transverse dispersionficeaft to both reactants and hence we use
the solution presented in section 5.2.3 for thetrea problem, we overestimate the plume
length when using the low&,q for both reactants (indicated with &) or underestimate it
in the other case (indicated with; Ry,). The differences are also evident for individual
realizations: Figure 5.8 shows examples of stegale seactive plumes in the different flow
fields. The blue contour line shows the outlingh# injected reactive plume éfin case of
D nigh, the red line in case ofikdw, While the green region shows the plume computitid w
the compound-specific local dispersion coefficie(@s speciid. These results illustrate the
relevance of a compound-specific parameterizatioloaal transverse dispersion in order to
correctly estimate the length of a contaminant @uRrom Figure 5.8 and Table 5.2 it is also
clear the influence of the variance of the condutgtifield on the plume length: an higher
variance (i.e., Binary and Gaussian equivalenti§i@lith Kraic=100) leads to shorter plumes.

Binary KRati°= 100 Gaussian equivalent KRati°= 100
3.0 3.0
E1s :J\-M E15 :Cr_?
- =
0.0 0.0
50 100 50 100
x [m] x [m]
Binary KRati°= 25 Gaussian equivalent KRati°= 25
3.0 30
E15 \TF'—W E15 W
-~ -~
0.0 0.0
50 100 50 100
x [m] x [m]

Figure 5.8: Example reactive plumes of the injected compourigedl. line: plume outline for
Dt ow; blue line: plume outline for Qign; green area: plume extent for Recirio



5.4 REACTIVE TRANSPORT 133

5.4.2 Measures of reactive mixing

In this section, we extend the concepts to quathiydilution of a conservative tracer to a
reactive system. Particular emphasis is put orirttheence of compound-specific effects. In
the following, we focus our attention on the flwedated dilution index and the scalar
dissipation rate and we discuss how these measarebe related to the length of a reactive
plume. The flux-related dilution index is chosercdngse it provides the approximation with
the lowest variance for an effective transverseeatision coefficient in the conservative case
(Table 5.1), while the scalar dissipation ratedkested since it has been often related to the
reaction rate in mixing-controlled reactive trandpfe.g., De Simoni et al.2005, 2007,
Bolster et al. 2009, 2010l uo et al.,2008;Bellin et al, 2010].

For conservative tracers, the flux-related dilutindex captures the compound-specific
behavior leading to reliable and distinct up-scalephersion coefficients for different solutes.
The flux-related dilution index can also be linkiedthe case of mixing-controlled reactive
transport. Conceptualizing a homogeneous equivagstem with identical reactive plume
length [Chiogna et al. 2010c], we can defina posteriori(i.e., after performing a reactive
transport simulation with defined local dispersawefficients in a heterogeneous domain) an
effective dispersion coefficient for a reactivetsys:

v w2
16L [ﬂnverf(xcm )2

Dteff = (521)

in which Xt [-] expresses the critical mixing ratio as defilgdCirpka and Valocchj2007].

Table 5.2 lists the computed values e for the case of compound-specific local
transverse dispersioD(speciig and the cases with identical local dispersionffanent for
both compounds; ow andDx hign).. The values oD, ¢ calculateda posteriorifor the reactive
simulations in the different heterogeneous flovidBefor the cases dd; ow andDx nhigh (Table
5.2) are in very good agreement with the resultsinobd from the conservative transport
cases based on the flux-related dilution index [@dhl). On the contrary the value of
Dy speciicCan not be predicted from conservative transpanukitions and will depend on the
stoichiometry of the reaction and on the conceiatnatof the reacting compounds. However,
as shown in Table 5.2, the value Dfspecific Calculated considering the different local
dispersion properties of the reactants always Iedetween the effective dispersion
coefficients obtained neglecting these effeBiso{, andD:x high).

Furthermore, the flux-related dilution index allows derive {Chiogna et al. 2010c] a
critical dilution index (CDI), which is the crititavalue of dilution needed to consume a
contaminant plume upon mixing with ambient water:

Eo(0)
X

CDI =Ey(L)= exp(l/2) (5.22)

crit

The CDI for the O ow and D nigh cases is computed from the conservative transport
simulation, considering the value of the flux-rethtdilution index at a distance L from the
source, i.eEq(L). This approach is not directly applicable for tdase of compound-specific
local transverse dispersion because the two reacteould experience a different degree of
dilution at the plume length (i.e., different values oEqg(L)) if they were transported as
conservative tracers. Instead, we test whetheditgersion coefficientsD; o and Dy hign,
computed from the values of the flux-related dduatindices for conservative transport of
compoundsA andB (Table 5.1), are good predictors of mixing-corig@dIreactive transport in
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an equivalent homogeneous system. That is, we dpglyiterative procedure outlined in
Algorithm 5.1 to a homogeneous flow field usibgiow and Dy nigh, cOmputed as discussed
above, as local transverse dispersion coefficiehtsompoundsA and B, respectively, and
compare the length of this reactive plume to theraye length obtained in the heterogeneous
cased (Dx specifig- The outcomes of these simulations are in pedgotement with the mean
values forL(D: speciig presented in Table 5.2. Hence we can conclude thea up-scaled
parameters derived from the flux-related dilutindex of the two conservative species can be
successfully applied for compound-specific reactikensport simulations to estimate the
length of a reactive plume.

As shown in Section 5.3, the scalar dissipatioe ratalso a good measure of dilution.
Various authors have used this quantity to rellageproperties of a conservative component,
such as the mixing rati¥, to a reactive systenDE Simoni et a).2005, 2007Luo et al,
2008;Bolster et al. 2010; among others]. These approaches requitalihspecies involved
experience the same local dispersion (implying tidahaqueous diffusion coefficient of the
different reactive species).

If we apply the chain rule of differentiation tcetlgradient of the product concentration
in Eq. 5.3, we obtain:

9C,

0c,. =
¢ X

OX (5.23)

Substituting Eq. 5.23 into the advection-dispersigaction equation of the reaction
productC. yields:

va‘&mx—D[ﬁDaCC ij:rc (5.24)
X X

After some transformations, it can be shown [Bg.Simoni et a).2005] that:

2
- %)fg OXTDOX =r, (5.25)

expressing that the reaction rates depends onett@end derivative of the reactive species
concentration with respect to the mixing ratitimes the scalar dissipation rate.

Substituting Eq. 5.25 into Eg. 5.24 and integratioger the entire cross-section
perpendicular to the mean direction of flow yie[il® Simoni et aJ.2005, 2007Bolster et
al., 2010]:

dF” _ ‘I 0°C.

™ 2 OX"DOXdy (5.26)

00

whereFc® is the total flux of the reaction product. It miag worth noting that the rate of

increase of the product mass flux is consistent wie rate of increase of the entropy of the
system Kitanidis, 1994;Beckie 1998;Chiogna et al.2010c].
If the dependence @¢ on X was strictly quadratic, the following identity widihold:
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dF _ _o°C . dFg
dx X2 dx

(5.27)

For non-quadratic relationship8c(X), the total fluxes ofCc and X? still might be
approximately proportional to each other. ApproxXioas equivalent to this one were made
in the above cited studieB¢ Simoni et a).2005, 2007t.uo et al, 2008;Bolster et al. 2010].
Then, the flux of the mixing ratio squared can Iseduas a measure of mixing in reactive
systems, too, and present another link betweennixeng properties of conservative and
reactive species.

We can define the end of a steady state plumeeédirgt point along the groundwater
flow direction at which the mass flux of the protd#e " [MT?] will reach its maximum
value:

d FCC tot

FCC tot (L) — maX(FCC tot) — dX

=0 (5.28)

L

Therefore, in relating mixing properties of consgive and reactive systems and in
analogy to the concept of critical dilution indeRhiogna et al. 2010c], we may define a
critical value for the flux of the mixing ratio saredFyx’ The results of the simulations for the
different heterogeneous fields are reported in & 8.

Both the flux-related dilution index and the mdss fof the mixing ratio squared are good
measures of mixing in reactive systems. They dlswvadentifying, with little uncertainty, a
critical value of mixing necessary to consume actiea tracer plume but they require
identical local mixing behavior of all reactants detablish a unique relationship between
conservative dilution and reactive mixing. Howewahile, the mean value of thaitical
mass flux of the mixing ratio squared is affectgdan higher degree of variability between
the different explored scenarios, the mean valuéhefcritical dilution index is practically
constant between the four heterogeneous flow fiatus for theD; jow and Dy nigh cases and
equals the expected result given by Eq. 5.22 (Tal@e This can be explained since the value
of critical dilution index given by Eq. 5.22 doestrdepend on any transport parameter, but
just on the mass flux of a contaminant at the sog(0)) and the critical mixing rati®i.

5.5 CONCLUSIONS

In this work we analyzed and compared different sneass of dilution and mixing through
numerical simulations of transport in heterogenetliaw fields. We have restricted our
analysis to conservative and mixing-controlled teactransport in cases of continuous
injection of solutes under steady state flow anangport conditions. The following
conclusions can be drawn from the results of thegleling study:

1) Measures of dilution calculated in a flux-relatedniework allow an improved
guantification of mixing processes in porous medig@omparison to measures based
on conventional second central spatial moments.r&belts of our simulations show
that quantities such as the flux-related second embrand the flux-related dilution
index describe effective dilution processes withmtrference by purely advective
mechanisms such as plume meandering, squeezingpagading. As a consequence,
the flux-related measures are characterized by rg lv degree of uncertainty
resulting in robust estimates of mixing-effectivansverse dispersion coefficients. In
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Binary GaussianEquivalent Binary GaussianEquivalent
Kratic= 100 KRratio= 100 KRratio= 25 KRatio= 25
Geom.mean Oy Geom.mean gy, Geom.mean g, Geom.mean gy,

Plume Length

[(m]

Diow Case 28 0.2 20 0.8 66 0.1 64 0.4

D speciicCase 24 0.2 18 0.9 51 0.1 53 0.4

Dinigh Case 22 0.2 17 0.9 48 0.1 50 0.4

Geom.mean Onpy Geom.mean o,p, Geom.mean ooy Geom.mean G py

Effective disp.

[m?s™]

D jow Case 6.1x10° 0.2 8.3x1¢ 0.8 2.6x10 0.1 2.7x10¢ 0.4

DispeciicCase  7.1x10° 0.2 9.2x10 0.9 3.3x10 0.1 3.2x10 0.4

Dt high Case 7.4x10° 0.2 9.5x1¢ 0.9 3.5x10 0.1 3.4x10 0.4
Geom.mean Oincpy Geom.mean Gj,cpy Geom.mean gj,cpy Geom.mean Gy cp

CDI [m%Y]

Dy ow CaSe 2.06x10° 0.05 2.06x10  0.18 2.06x10 0.03 2.07x10  0.10

D high CaS€ 2.06x10° 0.06 2.04x10  0.18 2.06x10  0.04 2.06x10  0.11

Eq. 5.22 2.06x10° 2.06x10° 2.06x10° 2.06x10°

Geom.mean Oinrxy Geom.mean Opexy Geom.mean oy Geom.mean Opgxy

(sz)crit [ms-l]
Dy jow CaSe 4.63x10° 0.03 4.73x16  0.14 4.78x16  0.01 4.87x10  0.03
Dy high CaSE 457x10° 004 4.75x16  0.16  4.72x16  0.02  4.84x18  0.04

Table 5.2: Geometric means of the reactive plume lengths df_the effective dispersion
coefficient, of the critical dilution index (CDI)nd of the critical flux of the mixing ratio
squared. [dow, Dmigh and Dspecific represent the case of local low dispersion coieffits for
all the species, local high dispersion coefficiéot all the species and local compound-
specific dispersion coefficient, respectively.

2)

3)

4)

particular, as shown in Section 5.4.2, the effectransverse dispersion coefficients
derived from conservative transport simulationsxgghe flux-related dilution index
can be directly applied for the description of teec transport modeling in
homogeneous equivalent systems.

The experimental evidence of compound-specificlldspersion of dissolved species
with different aqueous diffusion coefficients isillstelevant at field scales. In
particular, for moderate to low heterogeneity fldiglds the compound-specific
behavior is significant not only in each individuatalization, but also in a
probabilistic average sense. The mean behavior thesrensemble of realizations
leads to the identification of effective up-scalpdrameters that still reflect the
compound-specific local-scale properties.

In mixing-controlled reactive transport, some o firoposed measures of dilution of
a conservative solute such as the flux-relatediditundex and the flux of the mixing
ratio squared allow to quantify reactive mixing.itiCal values of these measures
identify the amount of mixing required to consumeeactive plume and are directly
related to the length of a steady state plume, ranpeter of major importance in
practical applications.

A consistent way of upscaling transverse mixing nmxing-controlled reactive
transport of compounds with different aqueous diffa coefficients is to evaluate an
effective transverse dispersion coefficient of eacmpound from dilution-based
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measures in conservative transport, and to apmgettcompound-specific effective
transverse dispersion coefficients to mixing-caig reactive transport in the
equivalent homogeneous medium. Of course, it i® giessible to evaluata
posteriori a mean effective transverse dispersion coefficiéot all reacting
compounds that matches the reactive plume lendils. Value must be between the
effective coefficients of the two reactants. Howetee weighting of the two effective
coefficients will depend on the stoichiometry o tleaction and the concentrations of
the reacting compounds.

This study points to the need of considering theallscale compound-dependent
transverse mixing also in studies at field sca$east when mixing controlled reactions are
in the focus. We assess that numerical codes amhttg developed analytical methods for
reactive transport based on the use of the mixatg fe.g.,De Simoni et al2005, 2007;
Cirpka and Valocchi2007;Luo et al, 2008;Bolster et al.,2010] may need to be further
developed in order to capture this effect.

The possibility of identifying effective measures roixing and, in particular, the link
between dilution of conservative and reactive sgmecishould be explored beyond the
assumptions of the present study: including, fatance, transient conditions, different
dynamics of compound release and more complexiogakinetics. The present study also
showed the advantage of working in a flux-relatedmework when attempting to
quantitatively describe transverse mixing proces$kesting solute transport in porous media.
We think that further developments in this directad theoretical concepts, numerical studies
and possibly also experimental techniques (e.dn-hegolution measurements of mass fluxes)
will contribute to advance our capability to undansl and describe mixing processes in
complex subsurface environments.
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Conclusions

The correct definition and quantification of aneetive transverse dispersion coefficient
at the field-scale is of primary importance in artteimprove our capability to quantitatively
describe reactive transport in aquifer systemdadt, for plumes at steady state, transverse
mixing is usually the process which limits degraoiabf the dissolved contaminants. The aim
of this work was to investigate in detail the prsses at the Darcy and at the field-scale which
control transverse mixing. In the following, theimautcomes of this study are summarized.

 Flow focusing and transient flow as enhancementofacfor mixing Laboratory
bench-scale experiments allow to quantify the e of different physical
processes better than field-scale experiments dimeeexperimental conditions are
easier to control. The results presented in th& f¥hapter demonstrate what was
suggested byVerth et al.[2006]: flow focusing in high-permeability inclusis
significantly enhances mixing of conservative amdctive tracers. Moreover, the
extent to which the reactive fringe is focused ar®bly contributes to the degree of
mixing enhancement. This depends on the sourcehwidé geometry of the porous
medium, on the permeability contrast between tleoaanding porous matrix and the
high-permeability inclusions and, in particular, their location. In the limiting case
where a plume is just affected by meandering buloi#s not pass through a high-
permeability zone, the heterogeneous nature offigheé may even have a negative
effect on mixing, as shown in Chapter 2. Comparedhe effect of non-stationary
flow conditions, flow focusing is more effective iarms of dilution enhancement of
non-sorbing species, since oscillating flow fielamly cause local mixing
enhancement where the groundwater flow changegsiitsipal direction. Based on the
outcomes of the experimental study presented inptéhal, and its quantitative
interpretation through a forward model, a furtherastigation of laboratory and field-
scale synthetic scenarios was presented in Ch@pt€he outcomes of this second
study regarding flow focusing as enhancement fafdordilution and mixing has
shown that an effective transverse dispersion woefit higher than the local-scale
one has to be expected in heterogeneous field-stateins. These results are in
agreement with the evidences reported in the titegafor high-resolution field-scale
studies [e.gPrommer et al.2009].

* New measures of dilutiohree new measures of dilution have been introduced
this work: the flux-related dilution index (based the concept of dilution index
introduced byKitanidis [1994]), the flux-related second moment (based tloa
concept of effective dispersion introducedHKitanidis [1988] andDentz and Carrera
[2003]) and the critical dilution index. The firso refer to mixing of conservative
tracers while the third one addresses reactivel@nma In Chapter 1, we observed the
advantages of the use of the flux-related dilutiotlex with respect to the second
central moment in an experimental heterogeneoup sethere steady state conditions
apply and there is a continuous injection of adraiVhile the second central moment
analysis fails in capturing the points of majouton in the medium, the flux-related
dilution index is able to quantify the mixing enlkament due to flow focusing in
high-permeability inclusions. The introduction offarmation about the mass fluxes
drastically improve the quality of dilution meassiréeading to a significant drop in
the uncertainty of the effective transverse disparsoefficients related to those
quantities. This is particularly evident for thenfirelated second moment analysis:
compared with the standard second moment analysisniprovement presented in
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Chapter 5 is evident. The property of the flux-tredhdilution index to capture in an
effective way both the local effects of Darcy-scdispersion as the effects of flow
focusing in high-permeability inclusions is refledt in the effective dispersion
coefficient that we can derive from this quantifhis parameter is in very good
agreement with the required effective dispersioeffodent to simulate reactive
transport, as shown in Chapters 2 and 5, whiletieerelated with the moments of the
plume underestimate this parameter. It has to h&aty that, the values for the
effective dispersion coefficient derived from theixtrelated dilution index is
generally in very good agreement with the transrelispersion coefficients used in
field-scale modeling studies [e.drtind and Hokkanen1987;Prommer et al. 2006
and 2009]. Furthermore it has been possible totffiyahe amount of mixing required
to completely extinguish a contaminant plume. Thisantity was called critical
dilution index and it was defined for instantanebusolecular complete reactions. As
shown in Chapters 2 and 5, flux-related and ctitidaition indices are directly related
and through their analysis it is possible to linkain effective way conservative and
reactive mixing. Both these quantities are basethertoncept of information entropy
of the plume. This approach in comparison to treditional moment analysis,
provides new and improved insights in terms of dp8on of mixing processes.
Another quantity considered to measure dilutiothes scalar dissipation ratBgckie
1998], which is related to the rate of increasehef dilution index Kitanidis, 1994],
of the flux-related dilution index(hiogna et al. 2010] and to the mass flux of a
reaction product [e.de Simoni et a).2005]. However, the main disadvantage of the
dissipation rate is that it does not lead to aeaife dispersion coefficient for field-
scale simulations.

Compound-specific local transverse dispersion ooefft. Laboratory bench-scale
experiments are fundamental for the verificationtloéories and to improve our
process understandin@$wald and Kinzelbagt2004]. In Chapter 3 we used them to
verify if the classical representation of transeeraechanical dispersion given by
Scheideggef1961] was able to correctly predict the dispersbehavior of tracers
characterized by different aqueous diffusion ceedfits transported in the same
porous medium. The outcomes of multi-tracer lalmgatbench-scale experiments
showed that local transverse dispersion is compapedific even at high flow
velocities, where the mechanical dispersion terrthésdominant one and the same
dispersive behavior was expected for different commgls. Hence different aqueous
diffusion coefficients lead to different physicaisplacements of the solutes. This
behavior is not only reflected, as expected, ingbee diffusion term but also in the
mechanical dispersion term. The theoretical apprdacthis problem proposed by
Bear and BachmdtL967], predicted a similar effect which was paesenized through
the introduction of a function of the Péclet numimethe mechanical dispersion term,
but no experimental evidences were provided in rotdeverify this specific point.
Furthermore it was confirmed that local transvedsgpersion does not increase
linearly with the flow velocity, in agreement wigitevious experimental works [e.qg.,
Klenk and Grathwohl2002; Delgadq 2006; Olsson and Grathwohl2007]. These
results are particularly important in order to captthe behavior of reactive species
with different aqueous diffusion coefficients (eaxidation of hydrocarbons) and
point to the need of considering compound-spedfgpersion coefficients both in
numerical codes as well as in analytical methodsdactive transport.
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Effects of compound specific transverse dispersiomeactive transport and isotope
fractionation.In the experiments presented in Chapter 4 we fatose attention on

the effects that the newly introduced parametaamabf local transverse dispersion
has both on conservative as well as on reactivespi@t in terms of stable isotopes
analysis. We observed a significant fractionatibatbylbenzene isotopologues during
conservative transport at steady state. This effes particularly pronounced at the
plume fringe and contrasted with the common assiemphat physical processes only
provide a negligible contribution to isotope fraciation. The compound-specific
parameterization of local transverse dispersioffficoent introduced in Chapter 3 was
able to predict and to correctly quantify this beba Successively, bioreactive
experiments were performed in two subsequent stag@est oxic phase, and a second
phase with aerobic and anaerobic (i.e. ethylbenzawndation coupled to nitrate

reduction) degradation. The outcomes of the perddrmanalytical and numerical

reactive transport simulations of the differentexmental phases confirmed that both
the effects of physical processes (diffusion argpelision) and microbially-mediated
reactions have to be considered to match the obdeswotopic fractionation behavior.

Effects of compound-specific local transverse d&pa in field-scale scenariosn
Chapter 5 we investigated if the compound-spebti#ibavior of transverse dispersion
observed at Darcy-scale is still relevant at thedfiscale and therefore should be
considered in field-scale effective dispersion @ioeits. The outcomes of Monte
Carlo synthetic realizations of different heterogeus flow fields point to the need of
considering appropriate compound-dependent efieclispersion coefficients. All the
measures of dilution investigated for conservattvacers (i.e., second moment
analysis, flux-related second moment analysis,-felated dilution index and scalar
dissipation rate) captured the difference in mixthgt exists at the local-scale for
compounds characterized by different agueous diffusoefficients. This outcome is
of particular importance in case of reactive tramspnodeling: the assumption of
considering the same aqueous diffusion coefficiient different species led to a
systematic underestimation or overestimation oflémgth of a contaminant plume.
Moreover, an appropriate measure of mixing for tigacsolutes as the critical dilution
index provides a very good estimation of the amafnixing required in order to
completely extinguish a reactive plume. Furthermdrased on the concept of
homogeneous equivalent system introduced in Cheiteand 5, it is possible to
define an effective transverse dispersion coefiicfer field-scale studies able to both
correctly quantify the local-scale compound-specdifects and the field-scale flow
focusing effects.

Based on the results of this work and followingimilar approach based on both
experimental investigations and numerical modebhgdies, future research should
particularly address the following open problems:

Quantification of the enhancement factor due tavffocusing A practical relation to
quantify a priori the effective dispersion coeféiot based on characteristic properties
of the aquifer (e.g., statistic of the distributiaf conductivity values or the
characteristic values of high and low conductiibnes) is missing. This relationship
could find application in analytical expressionglithe one otiedl at al. [2005], or
Cirpka et al.[2006], which require an estimated value for thieaive transverse
dispersion coefficient at the field scale in orderpredict the length of a reactive
plume.
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— Generalization of the concept of critical dilutioimdex It would be worth to
investigate the applicability of the concept oftical dilution index for other kind of
reaction kinetics (e.g. Michaelis-Menten) and tglgpthis concept for practical
purposes such as assessing plume development apdfential remediation
interventions on the basis of modeling studies.

— Generalization of the compound-specific transvedispersion coefficient The
outcomes of the experiments presented in Chapteull be generalized performing
further experiments using different grain sizes ftire experimental setup.
Furthermore, we can not overlook, from a theoréfpant of view, the necessity of
finding a sound up-scaling theory from the por¢hi Darcy-scale able to explain the
results of the experimental study.

- Implementation of new laboratory bench-scale expents The investigation of
(compound-specific) mixing processes in three dsimaral porous media has not
been addressed yet in a comprehensive way neitbier the experimental nor from
the theoretical point of view. A new set of thramensional laboratory bench-scale
experiments could hence lead to new interesting iemgbrtant insights about the
processes which control mixing in transverse dioact

— Development of new analytical solutiorighe introduction of a compound specific
transverse dispersion coefficient requires a dgretmnt of the actual (semi-)analytical
methods for reactive transport based on the corafepixing ratio [e.g.Cirpka and
Valocchi 2007;De Simoni et aJ.2005] in order to obtain a more general solutmn
the problem.

The topic of mixing and reactions in porous mediaspnts many intrinsic difficulties,
especially when dealing with problems at the typiedd-scale. This work added some new
insights on the understanding of mixing and mixawgirolled processes by means of well-
controlled high-resolution laboratory experimentsl aaumerical simulations at the Darcy-
and field-scales. Furthermore, an attempt was rtageopose and develop new concepts and
measures in order to improve our capability to dbscand quantify mixing processes in
complex heterogeneous porous formations.
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