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Abstract

Groundwater resources are very important to guarantee sufficient fresh water supply
worldwide. To ensure its quality, which is often endangered by natural and anthropogenic
hazards, existing risks and possible protection measures need to be adequately evaluated.
Mathematical models describing the transport of reactive solutes in groundwater are the key
tool for this evaluation. The models help to understand the complex system of coupled
physical and biogeochemical processes in the subsurface at different time and spatial scales.
The parameterization and operation of such models may raise difficulties as subsurface
properties are typically uncertain and computational costs for three-dimensional simulations
might be immense. The travel-time based models simplify the description of reactive
transport by replacing the spatial coordinates with the groundwater travel time, posing a
quasi-one-dimensional (1-D) problem and potentially rendering the determination of
multidimensional parameter fields unnecessary. This alternative approach is based on the
assumption that the location of stationary reactive fronts i.e. concentration profiles
correspond to certain groundwater isochrones which can be truth for ideal conditions that
avoid solute and groundwater mixing processes: stationary flow, constant and uniform
penetration of the groundwater and dissolved reactant across the entire inlet boundary, and
uniform spatial distribution of the biogeochemical parameters within the domain. Travel time
is defined as the time that a particle spent to achieve an observation point from the inlet
boundary and it is numerically measurable through the seepage velocity field and
conservative transport simulation. The stochastic behaviour of the flow field and the diffusive-
dispersive transport mechanisms confer random properties to the travel time, which are
expressed by local travel time probability density functions, pdf(r), at each location. The
corresponding mean travel time are commonly used as the independent variable in travel-
time based models. The main hypothesis of this thesis is that the chemical-compound
concentrations as function of time and travel time at each location can be a good
approximation to the spatially-explicit concentrations, even when non-ideal conditions may
affect the reactive behaviour. To test the validity of this hypothesis, several representative
test cases are considered in this work. These test cases are inspired by real-world
observations of surface water-groundwater interactions in the hyporheic zone, where
dissolved organic carbon, oxygen and nitrate infiltrate into the groundwater and trigger
aerobic and anaerobic degradation of organic matter by aerobic and denitrifying bacteria. In
a first study, six scenarios are analysed which are differing in the variance of log-hydraulic
aquifer conductivity and in the inflow boundary conditions. The results show that the
conceptualization of nonlinear bioreactive transport in complex multidimensional domains by
quasi 1-D travel-time models is valid for steady-state flow fields if the reactants are
introduced over a wide cross-section, and dispersive mixing is adequately parameterized.
Results from a second series of test cases focussing on transient time-periodic flow show
that a modified version of travel-time based reactive transport models is valid if only the
magnitude of the velocity fluctuates, whereas its spatial orientation remains constant. Finally,
in a third study, the model is used to simulate reactive transport in geochemical and
geophysical heterogeneous porous media, which request the use of the exposure time,
equivalent to the time of reaction between two or more reactants, instead of travel time. The
results show that the exposure-time models are able to provide good approximation of
nonlinear reactive transport problems when transverse mixing is not the controlling process
of the reactive system.
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Kurzfassung

Grundwasser ist eine bedeutende Frischwasser-Ressource weltweit. Um seine Qualitat, die
durch natirliche und anthropogene Gefahren vielerorts geféhrdet ist, sicherzustellen,
missen die bestehenden Risiken und mdégliche Schutzmalnahmen angemessen bewertet
werden. Ein wichtiges Instrument fir diese Bewertung sind mathematische Modelle, mit
welchen der Transport von reaktiven gelésten Stoffen im Grundwasser beschrieben werden
kann. Die Modelle helfen, das komplexe System von gekoppelten physikalischen und
biogeochemischen Prozessen im Untergrund in unterschiedlichen zeitlichen und raumlichen
Skalen zu verstehen. Die Parametrisierung und Anwendung solcher Modelle ist mitunter
schwierig, weil die Untergrundeigenschaften nicht vollstdndig bekannt sind und
Rechenzeiten flr dreidimensionale Simulationen immens sein kénnen. Verweilzeit-basierte
Modelle vereinfachen die Beschreibung des reaktiven Stofftransports, indem die
Raumkoordinaten durch die Verweilzeit des Grundwassers ersetzt werden. Dadurch ergibt
sich ein quasi-eindimensionales (1-D) Problem, das fallweise auch ohne die Bestimmung
multidimensionaler Parameterfelder gelést werden kann. Dieser alternative Ansatz beruht auf
der Annahme, dass sich stationdre Reaktionsfronten, d.h. Konzentrationsprofile entlang
bestimmter Isochronen der GrundwasserflieRzeit ausbilden. Dies gilt unter idealisierten
Bedingungen, d.h. wenn Mischungsprozesse des Grundwassers und darin geléster Stoffe
vernachlassigbar sind, die Grundwasserstrémung stationdr ist, der Stoffeintrag konstant und
uniform ist, und die biogeochemischen Parameter innerhalb des Modellraums raumlich
konstant sind. Die Verweilzeit ist definiert als die Zeit, die ein Wasserpartikel benétigt, um
von seinem Eintragspunkt am Modellrand den jeweiligen Beobachtungspunkt im Modellraum
zu erreichen. Sie kann mit Hilfe des Geschwindigkeitsfelds und einer konservativen
Transportsimulation numerisch leicht bestimmt werden. Aufgrund des stochastischen
Verhaltens des Strdmungsfeldes und diffusiv-dispersiver Transportprozesse ist die
Verweilzeit als Zufallsvariable aufzufassen, die durch lokale
Wahrscheinlichkeitsdichtefunktionen der Verweilzeit, pdf(t) beschrieben werden kann. Die
aus diesen Funktionen abgeleitete mittlere Verweilzeit wird in den Verweilzeit-basierten
Modellen allgemein als unabhéngige Variable verwendet. Die Haupthypothese dieser Arbeit
ist, dass die als Funktion von Zeit und Verweilzeit bestimmte Konzentration chemischer
Verbindungen an jedem Punkt des Modellraums eine gute Naherung flr die explizit
raumliche Konzentration ist - auch dann, wenn nicht-ideale Bedingungen herrschen und das
reaktive Verhalten der Verbindungen beeinflussen. Um die Glltigkeit dieser Hypothese zu
testen, werden verschiedene reprasentative Fallbeispiele betrachtet. Diese Fallbeispiele
basieren auf realen Beobachtungen von Oberflachenwasser-Grundwasser-Interaktionen in
der sogenannten hyporheischen Zone, wo geléster organischer Kohlenstoff, Sauerstoff und
Nitrat in das Grundwasser infiltrieren und den aeroben und anaeroben Abbau organischer
Substanzen durch aerobe und denitrifizierende Bakterien anregen. In einer ersten Studie
werden in sechs Szenarien unterschiedliche Annahmen bezgl. der Varianz der hydraulischen
und der Randbedingungen analysiert. Die Ergebnisse zeigen, dass die Konzeptualisierung
des nichtlinearen bioreaktiven Transports in komplexen multidimensionalen Modellrdumen
durch quasi 1-D Verweilzeitmodelle glltig ist bei stationarer Strémung, wenn die reaktiven
Verbindungen Uber einen breiten Querschnitt eingefuhrt werden, und dispersive
Mischungsprozesse angemessen parametrisiert werden. Die Ergebnisse eines zweiten
Fallbeispiels fur periodisch wechselnde Stromungsverhaltnisse zeigen, dass der reaktive
Stofftransport mit einem modifizierten Verweilzeit-basierten Modell korrekt beschrieben
werden kann, wenn nur die Héhe jedoch nicht die Richtung der Grundwasserstrémungs
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geschwindigkeit schwankt. In einer dritten Studie wurde zur Simulation des reaktiven
Stofftransports in geochemisch und geophysikalisch heterogenen porésen Medien ein
Expositionszeit-basiertes Modell eingesetzt. Die Expositionszeit berlicksichtigt die fur die
Reaktion zwischen zwei oder mehreren an der Reaktion beteiligten Stoffen zur Verfugung
stehende Zeit und ersetzt die Verweilzeit. Die Ergebnisse dieser dritten Studie zeigen, dass
es mit Expositionszeit-basierten Modellen mdglich ist, nichtlineare reaktive
Transportprobleme in guter Naherung zu beschreiben, solange die transversale Mischung
nicht der steuernde Prozess des reaktiven Systems ist.

- — —— - e e ]
A. Sanz-Prat Page 11




PhD Thesis: Validation of Travel-Time Based Reactive Transport Models

e e e e s s e e e e
A. Sanz-Prat Page 12



PhD Thesis: Validation of Travel-Time Based Reactive Transport Models

Contents
Pages
1. Introduction 15
1.1. Motivation 15
1.2. Hypothesis, objectives and structure of this thesis 16
2. Summary and outlook 19
2.1. Summary and general conclusions 19
2.2. Outlook 22
Bibliography 25
Appendix A: First publication 27

On the validity of travel-time based nonlinear bioreactive transport models in
steady-state flow

Appendix B: Second publication 47

Using travel times to simulate multi-dimensional bioreactive transport in time-
periodic flows

Appendix C: Third publication 67

Effects of nonlinear reactive-transport processes in physical-geochemical
heterogeneous media on the exposure time approach

e - - - - - - - - . - ]

A. Sanz-Prat Page 13



PhD Thesis: Validation of Travel-Time Based Reactive Transport Models

e T T e e T R AR I b e BT R et e e R e VA L B e N S T T DA e o A T T R Y R L A S W S e e eres v |
A. Sanz-Prat Page 14




PhD Thesis: Validation of Travel-Time Based Reactive Transport Models

1. Introduction

1.1. Motivation

Groundwater resources are increasingly intended for water uses that require excellent quality
standard. Such important resource is often endangered by natural and anthropogenic
hazards. In natural conditions, groundwater may present high toxicity levels due to water-
rock interactions in specific geological formations, microbial activity or mixing of water from
different sources. Figures 1 and 2 show the problems due to presence of arsenic (Acharyya
and Shah, 2007) and fluoride in groundwater (Wang et al., 1999) at regional dimensions.
Although main anthropological contaminant activities are originated in the surface (e.g.
wastewater discharge into surface waters, mining or landfills), groundwater is not exempt
from being affected by pollutants, which could persists given the difficulty to apply efficient
treatment methods. In some cases, soil layers act as shield or buffer of pollution alleviating or
suppressing negative effects on the aquifers; in other cases, pollution achieves the water
table, or it is induced by poor management of wells. These circumstances justify research
efforts to increase the understanding of the natural processes in the subsurface systems;
however, coupled physical and biogeochemical processes at different time and spatial scales
may be involved, and on occasions those are difficult to identify.

Owing to the lack of complete knowledge of the actual chemical interactions and their
consequences on the natural systems, an increasing number of investigations on reactive
transport processes have been conducted during the last decades. In this regards,
noteworthy is the quantification of interactions between environmental compartments tackling
multi-scale coupled processes to be solved numerical simulation. Fleckenstein et. al. (2010)
noted about the necessity of new reactive transport methods to solve upscaling
heterogeneity problems and their influence on biogeochemical processes in alluvial
ecosystems. This thesis is focused on the interactions between surface water and
subsurface interface.

INDIA
Kolkata)

[_JArsenic affectad ares,
2 Rangan) Coatfeid

Figure 1. Map showing arsenic-affected area in Figure 2. Distribution of fluoride concentration in the
West Bengal, India (Acharyya and Shah, 2007) groundwater aquifers in China (Wang et al., 2002)
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The reactive transport modelling is commonly based on the numerical solution of the
governing flow equation and the advective-dispersive transport equation. Among the main
challenges of reactive transport modelling are: to capture the scale dependence of the
control processes, and the spatial variability of the key model parameters in heterogeneous
media (Steefel et. al., 2005). In order to handle such limitations exist two main approaches:
deterministic models, in which the reliability of the results depends on the detail of
information available to represent spatial and temporal discretization of physical parameters;
and stochastic models, in which the physical parameters, source/sink term, or
boundary/initial conditions are defined as random variables or functions. In latter cases, the
governing equations of flow and transport processes are defined as stochastic differential
equations. Hence, the solution is also stochastic process expressed by probability
distribution functions or statistics moments (Samper and Carrera, 1990). The stochastic
modelling could be suitable in those cases where exhaustive or a priori characterization of
the natural system is not possible, or when prompt evaluation of the system is requested.

In the category of stochastic models, several numerical approaches based on travel- and
exposure-time as dependent and independent variables of the governing equations have
been developed in the past decades (Dagan and Nguyen, 1989; Goode, 1996; Simmons et.
al., 1982, 1995a, 1995b; Varni and Carrera, 1998; Ginn et. al., 1999, 2000, 2002; Cornaton
et. al., 2006; Seeboonruang et. al., 2008). Such studies provide the basis for representing
the spatial distribution of the groundwater age, and for solving conservative and reactive
transport problems based on the travel or exposure time models.

1.2. Hypothesis, objectives and structure of this thesis

The fundamental hypothesis to be tested in this thesis is that, under certain conditions, the
chemical-compound concentration traditionally estimated by the spatially-explicit advective-
dispersive method can be approximated by concentrations expressed as function of the
travel time and the simulation time. By posing a quasi 1-D problem, the computation effort
and the explicitly-spatial definition of physical-biogeochemical parameters are considerable
reduced. The main assumption behind this idea is that the concentration profiles of
geochemical systems overlap with the groundwater isochrones, which are defined as lines of
equal groundwater age mapped multi-dimensionally. It is truth when reactive systems are
linear, or when nonlinear chemical reactions satisfy strictly advective transport mechanism,
stationary flow systems, and spatially uniform bioreactive parameters. In contrast, when
groundwater and reactive solute mixing processes controls the reactive transport
mechanisms, the travel time is not able to capture the evolution of the reactive compounds,
no matter those are mobile or immobile.

The current manuscript aims to address the validation of travel-time models to solve
nonlinear bioreactive transport problems for those features and conditions that, albeit
enhancing the groundwater and reactive solute mixing processes, do not preclude an
accurate performance of the travel-time models. The thesis focuses on an aquatic ecosystem
that represents surface-groundwater interaction as the hyporheic zone. There, flow and
transport boundary conditions of the groundwater domain are sensitive to hydraulic and
meteorological events, as well as contaminant discharge on the surface water. The
bioreactive system under study represents the redox reactions that take place in a saturated
sandy aquifer when dissolved organic matter (electron donor), and dissolved oxygen and
nitrate (electron acceptor), are well-mixed and infiltrated from the surface water across the
whole inlet boundary of the model domain triggering aerobic degradation of the organic

m
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matter and denitrification. Both chemical reactions are catalysed by two non-competitive
bacteria populations, aerobes and denitrifiers.

The following steps provide the insights into the performance of travel time models. Rather
than comparing travel time simulation to a real case study or laboratory experiment, a 2-D
spatially-explicit model considered as the “virtual truth” provides freedom to design the
conceptual model according to the common features that enhance mixing processes into the
saturated groundwater systems:

i.  Map the travel time (equivalent to the mean groundwater age) in the 2-D domain.
i.  Simulate the 1-D nonlinear bioreactive transport problem.
iii.  Map the 1-D concentration with respect to the mapped travel time.
iv.  Simulate the 2-D spatially-explicit advective-dispersive model, as “virtual truth”.
v.  Estimate local residual errors at each position of the domain, along with the root
mean standard errors for the whole domain.

The scope of this work covers three main drivers of mixing processes: the hydraulic
heterogeneity, expressed by stochastic description of the hydraulic conductivity combined
with constant and transient transport boundary conditions; transient flow systems; and
coupled physical and geochemical heterogeneity. The content of this manuscript is
structured in the following sections:

o Section 2 summarize and compiles the general conclusions detailed in the Appendixes
and suggests the outlook of the author for further research topics that may give continuity
to the travel-time based bioreactive model applications.

o Appendix A discusses the effects of physical heterogeneity coupled with transient
transport boundary conditions on the travel time approach. For that purpose, a total of six
case studies are defined by the combination of three degrees of physical heterogeneity,
defined by the variance in the hydraulic conductivity field of value 1, 2 and 3; and the
continuous and diurnal fluctuation of mobile reactants injected across the whole
boundary.

e Appendix B analyses the performance of travel-time models when the flow system
undergoes time-periodical fluctuations. In transient flow systems, the mixing processes
may break down the application of travel time models. Here, the time-averaged mean
travel time, when the inflow rate suffers diurnal and seasonal fluctuations, can be a good
estimator of the transient bioreactive system. It is assumed that the flowpaths of the 2-D
domain remains constant, whilst the magnitude of the mean seepage velocity fluctuates.

e In Appendix C the concept of geochemical heterogeneity coupled with physical
heterogeneity is analysed. To handle the geochemical heterogeneity, travel time is
substituted by exposure time, which is defined here as the time that reactive compounds
are in contact and able to react. A binary physical-geochemical heterogeneous medium
defines reactive lenses of low hydraulic conductivity, and non-reactive matrix of high
hydraulic conductivity.

=
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2. Summary and outlook

2.1. Summary and general conclusions

The aim of this thesis is to improve the understanding of the conditions under which travel-
and exposure-time bioreactive transport models could be considered as a good
approximation to the traditional numerical methods based on spatially-explicit description of
the physical-biogeochemical parameters and the resulting dependent variables. Hence, the
chemical-compound concentrations commonly expressed as function of time and space in
multi-dimensional domains could be simplified as function of time and travel time (exposure
time), posing a quasi-one-dimensional simulation in stationary systems. Furthermore, the
substantial save in computation resources enables stochastic analysis to assess effective
values of key model parameters (e.g. by Monte Carlo simulations), which may manage the
uncertainty in their spatial description. The travel-time approach could be exact when strictly
advective transport is considered in steady-state flow and reactive properties are uniform in
the porous media. Nonetheless, the effects of transverse mixing processes may compromise
the application of the travel time models in nonlinear reactive systems. In this work the
system of biochemical degradation reactions typically occurring in groundwater is nonlinear
and controlled by Monod kinetic parameters. For this reactive system, the role of mixing
effects, the error that might be introduced through travel-time based models, and options to
account for these mixing effects are quantified and analysed. This is done for different model
setting with respect to principal features and boundary conditions of groundwater flow and
transport and solute and groundwater mixing processes: spatial variability of physical and
geochemical parameters, key variables of the model, as well as transient boundary
conditions in flow and transport processes.

The conceptual model of the test case characterizes usual interactions between the well-
mixed subsurface water masses, containing dissolved organic carbon (DOC, as electron
donor), dissolved oxygen and nitrate (DO, NO3, as electron acceptors) in saturated sandy
aquifers. Here, a two-dimensional domain represents the first five meters from the inlet
boundary where river water infilirates, as being prone to great biochemical activity. The
(nonlinear) kinetically-controlled reactive system is commonly found beneath the riverbed
when it is well connected with a shallow aquifer. Thus, the redox degradation of organic
matter by aerobic and anaerobic non-competitive bacteria populations triggers microbial
metabolism and redox zonation in the so-called hyporheic zone.

Hereafter, it is presented a brief summary of the work done and the most relevant findings
exposed in detail in the corresponding research papers.

The first study (Appendix A) analyses in total six scenarios of the aforementioned test case:
the variance of log-hydraulic conductivity defines three two-dimensional stochastic fields from
mild to middle physical heterogeneity; for which continuous injection and diurnal fluctuations
of the dissolved oxygen inflow concentration are considered. Each scenario is simulated by
the following mathematical frameworks:

e S PSSR e
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e Travel time accounting for strictly advective transport mechanism, in which the
independent variable is named kinematic age, or advective arrival time and represent a
unique value at each location (1-D model).

e Travel time accounting for advective-dispersive transport mechanisms, in which the
independent variable is named travel time, or mean groundwater age, and represent the
mean value of an inverse Gaussian distribution at each location. Two alternative
definitions of dispersion coefficient are evaluated: (i) a constant value for each location:
and (ii) an effective coefficient product of the parameterization of mixing processes based
on a positive linear correlation with the travel time (2x 1-D model).

e A conservative spatially-explicit transport model provides the necessary information to
produce the 2-D mapping of the travel time, later used for the 2-D mapping of the 1-D
concentrations with respect to travel time (2-D model).

e An additional simulation of the traditional spatially-explicit reactive advective-dispersive
equation is considered throughout this work as the virtual reference or “virtual truth’,
which is compared with the approximated estimations of the travel-time models (2-D
model).

In all the domains the mean travel time, hereinafter named travel time or mean groundwater
age, is successfully estimated by the two first temporal moments derived from the local
breakthrough curves generated in the conservative transport simulation (Harvey and
Gorelick, 1995). The spatial distribution of the mean travel time ratifies its strong dependency
with the flow field, by getting older in slow flowpaths and within low hydraulic conductivity
lenses. While the injected water penetrates into the domain, the age difference between
longitudinal neighbouring streamtubes becomes more evident. The location of the highest
values of the variance of travel time observed in the model domain, estimated by the third-
order temporal moment of the travel time local breakthrough curves, corresponds with
physical features and hot spots where two water parcels with considerable different age
signature mix. These transitory zones involve inaccuracies in the estimation of the
groundwater age, and consequently denote possible errors in the concentrations of
chemicals subjected to nonlinear reactions. Nevertheless, the small variability observed in
the 2-D spatially-explicit concentrations expressed as function of travel time suggests an
accurate estimation of the independent variable concerning to the test case. Regarding the
2-D mapping of the 1-D concentrations expressed as function of travel time, the mild
heterogeneous medium shows excellent fitting between the travel-time concentrations and
the “virtual truth”, whilst the scenarios with stronger heterogeneity provide moderate
deviations between the simplified approach and the results obtained in the spatially-explicit
model. Such deviations are more perceptible in the earlier transient periods of the simulation,
rather than in the achievement of stationary state.

The consequence of neglecting dispersive coefficients in strictly advective travel time models
is the increase of inaccuracies until the reactive system achieves the steady state; such that
in long-term stable ecosystems, the kinematic age could capture nonlinearity trends of the
reactive components. The results slightly improve when the 1-D model accounts for simple
values of local and constant longitudinal dispersivity in the governing equation. An optimized
version of the travel-time model considers the parameterization of the dispersive coefficient
in the two-dimensional domain described by a linear relationship, such that the mixing
coefficient increases with the mean groundwater age. The travel-time based predictions in
terms of the magnitude and the patterns of the reactive compound concentrations are

excellent, even before steady conditions are achieved. Nonetheless, the finding of the
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effective dispersive coefficients is subject to perform feasible conservative tracer tests in real
sites, or the setup conservative transport model able to handle with the adequate level of
hydraulic parameter’s uncertainty.

The diurnal fluctuation of dissolved oxygen concentration in the inflow is designed as a
sinusoidal curve reproducing similar dynamics in the net balance between photosynthesis
and respiration processes observed in the surface water (the peak of DO concentration at
midday, the valley at midnight, and the wavelength approximately third parts of the inflow
concentration in the continuous injection scenario (Diem et. al., 2013). As expected, the
diurnal perturbation is almost unnoticed by the microbial population with slow response
capacity, due to their small effective growth and decay rates selected in the present test
case. Nonetheless, there is an interest to test the potential errors on the estimated mobile
reactant concentrations (D0O). In comparison with the continuous injected scenario, temporal
dynamics in inflow concentration resulted in slightly higher errors maintained over time.

Take away message: travel-time models can provide extremely good agreement with
the “virtual truth” for an adequately parameterized dispersive coefficient when mobile
reactants are introduced over a wide cross-section, flow is at quasi steady state, and
uniform reactive properties; it is expected a good tendency when simple
conceptualization of dispersive coefficient are considered (Sanz-Prat et. al, 2015).

The second study (Appendix B) addresses the dynamic hydrological conditions that
commonly affect shallow aquifers well-connected with riverbeds. The natural fluctuations of
the seepage velocity induce temporal alterations in the local values of the mean groundwater
age, therefore also alters the corresponding estimated chemical concentrations. To assess
such effects in the travel time model, the study addresses the definition and evaluation of a
time-independent characteristic travel time as proxy of bioreactive transport in fransient flow
systems; in particular when the hydraulic field is affected by time-periodic fluctuations of the
inflow boundary conditions and the following assumptions are met: (i) the groundwater
storage is neglected in order to keep the magnitude of the seepage velocity uniquely affected
by hydraulic dynamics along the inlet boundary; (ii) the spatial orientation of the groundwater
flowpath are constant, whereas only the magnitude of the seepage velocity is adjusted by the
inflow rate at the boundary; otherwise, intervals of convergence-divergence among flowpaths
may cause meaningless counter-clockwise during the groundwater age tracking; (iii) the
value of the bioreactive parameters are uniform in the whole domain. Here, the test case is
analysed in the following mathematical frameworks of bioreactive transport:

e Conservative transport simulations accounting for (a) strictly advective and (b) advective-
dispersive transport mechanisms in: (i) steady flow, and (ii) time-periodic flow conditions.
Then, the kinematic age, and the local mean travel time at steady state can be estimated
and simultaneously compared with their corresponding mean (or time-averaged) value in
transient flow conditions (4x 1-D model; 4x 2-D model).

e Reactive transport travel time simulation accounting for advective and local longitudinal
dispersive coefficient in steady flow, for diurnal and seasonal fluctuations (b-i, 2x quasi 1-
D model).

o Spatially-explicit reactive advective dispersive simulation, considered the “virtual truth” of
the test case reproducing time-periodic flow conditions, for diurnal and seasonal
fluctuations (b-ii, 2x 2-D model).

s —
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The time-periodic feature of the transient flow one-dimensional and two-dimensional systems
clearly induces null variability of the mean travel time value, and the mean kinematic age, in
locations which values are integer of periodic fluctuations. Meanwhile, the in-between areas
exhibit maximal but acceptable variability values. In spite of differences and uncertainties in
the estimation of the independent variable, the four approaches provide similar results of the
time-invariant characteristic travel time.

The comparison between the simplified one-dimensional reactive transport model and the
two-dimensional “virtual truth” is excellent for mobile compounds. Regarding nonlinearities in
the immobile biomass components, small deviations are observed due to the slow response
of microbes to diurnal alterations. The resulting aerobic zonation increases or decrease at
the same time than seepage velocity, which causes a transition zone with presence of both
bacteria populations. However, the seasonality of flow rates provides a better spatial
differentiation between the two degradation pathways (location of aerobic and denitrifying
bacteria).

Assuming available transient flow information in real sites, by physically-sampled data or
statistically approximated, the time-averaged mean seepage velocity still could be estimated
and used in a stationary flow simulation expecting similar results to the traditional transient
flow simulation. Nonetheless, an important limitation of the proposed simplified model in real
applications is to obtain accurate representativeness of non-periodical hydraulic events that
define the transient flow system.

Take away message: the one-dimensional steady state simulation of the time-
averaged travel-time based model is able to effectively reproduce a multi-dimensional
time-periodic simulation of bioreactive transport problem when flow direction does
not change (Sanz-Prat et. al, 2016).

The third study (Appendix C) considers the coupled effect of physical and geochemical
heterogeneity of the porous medium. Both are defined in the presented work as binary
spatial property; such that highly heterogeneous reactive lenses, acting as quasi-infinite
sources of dissolved organic matter, which are embedded in an inert matrix with one order of
magnitude higher hydraulic conductivity. The principal novelty of this work with respect to the
previous ones is that the reactive properties are only spatially uniform in the reactive zones.
This assumption implies the use of the exposure time, defined here as the time that an
idealized water parcel is exposed to two or more reactive materials, as substitute for the
travel time. As expected, the difference between travel time and exposure time is more
evident the further it gets form the inlet of the domain. The modified test case is simulated for
the following mathematical frameworks:

e Exposure time based reactive transport simulation, for homogeneous and heterogeneous
domain (2x 1-D model).

e Conservative advective-dispersive transport simulation, to estimate travel time, mean
exposure time (hereinafter exposure time), and time difference at each location (2-D
model).

» Reactive transport spatially-explicit based advective-dispersive simulation, as the
reference case or virtual truth (2-D model).

Notice that the simplified approach is not able to reproduce concentrations corresponding to
non-reactive areas, which may cause overestimation of the chemical-compound

m
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concentrations. Although the uncertainty is significantly higher than in the first and second
studies, the exposure-time based model captures the same tendency and magnitude than
the “virtual truth” concentrations inside the reactive lenses. With the purpose to simulate
more realistic conditions, the test case is designed such that the reactions could take place
downstream the reactive lenses due to the excess release of dissolved organic matter not
consumed within the reactive lenses.

Take away message: the compound concentrations in the reactive zones estimated by
the multi-dimensional and highly heterogeneous spatially-explicit reactive transpori
model can be successfully replaced by the one-dimensional homogeneous exposure
time model, when quasi-steady state is achieved and reactive activity is clearly
restricted to certain locations (Sanz-Prat et. al, 2016 submitted).

In general, the ftravel- and exposure-time bioreactive transport models are good
approximations to the traditional numerical methods. The chemical-compound concentrations
in 2-D domains simplified as function of time and travel time by posing a quasi 1-D simulation
in stationary systems reduces significantly the computation effort a lot. The reduction of
computation effort offers an alternative, from small to large scale, to perform numerical
models as: uncertainty analysis in multi-dimensional stochastic flow and transport models;
calibration or sensitivity analysis of physical and biogeochemical parameters; or the
application for inverse models.

2.2 Outlook

The findings presented above prove that the performance of travel- and exposure-time based
reactive transport models in non-ideal circumstances deserves more thorough attention. As
the presented work was pretty much focused on one specific test case (the redox reactions
in the hyporheic zone), more diversified sets of real problems should be considered in future,
for instance, different sorts of coupled physical and biogeochemical heterogeneities, e.g. as
anisotropic hydraulic fields, different compositions of geochemical facies, and stratigraphic
profiles. Besides, the evaluation can be extended to nonlinear chemical reactions, which is
not controlled by transverse (and vertical) mixing processes, such as: rock-water
interactions; reversible chemical reactions as precipitation/dissolution; to account for
retardation factor in attachment/detachment processes (e.g. in active mineral bounds). An
interesting research field that increases complexity of exposure time approach is the
inclusion of microbial transport processes. The application in the unsaturated zone implies
novel findings in the required assumptions to deal with the effects of diffusive processes and
multi-phase transport of certain chemical compounds.

The advantage of the comparing idealized travel time models and the spatially-explicit model
(“virtual truth”) is to avoid disruptions from non-controlled factors that typically appear in real
site applications. Nonetheless, testing travel-time models’ estimates against observed data in
laboratory and field experiments may better proof whether travel time models could infer
reactive transport behaviour in real systems.

In three-dimensional domains the effect of vertical and transverse mixing processes get more
relevance and may compromise the accuracy of the mean groundwater age value, and its
capture of nonlinear behaviour of reactive components, but simultaneously the computational
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reduction is more profitable than that in the two-dimensional domains (sixfold faster than in
the presented test case). The stochastic groundwater field improves the description of
effective flow and transport parameters (Dentz et. al., 2000, 2004, Cirpka, 2002, among
others). In this sense, research efforts on the development of parameterization methods
according to the effective dispersive coefficients represent a successful strategy to improve
the performance of simply one-dimensional advective-dispersive travel-time models.

Another frequent limitation factor is the estimation of travel time in transient flow systems.
Here, the proposed case study implies conditions mainly found in confined aquifer where the
groundwater storage coefficient could be neglected, and well-connected to recharge areas
with the same pattern of inflow rate. However, in the unconfined aquifers with significant
specific yield value, or groundwater subsurface undergoing critical changes in flowpath
direction are outside the scope of this work. For the author’s knowledge, relevant advances
in analytical and numerical solutions have been proposed for other sort transient flow
systems by Cornaton (2012) and Soltani et. al. (2013).

——*——-——.ﬁ
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1. Introduction as they alleviate the characterization of the domain with respect

to hydraulic parameters and significantly reduce the computa-
tional effort of solving reactive transport (e.g., Atchley et al.,
2014; Diem et al,, 2013; Engdahl and Maxwell, 2014; Gong et al.,
2011; Luo et al, 2007). The underlying assumption is that the

Travel-time based models of reactive transport rely on
substituting the spatial coordinates of a multi-dimensional
model domain by the groundwater travel time, posing a quasi

1-D problem (e.g., Feyen et al, 1998; Luo, 2012). They may be
regarded as alternatives to traditional spatially explicit models,
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spatial positions of propagating concentration contrasts, or
reaction fronts, are aligned with isochrones (i.e., lines of equal
travel time), which requires that the reactive properties of the
porous medium (e.g., sorption capacity, reaction rate constants)
are uniform in the domain, that the concentrations in the inflow
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are uniform along the corresponding model boundary (i.e., the
inlet of the domain), and that flow is at steady state. The effects of
solute mixing on the applicability of travel-time based methods
deserve further analysis, which is the main purpose of the
present study.

The travel time 7 [T] is defined as the time that a water (or
idealized solute) particle needs to travel from the inlet of the
domain to the observation or exit point. At any point in the
domain, the travel-time distribution is equivalent to the
measured breakthrough curve when a unit pulse input of an
inert solute is uniformly injected along the inflow boundary
(Danckwerts, 1953; Jury, 1982; Jury and Roth, 1990). It allows
constructing expected breakthrough curves of conservative
compounds for any input function by convolution, provided
that the flow field does not change with time.

The travel-time distribution for Fickian transport, that is,
advective-dispersive transport with temporally and spatially
uniform velocity and dispersion coefficients, is the inverse
Gaussian distribution, which is fully defined by the first and
second-central moments of the distribution (Kreft and Zuber,
1978). Non-Fickian transport, e.g. resulting from the upscaling
of small-scale heterogeneities (Berkowitz et al., 2006; Gouze
et al., 2008; Sanchez-Vila and Carrera, 2004; Willmann et al.,
2008; among others), leads to travel-time distributions that
require more temporal moments for their characterization.
Harvey and Gorelick (1995) presented temporal-moment
generating equations (see Appendix A) and suggested
reconstructing the full distribution from a few low-order
moments by applying the maximum-entropy principle. The
mean groundwater age (Goode, 1996) is the ratio of the first
over the zeroth temporal moment (see Subsection 4.1),

There are different reasons why observed and analyzed
travel times are distributions rather than single values, and the
underlying assumptions are important when characterizing
nonlinear reactive transport within a travel-time framework.
The earliest travel-time models considered physical transport
to be strictly advective, leading to the so-called advective travel
time, also denoted as kinematic groundwater age, which can
best be computed by Lagrangian methods (e.g., Botter et al.,
2005; Cketkovic et al., 1996; Dagan and Bresler, 1979). Since
advection causes no mixing, a water parcel conceptualized in
this model carries its chemical information without exchanging
mass with surrounding parcels. If the reactive properties of the
medium are uniform, the progress of reaction within the water
parcel exclusively depends on the time since release, and a
unique mapping from travel time to space is possible by means
of the kinematic age.

Within the strictly advective framework, travel times may
still be distributions, either because of spatial averaging over a
cross-section within a non-uniform domain, or as a result of
uncertainty in hydraulic conductivity and flow velocity within
a stochastic framework. At an individual point within a single
realization, however, the travel-time distribution collapses to a
single value in advective transport. The stochastic analysis of
advective travel times within heterogeneous domains using
Lagrangian methods and the subsequent unique mapping of
the probability density function (pdf) of travel time to that of
reactive-species concentrations is at the core of the stochastic-
convective reactive model (SCR) introduced by Dagan and
Bresler (1979), and further analyzed in groundwater transport
by Cvetkovic et al. (1996), Cvetkovic and Dagan (1994), Dagan

and Nguyen (1989), Ginn (2002), Simmons (1982) and
Simmons et al, (1995a,b), and in soil sciences by Feyen et al.
(1998), Kohne et al. (2009), Leij et al. (2007), Moore and
Grayson (1991), and Shuang et al. (2011), among others.

A second, but conceptually quite different reason why travel
times are distributions rather than single values is pore-scale
dispersion, based ultimately on diffusion. This is a mixing
process where water parcels of different ages exchange solutes.
The resulting travel-time distributions are neither scale effects
nor manifestations of uncertainty. For linear processes, the
order of mixing and reaction does not matter, but for nonlinear
reactive processes completely different behaviors may be
observed (Cirpka and Kitanidis, 2000a; De Simoni et al., 2005,
2007; Luo and Cirpka, 2011; Willmann et al., 2010; Zwietering,
1959).

To handle the problem of mixing-controlled reactions, Cirpka
and Kitanidis (2000b) characterized point-like breakthrough
curves of conservative compounds undergoing advection and
pore-scale dispersion by their first and second-central moments.
Akey observation was that the spatial variability in the local first
moment is transferred to increased local second-central mo-
ments by transverse dispersion. For reactive transport, Cirpka
and Kitanidis (2000a) developed the advective-dispersive
stream-tube (ADS) method, in which advective-dispersive-
reactive transport in multidimensional domains was conceptu-
alized as transport within independent stream-tubes in which
the effects of local transverse dispersion on macroscopic
longitudinal mixing was parametrized by increased within-
stream-tube dispersion. Cirpka (2002) applied linear stochastic
theory to estimate the corresponding effective mixing coeffi-
cients in mildly heterogeneous domains (Dentz et al., 2000).

The stochastic-convective framework and the advective-
dispersive stream-tube approach have in common that they
conceptualize a multidimensional transport domain as a bundle
of 1-D systems that are characterized by travel times. The
difference is that the stochastic-convective framework neglects
pore-scale dispersion and related mixing altogether, whereas the
advective-dispersive stream-tube method allows for longitudi-
nal mixing within the stream tubes. In the stochastic-convective
model, the travel time considered is the kinematic age, whereas
in the advective-dispersive stream-tube method it is the mean
groundwater age (see Appendix A). Distributing the solutes atan
individual point among different groundwater ages, as is possible
with the approach of Ginn and coworkers (e.g,, Ginn, 1999, 2000;
Ginn et al., 2009), is neither considered by the advectivedis-
persive stream-tube approach nor by the stochastic-convective
method. The computational burden introduced by the latter
approach, however, is quite high because an additional dimen-
sion, namely that of groundwater age, is introduced.

The key question to be addressed in the present study is
under which conditions travel-time based nonlinear reactive
transport models, which are based on a single travel time at an
individual point, yield acceptable results despite known
inconsistencies when water bodies with different ages and
chemical signatures mix, fostering nonlinear chemical reac-
tions (Bethke and Johnson, 2002; Cornaton, 2003; Ginn, 2002;
Goode, 1996). We expect that transient flow and transport
boundary conditions, as well as hydraulic and chemical
heterogeneity, may cause the breakdown of the simple travel-
time approaches, but restrict our analysis to hydraulic hetero-
geneity and transient transport boundary conditions.
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The hypothesis to be tested in this paper is that, under
certain conditions, describing reactive transport in travel time
rather than following a spatially-explicit approach introduces
only negligible error. Mathematically, this proposition is
expressed as:

c(x, f)=e(T(x), 1) (1)

in which ¢ [ML~3] is the vector of reactive-species concentra-
tions, x [L] is the vector of spatial coordinates, ¢ [T] is time, and
T(x) [T] is a characteristic groundwater age at location x. In
practice, the acceptability of Eq. (1) may be divided into four
research questions to be studied hereafter:

1. Is Eq. (1) valid at individual points in the domain? If not
(everywhere), is it possible to identify physical features or
processes as corresponding causes of the breakdown of the
travel-time approach? Conversely, should Eg. (1) hold
throughout the domain, any integral quantity, such as the
average solute flux leaving the domain via an outflow
boundary, can in principle be accurately computed by
travel-time based methods,

. Is the mean groundwater age a sufficient predictor? As
discussed before, the groundwater age at any given pointis a
distribution and characterizing the latter by its mean may
introduce bias in predicting concentrations of reactive solutes.

. Which error is introduced by neglecting local dispersion
altogether, as done in the stochastic-convective model?

. Can we derive a simple approach of obtaining effective
longitudinal mixing coefficients within the travel-time
framework from conservative transport and apply these
mixing coefficients to reactive-transport problems?

Flow Equation

Mean Groundwater Age Equation, Eq.(6)
2-D: advective-dispersive model

2-D: advective (kinematic age) (Eq. 9)
1-D: advective

1-D: constant Dy

1-D: linear increasing D,

Reactive Transport Calculations, Table 1

2-D advective-dispersive model, Eq.(2)

1-D Egs. (10-11), mapped to 2-D (Eq. 1): advective
1-D Egs. (10-11) , mapped to 2-D (Eq. 1): constant D,

4 mobile compounds (CH,0, 0,, NO;); immobile bacteria: aerobic and denitrifying
transport boundary conditions: steady-state / diurnal fluctuation

1-D Egs. (10-11) , mapped to 2-D (Eq. 1): linear increasing D,
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To answer these questions, we consider the case of non-
linear bioreactive transport in heterogeneous porous media
caused by random log-hydraulic conductivity fields under
steady-state flow conditions. Spatially explicit 2-D
bioreactive transport models are compared with three
homologue cases defined by 1-D models. These 1-D cases
differ in the treatment of dispersive mixing: (i) neglecting
all dispersive mixing effects, which correspond to the
stochastic-convective-reactive approach, in which physical
transport is characterized by the kinematic age; (ii)
applying the local-scale longitudinal dispersivity from the
spatially explicit 2-D model also in the 1-D, travel-time
based model and considering it uniform throughout the
domain; and (iii) improving the latter 1-D model with an
empirical longitudinal dispersivity that increases with
travel distance to account for enhanced within-stream-
tube mixing caused by the unresolved interplay between
heterogeneity and transverse pore-scale dispersion (Cirpka
and Kitanidis, 2000a,b).

In all cases, we map the purely advective 1-D model results
according to the local kinematic age 9, and the two other 1-D
models according to the local mean groundwater age 6 onto
the 2-D domain. This allows quantifying the errors introduced
by the various travel-time based methods that may be used for
evaluating the acceptability of the underlying simplifications.
As potential pitfalls for the travel-time based approaches we
suspect cases of high spatial variability and strongly transient
transport behavior. We have thus designed six scenarios by
combining three levels of heterogeneity with constant and
with time-varying concentration boundary conditions each.
Fig. 1 describes the work flow of the simulations performed in
this study.

Heterogeneous 2-D Log-Conductivity Fields, 0%, = 1,2,3
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Fig. 1. Work flow of the simulations performed.
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2. Mathematical framework
2.1. Multidimensional transport

In this study, the multidimensional reactive transport
equations for mobile (m) and immobile (im) compounds are
based on the traditional advection-dispersion equation (ADE)
with spatially variable seepage velocity v [LT~'] and a local
dispersion tensor D [[*T~"] that is oriented in the direction of
flow:

ac

S v Vel=9 - (DVe)) = 1 (e(x, 1)) 2)
ot

ach

a_ltm — rﬂ;(c(x, £)) 3)

subject to:

- (vcg;tnw,‘;}) = Vej(t) 3t Ty (4)

n- (DVel) =0 at Iy, UL, (5)

in which c{’[ML~3] is the concentration of mobile compound i,
riIML=T~"] is the reactive source-sink term for that com-
pound, whereas c{j) and r{#) are the corresponding expressions
for an immobile compound. c{i,,[ML 3] is the concentration of
mobile compound i in the inflow. [y, Ty and I denote inflow,
outflow, and no-flow boundaries, respectively.

To relate the reactive-species concentrations of the 1-D
models, formulated in travel time, to the multidimensional
virtual truth, we compute the mean groundwater age u. [T] by
the mean groundwater age equation (Goode, 1996), which can
be derived from the generating equations of the zeroth and first
temporal moments (see Appendix A) for the case of a unit pulse
injection at the inflow boundary. Formally, it is a steady-state
advection-dispersion equation with a uniformly distributed
zero-order source term of unit strength, The inflowing water
has an age of zero, whereas the dispersive flux of age is zero at all
other boundaries:

V- Vi, =V (DVp,) = 1 (6)
n. (Vi —DVp;) =0 at Ty, 7
n. (DVy,) =0 at I, UL, (8)

Note that Eqs. (6)-(8) cannot consider the full distribution
of groundwater age at an individual point as done in the
approach of Ginn et al. (2009). When two water streams of
different ages mix by transverse dispersion, the resulting mean
groundwater age is the (volume-weighted) arithmetic average.

2.2. Travel-time based reactive transport models

In the case that advection is the dominant transport
mechanism, Egs. (6)-(8) may be simplified to pure advective

transport. Under such conditions, the advective travel time, or
kinematic groundwater age, is obtained by integration of the
inverse velocity along a particle trajectory:

0

X dx X
e Aoy o i o

in which x;, [L] is the position vector of a particle along its
trajectory from starting point X, [L] to the observation point x
[L], 6 [—] is the porosity, and g [LT!] is the absolute value of
the specific discharge vector,

The stochastic-convective-reactive approach (e.g., Simmons
et al, 1995b) conceptualizes reactive solute transport along
independent streamlines. All concentration-independent reac-
tion coefficients are assumed uniform within the whole domain,
and the seepage velocity is at steady state;

o) ach

Bt T = T (€T 1) (10)
Cim _ 10
= H(€(Taays ) (11)
subject to:
E(0,8) = ci (). (12)

The stochastic-convective-reactive approach accounts for
macrodispersion as statistical distribution of advective arrival
times within an observation or control plane. Correspondingly,
the breakthrough curve of a conservative tracer injected as Dirac
pulse over the entire inflow boundary is equivalent to the pdf of
advective arrival times p(7,q4,) in independent stream tubes.

Local-scale dispersion is the main cause of solute mixing, but
itis completely neglected in the stochastic-convective approach.
Cirpka and Kitanidis (2000a) considered scenarios in which a
solution containing a reacting compound was injected into a
domain containing the reaction partner, denoted replacement
scenario. On a macroscopic scale, mixing in this scenario is
oriented into the longitudinal direction, even though the fully
resolved simulations showed that local mixing occurred in the
transverse direction between “fingers” of the invading and
receding solutions. In their advective-dispersive stream-tube
approach, the concept of independent 1-D stream tubes is kept,
but longitudinal mixing within the stream tubes is accounted for
by an appropriate effective dispersion coefficient D-{t,) [T]
making the second-central temporal moments of the stream-
tube approach match the average second-central moments of
locally measured breakthrough curves in an observation plane.
Cirpka (2002) used coefficients derived from linear stochastic
theory that grow with distance in a nonlinear way (Dentz et al.,
2000). In the present study, we will use simpler approaches, The
1-D model formulation reads as:

ac) o o )\

a_t"' a“T ﬁa_“: D‘r'au_T =Tn (C(}Ir, t)) (13)
actd .

i = 1) (c(ur, 1) (14)
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subject to:
; ocd ;
o “Drgt= e at Ty, (15)
T
acl
Drﬁ =0 at [y (16)
T

The model is formulated for macroscopically 1-D problems,
as an alternative scenario of the 2-D models. If the reaction is
controlled by macroscopically transverse mixing, e.g. in the
case of a plume originating from a continuously emitting
source that reacts with the ambient water, both the stochastic-
convective approach and the advective-dispersive stream-tube
method fail as they do not consider transverse mixing,

The two approaches have been derived to predict break-
through curves of reactive compounds averaged over the flux
crossing a control plane. Within this control plane, the local
mean groundwater age i, and the kinematic age 7,4, vary, and
the expected mean concentrationct, (t) in the outflow is a flux-
weighted average of ci(7, t) over the travel-time T. In the
present study, we do not analyze averaged breakthrough
curves i) (1), as in practice the associated uncertainty is largely
related to the parametrization of travel-time distribution across
the outflow boundary. Instead, we ask whether the underlying
basic proposition of Eq. (1) holds locally within the domain, We
do this by mapping the travel-time based reactive species
concentrations to the two-dimensional domain using the
correct local values of the mean groundwater age pi- and the
advective travel time T4, respectively, and comparing the
projected concentrations to the concentrations obtained by
solving the spatially explicit reactive transport equation,
Egs. (2)-(5).

We denote the “virtually true” concentration of reactive
compound i, represented by the 2-D model, as c(ZD(x. t), and the
correspondmg projection from the travel-time based models as
cm(ur(x) t). We normalize the residual error by the inflow
concentration in the case of mobile compounds, and by the
maximum concentration in the case of immobile compounds:

C(Zl]))(xl t) 7Cg!l)) T (x)) t)
(i) '
inflow/max

&(x,t) =

(17)

As global metric for the agreement between the spatially
explicit model and the travel-time based models within the
entire domain (), we compute the normalized root mean
squared deviation (NRMSD) by squaring the normalized
residual error (X, t), averaging it over the domain, and taking
the square-root of the resulting expression:

NRMSD,(t) = (18)

which is computed for each compound and each time point of
the simulation.

3. Test case
3.1. Conceptual model

To test the applicability of travel-time based multi-
component reactive-transport models, we consider a case
that mimics river-bank filtration originated by fluvial erosion
in sedimentary basins, such media are defined by isotropic and
heterogeneous log-hydraulic conductivity fields commonly
used to represent sandy aquifer with clay and gravel lenses
(e.g., Marzadri et al., 2011): Dissolved organic carbon (DOC),
denoted CH,0, dissolved oxygen, denoted O,, and nitrate,
denoted NO3, are jointly introduced into a hydraulically
heterogeneous aquifer with the infiltrating water. The syn-
chronous injection of an idealized conservative tracer provides
information about the groundwater behavior without the
influence of bioreactive processes. Aerobic and denitrifying
bacteria, denoted CH,0%" and CH,0%", transform DOC to CO,
and biomass. The presence of dissolved oxygen inhibits
denitrification in a non-competitive way, whereas aerobic
degradation is not affected by nitrate. The two microbial
populations grow upon the transformation of DOC but cannot
exceed a maximum biomass concentration. The latter accounts
for real limitation factors commonly found in nature, such as
restricted nutrient availability or predator-prey balance. The
two types of biomass are considered immobile and undergo
first-order decay, which may reflect biomass maintenance,
grazing, or any other process reducing the biomass in non-
growth periods. Table 1 lists the reactions considered.

The mathematical expressions substituted as reactive
source-sink terms into the 2-D and 1-D transport equations
to account for the microbial reactions are listed in Appendix B.
The associated parameters are listed in Table B.1.

3.2. Setup of the model

The virtual truth consists of 2-D heterogeneous aquifers with
spatially correlated random log-hydraulic conductivity fields
In K(x) shown in the top row of Fig. 2. These fields are multi-
Gaussian random space variables with an isotropic exponential
covariance function. The integral scale of the covariance
function is I, = I, = 0.1 m. In the base case, the variance of
log-hydraulic conductivity is ofx = 1 and the uniform

Table 1
Microbial reactions considered.

Growth of aerobic bacteria:
CHa0 + (1 — Y30z — (1 — YS)CO; + (1 — YE)H:0
+ YIJEI’CH OGE‘J'
Minera]ization of aerobic bacteria;
YgErCHzoaer + Yueroz_‘ Yuercoz e YnerHZO
Net aerobic degradation at steady state (AG“ = —501 kJ/mol at pH 7):
CH20 + 02 e C02 + HZD
Growth of denitrifying bacteria:

CH0 +4 (1-Y2m)NO7 +4 (1-YEM ' —

(117 (1130 -1 + 0
Mineralization of denitrifying bacteria:

YERCH,0%" + §YSINOT + YIS H — Y37 Na + Yoy COy + 2 Ye H0
Net denitrification at steady state (AG® = —476 kJ/mol at pH 7):

CH,0 +£N03 +2H = 5N, +C0; +1H,0
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Fig. 2. Spatial distribution of the log-hydraulic conductivity for three levels of heterogeneity (top row); corresponding local mean groundwater age - (second row),
local variance 0% of groundwater age (third row), and advective arrival time Taay (bottom row), Left column: variance of log-conductivity of, x = 1, center column;

ok = 2, right column: o, = 3.

geometric mean K of hydraulic conductivity is 1 *+ 1073 my/s.
The domain size is length x width =5 m x 1 m. At the left and
right boundaries of the domain, the hydraulic head is fixed,
whereas the top and bottom boundaries are closed for flow. The
head difference between the left and right boundaries is adjusted
in such a way that the mean seepage velocity is 1 m/day,
0.02315 m for the 2-D domain, and 0.2315 m for the 1-D domain,
which is ten times longer. Table 2 contains values of geometrical,
flow, and transport parameters.

For solute transport, the domain is discretized by a
streamline-oriented grid with ng = 500 stream tubes and

Table 2
Geometrical and hydraulic parameters.
Symbol Meaning Value
Geometrical parameters of the 2-D domain
L Length of the 2-D domain 5m
w Width of the 2-D domain 1m
TNy Number of cells in x-direction for flow 250
calculation
ny Number of cells in y-direction for flow 200
calculation
Ax Cell size in x-direction for flow calculation 0.02 m
Ay Cell size in y-direction flow calculation 0.005 m
Rer Number of stream tubes for transport 500
Niee Number of stream-tube-sections for 200
transport
Discretization of travel-time models
Tiitoe Length of the travel-time domain 50 days
AT Travel-time increment 0.02 days

Geostatistical parameter of K-field

Iy =1, Correlation length 01m
Uik Variance of log-hydraulic conductivity 1,23
Kg Geometric mean of hydraulic conductivity 1103 m/s

Flow characteristics (for 0 = 1)

Ko Effective hydraulic conductivity 1.1-103 mys
q, Mean specific discharge (V o2 &) 0.4 m/day

Vi Mean seepage velocity (¥ 02 k) 1 m/day

] Mean hydraulic gradient 463 -1073
Transport parameters

(] Porosity 04

o Longitudinal dispersivity (2-D) 0.01m

(2 Transverse dispersivity (2-D) 0.001 m

D, Pore diffusion coefficient 10~° m?/s

Nsec = 200 sections in flow direction (Cirpka et al., 1999b,c),
Table 3 lists the initial and boundary conditions for reactive
transport. The simulated time period is 30 days, which is 6
times the overall mean travel time at the outflow boundary. It is
assumed that reactive transport achieves quasi-steady state
conditions at the end of the simulation.

The travel-time based transport models consist of a single
stream-tube each. They differ in the definition of the dispersion
coefficient: (i) Zero dispersion is considered in the stochastic-
convective model. Here the concentration only depends on the
advective arrival time, T.4,. (ii) In the simple advective-
dispersive stream-tube model, we assume the same local
longitudinal dispersion coefficient as that applied in the 2-D
model, but rescaled to be applicable in travel-time rather than
spatial coordinates: D; =D, /v . (iii) In the improved
advective-dispersive stream-tube model, we estimate an
effective dispersion coefficient in travel-time coordinates, D,
which increases linearly with distance/mean groundwater age:
D7 = Drp + spir, inwhich Drq is the dispersion coefficient at the
inflow boundary and s [—] is the derivative dD./du,. These
coefficients are evaluated by performing a 2-D conservative
transport simulation with the spatially explicit model, mapping
the concentrations onto the mean groundwater age u, at each
point x in the domain, and fitting a 1-D model in travel-time
coordinates to meet the breakthrough curves.

The 2-D model and the three travel-time based 1-D models
are computed for six scenarios constructed by combination of
the selected two key parameters: the variance of log-hydraulic
conductivity oy = 1, 2, 3, and the transport boundary
conditions, where we compare a Heaviside injection of solutes
and transient inflow concentrations of dissolved oxygen and

Table 3

Initial and boundary conditions for reactive transport.
Symbol Meaning Initial conc. Inflow conc.
CHz0 Dissolved organic carbon 0um 500 pM
& Dissolved oxygen 0 uM 250 uMm
CE'O]_ Nitrate 0 uM 100 uMm
gieer Tracer 0 M 100 pM
[l Aerobic bacteria 1M na.

clen Denitrifying bacteria 1M na.
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the inert tracer. The latter case aims at simulating diurnal
fluctuations of dissolved oxygen in surface water due to
radiation-dependent photosynthesis. The oxygen concentration
ranges between % = 200 pmol/Land ¢, = 400 pmol/L The
time-periodic inflow concentration of oxygen is defined by:

C(l') - CE:?in + Cl(‘:!)ﬂx Cl(il‘f)ﬂx_cr(‘::)in
daily ™ 2 2.313

Y exp(1—j) - cos(2mjft + 1.5m—0.6m) (19)
j=1

in which f [T ] is the base frequency of 1/day, and index j is the
order of the harmonics. The diurnal signal rises more quickly
than it drops.

3.3. Numerical methods

The auto-correlated hydraulic-conductivity fields are gen-
erated by the spectral approach of Dietrich and Newsam
(1993) on a rectangular grid, on which the groundwater flow
equation is solved by the cell-centered Finite Volume Method
(FVM). For the 2-D spatially explicit transport model, we
generate streamline-oriented grids and apply the cell-centered
FVM to solve advective-dispersive transport on these grids
using upwind differentiation of the advective term (Cirpka
et al, 1999b,c) and the implicit Euler method for temporal
discretization. The streamline-oriented grids suppress artificial
transverse dispersion commonly encountered when solving
solute transport in heterogeneous domains. We thus can study
effects of solute mixing on reactive transport without interfer-
ence by numerical discretization errors. The bioreactive
transport forms a nonlinear system of equations which is
numerically solved by a fully implicit scheme based on the
Newton-Raphson method. An adaptive time-step approach
reduces the computational effort when the system is ap-
proaching steady state. The code is written in MATLAB®, and
the UMFPACK solver is used to solve for the resulting systems of
linear equations (Davis and Duff, 1997). The travel-time based
1-D models use the same methods (fully implicit coupling, cell-
centered FVM, upwind differentiation, Newton-Raphson
method) for bioreactive transport.

4, Results
4.1. Spatial distribution of groundwater age

Fig. 2 shows the spatial distributions of the log-hydraulic
conductivity log;oK (top row), the mean (second row) and
variance (third row) of groundwater age, it and o2, and the
advective arrival time 7,4, (hottom row) for the cases of 0%, =
1 (left column), 0%, = 2 (center column), and 07, = 3 (right
column). Flow is from left to right, and thus travel times
increase in this direction, too. The advective arrival time Tgqy
increases monotonically with travel distance. In low-velocity
regions, which coincide with low-conductivity regions, the
gradient of 7.4, in the local flow direction is the highest (see
bottom row of Fig. 2). The higher the variance of log-
conductivity o2, the larger is the range of log-conductivity
and thus velocity values. This leads to a stronger variability of
Tadvs With narrow stripes of advectively old water adjacent to

stripes of young water. In principle, the mean groundwater age
U- (see Appendix A) follows the same patterns (see second row
of Fig. 2), but local-scale transverse dispersion makes adjacent
stream tubes exchange water parcels of different ages. As a
consequence, the variability of the mean groundwater age u-
within a cross-section for a given longitudinal coordinate x is
considerably smaller than that of advective arrival time Tq.
Locations at which strong contrasts in mean groundwater age (i,
are smoothed are those where the variance 2 of groundwater
age (see Appendix A) increases (see third row of Fig. 2). Places
with a large value of o2 are those locations where we expect
that a travel-time based non-linear reactive transport model
relying on a single characteristic travel time at each location
may fail. This holds particularly true for “hot spots” of large o'2-
values, where most likely the full distribution of T does not
resemble the inverse Gaussian distribution expected by Fickian-
like dispersion.

4.2, Reactive system behavior in 1-D transport

Fig. 3 shows the concentrations of the mobile compounds
(inert tracer, DOC, oxygen, and nitrate) and the immobile
microbial biomasses (aerobic and denitrifying bacteria) as a
function of travel time and real time for the case of a
continuous injection of the mobile compounds into the 1-D
travel-time domain with constant dispersion coefficient D..
Note that with the given seepage velocity of v = 1 m/day, the
advective travel time T4, in days is identical to the travel
distance x in meters. The concentrations of mobile compounds
are normalized by the corresponding inflow concentrations,
whereas the bacteria concentrations are normalized by the
corresponding maximum biomass concentrations. We may
characterize the reactive system by means of characteristic
times, Taer and Tyen, for aerobic degradation and denitrification,
respectively, scaling the inflow concentration of the corre-
sponding electron acceptor with the product of the maximum
specific turnover rate of that electron acceptor and the
maximum biomass concentration:

2
Taer = max - P'-n . Cer =Laer = VTger (20)
aer.growth 0,/D0C " “max
i
Tden = X e = Lgen = VTgen (21)

en
den growth FNO;/DOC ’ Cgm‘x

in which we have also computed characteristic length scales,
Laer and Ly, for aerobic degradation and denitrification.
Egs. (20) & (21) pose lower limits of reaction times and
distances because neither the maximum biomass concentra-
tion nor the maximum specific reaction rate will be achieved
throughout the domain. With the reactive parameter values
listed in Table B.1, we obtain 7, = 0.66 days and 7gen =
1 day. As the mean groundwater age at the outlet of the 2-D
domain is five days, complete consumption of both oxygen and
nitrate within the domain appears possible if the delivery of the
organic substrate is sufficient.

The space-time behavior of the reactive system may be
described as follows: Initially, the domain does not contain
dissolved oxygen, nitrate, and DOC; and the initial biomass
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Fig. 3. Normalized concentrations of tracer and reactive compounds as function of mean groundwater age It and real time t in the 1-D model with constant local

dispersion coefficient, Heaviside injection of the dissolved compounds.

concentrations of aerobic and denitrifying bacteria are small.
The dissolved compounds are jointly introduced into the
system. Because the biomass concentrations are so small, the
dissolved compounds can penetrate the system at early times,
fostering the growth of aerobic bacteria whereas the
denitrifying bacteria are inhibited by the presence of oxygen.
Near the inlet, the aerobic bacteria nearly reach the maximum
biomass concentration. As a consequence, the oxygen concen-
tration starts dropping, finally reaching an almost linear
steady-state spatial profile over the characteristic travel time
Taer given above. At locations depleted of oxygen, the aerobic
bacteria slowly become extinct due to aerobic-biomass decay.
Once the oxygen concentrations are below the inhibition
concentration for the denitrifying bacteria, the latter start
growing. The inhibition of denitrification by oxygen leads to a
clear zonation of a denitrifying zone downstream of the aerobic
zone (Kinzelbach et al., 1991). In the aerobic zone, the biomass
concentration of the denitrifying bacteria remains low and may

even further decrease, whereas at the upstream end of the
denitrifying zone the biomass concentration of the denitrifying
bacteria approaches almost the prescribed maximum value,

At steady state, the profiles of concentration in travel time
exhibit a clear bend at the transition between the aerobic and
denitrifying zones. Here, the oxygen profile turns from a linear
trend to an approximately constant value of zero; the nitrate
profile turns from the constant value of the inflow concentra-
tion to an approximately linear trend; the DOC profile turns
from an approximately steep linear trend to another almost
linear trend with smaller slope; the biomass of aerobic bacteria
starts dropping; and a rapid increase of denitrifying bacteria
can be observed. This nonlinear behavior is of particular
relevance when assessing effects of transverse mixing in the
2-D simulations.

Fig. 4 shows the same plot for the diurnal fluctuations of the
tracer- and oxygen-concentration in the inflow. Here, the zone
penetrated by oxygen moves back and forth. This also affects




34 A. Sanz-Prat et al. / Journal of Contaminant Hydrology 175-176 (2015) 26-43

10
t[d]
Aerobes

S 10
5 n fe
2 L[]

i

the inhibition of denitrification so that the nitrate profiles
exhibit oscillations. The fluctuating input of electron acceptors
also causes time-periodic variations of the substrate concen-
tration. In the zone where oxygen at a significant concentration
is present only over a fraction of time, aerobic and denitrifying
bacteria coexist at high concentrations, but they are active at
different times. The maximum decay rate coefficients of the
bacteria kpsraec = kisndgee = 0.1/day are so small that diurnal
fluctuations are strongly smoothed.

4.3. Comparison between spatially explicit and travel-time based
models

In the following, we denote the concentrations of the
spatially explicit, 2-D “virtual truth” cgé. whereas the three
travel-time based models are denoted ), for the model with
zero dispersion, cg), for the case with a uniform dispersion
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Fig. 4. Normalized concentrations of tracer and reactive compounds as function of mean groundwater age i and real time ¢ in the 1-D model with constant local
dispersion coefficient, Diurnal fluctuation of the tracer and oxygen concentration in the inflow.

coefficient D; = D, /¥* in travel-time coordinates, and cgz for
the case with a linearly increasing dispersion coefficient
Dy = Dy + spr, respectively.

4.3.1. Base case with mild heterogeneity and continuous substrate
injection

Fig. 5 shows a comparison of concentrations for constant
inflow concentrations and mild heterogeneity (0%, = 1) at
times t = 3 days (left two columns) and t = 30 days (right two
columns), The first time point is when the solution of dissolved
compounds has not yet penetrated the entire domain, This
example highlights the effects of heterogeneity and mixing on
the validity of travel-time based models at an invading front.
The second time point is when steady state of the mobile
compounds has almost been reached. All concentrations are
expressed as a function of travel times. That is, the virtually true
concentrations cg.];(x) are plotted as a function of the travel
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Fig. 5. Comparison of normalized concentrations between the “virtually true" 2-D model and the various travel-time based models at times £ = 3 daysand =30 days

(),

for continuous injection and &7, x = 1. The 2-D concentrations are also plotted as function of travel time. Gray area: 5% to 95% quantiles of c3p; bold black line: median of
cg,)); red line: results of the stochastic-convective model (cffjv): blue line: advective-dispersive stream-tube model with constant local-scale dispersion coefficient (cg’, ):

green line: advective-dispersive stream-tube model with linearly increasing dispersion coefficient (cﬁjﬂ). (For interpretation of the references to color in this figure

legend, the reader is referred to the web version of this article.)

time p-(x), resulting in a distribution of values for any given
mean groundwater age.

At the invading front (see the two left columns of Fig. 5), we
see that the tracer shows some variation of concentration when
plotted in terms of travel time, which indicates that the
proposition of Eq. (1) cannot be fully true. However, the 5%-
to-95% range of ¢ (1u;), expressed as gray band, is compa-
rably narrow even at the invading front. As we will see in the
following, the spatial variability is quite considerable, and it
appears that a large fraction of the variability can be explained
by the variability of groundwater age. Among the 1-D travel-
time based models, the one with the fitted linear trend of
D(u+) shows the best reproduction of the tracer front, which is
not surprising as it was fitted to meet the tracer breakthrough
curves, The purely advective model shows the least spread of
the profile; the numerically correct solution would actually
show a perfect step-like front, which is not achievable by using
a Finite Volume Method for advection with upstream differen-
tiation and implicit time integration. The model with the
constant value of D, shows more spreading than the presum-
ably advective model, but not as much as observed in the
virtual truth ¢75™(,).

The mixing at the invading front affects the concentrations of
the tracer and nitrate in a similar way. This is so because
denitrification is inhibited by the presence of oxygen, and oxygen
is introduced into the domain together with nitrate, DOC, and the

tracer. The oxygen profile shows a peak running ahead, which is
approximated at the wrong location and with a wrong peak
height in the case of the 1-D models underestimating effective
mixing. This first peak coincides with the head of the tracer front,
At the invading front, the biomass density of the aerobes is too
small to cause significant biodegradation. At locations closer to
the inlet, the aerobic biomass has already grown to concentra-
tions that allow practically complete oxygen degradation within
a small distance,

At the late time point of t = 30 days the agreement between
all travel-time based models and the virtual truth is very good.
The narrow 5%-to-95% range of c%(,uf), shown as gray band,
implies that the basic proposition of Eq. (1), namely that local
concentrations of reactive species can be explained by the
travel time at that location, holds for the given scenario at late
times, when the initial front has passed through and biomass
has grown up almost to steady-state densities. The 5%-to-95%
range of c‘z’.}g(,ur) gets wider for mean groundwater ages larger
than 5 days, which we attribute to outflow boundary effects,
because the overall mean travel time through the entire
domain is 5 days, and the sample size of concentration gets
smaller and non-representative for any local mean groundwa-
ter age larger than that value. A second case of deviations in the
given scenario at the given time can be observed for the
concentration of the aerobic bacteria in the part of the domain
where oxygen has already been completely consumed. The
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deviations are remnants of bigger differences between the
spatially explicit and travel-time based models at earlier times.

For the sake of clarity, Fig. 6 shows the spatial distribution of
normalized c;p of nitrate during the initial invasion (t = 3 days,
left column) and at quasi steady state (t = 30 days, right
column) together with the associated normalized residual
errors of the three travel-time approaches according to
Eq. (17) for the base case with continuous injection and
Ot k= 1. The plot at t = 3 days illustrates how irregularly the
compounds invade the domain. The interplay between variabil-
ity of advection and local transverse dispersion causes enhanced
dilution at the front, which is not sufficiently captured by the 1-
D travel-time based models with zero or constant local
longitudinal dispersion coefficients. This is clearly reflected by
a band of positive residual errors at the head and negative
residual errors at the tail of the front. A specific low-conductivity
feature at the lower half of the domain close to the inlet poses a
problem to all three travel-time based models. This feature
causes a “shadow” of low concentration values further down-
stream where old water and young water mix.

The late-time results, shown in the right column of Fig. 6,
exhibit a continuous band of small negative residual errors
along the transition zone where nitrate starts to decrease in
concentration. Here, mixing of younger and older water
deteriorates the performance of travel-time based models
because the dependence of nitrate (and oxygen) concentra-
tions on travel time is strongly nonlinear, However, the error
along this band is smaller than two distinct features of positive
residual errors that coincide with areas of large variance o2 of
groundwater age (see Fig. 2, third row, first column). The first
feature at the left half of the domain can be attributed to a low-
K lens and has been discussed above, the feature causes low
velocity and large values of mean groundwater age p- (see
Fig. 2, second row, first column). Also the second such feature
originates at a low-K inclusion at the bottom of the right half of
the domain. The residual errors are the biggest for the
stochastic-convective model neglecting dispersive mixing
altogether, and the smallest for the model with the fitted linear
increase of Dy that captures part of the mixing effects, but the
differences among the travel-time based models are subtle at
quasi steady state.

Al:c__2-D,t=3days

norm

= 1
g a Qi
- 0

A2:eforD =0

The magnitude of residual errors is smaller for the other
mobile compounds (not shown), whereas they are somewhat
bigger for the two types of biomass concentration. Fig. 7 shows
the spatial profiles of concentrations of aerobic biomass at t =
3 days (left column) and t = 30 days (right column) together
with the residual errors of the projected 1-D concentrations. The
general patterns are comparable to those shown for nitrate
(Fig. 6). However, at the invading front we see two bands of
positive residuals along the front position, whereas the residuals
of nitrate exhibit a positive band and a negative band. The first
front of residual errors may be caused by the underestimation of
oxygen at the same location, whereas the second front may
reflect the mixing zone in aerobes growth,

4.3.2. Normalized root mean square deviation as function of time

This section discusses the transient behavior of the residual
errors in the whole domain for all hydraulic conductivity fields,
O#x = 1, 2 and 3. Fig. 8 represents the evolution of the
NRMSD according to Eq. (18) as a function of time, here
expressed as pore volumes PV =t-V/L, for the scenarios of
constant inflow concentrations. As discussed above, the travel-
time based models with zero and constant small D, underes-
timate solute mixing at the invading front, which is seen by
comparably large NRMSD-values for the tracer and nitrate in
about the first two pore volumes until the first front has fully
broken through. Increasing the strength of heterogeneity (see
the dashed lines for 07, = 2 and the dotted lines for 07, = 3)
increases the effects; also the stronger spreading of the solute
front leads to a large temporal extent of the error. The
concentrations for the linearly increasing D-, ie. ¢ and
LNO’ shuw approximately the same small NRMSD for (%,,K =1
and Ok = 2, whereas the error is larger even though less than
5% for ofx = 3. The latter indicates that the assumption that
effective solute mixing can be parametrized by a dispersion law
with scale dependent dispersion coefficient becomes invalid if
heterogeneity is too big. Whether in these cases non-Fickian
formulations for effective transport behavior in travel-time
coordinates would lead to better results, is beyond the scope of
the present study.

The NRMSD for oxygen decreases more quickly than that of
the tracer and of nitrate. This is so because the aerobic bacteria

B1:c__ 2-D,t=30days

B2:¢ for D =0

B4:g for D_linearinzt

Fig. 6. Spatial distribution of the normalized nitrate concentration, ¢y, (top row) and normalized residual errors obtained by comparison of the “virtual truth” with the
concentration of the travel-time based models. Second row: stochastic-convective model; third row: advective-dispersive stream-tube model with constant D; bottom row:
advective-dispersive stream-tube model with linearly increasing D. Left column: t =3 days; right column; t = 30 days. Continuous injection of compounds, 0, x = 1.
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nor

Al:c 2-D,t=3days

A2: ¢ for Dt=0

Fig. 7. Spatial distribution of the normalized concentration of aerobic bacteria (top row) and normalized residual errors obtained by comparison of the “virtual truth”
with the concentration of the travel-time based models. Second row: stochastic-convective model: third row: advective-dispersive stream-tube model with constant
Dy; bottom row: advective-dispersive stream-tube model with linearly increasing D-. Left column: ¢ = 3 days; right column: t = 30 days. Continuous injection of

compounds, 07, x = 1.

grow quickly and oxygen does not penetrate the domain very
far, with the exception of the small peak unaffected by aerobic
degradation discussed above, The approximation of aerobic
bacteria evolves together with that of oxygen. The biggest
errors occur when the oxygen and DOC fronts move into the
system. In contrast to oxygen, however, the NRMSD-values of
the aerobic bacteria remain at a higher value at late times, We
interpret this as a slightly wrong spatial distribution of these

Tracer

bacteria in quasi steady state when using the travel-time based
models, but they hardly influence the concentrations of the
dissolved compounds. Note again, that the model with the
fitted effective dispersion coefficient D, scores best.

As long as oxygen is present where nitrate can be found,
denitrification is suppressed. This explains why the NRMSD-
values for the denitrifiers are initially zero: No matter which
model is applied, at early times there is no denitrification and
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Fig. 8. Normalized root mean squared deviation (NRMSD) of all compounds over the entire domain as function of dimensionless time (PV) for the case of continuous
injection. The three 1-D transport models are represented as follow: strictly advective transport (red), constant lacal-scale dispersion coefficient (black), and linearly
increasing dispersion coefficient (blue). The variance of the log-hydraulic conductivity field is represented by solid lines for 07, = 1, dashed lines for 02 = 2, and
dotted lines for oy = 3. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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thus no growth of denitrifiers. Already within the first pore
volume denitrification starts to develop. The associated errors
of mixing in the models with zero or constant D; lead to errors
in substrate consumption (see the secondary peak of NRMSD
for DOC at about 1 pore volume), nitrate (for which NRMSD
does not decrease to zero at late times) and denitrifiers
(exhibiting a smooth increase and slow decrease to a non-
zero asymptotic value comparable to that of the aerobes). For
all compounds, the error increases with 0, is the smallest for
cng and is the biggest for .5,

Fig. 9 shows the same plot of NRMSD as a function of
dimensionless time as Fig. 8, but now for the fluctuating inflow
concentration of the tracer and oxygen. The fluctuating
boundary conditions make the travel-time based approxima-
tions much more sensitive with respect to effective longitudi-
nal mixing. In essence, fronts are permanently propagating
through the domain. As a consequence, the 1-D models with
zero and constant D, exhibit non-zero NRMSD values for the
tracer, oxygen, and DOC at late times. The error increases with
increasing variance oy of log-hydraulic conductivity.

Fig. 10 summarizes the normalized root mean square
deviations (NRMSD) of all compounds in all scenarios,
averaged over the last day of simulation, when quasi-steady
state has been reached. In all cases NRMSD remains below 8%.
As stated above, increasing the variance o7 of log-hydraulic
conductivity and switching from constant to fluctuating inflow
concentrations cause stronger deviations, particularly for the 1-
D models with zero and small uniform dispersion coefficient D,

Tracer

in travel-time coordinates. In general, the biomass concentra-
tions are less accurately approximated by the travel-time based
models than the concentrations of mobile compounds, at least
after the first invading front has moved through the entire
domain.

5. Discussion and conclusions

Based on the analyses presented above we may try to answer
the four main research questions listed in the Introduction
section:

1 Is the proposition of Eq. (1) valid at individual points in the
domain?
Eq. (1) proposes that the spatial variability of the “virtually
true” concentrations C(z][))(x. t) in the 2-D domain collapses to
a clear dependence of concentration on time and travel-
time, cﬁ'[],('r(x), t), thus reducing the dimensionality of the
problem and also simplifying the calculation of reactive-
species concentrations. We have explicitly addressed this
question for the case of a small variance of log-hydraulic
conductivity, oy = 1, and constant inflow concentrations
of the tracer and oxygen in Fig. 5. The gray band in this plot
indicates the 5%-t0-95% quantiles of the spatially explicit
reactive species concentrations as a function of local mean
groundwater age Ui, These bands are quite narrow, even at
early times when the initial front still propagates through
the domain. For larger values of 0, these bands increase in
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Fig. 9. Normalized root mean squared deviation (NRMSD) of all compounds over the entire domain as function of dimensionless time (PV) for the case of diurnal
fluctuations in the tracer and oxygen inflow concentrations. The three 1-D transport models are represented as follow: strictly advective transport (red), constant local-
scale dispersion coefficient (black), and linearly increasing dispersion coefficient (blue). The variance of the log-hydraulic conductivity field is represented by solid lines
for ofi = 1, dashed lines for o, = 2, and dotted lines for o = 3. (For interpretation of the references to color in this figure legend, the reader is referred to the web

version of this article.)
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Fig. 10. Normalized root mean square deviations (NRMSD) of all compounds integrated over the whole domain and averaged over the entire day 30. The three 1-D
transport models are represented as follow: strictly advective transport (red), constant local-scale dispersion coefficient (black), and linearly increasing dispersion
coefficient (blr.te] Solid lines: constant inflow concentrations of the tracer and oxygen; dotted line: fluctuating inflow concentrations of the tracer and oxygen. Abscissa:
variance o, of log-hydraulic conductivity. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article,)

width but remain acceptable for most practical applications,
given the usual uncertainty in the description of reactive
processes. A small variation of cm(’r(x) t) implies that a
parametrization of reactive transport in travel-time coordi-
nates may be possible, without indicating which parametri-
zation would be most suitable.

The plots of normalized residuals in Figs. 6 & 7 point to
locations in space and time where the validity of Eq. (1) is
Jjeopardized. They are characterized by (i) mixing of young
and old water in a ftravel-time range where (ji) the
dependence of reactive-species concentrations on ground-
water age is nonlinear. Hydraulic heterogeneity causes
irregular propagation of solutes and thus facilitates mixing
of water with different ages. In the discussion of Figs. 6 & 7,
we have highlighted individual features of low-conductivity
zones creating high variability of mean travel time and large
variance of the local travel-time distribution. The relevance
of this variability for approximating multidimensional
transport by travel-time based models, however, is included
in the 1-D plots of reactive-species concentrations in Figs. 3
& 4: Wherever these plots show nonlinear dependencies of
&, t) on 7, the mixing of solute concentrations leads to
results differing from evaluating reactive-species concen-
trations at the mixed groundwater age. This is more
prevalent at the invading front than at quasi steady state,
explaining the larger NRMSD-values at earlier times.

Is the mean groundwater age a sufficient predictor?

This question has already positively been answered by the
comparably narrow distribution of reactive-species concen-
trations for a given mean groundwater age p. discussed
above. The narrow distribution of reactive-species concen-
tration does not necessarily point to a narrow distribution of
groundwater age at any given point, but the distribution

must either be similar at points with identical mean
groundwater age [, or the dependence of the reactive-
species concentration on age must be almost linear, In the
advective-dispersive stream-tube approach, it is implicitly
assumed that the distribution of groundwater age follows an
inverse Gaussian distribution, and that the variance o2 of
travel time increases in a well defined manner with p..
Strong deviations from this behavior are more likely in
highly heterogeneous media than in mildly heterogeneous
ones, which explains why the performance of the travel-
time based model with linearly increasing D, deteriorates
with increasing variance o, of log-hydraulic conductivity.

. Which error is introduced by neglecting local dispersion

altogether, as done in the stochastic-convective model?

In all scenarios considered, the stochastic-convective model
gave the least accurate predictions of local concentrations in
the 2-D domain, even though the normalized root mean
square deviations may be considered moderate even in the
worst case (0f = 3, fluctuating inflow concentration).
There are two interrelated reasons for this behavior. First,
the advective travel time 7,4, exhibits strong small-scale
variations and is a poorer predictor of reactive-species
concentrations than the smoother mean groundwater age
M7, because the variability of reactive-species concentrations
is overestimated. Second, the implicit assumption of the
stochastic-convective model is that the travel time at a given
point is a unique value, whereas the other two models
assume an inverse Gaussian distribution. It is interesting to
see that neglecting mixing altogether has an effect on the
performance of travel-time based models even for the given
test case in which all reacting compounds are jointly
introduced into the domain. While mixing is not a prerequi-
site for the reaction to take place, it affects reactive-species
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concentrations and should be accounted for in an appropriate
way. At quasi steady state in a mildly heterogeneous domain,
the effects of mixing are the weakest and neglecting it
altogether introduces only minor errors.

4. Can we derive a simple approach of obtaining effective

longitudinal mixing coefficients within the travel-time
framework from conservative transport and apply these
mixing coefficients to reactive-transport problems?
In the present study, we have successfully fitted a simple
linear expression D = D + s7 for the effective dispersion
coefficient in travel-time coordinates to the locally observed
conservative-tracer breakthrough curves. We obtained an
excellent performance of the travel-time based reactive
transport simulations when using this parametrization in all
the studied scenarios for mobile and immobile compounds at
all times. This approach may be seen as a simple alternative to
applying more complicated closed-form expressions, such as
those of Dentz et al. (2000), as suggested by Cirpka (2002). A
disadvantage of the approach is that local conservative-tracer
data must be available to perform the fit. However, we see the
proposed method mainly as a means to reduce computational
costs of multidimensional reactive transport simulations. In
this context, performing conservative-tracer simulations may
be seen as an acceptable computational burden. Also, fitting
empirical relationships to numerical tracer breakthrough
curves has the advantage that typical restrictions of closed-
form expressions, such as spatially uniform mean hydraulic
gradient and a sufficiently large domain to achieve ergodicity
do not apply.

In conclusion, travel-time models to solve nonlinear
reactive transport problems in heterogeneous media pose an
attractive alternative to spatially explicit multidimensional
simulations because the computationally expensive reactive
transport problem becomes one-dimensional in travel time
(CPU sixfold lower in the present test case). We have designed
our application such that the travel-time based approaches
have a good chance in approximating two-dimensional
reactive transport. Please recall that we considered a case in
which the reaction is not controlled by macroscopic transverse
mixing, as it is the case when compounds react with each other
that enter the domain side by side. Furthermore we assumed
that the reactive properties of the porous medium and the
bacteria (e.g., maximum growth rate, Monod coefficients,
specific yields) are uniform in space. Finally, we did not
consider transient flow. This does not imply that the modeling
approach taken here is limited to problems of this kind but
consideration of either point will complicate the task of using
travel-time based models when simulating contaminant
transport in multiple dimensions. We believe that the addi-
tional use of exposure times, that is, the time that a solute
parcel has been exposed to particular conditions rather than
the mere time it has spent within the domain (Ginn, 1999),
may help in overcoming problems of chemical heterogeneity.
Macroscopic transverse mixing has already been taken into
account in Cirpka et al. (1999a); Cirpka and Valocchi (2007);
and Cirpka et al. (2012), among others. The consideration of
transient flow is the subject of our current research.

A key result of our analysis is that solute mixing should be
parametrized adequately in travel-time based models, even in
applications where reacting compounds are jointly introduced.

The computationally and conceptually simplest approach, in
which dispersive mixing is neglected altogether, may lead to
moderate errors. Mapping from 1-D travel-time based models to
three-dimensional space is possible with the same procedures
described herein. Compared to 2-D, solute mixing may have in
3-D a larger impact on reactive solute transport (e.g., Cirpka
et al, 2015; Ye et al,, 2015). We therefore assume that in 3-D
applications the consideration of mixing in the travel-time based
model is even more important. As an example, Marzadri et al.
(2011) presented an advective-reactive model of dissolved
oxygen and inorganic nitrogen in the hyporheic zone relying on
an analytical flow field for gravel bars in the hyporheic zone
characterized by a strong pool and ripple morphology of the
river beds. This is a scenario comparable to our test case. Because
oxygen concentrations in rivers are dynamic, the sensitivity of
reactive transport with respect to solute mixing is relevant, so
that we would argue that a parametrization of within-stream-
tube mixing is advisable for the case studied by Marzadri et al.
(2011), whereas we believe that a full-blown three-dimensional
simulation of reactive transport is not necessary. This, however,
needs to be confirmed in future research.

In the present study, we have restricted the parametrization
of solute mixing to within-stream-tube dispersion. In the case
of strong heterogeneity, this approach may not be sufficient
and non-Fickian parametrizations such as multi-rate mass
transfer (e.g, Willmann et al, 2010) or continuous-time
random walk (e.g.,, Dentz et al., 2004; Edery et al., 2010) may
become necessary. Most of these approaches are derived for a
statistical ensemble of many aquifer realizations sharing the
same geostatistical characterization. The typical target quantity
is the concentration (or travel-time distribution crossing an
observation plane) averaged over all members of the ensemble,
whereas the reality consists only of a single realization. This
implies potential confusion between mixing and spreading
(Luo and Cirpka, 2008, 2011). That is, while describing solute
transport along streamlines by non-Fickian transport equations
may be necessary for strongly heterogeneous domains,
currently no simple expressions are available that allow
predicting the parameters of these models from available
aquifer characteristics.
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Appendix A. Temporal moment generating equations

The k-th raw temporal moment of concentration at location
X is defined as:

mtx) = / "o, . (A1)
0

Under steady-state flow conditions, temporal-moment
generating equations can be derived from the advection-
dispersion equation (Eq. (2)) and its boundary conditions,
Egs. (4)&(5), for non-reactive constituents, by multiplying the
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equations with t*, integrating over time from zero to infinity,
and applying rules of integration by parts, leading to:

v Vmf—v. (DVm‘;) = km!™" (A2)

n. (vm’;—Dme) =n- vm'fnﬂaw at e (A.3)
k

n. (DVmC) — Dt T (A4)

where mipow is the k-th temporal moment of the inflow
concentration Ciypow. The same equations can be derived by
Laplace transformation of Egs. (2)-(5) for the conservative case
at steady-state flow, and considering the derivatives of the
Laplace transform with respect to the Laplace coordinate at the
origin Harvey and Gorelick, 1995,

Wherever the compound passes by, the zeroth temporal
moment md(x) differs from zero, and the second-central
moment m25(x), which is a measure of spread in the local
breakthrough curve, can be computed:

mZ(x) = / (r ’"ﬁ(")) c(x, t)dt:mf(x)—m. (A5)
0

m?(x) m2(x)

For non-zero m2(x) throughout the domain, a generating
equation for the second-central moment can be derived by
combining Egs. (A.2)-(A4) for k = 1, 2, considering Eq. (A.5),
and performing some algebraic transformations (e.g., Cirpka
and Kitanidis, 2000b):

2c 20y 2 1 1
V- Vm¥—v. (DVmc ) =g vme (DVmc) (AB)
n. (vmic—DVmgc) =N VMg, at Ty, (A7)
n (Dmef) = 0atT,,Ur,. (A.8)

As discussed by Cirpka and Kitanidis (2000b), among others,
the source term of Eq. (A.6) is an efficient indicator of dispersive
mixing. In this regard, the three one-dimensional models
designed in the present paper are distinguished by their source
term such that: (i) in the case of strictly advective transport, it
equals zero throughout the domain; (ii) in the case of a constant
local-scale dispersion coefficient, it becomes a constant; and (iii)
in the case of the linearly increasing effective dispersion
coefficient, the source term also increases with travel distance,

To obtain the moments of local travel-time distribution at a
point, we consider a uniform Dirac-pulse inflow concentration
on the entire inflow boundary Fyer:

Cinﬂnw(x) = 6(t) at rin (A9)
= Moo = 1 (A.10)
Mjgow = OVK>0. (A.11)

Then,- the mean local groundwater age u.(x) and the
variance 02(x) of the local travel-time distributions are:

oy

2
me 2

C
el = 5 0700 = 15 0O Gy () = 6(0) L T

leading to the mean groundwater-age equations (Egs. (6)-(8))
and an equivalent transport equation for o2(x) (not shown).

Appendix B. Bioreactive source/sink terms

In this study, the concentrations of the aerobic and
denitrifying bacteria are given in moles of carbon within the
biomass per volume of water, even though the biomasses are
considered immobile. With the simplified elemental composi-
tion of CH,O for dissolved organic carbon and the two types of
biomass, the stoichiometries of the reactions listed in Table 1
hold. For aerobic degradation, we consider standard dual-
Monod kinetics growth, and a single Michaelis-Menten term
for oxygen in the otherwise linear aerobic biomass decay rate
law. The effective yield YZ§ of the aerobic bacteria depends on
the aerobic biomass concentratlon ciy to account for a
maximum biomass concentration cie,. The corresponding
mathematical expressions read as follows:

aer o e (B.1)
ot +Ko, G +Kgge ™ ‘

rg]'uwdl = kuergrowth

ax o2
aer aer
Tdec = Kaer,dec * 0, = *Cim (BZ)
Cm + Ko,
er
vy = Vi (1- ) ®3)
max.

leading to the reactive source-sink terms in Egs. (2) & (3) for
the aerobic biomass (rfy; ) and dissolved oxygen (r?nz) i

aer er _aer aer
fim = eff " Tgrowth — Tdec (B-4)
0. aer aer aer

i = —Fo, /a0 (1 Ye_ﬁ') T growth — Fo,jcH,0 * Tdec (B.5)

in which Fy, ey, ¢ is the stoichiometric ratio of dissolved oxygen
to organic carbon for the net reaction at steady state.

The rate laws for denitrification are quite similar, but
denitrification is inhibited by the presence of dissolved oxygen,
which is accounted for by a non-competitive inhibition term

including the inhibition constant K§;,:

NOy aer
’ Cpoc ) Opinh  den

>+ Kyos Cpoc + Ko K& p+ et

den  jmax Cn
rgrowdz = Rden.growth ° NCI

(B.6)

d o KG, i h d
en ax Jin en
Tdec = !den,dec NOZ [ aer 2 * Cim (B.7)
Cn” + KNO‘ (02 inh TG

Ve = Vi ( j’;) (B8)

max.
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leading to the reactive source-sink terms in Egs. (2) & (3) for
the denitrifying biomass (r&") and nitrate (rﬂ,‘)’ ):

den den _den den

Tim = Ye_@' ' rgmwth_rdec (B,Q)
NOy den’ . den den

m = —Fno; jen,0 (1_Ye1f )rgmwm_FNO;/Cl-lzo “Tgec- (B.10)

Finally, the reactive source/sink-term of dissolved organic
carbon compiles the growth-specific reaction rate of aerobic
respiration and denitrification:

Dboc aer den
Tm = “Tgowth T growth- (B 5 1)
Table B.1

Biokinetic parameters.

Symbol Meaning Value

k¥ erowen  Maximum specific DOC-reaction rate of aerobic 7.5/day
bacteria under growth conditions

kiengrowss Maximum specific DOC-reaction rate of 2.5/day
denitrifying bacteria under growth conditions

kivraec Maximum decay rate coefficient of aerobic 0.1/day
bacteria

kdendec Maximum decay rate coefficient of denitrifying 0.1/day
bacteria

Kbée Monod coefficient of DOC in aerobic degradation 10 pM

Kz Monod coefficient of DOC in denitrification 11.4 M

Ko, Monod coefficient of dissolved oxygen in aerobic 3 pM
degradation

Kyo; Monod coefficient of nitrate in denitrification 70 pM

ngﬁ Biomass inhibition coefficient of oxygen in 10 uMm
denitrification

Yo Maximum specific yield of aerobic bacteria 0.5

yden, Maximum specific yield of denitrifying bacteria 0.5

Fo,jn,0  Stoichiometric ratio 02/CH,0 in net aerobic 1
degradation at steady state

Fyo;jcn,0  Stoichiometric ratio NO3'/CHz0 in net 0.8
denitrification at steady state

e Maximum concentration of aerobic bacteria 50 UM

cden Maximum concentration of denitrifying bacteria 50 pM
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equations, or as decoupled equations in sequential or iterative 1996; Dagan and Cvetkovic, 1996; Ginn et al., 1995; Janssen
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coordinates (together with time) are considered as independent
variables, travel-time models replace space by travel time.
This leads to quasi one-dimensional transport under the
assumption that reaction fronts coincide with groundwater
isochrones (i.e., lines of equal travel time).

The travel time, T(x)[T], is defined as the time that a water
particle resides in the domain of interest, from the entry point
at the domain inlet to the point of observation x[L]. There are at
least four reasons why the travel time is not a unique value:
(1) Pore-scale dispersion leads to a local distribution of travel
time, p(T(x))[T '] at any point within the domain even for
deterministic flow fields, (2) dynamic boundary conditions
or time-varying fluid and aquifer properties cause velocity
variations in time, making the local travel-time distributions
dependent on time, (3) sampling over a larger control plane
(or considering breakthrough curves in pumping wells) in a
non-uniform flow field leads to a distribution of arrival times
within the observation plane, and (4) considering the uncertain-
ty of aquifer properties using stochastic methods leads to a
statistical distribution of travel time over an ensemble of aquifer
realizations (e.g., Cvetkovic et al,, 1992; Dagan et al., 1992; Dagan
and Nguyen, 1989; Shapiro and Cvetkovic, 1988, among others).
In this study, we restrict ourselves to point observations in
single aquifer realizations so that only the first two causes of
non-unique travel times are considered.

Travel-time models of reactive transport conceptualize a
multi-dimensional transport domain as an ensemble of inde-
pendent 1-D systems, i.e,, stream tubes, in which the longitudinal
coordinate is the associated travel time along the stream tube
(e.g. Luo, 2012). As the stream tubes along different groundwa-
ter flow paths are treated as independent systems, transverse
dispersion and related mixing processes cannot explicitly be
considered. In stochastic-convective transport, pore-scale
dispersion is neglected altogether, and typically breakthrough
curves averaged over an extended control plane or an ensemble
of many aquifer realizations are considered (e.g,, Dagan et al.,
1992; Dagan and Nguyen, 1989; Shapiro and Cvetkovic, 1988;
Simmons, 1982). Stochastic-convective transport models also
have a long tradition in soil science, where they are used to
describe solute transport in percolating soil water (see the
reviews of Feyen et al., 1998; Kéhne et al., 2009). First extensions
towards advective-reactive transport included linear kinetic
sorption and first-order decay (Cvetkovic and Dagan, 1994;
Cvetkovic and Shapiro, 1990; Selroos and Cvetkovic, 1992;
Severino et al., 2012),

The extension to nonlinear reactions (stochastic convective
reactive transport — SCR), including reactions between mobile
and immobile phases, is straightforward in steady-state flow
fields (e.g., Cvetkovic et al., 1996; Cvetkovic and Dagan, 1996;
Dagan and Cvetkovic, 1996; Simmons et al., 1995): The spatial
coordinates of the standard advection-reaction equation are
replaced by the advective travel time (or kinematic age), 74| 7],
and the velocity becomes unity; nonlinear multi-component
reactive transport is solved in these coordinates; and the
reactive-species concentrations at a point x within the domain
are obtained by looking up the reactive-species concentrations in
the travel-time domain at the specific kinematic age T,4,(x) of
the observation point. While closed-form expressions can be
derived for comparably simple reaction laws (e.g., Ginn et al,,
1995), numerical simulation of 1-D reactive transport is com-
putationally so inexpensive that the approach is feasible also

for more complex reaction systems (e.g., Kaluarachchi et al,,
2000; Malmstrém et al., 2004; Yabusaki et al., 1998).

A major concern with convective-reactive models is their
conceptual inadequacy in describing mixing-controlled reactions
(Luo and Cirpka, 2008, 2011). In the stochastic-convective
framework a distribution of travel times, observed over a
larger control plane, is interpreted as the result of many non-
interacting stream tubes being mixed upon the observation
rather than within the domain. To predict reactive-species
concentrations, the advection-reaction equation is solved in
the travel-time domain, the resulting concentrations are
weighted by the probability density of a certain kinematic
age to occur within the control plane and integrated over all
advective travel times. By construction, this approach cannot
handle reactions that are controlled by dispersive solute mixing
within the domain. In reactive-transport applications that don't
require dispersive mixing, the SCR models perform much better
than models in which “macrodispersive” spreading is introduced
into macroscale advective-dispersive-reactive transport (Molz
and Widdowson, 1988). In order to handle mixing-controlled
reactions in travel-time models, Cirpka and Kitanidis (2000)
developed the advective-dispersive stream-tube model
(ADS), which parametrizes the effects of local transverse
dispersion on macroscopic longitudinal mixing by an increasing
within-stream-tube dispersion coefficient and handles the
variability of the mean groundwater age within a control plane
by a stochastic description. Intra-streamtube mixing was also
accounted for in other stream-tube models (e.g., Ginn, 2001;
Ginn ef al., 2001).

In a preceding study, we analyzed which error is introduced
by the mapping of reactive-species concentrations from the
travel-time domain to the spatial domain using the mean
groundwater age assuming advective-dispersive transport
in a heterogeneous domain (Sanz-Prat et al, 2015). The
application involved oxygen, nitrate, dissolved organic carbon
as dissolved species as well as aerobic and denitrifying bacteria
as immobile species. All dissolved compounds were introduced
Jointly into the domain; the concentration in the inflow were
spatially uniform; reactive parameters did not vary within the
domain; and flow was at steady state. We found that the spatial
concentration distributions of all compounds organized them-
selves in zones that are essentially aligned with isochrones: A
water parcel carrying a certain chemical signature kinetically
interacts with the immobile phases, which in turn are modified
by the reactions. We could predict local reactive-species
concentrations quite accurately from the mean groundwater
age at that location combined with one-dimensional simulations
of the same reactive-transport problem by mapping the 1-D
results to the 2-D domain according to the mean travel time. The
mapping performed best with an advective-dispersive-reactive
1-D model in which the longitudinal mixing coefficient increased
with distance, which was calibrated by the relationship between
second-central and first temporal moments in the 2-D
simulations, However, mapping by the kinematic age, which is
conceptually much simpler, did not introduce a large error.

The assumption of steady-state flow, made in the preceding
study, is crucial and not very realistic in many situations. An
exemplary zone with intensive natural biogeochemical cycling
is the surface-water/groundwater interface, where infiltrating
river water gets in contact with microbial biomass in the river
sediments, These transition zones are known to be dynamic with
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respect to flow (e.g., Hatch et al., 2006; Keery et al., 2007;
Silliman et al., 1995), which also influences the biotransfor-
mations therein. River-stage fluctuations can occur on many
time scales, reflecting individual short-term events, diurnal
cycles, mesoscale weather, and seasonality of climate. Hydro-
logical dynamics at the river-groundwater interface can of
course also be driven from the groundwater side, e.g., by cyclic
withdrawal of groundwater, or seasonality of groundwater
recharge. While in principle hydrological dynamics can change
both the magnitude and direction of flow, the situation in
which the direction remains more or less constant is fairly
common. As outlined in this paper, we see good chances that
fluctuating velocity magnitudes can still be handled in travel-
time based bioreactive transport codes, whereas changes in
the flow direction may cause more severe problems. Thus,
the present study aims to test the reliability, and required
adaptation, of travel-time models to perform nonlinear reactive
transport when the groundwater-flow magnitude is subject to
periodic transient fluctuations.

Under transient flow conditions, both travel times at
individual points and the residence-time distribution of the
entire domain vary with time. Several studies have analyzed
how dynamic travel times can be analytically estimated
(e.g., Cornaton, 2012; Soltani and Cvetkovic, 2013; van der
Velde et al., 2015), which is not in the focus of the present
study. Instead, we want to address how dynamic travel
times put the entire concept of travel-time based reactive
transport into question. In the strictly Lagrangian world, in
which individual water parcels are followed through the
domain, it appears at first irrelevant whether the parcels
move with constant or time-varying speed: With increasing
age, the chemical composition of the water parcel alters.
This concept is applied in dynamic watershed-scale models
of solute transport (e.g., Lindgren et al., 2004; Botter et al.,
2010). These models consider the distribution of residence
times throughout the catchment as the interplay between
the time-varying input of water into the system and the way
how the catchment outlet samples the residence-time distri-
bution. The concentration in the outlet is then calculated from
the concentration in the input at the time when the water
entered the watershed (exit time minus travel time) and the
modification of concentrations due to aging. As the outlet
samples a distribution of travel times, the resulting outlet
concentration is a weighted average of travel-time dependent
concentrations. Reactions are typically represented in these
approaches in simplified manners, such as first-order decay. In
this framework, the travel-time of a water parcel can also be
subdivided into the time spent in different compartments, each
of which exhibiting a different first-order decay coefficient
(Destouni et al,, 2010), These models, however, do not account
for immobile reactive constituents, such as microbial biomass,
as dynamic state variables.

Selroos et al. (2013) considered the transport of radionu-
clides in crystalline rock at geological time scales over which the
entire flow system may change. Since all processes considered
(advective transport, longitudinal dispersion, diffusion into
the rock matrix, equilibrium sorption, and radioactive decay)
were linear, they could formulate the mobile-immobile reactive-
transport problem in a strictly Lagrangian framework of non-
interacting particles even in transient flow (Painter et al,, 2008).
They compared model runs, in which the direction of flow was

kept constant whereas the magnitude changed over time
(denoted “flow-factor approach™), with those accounting for
time-varying trajectories. In their application, the resulting
breakthrough curves differed, but the flow-factor estimates
were considered acceptable.

In the present study, we analyze nonlinear, mixing-affected
transport of multiple compounds reacting with an immobile
phase that changes upon the reaction. Under such conditions,
a Lagrangian framework of non-interacting particles is ques-
tionable. Currently, we don't see how such a system can be
conceptually simplified when the direction of flow changes.
However, we would argue that domain-wide fluctuations of
the velocity magnitude, with spatial orientation of travel paths
remaining constant, would not change the overall alignment of
reaction zones with some kind of isochrones because all water
parcels with identical age will have seen very similar reaction
zones, which in turn are influenced by a similar history of water
parcels passing by. In this regard, the questions to be addressed
in this study are: (1) How do transients in flow magnitude
influence local travel-time distributions, (2) how does transient
flow alter biogeochemical zonation, (3) which travel time or
travel-time metric should be used to map travel-time based
results of nonlinear (bio)reactive-transport simulations to multi-
dimensional domains, and (4) how large is the error introduced
by the mapping approach? As pointed out, we restrict the
analysis to the case that the direction of flow does not change
with time. We consider periodic fluctuations of hydraulic
boundary conditions (water level, infiltration rates, etc), whose
periodicity mimics natural dynamics but, unlike Selroos et al.
(2013), we do not analyze under which conditions the flow-
factor approach is valid. In a nutshell, we hypothesize that the
spatial dimensions could be replaced by a characteristic travel
time at each position of the domain in order to capture the
reactive-species concentrations of nonlinear reactive transport
in transient flow systems:

€(x,t) = €ip(Ten(X), ) (1)

in which ¢[ML 3] is the vector of all reactive-species concentra-
tions in the multi-dimensional domain, X[L] denotes the vector of
spatial coordinates, t[T] is the simulation time, ¢;p[ML™?] is the
vector of reactive-species concentration in the equivalent, one-
dimensional travel-time model, 7.,(x)[T] is a characteristic travel
time at the location x in the multi-dimensional domain that
does not depend on time t. In this study, we assume that the
concentrations in the inflow don't vary along the boundary.
If this was the case, we would also need to track the origin of
the water at the observation point X. The equivalent one-
dimensional model must undergo the same relative fluctuations
of flow velocity as the multi-dimensional model for Eq. (1)
to be valid. In this regard, our approach differs from classical
Lagrangian models of reactive transport. Explicitly considering
the time-fluctuations of velocity in the 1-D model enables us to
make water parcels of identical age interacting with immobile
reactants at different positions along the pathline at different
times.

As characteristic travel time 7.,(x), we test the mean
groundwater age ur (X)[T] computed for steady-state flow.
We compare this characteristic travel time with the time-
averaged kinematic age T4, (%)[T] at the same location and the
time-averaged mean groundwater age H(x)[T] for advective-
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dispersive transport, in which overbars denote time averages.
Because we assume time-periodic fluctuations of velocity, the
arithmetic time average is performed over one period of the
cycle.

As discussed above, we consider a flow system where the
flow rates fluctuate, but the trajectories of water particles remain
constant (flow-factor approach according to Selroos et al., 2013),
The proposed test case represents an idealized scenario of a
mildly heterogeneous hydraulic-conductivity field and constant
values of the local dispersivities; the reactive system describes
aerobic respiration and denitrification of dissolved organic
carbon, catalyzed by aerobic and obligatory denitrifying bacteria
(Sanz-Prat et al., 2015; similar to Kaluarachchi et al., 2000). We
assume stepwise diurnal fluctuations of the velocity compared
to smooth periodic fluctuations on seasonal time scales. Both
input signals can be attributed to relevant anthropogenic and
natural processes (e.g., hydropower operation causing daily
hydropeaking in rivers and natural seasonality of groundwater
recharge).

The approach of this work is summarized in three main
tasks: (i) to perform conservative transport simulations in 1-D
and 2-D models to estimate the spatio-temporal distribution of
travel time and its time-related statistics; (ii) to simulate the
bioreactive transport problem of the 1-D travel time model and
map results to 2-D with respect to 7.,(x); (iii) to simulate the
2-D advective-dispersive-reactive transport, here named our
“virtual truth”; (iv) to estimate residual errors in concentrations
derived with the 1-D model, which are mapped to 2-D, com-
pared to the results of the 2-D virtual truth.

2. Theory

The reliability of a time-independent characteristic travel
time as indicator of reactive transport in transient flow depends
on the following assumptions:

1. Groundwater storage is neglected, that is, changes in hy-
draulic boundary conditions are assumed to cause immediate
changes of the velocity field without transition. This is known
as quasi steady-state flow. This assumption is needed to keep
spatial velocity patterns constant under transient conditions,
whereas the magnitude of velocity fluctuates. In unconfined
aquifers the assumption of quasi steady-state flow may be
unrealistic because the specific yield is fairly large so that
water-table fluctuations are strongly dampened. Conversely,
in confined aquifers alterations of hydraulic head could
be considered as instantaneous due to the small storage
coefficient and hence rather negligible storage effects.

2. The dynamic changes of boundary conditions must not cause
fluctuations in the spatial orientation of velocity, which
implies some uniformity of the fluctuations along the
boundaries. By this, trajectories of water parcels do not
change with time, only the speed by which the water parcels
are transported along the trajectories changes.

3. The reactive parameters are assumed to be spatially and
temporally uniform, that is, the rules of the reactions are the
same in the entire domain of interest. Otherwise, the travel
time and the time of reaction do not match, and a specific
groundwater age does not reflect a unique evolution of
chemical-compound concentrations. As an alternative, one
may replace the travel time by the exposure time, i.e., the

time that a water parcel is exposed to conditions facilitating
the reactions in the corresponding models (Ginn, 1999;
Seeboonruang and Ginn, 2006), but this analysis is beyond
the scope of the current work. Note that uniform reactive
parameters don’t imply a uniform biomass distribution, as
the biomass concentrations are dynamic state variables in
our model.

These conditions may be met in confined aquifers or
hyporheic zones when fluctuations of the hydraulic head at
one boundary trigger velocity fluctuations in the entire domain
of interest.

2.1. Quasi steady-state groundwater flow

We assume that transient groundwater flow can be comput-
ed by multiplying steady-state flow with a spatially uniform time
flow-factor f(t)[—] (Selroos et al,, 2013):

. q(x,t) = qgs(x)f(t)
with% / fltyde =1 | )
0

in which q(x,t)[LT"] is the transient specific-discharge field,
Qss(X)[LT"] is the so-called equivalent steady-state flow field,
and T[T] is the period over which f{t) fluctuates. The equivalent
steady-state groundwater-flow equation reads as:

V- (K(x)Vhgs) = Rss(x) 3)
subject to:

hss = hgs g at Ty (4)
hgs = hgs g + Ahgs 5, at Ty 4 (5)
—n - (K(X)Vhs) = ggs g at T (6)

in which K(x)[LT "] is the hydraulic conductivity tensor, hss[L]
is the steady-state hydraulic head, Re[T~"] is a steady-state
volumetric source/sink-term, n[—] denotes the outward
pointing unit vector normal to the boundary, I’y ;, and 1 out
are fixed-head inlet and outlet boundaries, I, is a fixed-flux
boundary, hss, six [L] and Ahss s [L] are the steady-state fixed
head at T o, and the head-difference between Iy ;, and I o,
whereas gss, fix [LT !is a fixed normal flux across I',.

In order to meet Eq. (2), the following conditions must be
met in transient flow:

V- (K(x)Vh) = Res(x) f(£) @)
h= hSS‘ﬁx at r],out (8)
h = hgg g + Ahgs g f(£) at Ty, 9)
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—n - (K(x)Vh) = gss g f(1) at T, (10)

so that the resulting hydraulic gradients Vh under transient
conditions are identical to Vhss f(t) at all locations and times.
The seepage velocity v[LT™'], needed in solute transport, is
computed by dividing the specific discharge by the flow-effective
porosity 6:

Vgs(X) = %K(X)Vhsg (11)

V(X, 1) = vss(X)f(E) (12)

We choose two different periodic time functions f{t) to
express the fluctuations, For diurnal fluctuations, we assume a
stepwise change of a river stage, keeping the fixed hydraulic
head at the outflow boundary constant:

if mod(t,T, +T,) £ T,

if mod(t, Ty +7T,)>T, (13)

f
)= { fy - 0BT,
2

in which mod(t,T; -+ T>) denotes the remainder of the floored
division of t by (T; + T»), T1[T] and T5[T] are the durations over
which f{t) assumes the values f; and 5, and T=T; + T is the
entire period. In our application, Ty + T, = 12 h, and f; is set
to 0.2, leading to a factor of nine between the high and low
velocities.

For seasonal fluctuations, we consider a smoothly varying
time function f(t):

f(t) fmlﬂ + fmax (fmux fl'!l'!i’l

= Lt ;
E )21: exp(1—j) cos(zmT+ 1.5rr—0.6]rr)

(14)

in which fiin[—] and finax[ —] are the minimum and maximum
values assumed by f(t), and T[T] is the period of one year.

2.2, Calculation and characterization of travel-time distributions in
transient flow

In order to evaluate the local mean travel time p(x) and the
variance of local travel time oZ(x), both in steady-state and
transient flow fields, we solve conservative advective-dispersive
transport problems in the one- and two-dimensional domains.
Here, we simulate the continuous injection of an idealized
tracer over the inlet boundary with a constant inlet concentra-
tion of unity. The resulting breakthrough curves c(x, t) can be
interpreted as cumulative distribution function of solute arrival
time. Then, the mean and variance of the local travel-time
distribution can be computed via truncated temporal moments
by (e.g., Jose and Cirpka, 2004):

Ter
He(0) = Ty [t e (15)

O2(X) = To—2 [ to(x, dt—pz(x) (16)

ot —

in which T, [T] is a truncation time, which must be chosen such
that ¢(x,T,) has already approached the asymptotic value of
unity. In steady-state flow, i-(x) and 0Z(x) are time-invariant
quantities. In transient flow, these values change with the time
point at which the tracer injecrion starts. In order to assess the
variability of u-(x) and ¢2(x) in transient flows with time, we
repeated the conservative-tracer injections, shifting the evalua-
tion of the time function f(t) to f{t+ jAt), in which At [T] is an
integer fraction of the period of fluctuations (one hour for the
diurnal case, one day for the seasonal one). This is done for all
time increments filling the period, now leading to sets of N values
of uY(x) and o2 )(x) each, in which the index j refers to the
j-th increment, and N denotes the number of increments
(N = 24 for the diurnal case, N = 365 for the seasonal one).
From these sets, we compute the time-averaged mean travel
time fi.(x) and the corresponding time-standard deviation
0,..(x) of mean travel time by:

1 ()
00 =5 (x) (17)
J=1
1 N0 T3 2
0,00 = \ |77 2 (W 007, 00) (18)
=1

The time-standard deviation ¢, (x) of the local mean travel
time may be compared to the root time-averaged variance of
travel time:

N
HEm = |23 020 (19)
=1

If 0, (x) is larger than p%7(x), the local travel-time
distributions at location x differ sngmﬁcantly between different
time points, whereas a large spread of the individual local travel-
time distributions could make the variation in time insignificant,
which is the case for u°3 (x) > 0y, (x).

o2

2.3. Multi-dimensional advective-dispersive-Reactive transport

As virtual truth, we consider the traditional, multi-
dimensional advection-dispersion-reaction equation (ADRE)
under transient flow conditions for each reactive component i:

(o @ M\ _ 0

4V Ve V- (Dch) De) (20)
(i

L o (21)

dr

subject to:

n (vcﬁ,? —DchQ) n.vc), at T, (22)
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n (Dv.:g?) =0 at Tpy Ul jiow (23)

c(x,t=0) = cpvx (24)

in which ¢{?(x,t) [ML™?] is the concentration of mobile
component i, ri(x,t) [ML™3T~ ] is the reactive source-sink
term for that compound, whereas cf(x,t) and r{J(x,t) corre-
spond to immaobile components; ¢(x, t)[ML ™3] is the vector of all
concentrations, both of mobile and immobile species, with
the corresponding initial value ¢q(x)[ML ], assumed uniform;
ciIML™3] is the concentration of compound i in the inflow:
V(X ) =vss(X)f(t)[LT '] is the time-dependent seepage
velocity vector, and D(x, t)[L*>T~ '] is the local dispersion tensor,
depending on v(x, t) via the classical Scheidegger (1961)
parametrization;

V®V

=T (a—exe) +1(|Ivller, + D) (25)

where v®v is the matrix product of v with itself, ||v| is the
absolute value of v, o [L] and &, [L] are the longitudinal and
transverse dispersivities, I [—] is the identity matrix, and
D, [L2T~ 1] is the pore-diffusion coefficient. Ty, Toue, and Tg fow
denote inflow, outflow, and no-flow boundaries, respectively.
Tin and [,y may contain both fractions of constant-head and
constant-flux boundaries of the flow problem, whereas I, o
is the fraction of the constant-flux boundary with a prescribed
normal volumetric flux of zero.

In our application, the vector ¢(x, t) comprises the concen-
trations of an ideal tracer, oxygen, nitrate, and dissolved organic
carbon as mobile species, and of aerobic and denitrifying bacteria
as immobile species. The reactions include aerobic respiration
and denitrification with corresponding growth of the biomass, as
well as biomass decay. The equations and parameters are listed
in Appendix A.

2.4. One-dimensional reactive transport in travel-time coordinates

The one-dimensional reactive transport equation in spatial
coordinates and its boundary and initial conditions read as
Egs. (20)-(24), replacing the vector x of spatial coordinates
by the scalar distance x and the nabla-operator by the partial
derivative d/0x. In travel-time coordinates, the latter derivative is
replaced by (07/0x)3/0T . In one-dimensional transport with
constant and uniform coefficients (implying steady-state flow),
the mean travel time u- (x) for steady-state flow and the
corresponding kinematic age Toav, () are identical, and dx/
Opdr = 0X/0T gy, = Vss. Thus, taking the mean travel time
Ur(x) for steady-state flow as the characteristic time-
independent travel time T, is a natural choice. Considering
now that the velocity scales in time with f(t), the one-
dimensional advection-dispersion-reaction equation for tran-
sient flow reads in travel-time coordinates as:

act) actd el
5+ a,f'm D05z = Tibm(enlt)  (26)

dct?
—3 = Tibim(€p(x 1)) 27)
subject to:
(i acgllll) m (i)
f{t)c‘lD‘m_DT(t) aﬂ_ f(t)cm,lef &t 1—‘I'rr (28)
iss
Rl (i)
D,(t) ;;D'"* =0 at T,y (29)
Tss
c(x,t=0)=cyVx (30)

where the index “1D” denotes calculations performed in one
dimension, and D; [T] is a longitudinal dispersion coefficient
expressed in travel-time coordinates. The latter relates to the
spatial longitudinal dispersion coefficient D, [L*T~'] by D,=
D, [Vés.

In the following, we apply a modified version of the
advective-dispersive stream-tube approach (Cirpka and
Kitanidis, 2000) to map 1-D results to the multi-dimensional
domain. Here, the characteristic travel-time coordinate is the
mean advective-dispersive travel time u._ for steady-state
flow, and D(t) =f(t)e,/vss + D,/vés. In contrast to Sanz-Prat
et al. (2015), we don't attempt finding better parametrizations
of local dispersion in the travel-time domain and simply apply
the local values of - and D, from the 2-D simulations, The 1-D
results are correspondingly mapped to the two-dimensional by
Eq. (1). We could also apply a modification of the stochastic-
convective approach, by taking the kinematic age Tuqy (x) for
steady-state flow as mapping variable and neglecting dispersion
in the 1-D madel altogether, which we don't test in the present
study.

We compare the reactive-component concentrations
obtained by the 1-D travel-time models and mapped to the
two-dimensional domain with the concentrations of the
multi-dimensional virtual truth at each location of the 2-D
domain. We normalize the residual error by the respective
inflow concentration for the mobile compounds, and by the
maximum biomass concentration for the immobile compounds;

ex,t) = b, ?(” b (T (X), )
inflow/ max

(31)

in which the index i refers to an individual component.
3. Test case

As test case we consider biogeochemical transformations
upon river-bank filtration. The infiltrating surface water is
enriched in dissolved organic carbon with a chemical compo-
sition of CH»0, denoted DOC, dissolved oxygen (0;), and nitrate
(NO3"), thatis, the dissolved electron donor and two competing
electron acceptors are concurrently introduced into the water-
saturated porous medium. We consider immobile biomass of
aerobic and obligatory denitrifying bacteria, catalyzing the
oxidation of DOC to CO; by dissolved oxygen and nitrate.
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Table 1
Biogeochemical reactions considered.

Net aerobic degradation at steady state (AG°= —501kJ/mol at pH7):
CHzO + 02 = COZ + Hzo

Net denitrification at steady state (AG"= —476kj/mol at pH7):
CH,0 +#NO3y +#H > ANz + C0; +1H,0

These transformations are coupled to growth of the respective
microorganisms. The elemental composition of both types of
bacteria is assumed to be CH,O. Elevated dissolved-oxygen
concentrations non-competitively inhibit denitrification. In the
initial state, the biomass concentrations are uniform through-
out the domain and low. To limit biomass growth close to
the inlet, we introduce maximum biomass concentrations,
representing the carrying capacity of the porous medium.
Both microorganisms undergo decay requiring nitrate or oxygen
as oxidants, Table 1 contains the net chemical reactions, whereas
the mathematical description of the reactive sink/source terms
and the associated parameters are discussed in Appendix A and
listed in Table A4, respectively.

We consider a two-dimensional, confined, sandy aquifer
with mild physical heterogeneity. The hydraulic conductivity
field, K(x), has a uniform geometric mean of K;= 10~ >m/s, and
the variance of InK is 02x= 1. The log-hydraulic conductivity
field is a single realization of a multi-Gaussian random spatial
variable with an anisotropic exponential covariance function

Table 2
Geometric and hydraulic parameters.
Symbol Meaning Value
Geometric parameters of the 2-D domain
L Length of the 2-D domain 25m
w Width of the 2-D domain im
ny Number of cells in x-direction for flow 250
calculation
ny Number of cells in y-direction for flow 200
calculation
Ax Cell size in x-direction for flow calculation 001 m
Ay Cell size in y-direction for flow calculation 0.005 m
Ngrr Number of stream tubes for transport 500
Nser Number of stream-tube-sections for transport 200
Discretization of travel-time models
T Length of the travel-time domain 25d
AT Travel-time increment 0.01d

Geostatistical parameter of K-field

il Correlation length in x-direction 0.05 m

&y Correlation length in y-direction 010 m

Ol Variance of log-hydraulic conductivity 1

Kg Geometric mean of hydraulic conductivity 1x10% mfs
Flow characteristics (for ofx=1)

Kep Effective hydraulic conductivity 1.1:10° m/s
Ty Mean specific discharge (V 0iak) 04 m/d

Ve Mean seepage velocity (V oi2k) (2-D) 1.25 m/d

Vi Mean seepage velocity (Vo) (1-D) 1m/d

J Mean hydraulic gradient 463-1072
Transport parameters

[ Porosity 04

o, Longitudinal dispersivity (2-D) 0.001 m

[ Transverse dispersivity (2-D) 0.0001 m
Dy Pore diffusion coefficient 1072 m%/s

with integral scales of #,=0.05m,¢,=0.1m. The domain is
2.5 mlong and 1 m wide. The mean seepage velocity at steady
state is set at 1.25 m/d. Constant-head boundary conditions at
the left and right boundaries are chosen to meet the requested
mean velocity; there is no flow across the top and bottom
boundaries (see Table 2 for all geometric and hydraulic
parameters).

The spatial discretization of the transport problem is
represented by a stream-line oriented grid with 500 stream
tubes and 200 sections in the flow direction (Cirpka et al.,
1999a, 1999b). The one-dimensional model is conceptual-
ized as a single stream tube of the two-dimensional model,
whose dispersion coefficient is taken as the longitudinal
dispersion coefficient used in the 2-D model but modified to
the travel-time approach by the expression: D.=D,/v.
Fig. 1A shows the log-hydraulic conductivity distribution
and Fig. 1B the resulting flow net of the two-dimensional
domain. Fig. 1C shows the two time functions f(t) considered
in this paper in the transport simulations with transient
flow, according to Eq. (13) (marked blue) for the diurnal
velocity-fluctuations and Eq. (14) for the seasonal one. All
mobile compounds (DOC, O, NO3', and an idealized conserva-
tive tracer) have an initial value of zero and are continuously
introduced into the domain via the inflow boundary. Table 3
lists the values of the initial and boundary conditions for flow
and reactive transport.

We simulate conservative and reactive transport in the 1-D
and 2-D models using the Finite Volume Method with upstream
differentiation of the advective term on a streamline-oriented
grid (Cirpka et al., 1999a, 1999b). To minimize artificial
dispersion, advection is solved by explicit time integration,
whereas dispersion and reactions are solved by implicit
integration as fully coupled system, using the Newton-
Raphson method to handle the non-linearity.

To obtain metrics of the local travel-time distributions, we
perform conservative-transport simulations with a step-input
function as boundary condition. This is done for steady-state
and transient flow. As discussed in Section 2.2, we compute the
metrics of the local travel-time distributions in the 2-D domain
and in an equivalent 1-D system. We simulate bioreactive
transport in the 1-D model considering diurnal velocity
fluctuations and map the concentrations to the 2-D domain
according to Eq. (1) as outlined above, We compare the mapped
results to spatially explicit 2-D simulations of advective-
dispersive-bioreactive transport, denoted the “virtual truth”,
and the error is quantified by the normalized residuals
according to Eq. (31). Finally, we analyze the system behavior
for seasonal, smooth fluctuations of velocity in the 1-D model
only, essentially demonstrating that the system approaches
quasi steady state in reactive transport if the time scale of
fluctuations is considerably larger than the time needed for the
reactive system to adapt to new hydraulic conditions.

4, Results
4.1. Spatial distribution of Travel time metrics

Fig. 2 shows metrics of the local travel time as function of
distance in the one-dimensional model with diurnal fluctuations.

Fig. 2A shows the range of the local mean travel time p(x),
obtained for advective-dispersive transport, as gray band, the
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Fig. 1. A: log-hydraulic conductivity field In(K(x)) (K in m/s) in the 2-D domain; B: Resulting flow net, the color axis denotes the normalized head (zero at the outlet,
unity atthe inlet); C: time function f{t) used for the transient calculations, blue: diurnal fluctuations, red; seasonal fluctuations. (For interpretation of the references to

color in this figure legend, the reader is referred to the web version of this article,)

arithmetic time average [I,.(x) as red line, and the time-median
of p(x) as blue line. Fig. 2B shows the same metrics for the
kinematic age T,qy(X) (using the approach of van der Velde
etal. (2015)) rather than the mean of the advective-dispersive
travel time. For the rather small dispersivity of &, = 10" >mata
mean velocity of 1 m/d, the two types of groundwater ages
hardly differ. To be consistent with the description of travel-
time transport, the longitudinal coordinate is replaced by the
mean travel time for steady-state flow,

The most striking result is that the range of the kinematic
age collapses to a single value at points with a mean travel time
of 1,2, 3, ... days. One day is exactly the period of the velocity
fluctuations. After one day, a solute particle has exactly
experienced the time-averaged velocity, no matter at which
time point within the cycle the particle started. At distances
with steady-state mean travel times falling between integer
multiples of the period of fluctuations, the observed mean
groundwater age depends on time: A solute particle may first
run ahead and then slow down, or vice versa. Adding dispersion
leads to some smearing of these results.

Table 3
Initial and boundary conditions for all components.

Component Initial concentration  Inflow concentration
Dissolved organic carbon 0 uM 500 pM

Dissolved oxygen ouM 250 uM

Nitrate 0 uM 100 uM

Tracer 0 M 100 uM

Aerobic bacteria 1M na.

Denitrifying bacteria 1uM na.

Fig. 2C compares the time-standard deviations of the
mean groundwater age for the ADE (o), (x), blue line) and
the kinematic age (07 (x), red line) with the root time-averaged
variance of local travel time for the ADE (p2"*, yellow line). As
already discussed, at locations with steady-state mean travel
times being integer multiples of the period of velocity fluctua-
tions, there is no time-related uncertainty of the kinematic age
and the corresponding uncertainty of the mean advective-
dispersive groundwater age has a distinct minimum, Interest-
ingly, at these locations the spread of the local breakthrough
curves exhibits a local maximum, As the variance of local travel
time in steady-state flow increases with distance, the standard
deviation is expected to increase with the square-root of
distance, a general trend that can be seen in the yellow line
of Fig. 2C.

Two conclusions can be drawn from Fig. 2: (1) In time-
periodic transient flow, there are locations at which the mean
travel time assumes a time-invariant value, namely if this value
is an integer multiple of the period of velocity fluctuations. At
all other locations, analyzing the groundwater age from an
artificial or natural tracer test leads to results that depend on
the exact time when the signal was introduced into the porous
medium; (2) The time-averaged mean groundwater age [ (x)
and the mean groundwater age for steady-state flow Hr (x) are
not exactly identical. The latter increases linearly with distance
if the velocity is spatially uniform, whereas the former shows
slight variations from the linear trend. We conjecture that the
mean groundwater age for steady-state flow pi,_(x) is also the
better (and easier to apply) quantity for mapping 1-D results of
reactive transport to multi-dimensional domains.

Fig. 3 contains the spatial distributions of the main local
travel-time metrics in the two-dimensional domain for four
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A: Local Mean Travel-Time (ADE) as Function of Distance
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Fig. 2. Metrics of local travel-time distributions in the 1-D model. A: Spatial distributions for advective-dispersive transport; gray area: range of 189(x)-values for the
different time-offsets in f{t); blue line: time-median of the mean travel time; red line: time-averaged mean travel time, I (x). B: Identical metrics as in A, but for the
kinematic age. C: Blue line: time-standard deviation of the mean travel time in the ADE model, 0}, (x); red line: time-standard deviation of the kinematic age, ur . (%);
yellow line: root time-average of the variance of travel time in the ADE model, 2"*. The distances x is replaced by the mean groundwater age for steady-state flow i
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

different types of travel times: The kinematic age for steady-state
flow (Taav(x), subplot A1), the kinematic age for transient flow
(Taav(X), subplots B1 & B2), the advective-dispersive groundwa-
ter age for steady-state flow (7ss(x), subplots C1& C3), and
the advective-dispersive groundwater age for transient flow
(subplots D1-D3). The first column contains kinematic ages
and local mean groundwater ages either at steady state or
averaged over time. The white lines represent daily isochrones of
the corresponding (time-averaged) age variable in each case
study; the similarities among all cases are obvious, even though
dispersion slightly smooths the mean groundwater age distri-
bution and thus straightens isochrones (see C1 and D1) in
comparison to the kinematic age (see Al and B1). Differences
between the time-averaged ages and the ages for steady-state
flow are hardly detectable. The overall pattern reflects the
heterogeneity of the underlying hydraulic-conductivity field

(see also the discussion by Sanz-Prat et al. (2015) who used
the same conductivity field).

The second column of Fig. 3 shows the time-related
uncertainty in kinematic age and local mean groundwater age
in transient flow, reproducing the result of the 1-D simulations
that the kinematic age and the local mean groundwater age
shows zero-to-minimal uncertainty when the value is an integer
muiltiple of the period of velocity fluctuations: The blue zones in
B2 and D2 follow the daily isochrones of B1 and D1.

Finally, the third column of Fig. 3 illustrates the spread of
local breakthrough curves in the advective-dispersive case. The
overall pattern is dominated by effects of heterogeneity: The
low-K zone at the bottom quarter of the inflow boundary
causes an extended, shadow-like zone of old water that mixes
laterally with younger water, causing an increase in the local
variance of travel time, which has already been discussed by
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A1: Kinematic Age at Mean Velocit
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Fig. 3. Spatial distribution of travel time metrics of the four case studies in the two-dimensional domain: first row, kinematic age for steady-state flow; second row:
kinematic age for transient flow (diurnal fluctuations); third row: advective-dispersive travel time for steady flow; fourth row: advective-dispersive travel time for
transient flow (diurnal fluctuations). First column: time averaged local mean values; second column: time standard deviations of local mean values; third column; root

time-mean variance of local travel time,

Sanz-Prat et al. (2015). In the transient case, this is overlain
by an increase in the spread of local breakthrough curves at
the daily mean isochrones where the uncertainty of the mean
groundwater age was minimal.

4.2, Reactive system behavior in the 1-D Model

Fig. 4 shows the concentrations of the five reactive
components in the one-dimensional advective-dispersive-
reactive model with diurnal fluctuations of the spatially
uniform velocity. All concentrations are normalized to range
between zero and one: mobile-species concentrations are
normalized by their respective inflow concentrations,
whereas the biomass concentrations are normalized by the
maximum biomass concentrations of the aerobes and denitri-
fiers. The surface plots (Fig. 4A, B, C, E, and F) illustrate the
variability of concentration in the first two meters of the
domain (representing the first two days of travel time for
steady-state flow) during the last day of simulation. We have
omitted the early-time behavior, when the reactive system is
established, and concentrate on the “dynamic steady state”,
when the system response to the diurnal velocity fluctuations
leads to daily repetitions of the same concentration distribu-
tions. The cycle starts with the onset of the low velocity. At low
velocity, oxygen does not deeply penetrate into the domain,
nitrate is consumed already at short distances to the inlet, and
also the spatial profile of the organic substrate is squeezed
towards the inlet, With the onset of a nine-fold velocity after
12 h, the fronts of mobile reactants are pushed deeper into the
domain. The transition from one quasi steady state to the other
takes about 5 h. At any given time, a clear pattern of the profiles

can be observed: Close to the inlet, oxygen concentrations
are so high that denitrification is inhibited; wherever oxygen has
practically vanished, the nitrate concentration starts to decrease,
and the spatial gradient of the substrate concentration is higher
in the aerobic than in the denitrifying zone,

The time scale of fluctuations is considerably higher than the
time scale of biomass decay. As a consequence, the temporal
fluctuations of the biomass concentrations are strongly damp-
ened in comparison to the fluctuations of dissolved-reactant
concentrations. Wherever oxygen is present at least over some
time, the concentration of aerobic bacteria reaches almost the
maximum value. At x =~ 0.5 m, the aerobes disappear because
oxygen does not penetrate deeper into the domain. A small
secondary peak is a remnant of early-time behavior. The
obligatory denitrifiers are permanently poisoned in the narrow
zone where oxygen is always present and consequently the
respective biomass concentration is practically zero, In the zone
where oxygen is sometimes present at notable concentrations
and sometimes not, the denitrifier concentration increases
according to the time fraction with suitable conditions. Finally,
the biomass concentration of the denitrifiers reaches a value of
about 90% of the preset maximum biomass concentration in the
zone where oxygen has permanently vanished.

Fig. 4D contains the ranges of all normalized concentrations
aslength profiles together with the time-averaged values (solid
lines). Like in the other plots, the variability is only shown
for the last day of simulation. Notable is the strong overlap of
aerobic and obligatory denitrifying bacteria. This reflects
that environmental conditions vary, sometimes preferring
one type of biomass over the other, and at other times vice
versa. For comparison, Fig. 4D also contains the concentrations
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Fig. 4. Normalized concentrations of reactive compounds in the advective-dispersive one-dimensional model undergoing diurnal velocity fluctuations. A, B, C, E, and F
show the normalized concentrations in the first two meters of domain at the last simulation day (F is rotated by 180°). D shows the length profiles of the reactive
components in transient flow by their range (shaded areas) and mean (solid lines) in comparison to the concentration profiles at the end of the simulation time for

steady-state flow (dashed lines).

of the same reactive system after 30 days of simulated times for
steady-state flow conditions, shown as dashed lines. Now, the
two types of bacteria hardly coincide: the aerobes penetrate
only about 30 cm, and the denitrifiers can hardly be observed in
the first 20 cm.

4.3. 2-D Concentration distributions of reactive components:
comparison between spatially explicit and travel-time based
models

Fig. 5 shows the spatial distributions of the normalized
reactive-component concentrations simulated by the the spa-
tially explicit 2-D model (left column of Fig. 5) and of the 1-D
model mapped onto the 2-D domain by means of the mean
travel time for steady-state flow, u (x) (central column of
Fig. 5). The results are shown as a snapshot at the end of the
simulation time, which is at a time point within the diurnal cycle
when the front of oxygen has penetrated the deepest into the

domain. The concentration patterns of all five reactive compo-
nents are so similar that a visual inspection does not reveal the
differences. The right column of Fig. 5 shows the spatial
distribution of the normalized residual errors of all compo-
nents as calculated by Eq. (31). The normalized residual errors
of substrate and oxygen don't exceed the range of £ 5%; the
error of nitrate is somewhat higher at the distinct feature
where old and young water flow in parallel to each other, and
the highest errors for the two bacteria concentrations are either
aligned with specific isochrones or located along the already
mentioned feature, At this feature, transverse dispersion leads
to mixing of dissolved reactants originating from the young
and old water which is not accounted for in the 1-D model.
Overall, however, the error introduced by the mapping approach
is small and local.

Fig. 6 further exemplifies the performance of the approach
by plotting the 1-D and 2-D results as function of the mean
travel time for steady-state flow g, Thus, now the 2-D results
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Fig. 5. Comparison between spatially explicit two-dimensional simulation results at the end of the simulation (tena = 30 d) and corresponding one-dimensional model
results mapped onto the 2-D domain by the mean travel time at steady-state flow. All concentrations are normalized to range between zero and one, Left column:
normalized concentration of the spatially explicit 2-D advective-dispersive-reactive transport model; center column: normalized concentrations of the 1-D model
mapped onto the 2-D demain; right column: normalized residual error, The color axis for the left and central columns ranges from zero to one, the limits for the right
column are given by the colorbars. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

are mapped into the 1-D domain. In the 2-D results, the fairly
sharp front of the aerobic biomass concentration, observed in
the 1-D model at - ~0.5d, is subject to some uncertainty
in the pr~direction causing, in conjunction with the sharp
gradient, large residual errors. For the aerobic biomass, we
also see a mismatch of the secondary peak which has no
consequence for the overall system behavior because this
peak is a remnant of early-time behavior. For nitrate and
substrate we see a distinct shoulder in the 1-D results at
Ur,~0.9d, which is not observed in the 2-D results. This
shoulder is part of the concentration pulsation illustrated in
Fig. 4. In the 2-D model, heterogeneity causes additional
mixing smearing the distinct shoulder. We believe that we could
have obtained a better match between the 1-D and 2-D results in
this part of the domain if we had used a parametrization
of longitudinal mixing in the 1-D model that accounts for
increasing mixing with increasing distance as done by
Sanz-Prat et al. (2015) for bioreactive transport in steady-state
flow,

4.4, Sensitivity analysis

We performed a sensitivity analysis to test how changing
selected transport parameters affects the applicability of the
travel-time models, We did this by scenario calculations,
changing parameters which we believed to be most important,
namely: the mean seepage velocity ¥, the fluctuation range f

Fig. 6. Comparison of normalized reactive compound concentrations between the
2-Dy model or "virtual truth” and the 1-D or mean travel time model for advective-
dispersive transport and transient inflow rate with respect to the mean travel time
estimated at mean velocity (equivalent steady state simulation) at the last hour of
day 29. Black line, substrate concentration in the 1-D model; gray dots, substrate
concentration in the 2-D model; blue line, oxygen concentration in the 1-D model:
blue dots, oxygen concentration in the 2-D model; red line, nitrate concentration
in the 1-D model; red dots, nitrate concentration in the 2-D model; green line,
aerobes concentration in the 1-D model; green dots, aerobes concentration in the
2-D model; magenta line, denitrifier concentration in the 1-D model; magenta
dots, denitrifier concentration in the 2-D model. (For interpretation of the
references to color in this figure legend, the reader is referred to the web
version of this article.)
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of velocity, the transverse dispersivity ¢, the variance of log-
hydraulic conductivity 0%, and a multiplication factor for all
reaction rates. [n all cases, we repeated the 1-D and the spatially
explicit 2-D simulations (including the calculations of the mean
travel time for steady-state flow, yr (x)), performed the same
mapping from the 1-D models to the 2-D domain as before,
computed the normalized residual errors &(x,t) according to
Eq. (31), and calculated the normalized root mean-square error
(NRMSE) for each compound as time-dependent metric how
strongly the mapped 1-D results differed from the spatially
explicit calculations:

NRMSE;(t) = (32)

Fig. 7 shows the time-dependent error metric for all
compounds on the last simulated day for all scenarios
including the base case (bold gray line). The different line
colors and patterns refer to different scenarios. Decreasing
the velocity (solid black lines) or increasing all reaction rates
(dotted pink lines) leads to a shrinking of the reaction zones.
This makes the 2-D simulations somewhat more vulnerable
to numerical dispersion, but the applicability of the mapping
approach does not differ dramatically from the base case.
Increasing the velocity (dashed black lines) or decreasing all

reaction rates (solid pink lines) leads to an expansion of the
reaction zones. Decreasing the range of temporal velocity
fluctuations (solid blue lines) leads to a better agreement
between the travel-time based and the spatially explicit 2-D
results, whereas increasing the range of fluctuations by a
factor of five (dashed blue lines) leads to an increase in the
error. We expected that increasing transverse dispersion
(red lines) would lead to severely stronger discrepancies
because of enhanced inter-streamtube mixing, but the effects on
the applicability of the approach are not dramatic. Note that in
these cases the spatial distributions of both mean groundwater
age and reactive-species concentrations are smoother. Finally,
increasing the degree of heterogeneity (green lines) leads to
more extreme differences in travel time within a cross-section,
this in turn facilitates mixing of younger and older water by
transverse dispersion. As expected, this leads to somewhat larger
errors, but NRMSE-values of the bacteria concentrations, which
are affected the most, remain moderate (about 10% for 0Zx=3).
Altogether, the scenario calculations show that the approach is
suitable for the given reactive system and overall setup over a
wide parameter range.

4.5. Comparison between diurnal and seasonal flow fluctuation in
the 1-D Model

Fig. 8 shows the bacteria concentrations in the one-
dimensional advective-dispersive model for diurnal (top row)
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Fig. 7. Normalized root-mean square error of all compounds according to Eq. (32) as function of time on day 30 of the simulation, Titles of the subplots indicate the
concentration considered. Gray line: base case; black lines: multiplication of the velocity with a constant factor (solid: 0.5, dotted: 2.0); blue lines: multiplication of the
range of velocity fluctuations (solid: by 0.5, dotted: by 5.0); red lines: increase of transverse dispersivity (solid: to 0.01m, dotted: to 0.05m); green lines: increase of
variance of In(K) (solid: to 2.0, dotted: to 3.0); magenta: multiplication of all reaction rates with a constant factor (solid: 0.1, dotted: 2). (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)
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and seasonal (bottom row) velocity fluctuations. The first
column of subplots shows the aerobic bacteria, the second
the denitrifying bacteria as function of space and time, and the
third the correlation between the two biomass concentrations
as function of time. Fig. 8 only show the first meter of the
domain. As can be seen, the system with diurnal velocity
fluctuations requires less than ten days to establish a more or
less stable pattern. The following discussion concentrates on
the dynamic steady state approached considerably later.

As discussed above, the velocity fluctuations make the
oxygen-containing zone shrink and expand. In the transition
zone, the conditions change from being preferable for aerobic
bacteria to those preferring denitrifiers. As listed in Table A4,
the maximum specific decay coefficient of both types of
biomass is 0.3/d, implying a characteristic time of biomass
death of about 3 d. The time scale of diurnal fluctuations is
smaller than that resulting in the already discussed overlap of
aerobic and denitrifying bacteria. The presence of this overlap-
ping zone diminishes the extent of anti-correlation between
the two biomass concentrations to a value of Iemcaer= —0.7
from day ten on (see Fig. 8Cl1). In case of the seasonal
fluctuations, the time scale of the fluctuations is two orders of
magnitude larger than the time scale of biomass death. Thus,
the distribution of biomass can follow the velocity fluctuations
and distinct zones with predominantly aerobic and denitrifying
bacteria can be observed. As plotted in Fig. 8C2, the correlation
coefficient e, cqer assumes more negative values, even reaching
almost perfect anti-correlation, in case of seasonal versus
diurnal velocity fluctuations. As a consequence, the error
introduced by assuming quasi steady-state conditions of
reactive transport may be negligible in case of purely
seasonal fluctuations, whereas the effect of flow dynamics on
the time-average biomass distribution must be considered in
case of diurnal fluctuations.
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= 04| % 0.4
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5. Discussion, conclusions, and practical recommendations

The presented results allow us to evaluate the validity of the
hypothesis stated in Eq. (1), by which the mean travel time for
steady-state flow can be used to map results of one-dimensional,
non-linear bioreactive transport undergoing time-periodic
fluctuations of the velocity magnitude to multi-dimensional
domains subject to the same relative fluctuations of velocity. In
the introduction, we have asked four questions that we may
NOW answer:

1. How do transients in flow influence local travel-time
distributions?

Both the kinematic age and the local mean travel time move
back and forth in response to periodic velocity fluctuations. At
points where the mean travel time equals an integer multiple
of the period of fluctuations, however, the uncertainty in the
mean travel time is minimal, and that of kinematic age is zero.
These are the only points where artificial tracer tests or natural-
tracer analysis would give univocal mean travel times. At these
locations, the spread of local travel times in advective-dispersive
transport exhibits a maximum,

2. How does transient flow alter biogeochemical zonation?

In our test case, time-periodic flow leads to pulsation of
hiogeochemical zones. At low velocity, the penetration depth of
dissolved oxygen is considerably smaller than that at high
velocity, leading to a transition zone in which times of aerobic
degradation alter with those of denitrification. If the velocity
fluctuations are on time scales smaller than those of biomass
dynamics, both types of bacteria prevail in the transition zone,
If the velocity fluctuations are on much larger time scales, quasi
steady-state transport may be an adequate simplification, and
the two types of bacteria are clearly separated in our model.
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Fig. 8. Aerobic and denitrifying bacteria concentrations as function of distance and simulation time in the 1-D model for the diurnal (top row) and seasonal (bottom
row) velocity fluctuations, Third column: correlation coefficient of the two biomass concentrations as function of time,




A. Sanz-Prat et al. / Journal of Contaminant Hydrology 187 (2016) 1-17 15

3. Which travel time or travel-time metric should be used to
map travel-time based results of nonlinear (bio)reactive-
transport simulations to multi-dimensional domains?

We have used the mean travel time for steady-state flow to
map 1-D results to 2-D domains, because this quantity scales
linearly with distance in the 1-D model if the velocity is
spatially uniform. The time-averaged mean groundwater age
exhibits small deviations from the linear behavior, but the two
quantities appeared almost indistinguishable in the 2-D model.

4, How large is the error introduced by the mapping method?

Overall the approach of mapping 1-D results to 2-D domains
by means of the mean groundwater age for steady-state flow
performed excellently also for flow with periodic fluctuations
of the velocity magnitude. We did not attempt optimizing
the 1-D parametrization of dispersion to account for mixing
enhancement by heterogeneity in the 2-D domain (Sanz-Prat
et al, 2015). As a result, moving fronts were slightly more
smoothed in the spatially explicit 2-D simulations than in the
mapped 1-D results. We conjecture that using the kinematic
age at steady-state flow as mapping variable and staying within
a strictly advective description in 1-D transport would have
caused more pronounced deviations between the mapped 1-D
and 2-D results at moving fronts. The distribution of biomass,
however, was not affected by the small mismatch of effective
longitudinal mixing.

In the present study, we have assumed that the fluctuations
of the flow magnitude are periodic. This is not necessarily
the case in real aquifers, even though dominant diurnal and
seasonal cycles are observed at many sites. Without periodicity,
there are no fixed points with constant mean groundwater age.
If flow is statistically stationary but not necessarily periodic,
i.e,, the flow magnitudes fluctuate non-periodically about a
constant mean, the evaluation of an equivalent groundwater
age under steady-state conditions is still possible, and the
mapping procedure (using the same time fluctuations in the
1-D and multi-D models) should work similarly well as in the
periodic case, In case of a pronounced trend (e.g., due to
changes in water management), there is no equivalent steady
state. However, as long as the spatial flow pattern does not
change, the mapping could still be applied with an arbitrarily
chosen steady-state flow field.

The main purpose of the present and the preceding study is
to provide a conceptual simplification of modeling nonlinear
multi-component reactive transport in heterogeneous domains,
We have assumed that a spatially explicit representation of
hydraulic conductivity exists (or that multiple realizations
are provided by a Monte-Carlo approach). It is clear that the
proposed travel-time models don't work in cases where
reactions are controlled by transverse mixing at the macro-scale,
which would be the case for a continuous point-release of a
compound that reacts with compounds provided by ambient
flow. We see the applications of travel-time models in cases of
diffuse reactant input over large areas, e.g., agrochemical input
with groundwater recharge or input of river pollutants by
riverbank filtration. In the chosen set-up of our study, the
reactants were mixed already in the inflow, which makes the
approach less prone to effects of mixing. In replacement
scenarios, in which the solution of one reactant replaces the
solution of another one, the overall reaction rates are controlled

by longitudinal mixing (Cirpka and Kitanidis, 2000; Luo and
Cirpka, 2008, 2011). In such cases, convective-reactive models
would only work if mixing is dominated by differences in the
mobility of the reactants (e.g., Janssen et al., 2006).

Even in the premixed cases considered here, the mass
exchange between old and new water parcels by transverse
mixing can complicate the effective reactive-transport
behavior. We recommend performing simulations of conserva-
tive advective-dispersive transport before setting up the reactive
transport problem. In particular, we recommend analyzing
breakthrough curves at individual points in control planes. If
these point-related breakthrough curves show extended tailing
or pronounced multiple peaks, a 1-D travel-time model based on
standard advection and dispersion coupled to reactions won't be
adequate, and other effective models, such as multi-porosity ad
multi-permeability models may be needed (e.g., Simunek et al,
2003). We also recommend comparing the shapes of individual
breakthrough curves. If they differ dramatically, e.g., some show
multiple peaks, others broad peals, yet others long tails, whereas
some look rather regular, it is difficult to imagine that a
common parametrization of 1-D transport can be applied to
all breakthrough curves. If the local distributions of travel
time, normalized by the mean travel time, look similar in
most cases, designing a nonlinear reactive transport model
based on mapping a single, 1-D, travel-time model to a
multi-dimensional heterogeneous domain appears reason-
able. Previous findings have indicated that this may be the
most difficult in domains with intermediate heterogeneity
(Luo and Cirpka, 2011).

Finally, applying the approach to field sites of river-bank
filtration remains challenging, We would need the mean travel
time at an observation point for steady-state flow even though
flow is transient. If flow remains constant for sufficiently large
times, this value can be obtained by an artificial tracer test.
Non-stationary analysis of natural-tracer data may be an
alternative (Liao et al., 2014) but is associated with challenges
of its own, because the natural tracer-data are more informa-
tive at times of hydrological events than in between so that
estimation of the mean transport behavior may be biased.
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Appendix A. Bioreactive Model

The concentrations of the aerobic and denitrifying bacteria
are given in moles of carbon within the biomass per volume of
water, even though the biomasses are considered immobile.
With the simplified elemental composition of CH,0 for dissolved
organic carbon and the two types of biomass, the stoichiometries
of the reactions listed in Table 1 hold. For aerobic degradation
coupled to growth, we consider standard dual-Monod kinetics;
biomass decay depends on the availability of an electron
acceptor by introduction of Michaelis-Menten terms for oxygen
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and nitrate. The effective yield Y3 of the aerobic bacteria
depends on the aerobic biomass concentration ¢ to account for
a maximum biomass concentration cgt,, or carrying capacity.
The corresponding mathematical expressions read as follows;

Cg—f Cm aer

rﬂEr h _ max " (A l)
wth — “aer growth ) “Lim .
ot =g o B R
o aer
aer max m
Tdec = Kaer dec * 0, “Lim (A2)
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aer max C{;;O; aer
rdec,NO; = Rden,dec * NO; * Cim (A.3)
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er er im
eff = Yamax ) (1_ Carﬁzx) (A4)

leading to the reactive source-sink terms in Eqs. (A.5) & (A.6) for
the aerobic biomass (rf5") and dissolved oxygen (r52):
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in which Fo 20 i the stoichiometric ratio of dissolved oxygen
to organic carbon for the net reaction at steady state.

The rate laws for denitrification are quite similar, but
denitrification is inhibited by the presence of dissolved oxygen,
which is accounted for by a non-competitive inhibition term
including the inhibition constant Ko, ™"

or
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leading to the reactive source-sink terms in Eqs. (A.11) & (A.12)
for the denitrifying biomass (r¢") and nitrate (rN%):
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Finally, the reactive source/sink-term of dissolved organic
carbon compiles the growth-specific reaction rate of aerobic
respiration and denitrification:

A N i (A13)
Table A4
Biokinetic parameters,
Symbol Meaning Value
e T—— Maximum specific DOC-reaction rate of 22.5/d
aerobic bacteria under growth conditions
K srowth Maximum specific DOC-reaction rate of 7.5/d
denitrifying
bacteria under growth conditions
koeriee Maximum decay rate coefficient of aerobic 0.3/d
bacteria
K dec Maximum decay rate coefficient of 0.3/d
denitrifying bacteria
e Monad coefficient of DOC in aerobic 10 uM
degradation
Kz, Monod coefficient of DOC in denitrification 11,4 uM
Ko, Monod coefficient of dissolved oxygen in 3 uM
aerobic degradation
Knoy Monod coefficient of nitrate in denitrification 70 uM
Yo Maximum specific yield of aerobic bacteria 0.5
Yona e Maximum specific yield of denitrifying 05
bacteria
Fo/ctao® owth  Stoichiometric coefficient O, consumption 1
for the aerobic growth
Fol,.cﬂm"” Stoichiometric coefficient O, consumption 1
for the aerobic degradation
Frozy Stoichiometric coefficient NO3 consumption 0.8

ez for the anaerobic growth
¢ Stoichiometric coefficient NO3 consumption 0.8
for the anaerobic degradation

Copus®F Maximum concentration of aerobic bacteria 50 uM
Crnnie? Mazximum concentration of denitrifying 50 pM
bacteria
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Transport of reactive solutes in groundwater is affected by physical and chemical heterogeneity of
the porous medium, leading to complex spatio-temporal patterns of concentrations and reaction
rafes. For certain cases of bioreactive transport, it could be shown that the concentrations of
reactive constituents in multi-dimensional domains are approximately aligned with isochrones,
that is, lines of identical travel time, provided that the chemical properties of the matrix are
uniform. We extend this concept to combined physical and chemical heterogeneity by
additionally considering the time that a water parcel has been exposed to reactive materials,
the so-called exposure time. We simulate bioreactive transport in a one-dimensional domain as
function of time and exposure time, rather than space. Subsequently, we map the concentrations
to multi-dimensional heterogeneous domains by means of the mean exposure time at each
lpcation in the multi-dimensional domain. Differences in travel and exposure time at a given
location are accounted for as time difference. This approximation simplifies reactive-transport
simulations significantly under conditions of steady-state flow when reactions are restricted to
specific locations. It is not expected to be exact in realistic applications because the underlying
assumption, such as neglecting transverse mixing altogether, may not hold. We quantify the ervor
introduced by the approximation for the hypothetical case of a two-dimensional, binary aquifer
made of highly-permeable, non-reactive and low-permeable, reactive materials releasing
dissolved organic matter acting as electron donor for aerobic respiration and denitrification. The
kinetically controlled reactions are catalyzed by two non-competitive bacteria populations,
enabling microbial growth. Even though the initial biomass concentrations were uniform, the
interplay between transport, non-uniform electron-donor supply, and bio-reactions led to distinct
spatial patterns of the two types of biomass at late times. Results obtained by mapping the
exposure-time based results to the two-dimensional domain are compared with simulations
based on the two-dimensional, spatially explicit advection-dispersion-reaction equation. Once
quasi-steady state has been reached, we find a good agreement in terms of the chemical-
compound concentrations between the two approaches inside the reactive zones, whereas the
exposure-time based model is not able to capture reactions occurring in the zones with zero
electron-donor release. We conclude that exposure-time models provide good approximations of
nonlinear bio-reactive transport when transverse mixing is not the overall controlling process and
all reactions are essentially restricted to distinct reactive zones.
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1. Introduction

Significant spatial variability of aquifer properties deter-
mines the fate of reactive components in groundwater. While
the heterogeneity of physical properties (mainly hydraulic
conductivity) determines the spatial structure of the ground-
water flow field, the spatial variability of geochemical proper-
ties establishes different aquifer reactivities within the domain.
Scheibe et al. (2006) recommended that the effects of coupled
physical and biogeochemical heterogeneities should be jointly
considered in reactive transport and bioremediation modeling.
As tested by Cunningham and Fadel {2007) and Atchley et al.
(2014), among others, both positive and negative correlations
between physical and geochemical heterogeneities substan-
tially modify the propagation and fingering of reactive fronts in
porous media, The interplay between spatial variability of
linear sorption (both in local equilibrium and kinetic) and
hydraulic conductivity has been the subject of intensive
stochastic analysis (e.g, Burr et al, 1994; Espinoza and
Valocchi, 1997; Cushman et al,, 1995; Cvetkovic et al,, 1998).
Dentz et al. (2011) analyzed kinetic dissolution-precipitation
reactions in physically and chemically heterogeneous domains,
highlighting that physical and chemical heterogeneity cannot
be upscaled separately. Fully analytical treatment of joint
physico-chemical heterogeneity in transport with nonlinear
reactions, however, is inherently difficult, so that numerical
simulations of such systems appear indispensable.

Most natural redox reactions in groundwater are catalyzed
by microbes, which depend on particular chemical environ-
ments but also change them. Ginn et al. (2002) highlighted the
need for new modeling approaches accounting for the time
that a microorganism has been exposed to nutrients, the
dynamics of biomass growth under changing chemical condi-
tions, and the effects of heterogeneity on microbial populations.
Likewise, Mohamed et al. (2010) observed that the mass
discharge of contaminants undergoing microbial degradation is
highly sensitive to chemical heterogeneity because the avail-
ability of substrates controls microbial activity. Tufenkji (2007)
stressed the need of understanding the influence of physical
and geochemical heterogeneity on imicrobial transport in
porous media.

A key challenge for numerical bioreactive transport model-
ing in heterogeneous media is to allocate restricted computa-
tional resources: Uncertainty of the spatial distribution of
aquifer properties requires multiple simulations with different
parameter combinations (in the simplest version as Monte-
Carlo simulations) but the computational effort for a single
simulation run using multi-dimensional spatially explicit
methods may be so high that it restricts the number of possible
runs. In certain environmental settings, travel-time based
bioreactive transport models are a feasible alternative to the
traditional  spatially-explicit advective-dispersive-reactive
models due to the simplification of a multi-dimensional
problem to a quasi one-dimensional one (see Sanz-Prat et al.,
2015, 2016). The travel time 7(x) [T] is defined as the time that
a parlicle needed to travel from the inlet boundary to the
observation point with spatial coordinates x [L]. Due to
dispersion, the travel time at a point is a probability density
function, p(7(x)), rather than a unique value, but its mean value
(also denoted the mean groundwater age) and spread can

easily be computed by temporal-moment generating equations
(Harvey and Garelick, 1995; Goode, 1996). The main assump-
tion of travel-time based reactive-transport models is that
reactive fronts are aligned with groundwater isochrones. This
assumption holds under idealized conditions without ground-
water mixing, that is, without dispersion. Also flow should be at
steady state, the distribution of the reactants should be uniform
across the entire inlet boundary, and the biogeochemical
parameters must be uniform within the domain.

Various analyses have been based on the assumption of
strictly advective transport, facilitating a Lagrangian analysis of
solute transport in multi-dimensional domains (e.g,, Simmons,
1982; Dagan and Nguyen, 1989; Shapiro and Cvetkovic, 1988;
Dagan et al, 1992; Cvetkovic et al, 1992). Conceptually
identical to the kinematic-lagrangian framework is the
assumption of transport occurring by advection only in
independent stream tubes that do not interact with each
other (e.g, Crane and Blunt, 1999). This framework is well
suited to address reactive transport, at least in steady-state
flow or if there are no reactants in an immobile phase (e.g,
Dagan and Cvetkovic, 1996; Cvetkovic and Dagan, 1996;
Kaluarachchi et al, 2000; Simmons et al, 1995; Diem et al.,
2013). Ginn et al, (1995) simulated coupled microbial growth
and non-linear reactive transport of a single solute in one-
dimensional stream tubes and addressed the effects of
heterogeneity by considering a distribution of velaocities
among individual stream tubes, meeting the travel-time
distribution in the outlet of the original multi-dimensional
domain, This method enables the upscaling of microbially
influenced transport in heterogeneous domains without rely-
ing on Fickian macrodispersion, which has been shown to
introduce artifacts in bioreactive transport already by Molz and
Widdowson (1988). Stream-tube formulations considerably
reduce the computational effort making Monte-Carlo simula-
tion to analyze the effects of spatially variable physical
properties on reactive transport feasible. Cirpka and Kitanidis
(2000a) denoted the latter method the advective-dispersive
stream-tube approach and suggested parameterizing the
dispersivities of the independent stream tubes by analyzing
the width of point-like measured breakthrough curves of
conservative tracers (Cirpka and Kitanidis, 2000b). Ginn
(2001) and Ginn et al. {2001) extended the approach by
allowing longitudinal dispersive mixing within the stream
tubes. Cirpka (2002) used effective longitudinal dispersion
coefficients derived by linear stochastic theory (Dentz et al,,
2000; Fiori and Dagan, 2000) for the within-stream-tube
mixing, and the difference between ensemble and effective
dispersion to parameterize the apparent velocity distribution
among the independent stream tubes. In all these studies, the
intrinsic rate coefficients and the initial biomass distribution
were assuimed to be spatially uniform. Microbial biomass, and
thus the concentration of the reaction catalyst, was allowed to
vary but it organized itself due to the interplay of advective (or
advection-dominated) transport, reactions, and microbial
dynamics (growth, decay, in some cases transport of microbes),
In two preceding studies, we have analyzed the validity of
travel-time based maodels for bioreactive transport subject to
small, but non-zero transverse mixing (Sanz-Prat et al., 2015)
and under the additional influence of time-period fluctuations
of the magnitude of flow (Sanz-Prat et al,, 2016). As a reactive
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system, we considered the oxidation of dissolved organic
carbon by oxygen and nitrate coupled to the growth of the
catalyzing bacteria. All compounds were jointly introduced into
the domain, and the rules and parameters of microbial activity
were spatially uniform.

Accounting for any sort of biogeochemical heterogeneity,
travel times likely do not agree with the time in which the
reaction actually can take place, In addition to the travel time
7(x), it becomes thus necessary to consider the time over which
amaterial has the opportunity to be processed (Oldhman et al.,
2013), here denoted the exposure time, Texp(X) [T], as this time
controls the time of reaction. The exposure time was included
as independent variable in a modified version of the stochastic-
convective-reactive method by Seeboonruang and Ginn (2006)
for linear kinetically controlled reactions. The authors used the
cumulative reactivity, Teyp, a5 the total exposure time in each
stream tube to solve linear reactive systems. The approach
properly captured breakthrough curves of solutes based on the
joint distribution function of travel time and cuwmulative
reactivity. However, further research on coupled and nonlinear
kinetically-controlled reactions was suggested. Interference of
the approach by transverse mixing was excluded altogether.

Ginn (1999, 2000a, 2000b) introduced the exposure time as
additional dimension in reactive-transport equations. The
general equation is based on mass-balance principles and
considers that the individual molecules of a solute at a given
location in space and time may have experienced different
times of exposure fo reactive conditions. By introducing the
exposure time as additional dimension, and considering that a
sample is a weighted average over different exposure times, the
author tried to explain inconsistencies of advective-dispersive-
reactive transport in the presence significant chernical hetero-
geneity. While the author has applied the approach as
“generalized exposure-time” concept to various problems of
transport (e.g., Ginn, 2009), it comes with the key disadvantage
of increasing the computational effort from 3-D or 4-D space-
time to a 4-D or 5-D domain (see also the Laplace-transfrom
technique to evaluate the exposure-time distribution devel-
oped by Cornaton, 2012). In the present study, we thus do not
consider full exposure-time distributions at a single point in
space and time, and restrict the analysis to the mean exposure
time, which can be evaluated by a slightly modified version of
the mean groundwater-age equation (Goode, 1996).

The hypothesis to be tested in this paper is that the
concentrations of reactive constituents at each point within a
domain subject to physical and chemical heterogeneity can be
approximated by knowing the mean exposure time and the
travel time at that location. The main objective of this paper is
to identify, locate and quantify the expected errors introduced
by using the exposure-time approach in nonlinear bioreactive
transport affected by local dispersion. For this purpose, we
compare the estimated multi-dimensional concentration and
reaction rates of an equivalent spatially-explicit advective-
dispersive model, acting as our reference or virtual truth. The
methodology is summarized by the following steps: (1)
simulation of the one-dimensional reactive transport model
based on exposure time, which provides concentration/reac-
tion rates as function of time and exposure time; (2) estimation
of the spatial distribution of the mean travel and exposure
times in the two-dimensional heterogeneous domain; (3)
simulating two-dimensional reactive transport by the

spatially-explicit model, providing the values of reference or
virtual truth; (4) mapping the one-dimensional results to two-
dimensional domain by using the spatial distribution of the
exposure time; (5) estimation of residual errors between the 1-
D mapped and the genuine 2-D results.

In the present application, the coupled physical and
geochemical heterogeneity is described as a binary setting of
reactive lenses embedded in a non-reactive fully saturated
porous media, where the hydraulic conductivity field is
negatively correlated with the reactivity. In order to restrict
the analysis of mixing processes to the coupled effect of the
spatial variability of physical and chemical features, the
assumed flow field is at steady state (implying that the spatial
distribution of the exposure time is constant in time), and all
mobile reactants are introduced uniformly over the inflow
boundary of the domain. We consider aerobic respiration and
denitrification, coupled to biomass growth, as chemical
transformations that can occur throughout the entire domain
including both reactive and non-reactive zones. Reactive zones
are defined by the release of dissolved organic carbon acting as
the electron donor for the latter two redox reactions. Examples
could be peat lenses in an otherwise sandy aquifer, or zones
containing pyrite, elevated levels of biotite, or other ferrous-
iron bearing minerals Thus, the distinction between “reactive”
and “non-reactive” zones is in reality a distinction between
zones that release electron donors and those that do not. We
discuss the effects of the latter assumption by performing
simulations of a simple one-dimensional test problem.

2. Theory

2.1. One-dimensional advective transport with intermittent first-
order decay

We start with the simple, one-dimensional, linear case in
which a solute undergoes advection and first-order decay at
locations where the water parcels are exposed to a reactive
material:

dc  dc —N\c in reactive zones
aTVRT { 0 elsewhere 1)

c(t.x= U) = Ciu(t) (2)

c(t =0,x) =0 (3)

in which v [LT™"] is the velocity, which may vary upon the
spatial coordinate x [L], t [T] is time, ¢ [ML™3] is the
concentration, A [T™'] is a first-order decay coefficient active
in reactive zones only, and ¢y, (t) [ML™3] is the time series of
concentration in the inflow. Applying the rules of total
differentiation yields for a water parcel:

dec { —\C in reactive zones dx

a1 0 elsewhere 21008 a=" “)

subject to Eq. (2), which is a homogeneous first-order
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differential equation with the solution:
c(t) = c(0) exp( T ) (5)

in which c(0) [ML™?] is the initial concentration of the individual
water parcel, and Tey, [T] i5 the time that the water parcel has
been within reactive zones. Considering that the water parcel
observed at time ¢ at location x has been introduced at time t—71
into the domain, the analytical solution reads as:

c(t,x) = ¢, (t—T) exp (—MW) (6)

in which 7(x) [T] and Teyp(x) [T] are the travel time and exposure
time at location X, respectively, which can be evaluated
throughout the domain by the following generating equations:

vV—=1 (7)

Oep (1 in reactive zones (8)
0 elsewhere

T(0) = Tgp(0) =0 9)

in which Eq. (7) may be interpreted as the increase of mean age
along a trajectory, whereas Eq. (8) expresses that the mean
exposure time only increases within reactive zones.

We now consider an equivalent domain with equivalent
concentrations c., [ML™>], in which the non-reactive parts have
been removed, whereas the houndary and initial conditions are
identical:

g 10
(£, 7 ep = 0) = elt) (11)
Cog (£20,Tp) =0 (12)
(7 ew) = (7o) 80(N72) 1)

In the equivalent domain, there is no distinction between
travel time and exposure time because the water parcels are
exposed to the reactive material everywhere. We may now
compare the analytical expressions of the domain with non-
reactive zones, Eq. (6), with the one leaving out the reactive
zones, Eq. (13). While the exponential term, exp(—ATeyy), is
identical the inflow concentration c;, is to be considered at
different times, namely at t — 7 for the case of the domain with
non-reactive zones, and at £— Ty, in the system without non-
reactive zones. This time offset must be considered when
equating the two expressions. In doing so, the concentrations in
the domain including the non-reactive zanes can be computed
from the equivalent concentrations in the domain leaving out

the non-reactive zones by:
€(t,%) = Cog (E=T0) + Terp(X), T xp () (14)

Eq. (14) is at the heart of the proposed approach for slightly
more complex cases of reactive transport: concentrations for a
domain made of reactive and non-reactive materials are
approximated by mapping concentrations from an equivalent,
one-dimensional domain made only of reactive material. The
key mapping variable is the mean exposure time at the location
of interest, whereas the difference between travel and
exposure time at that location acts as a time difference. The
latter may best be explained for the case of an invading
concentration front. Since the 1-D model excludes the non-
reactive zones the invading front directly jumps from one
reactive zone to the next, whereas in the full system with non-
reactive zones the front needs extra time to move through the
non-reactive zones. The time-offset of Eq. ( 14) accounts for this
delay. Eq. (14) is exact for mixtures of solutes undergoing
strictly advective transport through the reactive and non-
reactive zones of the domain and reacting with each other in
the reactive zones, regardless whether the reaction laws are
linear or nonlinear. The key idea is to follow a water parcel
containing reactive constituents that react among each other
only in certain parts of the domain and measure the time that
the water parcel has been exposed to the reactive material (see
Seeboonruang and Ginn, 2006). In the following, we will apply
the approach to cases where Eq. (14) is nolonger exact because
of dispersive mixing and the involvement of immobhile
constituents (bacteria, reactants in the matrix) in the reactions.

2.2. Proposed multi-dimensional, advective-dispersive-reactive
approach

As virtual truth, we consider multi-dimensional reactive
transport of multiple mobile (m: dissolved organic matter,
dissolved oxygen, nitrate) and immobile (im: aerobic and
denitrifying bacteria) compounds, in which the mobile com-
pounds undergo advection with the spatially variable seepage
velocity v [LT~"] and dispersive mixing with the spatially
variable local dispersion tensor D [I*T~"]. The flow field is
considered to be at steady state, the porosity is assumed to be
spatially uniform, and the concentrations of the reactants in the
inflow are assumed uniform over the inflow boundary. Then
the advection-dispersion-reaction equation (ADRE) including
immobile compounds reads as:

() ; ’ .
a—;;_l V-Vl V- (Dch,?) = (e(x, 1)) (15)

aCm i
= rfl e, 1) (16)

subject to spatially uniform initial conditions and:;

n- (vl —DVell) =mvel), (6) at T, (17)
n. (DV.:E:',J =0 at T,,Ur, (18)
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in which ) [ML~3] is the concentration of mobile compound i,
r®) [ML™3T™"] is the reactive source-sink term for that
compound, depending on the concentration vector ¢(x,t) of
all compounds at location x and time t, whereas cf) and r{l} are
the corresponding expressions for an immobile compound.
clihowML™3] is the concentration of mobile compound i in the
inflow. Iy, Toun and Ty denote inflow, outflow, and no-flow
boundaries, respectively. In the given example problem, we
consider the release of DOC from a seemingly infinite pool of
natural organic matter (NOM) in the immaobile domain. Thus,
the change of immobile NOM is not considered in the model. In
the given approach, we could explicitly account for inter-phase
mass transfer processes. However, the distribution of DOC-
releasing and non-releasing zones is considered fixed.

The equivalent one-dinmensional model without non-reac-
tive zones has been modified from Eqgs. (10)-(12) to:

acg% m afg; m i Cc(zg m )

- — —D_——— =1, £

fo Blin o Pn_ (e ) )
act .

”'g%lﬂl' = r::rlI)l (ceq (Texprt)) (20)

subject to the same initial conditions as for the multi-
dimensional case and the boundary conditions:

’ acth ’
Cetzg.m—"D'r aTeq.m = C?rll}?nw(t) at Tep = 0 (21)
exp
acd
lim —%" . vt (22)
T exp ™ aTexp

in which D= D/|Iv|3 [T] is a dispersion coefficient in travel/
exposure-time coordinates accounting for within-stream-tube
mixing, where D, [L*T~!'] is the longitudinal dispersion
coefficient in spatial coordinates. The reaction laws 1{J(c)
(mobile compounds) and 13(c) (immobile compounds) are
identical for the spatially explicit multi-dimensional model and
the equivalent one-dimensional model eXpressed in exposure
times.

Due to dispersive mixing, both the travel time 7(x) and the
exposure fitme Texp(X) af a given location are distributions
rather than single values (Ginn, 1999, 2000a, 2000b): certain
water molecules at time 7 and location x have been in the
domain for a longer time and experienced longer exposure to
reactive materials than others. Instead of introducing the
exposure time as an additional dimension for multi-dimen-
sional transport as done by Ginn in the cited studies, we work
with the mean exposure time as single qualifier, and do the
same for the travel time. From this point forward, 7(x) denotes
the mean travel time, or groundwater age, at location x, and
Texp(X) denotes the corresponding mean exposure time. Under
steady-state flow conditions, 7(x) and 7ey,(x) can be computed
from the groundwater-age equation (Goode, 1996) and a
modified form of it by:

V-V7—=V-(DVr)=1 (23)

_ [ 1 inreactive zones
V- VTep=V- (DVT"’“’) - {0 elsewhere 24

subject to:

n-(vi—DV7r) = 0atl,

n. (DVT) = 0 at [,,Ul,
n. (VTEXPHDVTE,P) = 0atT (25)
n- (DVTW) = 0 at I,,Ur,

Notice that, as a consequence of transverse dispersion,
different travel and exposure times in neighboring stream
tubes mix. This can lead to the counter-intuitive observation
that both the mean groundwater age and the mean exposure
time along a slow flow path can decrease in the longitudinal
direction due to transverse exchange with stream tubes that
contain younger water or have experienced less exposure,
respectively. The exchange also causes a stronger increase in
mean groundwater age and mean exposure time in the
neighboring fast stream tubes, but the latter observation
appears less counter-intuitive.

To transfer the equivalent concentrations from the expo-
sure-time based domain to the multi-dimensional domain, we
make use of the mapping expressed in Eq. (14). We do not
expect that the mapping yields exact results because (1) the
reactive constituents mix, (2) the equivalent model cannot
switch off longitudinal dispersion if reactive sub-domains are
separated by non-reactive ones, (3) the reaction laws involve
immobile compounds (bacteria) that influence the reaction
and are changed by it, and (4) we define zones as non-reactive
even though not all reactions are inhibited therein, However,
we claim that the mapping approach yields good approxima-
tions of reactive-species concentrations, and will test this by
comparing spatially explicit advective-dispersive-reactive sim-
ulation results with the mapped results of the equivalent one-
dimensional exposure-time based model.

3. Application to aerobic and anaerobic degradation of
organic carbon released from source lenses

3.1. General setup

We conceptualize physical-geachemical heterogeneous
domains as a composition of organic-matter-rich lenses within
an inert porous medium, The reactive material is assumed to
behave as a quasi-infinite immobile source of dissolved organic
carban (DOC). The release rate of DOC in the reactive zones is
proportional to the difference between a fixed saturation
concentration 29 [ML™3] and the actual local concentration
of DOC. This setup mimics DOC-release in peat lenses or other
organic-rich inclusions of aquifers otherwise made of organic-
poor sediments, It may be worth noticing that the DOC-release
is the only reaction switched off in the non-reactive zones. All
reactions triggered by the DOC-release (see below) can occurin
the non-reactive zones if the DOC is transported thereto, In the
two-dimensional application, the hydraulic-conductivity field
follows the spatial pattern of reactivity: The reactive zones are
assumed to exhibit a uniform low hydraulic-conductivity value,
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and the matrix an equally uniform high hydraulic conductivity
value, similar to peat, silt, or clay lenses embedded in sandy-
loam formations (e.g, Ritzi et al, 2000). For modeling
simplification, we assume a uniform and constant porosity.
Dissolved oxygen, O and nitrate, NO3, are continuously
injected through the whole inlet boundary with a uniform
and constant inflow concentration. These mobile electron
acceptors trigger degradation of the dissolved organic carbon.
The redox reactions are catalyzed by aerobic and denitrifying
bacteria, in which denitrification is non-competitively inhibited
by the presence of dissolved oxygen. Initially, the microbial
populations have very small biomass concentrations in the
whole domain. These microbes are considered as immobile,
their growth is limited by a maximum biomass concentration,
Or carrying capacity, €™ [ML™3], and depends on the
concentrations of the reactants by Monod kinetics. The model
includes first-order biomass decay, which is relevant during
large starvation periods.

In Section 3.3, we will demonstrate the system behavior for
a simple one-dimensional domain comprised of alternating
non-reactive and reactive zones. In Section 3.4, we consider a
two-dimensional domain made of highly permeable, non-
reactive zones and lowly permeable, reactive zones. The
reaction parameters, initial and inflow concentrations are
identical in the two applications. We test the applicability of
the mapping approach in the two-dimensional application,
which is more challenging because of transverse dispersive
mixing.

3.2. Bioreactive system

We simulate a redox-chain triggered by dissolved oxygen
and nitrate coming in contact with DOC-released from the
matrix in the reactive areas. Aerobic bacteria grow on oxidation
of DOC by oxygen, and denitrifying bacteria on oxidation of
DOC by nitrate, The latter reaction implies two non-competing
bacteria populations, where the denitrifying microbes are
inhibited by the presence of dissolved oxygen (Haarstrick et
al, 2001). The net biochemical reactions of aerobic respiration
and denitrification are described in Table 1, in which we
assume CH,0 as the chemical composition of DOC. The
degradation products (carbon dioxide, water, molecular nitro-
gen) are not considered in the model. For the purpose of
simplicity, we also neglect the release of inorganic nitrogen by
ammonification of nitrogen-bearing DOC-compounds and
associated nitrification of ammonium, which could be included
without changing the general approach. The chemical compo-
sition of the two types of biomass is also assumed to be CH,0.
The concentrations of DOC, aerobes, and denitrifiers are all
expressed in moles of carbon per volume of water.

Mathematically, the nonlinear reactive system is controlled
by kinetic processes using Monod terms for aerobic degrada-
tion and denitrification. In the model, biomass decay requires
the presence of electron acceptors, either dissolved oxygen or
nitrate (Semprini and McCarty, 1991; Cirpka and Kitanidis,

Table 1
Biogeochemical reactions considered in the test case,

Net aerobic respiration
Net denitrification

CH;0+40,-C0» +H30
CH20 +$NO3 +#H'=EN; + CO; +IH,0

2000c; Sanz-Prat et al, 2015). As long as oxygen is present, the
biomass decay using nitrate as oxidant is inhibited in the same
way as the rate law for denitrification which includes an
inhibition term in the presence of dissolved oxygen with the
inhibition constant Ko, 5, [ML™>]. This leads to the following
set of reaction-rate laws:

C
paer max C% . Cf,);o e (26)
o+ Ko, oS+ KR

growth = ™ger growth *

aer max C% der
Tiee = kaer,dec 0, — Cimp (27)
ot + Ko,
= aer
uer _pmax Cf#b K(Jz.mh aer 28
rdec,NU_; = "dendec " TNp- : * Cim ( )

aer 0,
Cn* + Koy Koy jan + Cm

0y 0C
rden _j,max C?In ? Cﬂ,
growth = “den.growth * “Np= " Doc a
Cm> +Knoy Cm + KB

K g)?:full den 2

) Kaer 0 “Cim ( 9)

0Oy.inh T Cni

07 aer
den | max CI:] ! an_mn den 30
Fdec = den,dec N " aer 0, Cim ( )
em” +Knoy K& jn +
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den _ max ey den 11
rdecoz = Raerdec " Tgr - tim ( )
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The effective yields of the aerobic and anaerobic bacteria,
e [—] and YZ§" [—], respectively, have maximum values of
Yinax ™" [—] and ¥ %" [—]. We consider maximum biomass
concentrations, or carrying capacities, of aerobes and denitri-
fiers, Cmax™" [ML™] and ¢ma™ [ML™3], which express the
limitation of biomass growth by other factors than the
availability of electron acceptors and donors. Such limitations
could relate to the availability of nutrients and space, or to
predation by grazers (Bajracharya et al, 2014). The effective
yield of a specific biomass is reduced if the corresponding
biomass concentration approaches the respective maximum
biomass concentration:

fer _ yaer e C:!;;r 37
eff = ¥ max-” C%Ex ( )
ylen _ yden g C:'i;n 33
eff = ¥ max C?ﬁﬂx { )

The net reactive source-sink terms for the aerobic biomass
and dissolved oxygen, 1§ [ML™3T~'] and % [ML73T7Y),
respectively, account for growth and decay processes and are
defined by:.

aer aer _aer uer _ger
Tim = ye_[f ' rgmwth_rdcc—rdec.ND; (34)
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Table 2
Biokinetic parameters.
Symbol  Meaning Value
koocrer  Rate coefficient of DOC-release 247t
choc Saturation concentration of dissolved organic 300 pM
carbon
ko rwin  Maximum specific reaction rate of aerobic 12477
bacteria under growth conditions
kifmgrowss  Maximum specific DOC-reaction rate of 6d”!
denitrifying bacteria under growth conditions
b= Maximum decay rate coefficient of aerobic 147!
bacteria
ki aec Maximum decay rate coefficient of denitrifying 1d7!
bacteria
Boc Monod coefficient of DOC in aerobic degradation 10 pM
| Monod coefficient of DOC in denitrification 114 pM
Ko, Monod coefficient of dissolved oxygen in aerobic 3 pM
degradation
Knor Monod coefficient of nitrate in denitrification 70 pM
Ymax ™" Mastimum specific yield of aerobic bacteria 05
Yinax ™™ Maximum specific yield of denitrifying bacteria 0.5
Fo,imoc Stoichiometric ratio 0,/DOC in net aerobic 1
degradation at steady state
Fyopipoc  Stoichiometric ratio NO3'/DOC in net 0.8

denitrification at steady state
Critaxe™ Maximum concentration of acrobic bacteria 500 pMc
Cnax ™™ Maximum concentration of denitrifying bacteria 500 pMc¢
Ko,.mn™"  Biomass inhibition coefficient of oxygen in 10 pM
denitrification

N W~
1% = ~Fppoc - (1 —Yéﬁ') ~ Tgrowtn— Fo, poc
; (rgs'c + rﬁi?,gz) S

in which Fo,poc is the stoichiometric ratio of dissolved oxygen
to organic carbon for the net reaction at steady state. Similar
net reactive source-sink terms for the denitrifying biomass, 12"
[ML™3T~"] and nitrate /Y% [ML™3T~"] are given by:

den den _den den _den
im = Yef *Tgowth™Tdec —Tdeco, (36)
rNO; e 1 en\ _den E
m = —Inozpoc \ 1= Yef JVgrown ™ oy /poc
den aer
- (v rfienor ) (37)

The release rate 199 [ML™3T~"] of dissolved organic

carbon from the matrix follows a classical linear-driving force
approach. The combination of the growth-specific reaction
rates of aerobic respiration and denitrification, and the DOC-
release comprises the total reactive source/sink strength r20¢
[ML~3T~1] of DOC;

0C boc 0C
release — kDOl:‘,reJ' ’ (Esar _Cg] ) {38)
boc DOC aer den
Tm = Trelease ™ Tgrowth — Tgrowth [39)

Table 2 lists all biokinetic parameters of the reactive system
obtained from literature reviews by Sanz-Prat et al. (2015,
2016). The bioreactive transport equations are discretized in
space by a cell-centered Finite Volume Method using

<> direction of flow o
c‘f.‘_,mlﬁ__i__)?) Lenitifers

0, aloe] DOC ¢~, DOC DoC noc
ED & & 7 S S

Fig. 1. Principal setup of the one-dimensional fest case. NOM: natural organic
matter; DOC: dissolved organic carbon.

streamline-oriented grids and upwind differentiation for
advection. The resulting system of coupled non-finear ordinary
differential equations is solved by the implicit Euler method
using the Newton-Raphson approach for linearization. A detail
description is given by Sanz-Prat et al. (2015).

3.3. One-dimensional test case

3.3.1. Specific setup

The purpose of the one-dimensional test case is fo
demonstrate the behavior of the bioreactive transport system.
Fig. 1 illustrates the principal setup. The domain is made of
alternating sections that release DOC and that do not. Dissolved
oxygen and nitrate are introduced with the inflowing water. In
the initial state, the oxygen and nitrate concentrations are zero,
the concentrations of the two types of biomass are very low,
and the DOC-concentration is at steady state considering DOC-
release by the matrix, transport, and a zero-flux boundary
condition. Table 3 contains the initial and boundary conditions
of all compounds.

The length of the alternating DOC-releasing and the non-
releasing sections is 0.2 m, starting with a non-reactive zone.
The length of the total domain is 2 m and the cell size in the
one-dimensional domain is 0.01 m. The seepage velocity is set
to 1 m/d, and the dispersion coefficient to 001 m?/d=
1.167x 107 "m?/s, We simulate bioreactive transport for
50 days. For comparison, a second model is set up, in which
the non-reactive zones are left out.

3.3.2, Concentrations as function of space and time

Fig. 2 displays the concentrations obtained by the one-
dimensional heterogeneous (left column) and homogeneous
models (center column) as function of space and time. For
comparison purposes, concentration values are normalized
either by the inflow concentration (for dissolved oxygen and
nitrate), the saturation concentration (for DOC), or the
maximum biomass concentration (for both bacteria popula-
tions), respectively. Please note that the system of coordinates
for the DOC-concentration, denoted “substrate”, is rotated

Table 3
Initial and boundary conditions of chemical compounds.

Symbol Meaning Initial conc. Inflow conc.

o DOC-concentration ™ 0 pM
<& Dissolved oxygen concentration 0 M 250 pM
o Nitrate concentration 0 M 100 pM
cliacer  Inert tracer concentration 0 pM 100 pM
(ol Aerobic bacteria concentration 1M na.
cer Denitrifying bacteria 1M na.

concentration

(*) Steady-state concentration distribution for the case of DOC-release without
microbial activity.
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about the concentration axis for better visibility. The right
colunm of Fig. 2 shows the same concentrations as function of
exposure time for the selected time points of 1 day (black),
3 days (red), 15 days (blue), and 50 days (green),

We start the discussion with the homogeneous test case
(center column of Fig. 2). The initial DOC profile starts with a
value of zero at the inflow boundary and then approaches
exponentially the saturation concentration. The initial concen-
trations of the two electron acceptors are zero. At early times,
dissolved oxygen and nitrate migrate into the domain. Because
the initial biomass concentrations are very small, the first front
of the clectron acceptors behaves almost like that of a

conservative tracer. The concurrent availability of DOC and
oxygen triggers biomass growth of aerobic biomass, at early
times throughout the domain. At that time oxygen inhibits
denitrification and growth of denitrifiers. The aercbic biomass
grows rather quickly and aerobic respiration leads to a decrease
of the oxygen concentration with distance. Eventually, dis-
solved oxygen reaches a steady-state profile showing an almost
linear decrease over a distance of about 0.45 m. In this zone, the
aerobic bacteria reach a plateau concentration of ~36% of the
carrying capacity. The DOC also plateaus, namely to 2512.5% of
the saturation concentration. These plateaus reflect the net
halance between aerobic respiration and DOC-release from the

s A1: Substrate het. A2: Substrate hom. | Ak Bubsiratsiy, )
- . 10
§ 1 1 R
o 0.8 0.8 107!
2 g \ )
0 0 10
x [m] 0 50 26 0 50 2 0 0.5 1
- B1: Oxygen het. B2: Oxygen hom. 1 B3: Oxygen(7_, )
» R N N
¥ Th 0 0.5 E
0 0
50 50
2 2 O_.__.“—_,,.,..._ e —]
x [m] 2 0 2 2 0 ° 0 0.5 1
— C1: Nitrate het. C2: Nitrate hom. ' C3: Nltrate(Texp
1 i i
0.5
0 0.5
0
50
0
2 o 25 0
D2: Aerobes hom. 04 D3: Aerobes(r_ )
o2 T
0 0.2 i3
0 4 b
50 P B o S A, ==
== 25 0 -
20 0 0.5 1

50

x [m] 2 0 23

t[d]

E2: Denitrifiers hom.

t[d]

Fig. 2. Normalized concentrations of reactive species in the one-dimensional test case as function of space and time, Left column: spatio-temporal distribution for the
case with altemating DOC-releasing and non-releasing sections. Center column: spatio-temporal distribution for the case with uniform DOC-release. Right column:
concentration profiles as function of exposure time 7y, after 1 day (black), 3 days (red), 15 days (blue), and 50 days (green) of simulation; soiid lines: heterogencous
case; dashed lines: homogeneous case. In the heterogeneous case, the DOC-releasing and non-releasing zones altemate every 0.2 m. The non-releasing zones are Jeft out
in the right column, (For interpretation of the references to color in this figure legend, the reader is refeired to the web version of this article.)
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matrix, which could be evaluated by setting the net rates $ooc
defined in Eq. (39), and iy, defined in Eq. (34), to zero. In a
more complete model including transport of biomass, the
aerobic bacteria concentration most likely would also reach a
plateau value, but detachment of aerobic biomass in this zone
in conjunction with attachment of these cells further down-
stream would lead to a less distinct lower end of the zone with
high aerobic biomass.

Once oxygen has almost completely disappeared, denitrifi-
cation and related growth of denitrifiers begin, eventually
leading to the establishment of a new balance, namely that
between DOC-release and denitrification. At steady state, the
concentration of the denitrifying bacteria increases to a peak
value of about 60% of the carrying capacity. Because the
maximum specific reaction rate ki gowm of the denitrifiers is
smaller than that of the aerobes kjer growtn. the corresponding
steady-state DOC-concentration is higher. Also, the Monod
constant of nitrate in denitrification is considerably higher than
the Monod coefficient of dissolved oxygen in aerobic respira-
tion, leading to a dependence of the steady-state DOC-
concenfration on nitrate. After about 1 m, both electron
acceptors are totally depleted. Without nitrate, the denitrifiers
are not sustained, but their decay is also inhibited by lacking
electron acceptors. Dissolved organic carbon gradually ap-
proaches its saturation concentration because of the continu-
ous release from the matrix.

We now discuss how this pattern is changed by the
alternation of DQC-releasing and non-releasing zones (left
column of Fig. 2). In the initial state, the DOC-profile remains at
constant values within the non-reactive zones. These steps are
partially preserved after the onset of the microbial mediated
reactions, The steady-state oxygen profile remains at the inflow
concentration in the initial non-DOC-releasing zone, and also
remains constant in the second and third ones, whereas the
fourth one is beyond the penetration depth of dissolved
oxygen. For nitrate, intermediate plateaus are much less
obvious. The steady-state aerobic bacteria concentration in
the heterogeneous domain drops to almost zero in the non-
DOC-releasing zones. Without DOC-supply from the matrix and
in the presence of oxygen and nitrate, the bacteria die. Directly
downstream of the non-releasing zone, however, the DOC-flux
originating from the “reactive” zone at steady state can sustain
a remaining fraction of aerobic respiration, leading to a very
slight decrease in dissolved oxygen, a consumption of DOC to
about 7% of the saturation concentration, and a remaining
concentration of aerobic biomass directly downstream of the
DOC-releasing zone. That is, the “non-reactive” zones still
permiit reactions.

We have further analyzed the phenomenon of reactions in
“non-reactive” zones by performing simulations with different
parameter combinations (results not shown) and made the
following observations:

« For model scenarios with very high (or even infinite) carrying
capacity, the non-DOC-releasing zones cannot sustain aerobic
biomass in the steady state. In these scenarios, the steady-
state substrate concentration in the DOC-releasing zones can
be computed by setting the rate of change of biomass
concentration to zero, Then, the steady-state biomass
concentration can be computed by considering the balance
of DOC-release and consumption. Downstream of the DOC-

releasing zones, the DOC value initially drops due to the
presence of biomass, but it soon reaches values at which the
biomass growth cannot balance its decay. At late times, this
leads to a binary distribution of the aerobic biomass in the
zones containing oxygen: a fairly high value in the DOC-
releasing zones, and essentially zero in the non-releasing
ones.

If the carrying capacity is low, by contrast, the effective
growth yield Ygf' strongly depends on the actual biomass
concentration che . High biomass concentrations lead to small
effective yields, which in tum leads to high steady-state DOC-
concentrations, Downstream of the DOC-releasing zones, the
DOC-concentration drops; however, also the biomass con-
centration drops, leading to a higher effective yield and thus a
lower steady-state DOC-concentration.

In summary, the limitation of biomass growth in the DOC-
releasing zones by factors unrelated to the electron-donor
supply, leads to a higher DOC-flux enteting the non-releasing
zones and ultimately to the support of (low but non-zera)
biomass downstream of the DOC-releasing zones. These effects
are even stronger at distances where denitrification causes the
DOC consumption. The DOC-flux leaving the third and fourth
DOC-releasing zones at steady state is so high that significant
denitrification is supported in the presumably non-reactive
Zones.

The third column of Fig. 2 shows the concentrations as
function of the exposure time. The results for the heteroge-
neous test case are shown as solid lines, and those of the
homogeneous case as dashed lines. These plots do not yet
include the time offset proposed in the mapping of Eq. (14).
The effect of the missing time offset becomes obvious for
oxygen and nitrate at day one (black lines): In the homoge-
neous domain, the front of electron acceptors has reached
larger exposure-time values than in the heterogeneous do-
main. At late times (blue and green profiles), the time offset
does not matter because the concentrations are at steady state.
When replacing space by exXposure time, the agreement
between the concentrations in the homogeneous (dashed
lines) and heterogeneous (solid lines) at quasi-steady state
(green lines) is quite gond for DOC (Fig. 2A3) and excellent for
dissolved oxygen (Fig. 2B3). The DOC consumption in the
second and third non-DOC-releasing zone also affects the
aerobic biomass in the following reactive zone (Fig. 2D3). Here,
the heterogeneous model shows more or less a repetition of the
pattern observed in the first reactive zone with a steady
increase until the biomass concentration reaches a plateau,
whereas the homogeneous model assumes a continuous
plateau. For nitrogen (Fig. 2C3) the “shadow” effect of the
DOC-releasing zones is the highest: There is a substantial
decrease in nitrate concentrations in the fourth non-DOC-
releasing zone, Interestingly, the profile of the denitrifying
bacteria (Fig. 2E3) still changes from day 15 to day 50 of the
simulations, leading to a closer agreement between the
homogeneous and heterogeneous profiles with time.

The results of the one-dimensional test case point to a
difficulty in applying the proposed exposure-time based model
to the reactive system at hand: the conceptual model is based
on the assumption that reactions are restricted to specific
zones. The latter would be the case if the dissolved compounds
would directly react with components of the immobile matrix.
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Fig. 3. A: flow net of the two-dimensional test problem (colored lines: heads; black lines: streamlines); B: spatial distribution of DOC-releasing, low-permeability aquifer
materials (black) and non-DOC-releasing, high-permeability aquifer materials (white); C; spatial distribution of the mean travel time 7(%); D: spatial distribution of the
mean exposure time Te,,(X); E: spatial distribution of the difference between travel and exposure times. White lines in subplots C-E outline the boundaries of the
reactive zones. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

In the given reactive application, however, the electron donor is
released into the aqueous phase where it can react with the
electron acceptors. Switching off the DOC-release eventually
stalls all reactions triggered by the release, but with the chosen
set of parameters, bacteria can survive directly downstream of
DOC-releasing zones making the “non-reactive” zones partially
reactive.

3.4. Two-dimensional test case

3.4.1, Specific setup, flow and transport model

The purpose of the two-dimensional test case is to explore
the applicability and limitation of the proposed exposure-time
based approach of simulating (bio)reactive transport under
more realistic conditions than in the one-dimensional example,
By considering physical heterogeneity, we add potential
complications caused by transverse mixing. While the applica-
bility of the approach may thus be more restricted in muiti-
dimensional than in one-dimensional applications, the poten-
tial benefit of the approach is also considerably higher because
of the high computational effort associated with simulating
multi-component reactive transport in multi-dimensional
domains.

The two-dimensional domain is 2 m long and 1 m wide. The
top and bottom boundaries are impermeable. The left and right
boundaries of the domain are set as fixed-head boundaries,
forming the inlet and outlet boundaries of the domain,
respectively. The hydraulic-head difference between the in-
and outlet faces is adjusted such that the mean seepage velocity
is oriented from left to right with a value of 1 m/d. The
distribution of the reactive and non-reactive materials is
generated by defining a cut-off value for the geostatistical
field of a continuous auxiliary variable, The hydraulic conduc-
tivity of the reactive inclusions is by a factor of ten smaller than
that of the non-reactive matrix. Fig. 3B shows the distribution
as black (reactive) and white (non-reactive) patches. Fig. 3A
shows the corresponding flow net. As to be expected, flow is
concentrated in the high-permeability, non-reactive parts of
the domain, as indicated by the smaller distances among the
streamlines.

For transport, the domain is discretized by a streamline-
oriented grid of ny, = 100 stream tubes and ng.. = 150 sections
(Cirpka et al,, 1999). Local dispersion is calculated using the
standard parameterization of Scheidegger (1961). The spatial
distributions of travel times 7(x) and exposure times Tey,(x)
are simulated by solving the generating Egs. (23)-(25).
Conceptually, the one-dimensional exposure-time based
model represents an individual stream tube, leaving out non-
reactive parts of the domain. It accounts for local longitudinal
dispersion equivalent to the local coefficient in the two-
dimensional model, D,. The reactive system is simulated for
50 days, until reaching steady-state. Table 4 shows the values
of the geometric, flow and transport parameters.

Fig. 3C depicts the spatial distribution of the mean travel
time 7(x). The groundwater age increases over shorter

Table 4

Geometric, flow and transport parameters of the two-dimensional test case,
Symbol Meaning Value
Geometric parameters of the two-dimensional domain
L Length of the two-dimensional domain 2m
w Width of the two-dimensional domain 1m
Ty Number of cells in x-direction for flow calculation 100
My Number of cells in y-direction for flow calculation 100
Ax Cell size in x-direction for flow calculation 0.02m
Ay Cell size in y-direction flow calculation 001 m
Mgy, Number of stream tubes for transport 100
Mger Number of stream-tube-sections for transport 150
Discretization of exposure-time model of the ene-dimensional domain
Texp' ¢ Length of the exposure-time domain 10 d
Ay Exposure-time increment 0.01 d
Flow parameters
Kz Hydraulic conductivity in non-reactive zones 10~ %/s
Kz Hydraulic conductivity in reactive zones 107 *m/s
G, Mean specific discharge 0.4 m/d
Ve Mean seepage velocity 1 m/d
I Mean hydraulic gradient 46-1073
Transport parameters
4 Porosity 0.4
o9 Longitudinal dispersivity (2-D) 001 m
o Transverse dispersivity (2-D) 0.001 m
D, Pore diffusion coefficient 10~ %m¥s
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distances in zones of low velocity, which are within the reactive
zones, forming a complex pattern of old- and young-water
fringes. The mean travel time 7(x) also increases with travel
distance in the non-reactive zones, but here the velocities are
higher so that the increase per distance is smaller. Fig. 3D
shows the distribution of the mean exposure time Tex,(X) using
the same color range as in Fig. 3C. The overall pattern is similar.
However, the source-term of exposure time is zero in the non-
reactive zones, leading to a deviation between 7(X) and Tey,(X),
depicted in Fig. 3E, that increases with travel distance. For
orientation, Fig. 3C-E include the boundaries of the reactive
zones as white lines.

3.4.2. Comparison between the spatially explicit and mapped
results

In order to quantify the error associated with the mapping
approach of Eq. (14), we perform the simulations using the
spatially explicit advective-dispersive-reactive system, Egs.
(15)-(18), resulting in virtually true concentration fields
Cap(%,L), and repeat the simulation in the equivalent expo-
sure-time domain mapped to the two-dimensional domain,
resulting in Ceg(Texp(X) f—T(X) + Texp(X)). The initial and
boundary conditions are identical to those of the one-
dimensional test case. We denote the difference between the
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two concentration fields as the residual error, £.(x,t), to be
computed for each compound. The residual errors are normal-
ized by the inflow concentration in case of the injected electron
acceptors (oxygen and nitrogen), by the maximum concentra-
tion in case of microbial biomasses (see the description of the
reactive system in Section 3.2):

€2 0%, )= Cep (T g (00, E=T00) + Ty X))

Cinﬁow/ max

E(X, 1) = (40)

We also compute residual errors of the corresponding
reaction rates:

£, (%,£) = 1(Cap (6, 1))~ (Cog (T exp (), E=T(0) + T ()) ) (41)

in which the mapped reaction rates 1(Caq( Texp(X),t—7(%) + 7=
exp(X))) are set to zero in non-reactive parts of the domain.
Additionally, we estimate the mean errar, ME® [ML™3], and the
root mean squared error, RMSE® [ML™3], of each reactive
compound i in the entire domain (reactive and non-reactive

D

0 : :
10 B3: Oxygen e 2

X, [m] &

Fig. 4. Spatial distribution of the normalized concentrations of reactive-chemical compounds in the spatially-explicit two-dimensional model (left column), the
exposure time one-dimensional model (center columm), and their residual ervors (right column) in quasi-steady state, after 50 days of simulation. The white lines
indicate boundaries between the reactive and non-reactive areas, Substrate concentrations in A1 and A2 are logarithmized to the base of ten.



46 A. Sanz-Prat et al. / Journal of Contaminant Hydrology 192 (2016) 35-49

zones) at the end of the simulation by;

i f " Cop (X, 1) —Ceq (Texp{x), E—T(X) + T oy (x}) dx

(42)

]&l (C2D (x,1) —Ceq (T exp (x), t—T(x) + Texp (K)) ) zdx

(@) _
RMSE™ = W

(43)

in which [ndx denotes spatial integration over the entire
domain,

34.3. Quasi-steady-state concentrations and reaction rates as
function of space

Fig. 4 shows the spatial distributions of narmalized
concentrations obtained by both models and the related
residual errors at the end of the simulation (50 days after
start of nitrate and dissolved-oxygen injection). Note that the
substrate concentrations are displayed using a logarithmic
concentration-scale to improve the visualization, The left
column shows the results of the spatially explicit, two-
dimensional simulations, the center columm shows the con-
centrations mapped from the exposure-time based one-
dimensional model to the two-dimensional domain using the
approach of Eq. (14), and the right column shows the residual
errors. All concentrations are normalized as described previ-
ously. White lines in the plots outline the boundaries of the
DOC-releasing zones. Note that the mapped biomass concen-
trations in Fig, 4D2 & E2 are set to zero in the non-reactive
zones. The biomasses are the catalysts of DOC-oxidation and, to

A1l: Substrate 2-D

be consistent with the idea of non-reactive zones, must not
exist in such zones,

To understand the patterns of concentrations in Fig. 4, one
has to consider the flow net of Fig. 3A and the distribution of
DOC-releasing zones shown in Fig. 4B. Without transverse
dispersion, the concentration distributions within an individual
stream tube would resemble the one-dimensional test case of
Section 3.3: In DOC-releasing zones, the DOC-concentration
remains at low values as long as dissolved oxygen is still
present. Here, the oxygen concentrations are supposed to
decrease approximately linear with exposure time, and the
concentration of aerobic bacteria remains at a high plateau
value. In reactive zones downstream of the aerobic zone, the
DOC-concentration increases and denitrification sets in, leading
to a decrease of nitrate concentrations and large biomass
concentrations of denitrifiers. Like in the one-dimensional
problem, the DOC-non-releasing zones show less remaining
reactions if dissolved oxygen is still present than in the
denitrifying zone.

The distribution of dissolved oxygen in the spatially
resolved model shown in Fig. 4B1 follows closely the
distribution of the exposure time shown in Fig. 3D, which is
corroborated by an excellent agreement with the mapped
concentrations plotted in Fig. 4B2. In essence, there are three
fingers of oxygen-rich water penetrating deep into the domain:
a very long thin finger at the bottom of the domain, a thicker
finger slightly above the middle, and another thin finger at the
top. These are non-reactive zones that are continuously
connected to the inflow boundary so that the water has not
been exposed to the DOC-releasing material at all.

Where the oxygen-rich water enters DOC-releasing zones,
the DOC-concentrations remain low at first, but the concentra-
tions of the aerobic biomass, shown in Fig. 4D1 are high. This is
predicted well by the mapping approach, as can be seen in Fig.

A3: Substrate ¢

residual

%, Im]
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B3: Oxygen ¢

residual
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Fig. 5. Spatial distribution of the reaction rates of reactive-chemical compounds of the spatially-explicit two-dimensional model (left column), the exposure time one-
dimensional model (center column), and their residual errors in % (right column} in quasi-steady state, after 50 days of simulation. The white lines indicate boundaries

between the reactive and non-reactive areas,
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4D2. Also, the penetration of nitrate into the areas of aerobic
respiration is predicted well by the mapping approach
{(compare Fig. 4C1 with Fig. 4C2). As in the one-dimensional
test case, the oxygen-free zones without DOC-release differ in
the spatially explicit simulations (Fig. 4C1 & E1) in comparison
to the mapping approach (Fig. 4C2 & E2) because of
denitrifying microbial activity downstream of the DOC-releas-
ing zones,

The third column of Fig. 3 illustrates the residual errors
between the spatially explicit and the mapping approaches
according to Eq. (40). Besides effects that have already been
seen in the one-dimensional example, there are stripes of
residual errors aligned with the direction flow. This is where
old (with respect to travel and exposure time) and young
groundwater flow side by side, An example is the elongated
feature between x=0.65 m,y=03 m, then meandering
upwards to x=12 m,y=04 m and coming down to
x=~1.6 m,y=03 m. Here, transverse exchange leads to
mixing of elevated oxygen and substrate concentrations in a
non-DOC-releasing zone. Such features only occur along the
fringes of the above mentioned fingers.

Fig. 5 illustrates the reaction rates computed with the
spatially explicit and mapped concentrations at quasi-steady
state after 50 days of simulated times. The figure also include
the normalized residual error according to Eq. (41) in the right
column. Reaction rates within “non-reactive” zones are set to
zero in the mapping results. The residual errors in the reaction
rates of substrate and oxygen are dominated by the effects of
transverse mixing. Because mixing facilitates the loss of both
substrate and dissolved oxygen, the residual exrors in the above
mentioned features are negative, In contrast, the residual errors
of nitrate are dominated by denitrification taking place in
presumably non-reactive zones according to the mechanism
already explained for the one-dimensional test case.

Table 5 lists the mean errors of all concentrations as
spatially integral estimators of the bias introduced by the
exposure-time concept. These values are not normalized. The
observed negative values imply that the concentrations are
smaller in the spatially explicit model than in the exposure-
time based model. This is consistent with reactions occuring in
presumably non-DOC-releasing zones that are not captured by
the exposure-time based approach. Table 5 also contains the
corresponding root mean squared errors.

4. Discussion and conclusions

In the present study, we have proposed a simple approach
of estimating concentrations affected by multi-component
reactive transport in domains subject to physical and chemical
heterogeneity. The chemical heterogeneity considered is
binary: there are reactive zones with identical and uniform
reactive parameters, and non-reactive ones. The key paint is to

Table 5

Mean error (ME, iM) and root mean squared error (RMSE, pM) of the entire
domain (reactive and non-reactive zone) by comparison of the muld-
dimensional and the one-dimensional approaches.

Symbol  Substrate  Oxygen  Mitrate  Aerobes  Denitrifiers
ME —254 =231 —2.96 —133 —9.03
RMSE 385 13.2 10.2 47.2 257

analyze the time that a water parcel has been exposed to
reactive materials, denoted exposure time. We have proposed
that concentration distributions of multiple reactive species in
multi-dimensional domains can be approximated by
performing simulations in one-dimensional domains omitting
non-reactive zones, followed by mapping the equivalent one-
dimensional results to the multi-dimensional domain using the
spatial exposure-time distribution as mapping variable and
accounting for the time-offset between exposure and travel
time.

The proposed approach would be exact under the following
conditions: (1) physical transport is purely advective, (2) all
reactions are strictly restricted to the “reactive” zones, (3)
chemical parameters of the reactive zones are uniform, (4) flow
is at steady state, at least if immobile reactive species are
involved. We have tested the approach under non-ideal
conditions by violating the first and second conditions. Our
test case involved bioreactive transport of dissolved organic
carbon, released from the matrix in "reactive zones", dissolved
oxygen, and nitrate, considering the microbial dynamics of
aerobic and denitrifying bacteria. This application was similar
to our previous studies (Sanz-Prat et al,, 2015, 2016), where we
also considered aerobic respiration and denitrification, but in
the preceding studies all dissolved reactants had jointly been
introduced into the domain.

We have applied the exposure-time concept to the case
where components of the aquifer matrix act as electron donor,
or source of electron donors, reducing mobile electron
acceptors. The chosen example of denitrification is of high
relevance to water quality in regions with intensive agriculture.
However, the approach is not restricted to this scenario. In the
bioremediation of petroleum hydrocarbons, the relevant
mobile contaminants, such as benzene, toluene, ethybenzene,
and xylene, are electron donors requiring an electron acceptor,
which could be a ferric-iron bearing mineral in the matrix.
Under these conditions, the exposure time would refer to the
time that the water parcel was exposed to the oxidizing
mineral. Conceptually more difficult to handle are systems in
which redox conditions fluctuate, eg. due to water-table
fluctuations. While it may be possible to evaluate how long a
water parcel has been exposed to oXic or anoxic conditions
under fully transient conditions, at least if mixing is neglected,
shifting of the zones complicates the spatial self-organization of
the bacteria catalyzing the biogeochemical transformations.

As expected, the influence of dispersive mixing on the
applicability of the proposed exposure-time based approach is
similar to the one found in the previous studies using travel
times: where old and young groundwater (with respect to
exposure time in the given application) flows parallel to each
other, transverse mixing can lead to a deviation of concentva-
tions from what is expected by the mapping approach. If the
dependence of a reactive-constituent concentration on expo-
sure time was a strictly linear relationship, the effects of mixing
would be perfectly addressed by the dispersion of exposure
time included in Eq. (24). However, this is only the case for
some reactants over restricted ranges of exposure time at
particular times (e.g., for dissolved oxygen in steady state at
early exposure times). Nonetheless, in the given example the
dispersive mixing had only minor effects on the applicability of
the approach. We may add that accounting for the full
distribution of exposure time rather than its mean value, but
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retaining the comparably simple mapping approach, would
most likely not eliminate the (here small) errors introduced by
mixing.

A new aspect of the current application was that not all
reactions were suppressed in the non-DOC-releasing zones.
Before steady-state conditions are established, substantial
microbial activity can take place in “non-reactive” zones
downstream of the zones, where DOC is released. This behavior
could already be observed in a simple one-dimensional test
case of alternating DOC-releasing and non-releasing zones.
Even at steady state, DOC may be flushed into downstream
“non-reactive” zones at levels sustaining biomass. This happens
if biomass growth is limited by other factors than the
availability of electron acceptors and donors. In our example
calculation, the latter effect was of higher relevance in the parts
of the aquifer where DOC was oxidized by nitrate than in the
aerobic part of the aquifer. We could have constructed reactive
cases where this cannot happen, e.g, because the oxidants
directly react with minerals of the matrix, or because the
carrying capacity is set to infinity. We believe, however, that
the more complicated system behavior chosen in our example
is fairly typical for many bioreactive systems.

Overall, the exposure-time based modeling approach
agreed faitly well with the computationally much more
expensive spatially explicit approach. Given the uncertainty of
the parameters involved, we believe that computer power
should be spent on uncertainty analysis of the simplified
approach rather than improving the accuracy of matching the
exact spatial distribution of reactants. Of course, the applica-
bility of the approach should be tested by simple test cases, like
the one-dimensional simulations presented in the current
study, before addressing big-scale problems.

The simulated dynamics of the microbes was comparably
simple. We have not considered the release of extracellular
enzymes by the microbes to enhance the DOC-release; we have
also not accounted for dormancy or transport, attachment and
detachment of micraobial cells. And finally, we have considered
obligatory anaerobic organisms to perform the denitrification,
whereas facultative anaerobic organisms may be better suited
in aerabic-to-anaerobic transition zones. Reactivity was de-
fined as an on-off process, whereas in real aquifers there may
be a gradual transition between non-reactive and highly
reactive zones. Temporal dynamics of the flow field were
neglected, Performing fully explicit, transient simulations with
the entire known complexity of the reactive system including
microbial transport may always be a fall-back option. However,
such simulations require many parameters, which are often
highly uncertain. As a consequence, one would have to perform
ensemble calculations to address the uncertainty, but the
computational effort may be too high to do that. In contrast, we
believe that preliminary one-dimensional simulations can be
used to identify the rate-limiting processes and test conceptual
simplifications. We are convinced that the supply of electron
donors from the matrix is a very commeon rate-limiting process
in aerobic respiration, denitrification, and also sulfate reduction
(see the review of Wu et al, 2014, Section 4). We further
believe that the microbial community adapts towards maxi-
mizing the turnover under rate-limiting conditions. After a
sufficient adaptation time, details of microbial dynamics may
thus become much less decisive than the electron-donor
supply. Towards this end, large-scale system behavior may be

simulated quite accurately with models that are even simpler
than the one used here. We are in the process of deriving such
simplified approaches.
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