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1 Introduction
Climate change, extensive irrigation of cropland, progression of urbanization and the regionally
increasing water demand e.g. in agriculture are key stressors that results in a degradation of
water sources in quantity and quality. In this context, managed aquifer recharge (MAR) has been
recognized as a sustainable catchment and conservation system. MAR represents a widespread
method for capturing, (naturally) treating and storing excess water in observed aquifers (Dillon et
al. 2010). Despite this apparent simple approach, site‐specific hydrogeological and hydro(geo)che‐
mical conditions at various scales and in combination with different envisaged MAR objectives
require a very good understanding of the natural system and its response to the MAR applied
(Ringleb et al. 2015).
The legal approval of a MAR system is generally based on a feasibility study (as well as
management plan) that identifies all risks posed to human health and environment, addresses
preventive measures to manage potential risks, and provide a framework to assess the ongoing
sustainability (US EPA 2009). In this context, a concise monitoring of the hydrogeological system
before and during MAR operation is essential. Laboratory and field experiments aid to
characterize potential impacts of MAR more precisely; however, these experiments require long
planning phases and are often highly time and cost‐intensive.
Imposed by EU Water Framework Directive water management and protection strategies now
rely to a larger extent on model studies. In this context, groundwater flow and transport
modelling has become a firmly anchored methodology in support for planning and screening of
alternative policies, regulations and engineering designs but of course cannot replace field
investigations. On the contrary, flow and transport models are frequently applied to support the
planning and evaluation of field and lab experiments. In this context, models provide an
important framework for understanding mechanisms, controls and prevailing processes that
influences natural water flow and quality especially for those systems affected by human
intervention such as MAR. Modelling objectives can be very different including hydraulic changes
as well as the behaviour of contaminants introduced by the infiltrated water or released from the
environment. As a part of large multidisciplinary models flow and transport models can be used in
the Decision Support System.
This trend implies a need for an increased awareness of potential misunderstanding of model
capabilities. Poor modelling practice at any state from its design to application can lead to little
confidence or a misinterpretation of model results. The challenge is to make modelling a credible
and accessible process. The implementation of good practice in model development and applica‐
tion can increase both the impact of information and insight that models aim to generate, and the
acceptance in science and decision‐making.
In this context, several modelling procedures and protocols are being elaborated: Numerous
publications (Journal articles and books) are dedicated to this issue (Oreskes et al. 1994, Hill 1998,
Hill 2006, Moore & Doherty 2006, Hill & Tiedemann 2006, Rassam 2011). Guidelines and
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publications cover specific modelling procedures or a wide range of modelling issues. Public
authorities and associations often provide technical guidelines and guidance, respectively (usually
in local language). A very general overview of guidelines on groundwater modelling with focus on
groundwater flow published until 2004 is given by Hill et al. (2004). The most recent guideline:
“National Water Commission Canberry: Australian groundwater modelling guidelines” (Barnett et
al. 2012) covers both aspects hydraulic modelling and contaminant transport.
Despite the largely consideration, no universally accepted model procedure or guideline currently
exists. Clearly one reason for this is the lack of a common terminology and the vast amount of
model objectives (Hill et al. 2004). Therefore, it is most likely that differences in the sets of
guidelines occur may cause confusion. In addition, the selection process of model software
suitable to the objective is generally not part of recent discussions; however, decisively affects
model outcomes.

1.1 Scope
This document provides a collection of information that should aid the model user in the
modelling process of contaminant transport with special focus on the selection of suitable
software. However, this report cannot perform in‐depth description of underlying mathematic
methods nor provide complete information of model software (but will refer to relevant
literature). A detailed description of model software does not make sense since software products
are subject to continual improvement incorporating an ever‐broader spectrum of functions and
operations. In this study, descriptions of individual model software merely represent a snapshot
that may be outdated already after publishing. Therefore, we provide a general overview of
different model software and point out most important criteria for selection.
Special focus will be on hydro(geo)chemical models simulating contaminant transport in MAR. In
this context, we compare three software packages of interest, namely PHREEQC, HYDRUS 1D and
PHAST, based on two simple benchmark studies simulating processes likely to occurring in MAR.
The selection of these models regards to the capabilities and limitations of open source software
that have been designed to perform analysis at different scales and for a different number of
dimensions, but that can be theoretically applied to build 1D hydro(geo)chemical models in satu‐
rated porous media.
Within the second part of this report we demonstrate most important aspects of model pro‐
cedure using the example of a column experiment performed within the framework of MARSOL
(D14.3, Silver et al. 2016). In addition, major results of flow and transport modelling of DEMO site
Serchio river are presented within this work.

1.2 Managed Aquifer Recharge – Objectives, Schemes and Technologies
The application of MAR systems ranges from groundwater quantity and quality issues to
environmental management. Main objectives are: a) the increase of groundwater storage in order
to overcome temporal imbalance between local water availability and demand; b) reduction of
6
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saltwater intrusion in coastal aquifers; and c) stabilization of groundwater table for environmental
protection and prevention of subsidence. Other often discussed objectives of MAR are the
improvement of ambient groundwater quality and water treatment (ASTR).
Different MAR schemes and techniques have been developed in order to meet envisaged
objectives and local conditions of a) available water sources; b) accessible space and regional
topography; c) existing operational structures; d) local soil and geology (including hydraulic and
geochemical conditions) as well as e) maintenance and costs. MAR scheme1, on the one hand, is
defined by the water source and associated protection value (intended use of water). On the
other hand, MAR techniques2 describe the different infiltration methods. Usually MAR techniques
are distinguished in a) spreading methods, using basins, ditches and furrow systems or irrigation,
b) subsurface methods based on wells and shafts; and c) induced recharge with bank filtration
and dams.
Water sources often applied in MAR are: surface water from rivers, streams or lakes, reclaimed
water that comprises treated municipal (and to a certain extent industrial) wastewater, rain and
storm water. Less common used sources in MAR are desalinated water or groundwater. These
water sources are characterized by a large number of organic and inorganic substances, dissolved
gases and suspended particles. The Australian Guideline for Water Recycling (NRMMC‐EPHC‐
NHMRC, 2006/09) gives an overview of agents that have the capacity of adverse effects to human
health or environment (hazards/pollutants/contaminants). Contamination can take the form of
chemical substances and/or energy such as heat. Chemical substances (contaminants) may be in
principle or above a specific concentration harmful or hazardous to human and/or environment.
Thermal pollution, on the other hand, changes the ambient water temperature and therewith
may influence hydro(geo)chemical and microbiological processes such as calcite dissolution and
degradation of organic compounds, respectively. In this context, complex transformation
processes such as redox‐reactions may lead to a formation or dissolution of contaminants.
Distribution of aqueous nitrogen species being a prominent example3, with nitrate at high redox
potential and the formation of ammonium at low redox potential (depending on pH). Here nitrate
concentrations up to 50 mg/l can be tolerated within drinking water while much smaller ammo‐
nium concentrations around 0.5 mg/l (98/83/EC) are known to have an effect on human health.
Especially synthetic micropollutants such as pharmaceuticals and industrial agents are in the focus
of recent MAR studies. High concentrations of micropollutants often can be found in waste water
but also in surface water as a result of the input from treatment plants. In addition, the
introduction of a water source that differs in (physico‐)chemical properties from natural
conditions into the receiving environment (soil/sediment) may lead to a mobilization of
contaminants from the sediment. In this context, the prediction of contaminant emission and
transport is crucial for planning and optimization of MAR systems.

1

For detailed information see MARSOL D14.4 Guideline for Water Quality Requirements (www.marsol.eu).
For further information see MARSOL D13.1 MAR Technological Solutions (www.marsol.eu)
3
For detailed information about redox processes occurring in MAR see MARSOL D14.3 Column Experiment
Result
2
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Model Objectives related to MAR
Ringleb et al. (2016) provide a concise study analysing the assessment of MAR through modelling
strategies and model objectives in literature. Here it is shown, that most modelling studies are
conducted to optimize and plan design and operational features of MAR as well as to quantify its
impact on ambient groundwater often incorporated into the framework of feasibility study or
management plan. In this context, modelling enables the strategic inclusion of possible future
scenarios of climate change, water use and demand (best‐case and worst‐case scenario).
Advanced model scenarios were performed to minimize failure risks of MAR assessing hydraulic
aspects such as recovery efficiency and prevailing geochemical processes, and to identify most
important system parameter influencing the efficiency of MAR facilities (sensitivity study).

2 Model Procedure – Best Practice
The act of modelling describes the simplification of a system, domain or phenomenon with any
hypotheses required to represent or explain its structure or behaviour. It also implies the
systematic organization of information, assumptions and knowledge for a specific purpose. The
process of modelling can be purely qualitative (descriptive) or highly quantitative (mathematical)
or a mixture of both approaches.
More specifically, modelling of the environmental domains of MAR systems requires the study of
complex relationships between multiple processes that depend on the scale and the
conceptualization of the problem, and may include an integration of diverse disciplines such as
hydrology, soil physics, geology, hydrogeology, hydro(geo)chemistry and biochemistry. In this
interconnected network of disciplines, a dependency of multiple parameters has been recognized
that can be mutually affected, but may also be responsible of further changes in third aspects
spatially and temporarily distanced. In this way, a stepwise approach is advisable: starting with
the simplest approach and gaining complexity step by step.
Figure 1 demonstrates the overall decision framework modified from “Best Practice Modelling
Guideline” (Rassam et al. 2012). It is necessary to specify the addressed issue in the model
process by the definition of one or more questions / objectives to be answered by the model. In
this process, it should be clarified whether a model in general is capable or needed to answer
these objectives. For example, a good alternative for complex contaminant modelling may be a
mass balance calculation based on inflow and outflow estimations if site information is not
available. In fact, many studies indicate (Jakeman et al. 2008) that one of the significant
limitations of modelling is the availability (quantity and quality) of data to set up and test a model
and therewith represent a crucial factor in model procedure. One result of a successful model
procedure may be the identification of preferred options as a tool for operational management or
strategic policy implementation.
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Figure 1: Flow chart of the generalized modelling process (Rassam et al. 2012, modified)

The modelling procedure itself comprises up to five phases that are closely intertwined including
three preliminary work steps prior to the actual act of mathematic simulation. In particular, the
model conceptualization and follow‐up selection of suitable and usable model software is a
mostly underestimated part of the model procedure that will be the focus of this work.
Model construction and calibration is a process closely linked to different model objectives and
specific model software and shall be discussed based on a benchmark study in chapters 5 and 7.
The analysis of model uncertainties is discussed in Hill and Tiedemann (2006) providing concise
guidelines and a step‐by‐step approach and shall not be part of this work.

2.1 Model conceptualization
Within the modelling process special attention should be paid to the model conceptualization.
The conceptual model is a qualitative description of the natural system that serves as basis for
further model design including the selection of an adequate model software, and therefore, has a
decisively influence on all subsequent decisions. However, model conceptualization is a very
subjective process that depends on the knowledge and experience of the modeller. Objectivity
can be established to a certain extent by the establishment of a quality management following
the principle of simplicity, transparency and refutability (Hill 2006) (see chapter 2.1.1). The
consultation of other qualified experts or interdisciplinary team working on the project may help
to improve objectivity too.
The process of model conceptualization is an iterative process closely interconnected with data
collection. Figure 2 demonstrate a stepwise approach, which is advisable for complex systems.
The conceptual model identifies and describes important aspects of the geosystem that may
include:


Topography and network of surface water or drainage system



Land use (ecosystems, rural and urban areas, etc.)



Climatic conditions (predictions)
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In this process, available data are checked for completeness and if possible, other sources
requested. Often, database is insufficient or ambiguous. In this case, data have to be identified
and measured in the field, or derived from lab experiments or assumptions made. Model
assumptions should be based on expert knowledge or similar test cases from literature and tested
in the framework of a sensitivity analyses.
On the one hand, the conceptual model of the geosystem is the basis for evaluating hydraulic and
chemical data of surface water and groundwater. On the other hand, hydraulic and chemical
information allow drawing conclusions about the underlying geosystem. This approach follows
the principle of “data fusion” addressed by Hill and Tiedemann (2006). The incorporation of
different types of information in the model process may lead to a more sophisticated
conceptualization.

2.1.1 Principle of Simplicity, Transparency and Refutability in Modelling
Looking at nature we find very complex systems influenced by and dependent on a huge number
of parameters. But we will also find clear structures and processes that we can often use for
understanding not the whole system but the main character of nature. Though finding these
structures or processes is troublesome. In this context the development of computer models has
been both boon and bane. In the first place computer models are a great benefit in solving
mathematic operations with a high complexity. At the same time computer models are suggestive
of being confident in its results. Thus increasing the plausibility of modelling results requires the
establishment of the model attributes transparency and refutability. Hill (2006) originates in the
necessity of constructing models that are both refutable by testing its assumptions as well as
transparent by means of understanding its dynamical processes. Carrying on Hills fundamental
idea of model transparency should also include technical data of modelling like numerical
methods, boundary conditions or kind of discretisation. Most of the modeller underestimates the
influence on the model result by using different kinds of mathematic approaches.
However, keeping in mind the purpose of modelling is to understand the structures and processes
that form the natural system by analysing less complex models. As a consequence, transparency is
a major objective of modelling. Described by Oreskes (2000) paradoxically transparency and
refutability suffer with the complexity of a model. On that condition modelling is a balancing of
keeping the model as simple as possible and at the same time integrating all characteristic
processes.
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Figure 2: Iterative Process of Model Conceptualization and Data Collection (Hill 2006, modified)
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For example the strategy of modelling hydro(geo)chemical groundwater systems developed by
Hansen and van Berk (2006) implies a high grade of transparency, although the model attains a
relatively huge number of thermodynamical processes. By means of starting with a very simple
model and stepwise integrating more processes the model maintains comprehensible. Although
the 1D material flux model reproduces the water quality with a high conformity, it is not meant to
predict future system conditions. This is not generally a matter of uniqueness, but also a question
of simplicity. Oreskes and Belitz (2001) describe the increase of the likeliness of non‐uniqueness
with the complexity of a model. But at the same time the validity of the model forecast decreases
with level of simplification. Reflecting on that paradox the determination of the appropriate level
of model complexity gains more importance. However, the determination process is ill‐defined, so
the level of model complexity depends on the experience of the modeller, the task formulation
and the kind of natural system.

3 Modelling Contaminant Transport in MAR
Within the last decade, the use of mathematic models in water resources management have been
stimulated by a wide availability of powerful computers, development of user‐friendly modelling
software and the integration of geo‐information systems. As a result, models that describe the
flow of water, water quality and ecology are being applied in a constantly increasing number and
variety incorporating an ever‐broader range of functions.

3.1 Model classification
Mathematical models that integrate groundwater flow and transport aim to predict the distri‐
bution of one or more substances within the underground in space and time. A number of model
approaches are available but terms frequently used in literature are often in a mixed up way.
Although the distinction may be often blurred, the following shall provide a basic classification.

Solute transport models are applied to primarily demonstrate the physical nature of mass
transport. Such models are often used to calculate the distribution of a non‐reactive substance
(tracer) in a most general way including dispersion, diffusion and mixing processes. More
advanced, reactive transport models additionally include relatively simple reaction formulations,
such as linear distribution coefficients or decay terms. The number of parameters that are
considered for modelling is typically very limited resulting in a decoupling of degradation pro‐
cesses from system conditions such as temperature, pH and redox condition. Within the last year
more complex models are available that integrate variable system parameter in degradation or
sorption processes. Both approaches mainly focus on hydraulic issues. Therefore, solute and
reactive transport have been embedded into most common groundwater flow software codes
such as MODFLOW (Harbaugh & McDonald 1996) and FEFLOW (Trefy & Muffels 2007).
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Hydro(geo)chemical models, on the other hand, have been developed to provide thermodynamic
descriptions of multi‐component systems with regards to transport. Transport can be solved in a
very simple way treating reaction progress as travel time or distance along a flow path (batch
reaction path model) such as PHREEQC (Parkhurst & Appelo 1999). In recent years the develop‐
ment of numerical tools improved rapidly with computer power enabling the integration of
complex groundwater flow often based on a two‐step approach. The number of substances
considered for hydro(geo)chemical models is usually very large representing all system relevant
gases, solutes and solid phases. Most hydro(geo)chemical models also include kinetic
formulations describing the irreversible reaction of organic bound carbon or surface reactions of
solid phases within the sediment. Kinetic formulations may represent very complex reaction
structures including numerous system parameters such as temperature or the availability of
solute species. In this context, the field of application of hydro(geo)chemical models is very wide
spread starting from simple equilibrium systems calculating the chemical composition of
groundwater in the presence of solid phases such as calcite to complex multi‐component systems
with gases, colloids and kinetically driven reactions.

4 Selecting a Modelling Software
Among the existing software tools for modelling one may find a large range of possibilities that
can easily confuse any inexperienced user. Many of the software have their own philosophy that
may hide “invisible” aspects, such as the mathematical algorithms used to solve highly non‐linear
problems; but can be also noticeable in clear differences such as the format and units of data
input, and the existence of graphical user interface, interactive menus or quick visualization of the
results.
The logic behind a software tool is in many times unique and demand great effort from the user
to overcome the steepest part of the learning curve, which is a mandatory requisite to initiate the
first stage of the modelling phase. This is probably the first obstacle a beginner has to surpass.
Unfortunately, without the experience of using several software in different scenarios it is difficult
to make reasonable comparisons and take a founded decision to the question: which tool should I
use?
From the practical point of view it is also improbable that a user may have abundant experience
applying all the existing model software in a wide range of demanding conditions; therefore, the
accessibility to third part experiences and additional information regarding the limitations each
software has is of great relevance. Whenever it is possible, the decision is made in consequence
on the non‐ideal scenario of having limited experience but information of support.
The first source of information a user should consult is the developer’s manual of the model
software of interest. Most developers provide a full description including relevant information
about their main capabilities, the structure of the input data, specific keywords, functions, their
compatibility and how the results are presented. Some of them also provide a selection of
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practical examples help to understand the functionality of the software but are also a good
reference when creating new models.
However, not all the software is equally accessible. The quality of the documented information
differs from case to case and there is no common standard regarding what information is
presented or how detailed the descriptions are. Furthermore, many software packages were
developed more than a decade ago and some of them are no longer updated or do not count with
technical support from the developers. In contrast, other software has benefited from a well
gained reputation of more than a decade of extended use and continuous backing of the
developers.

4.1 Model Selection Protocol
If modelling is considered for a project, it is important to choose the modelling software that is
appropriate and usable. The modelling software should be selected in accordance with model
conceptualization. In this context, Kumar (2012) addresses criteria that aid the user in the
selection process related to groundwater flow models. A summary of the most issues important
for contaminant transport modelling is given in the following (modified after Kumar 2012):
Phase I: Is the model software appropriate?
(1) Does the software represent the key flow and transport mechanism?
(2) What simplifications are required to represent key mechanism and how does this affect
the model result (model objective)?
(3) Has the software been tested for similar problems?
Phase II: Is the mode software useable?
(1) Is the model software accessible? What are the purchase costs?
(2) How much effort is required to become familiar with the software?
(3) Can it be assured that a sufficient support is available? (How good is the user manual? Are
tutorials and sufficient assistance (user support) available?)
(4) How good is the quality control of the software?
(5) How is the data transfer organized (import and export of data)?
The basis for the first phase (Phase I) is the model conceptualization. Key mechanism should be
pointed out and compared to features incorporated by the model software. Most important
model characteristics are described in the following chapter. If necessary, simplifications should
be considered.
Within the second phase (Phase II) organizational issues should be considered such as effort
required for training time and purchase price. In general, commercial model software shows a
high user‐friendliness and good support options that result in a relative short training time. Non‐
commercial software, on the other hand, often incorporate a multitude of special features
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developed in the framework of scientific programs but require in‐depth modelling experience and
often programming techniques as well; however, user‐interfaces are often very complex and
require a long training time.
Kumar (2012) also point out that the underlying modelling code should be accessible in order to
evaluate mathematic methods, however, here in‐depth programming knowledge is assumed. In
addition, commercial software does not meet this criterion in principle.

4.2 Model Software – Characteristics
The modelling software typically consists of two components: the model code(s) which is a non‐
parameterized mathematic description of causal relationships and a graphical user interface (GUI)
that aids to create the input files for the model code and for visualization of the model output4. In
some cases, model software provides a ready‐to‐use solution combining both components (e.g.
FEFLOW), whereas for some model codes such as MODFLOW a number of different interfaces
exist. These GUI can show very different functionalities. Since the model code is not able to
perform a function that is not included within the interface, the GUI may pose limitations that
have to be considered in the modelling process.
There are many different groundwater modelling codes (and interfaces) available that may vary
considerable in its capability, operational characteristics and limitations. Kumar (2012) gives a
general overview of different codes and interfaces. For example, commercial software such as
GMS (AQUAVEO; www.aquaveo.com) and Groundwater Vistas (ROCKWARE, www.rockware.com)
represent GUI to open source model code MODFLOW and related codes (Table 1). Since the
model code is equal these software differ in operational characteristics, data pre/postprocessing
and grid development. Steefel et al. (2014) provide a more detailed comparison of different
model software related to key flow and transport features but does not provide information
about the underlying codes or its relation (coupling). Most important features are listed below:


Dimension: Indicates the characteristics of the spatial domain on which the code is able to
perform the simulations.



Flow: Comprises features related to the determination and recreation of the flow
conditions in the hydrogeological model. Since the groundwater flow may be affected by
very different processes depending on the natural conditions, this category is of great
importance. Most important features related to MAR systems are saturated or variably‐
saturated flow conditions, and incorporate thermal gradients, amongst others.



Transport: This category includes features that are directly related with the assessment of
physical transport of (solute, particular or gaseous) substances in groundwater
environment, such as advection, molecular diffusion, and multiphase‐multicomponent
analysis, among others.

4

Some model codes can be used in a batch version requiring the manual processing of input data according
to a specific protocol (often txt data file). In particular, model codes developed in the 90s such as
MODFLOW and PHREEQC offer this option.
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Reactions and Hydro(geo)chemistry: Enlists a group of features that are relevant to
control the capabilities of the reactive transport and hydro(geo)chemical mechanism,
respectively, including a vast list of chemical, microbial and physical processes. It also
includes the capabilities of choosing diverse approaches to solve specific interactions
among the chemical elements in solution, such as activity models, surface complexation,
ion exchange, sorption, and reaction kinetics, among others.



Coupling: Involves the possibility to add features to the base code in order to perform
extended analysis or include reactions of particular interest for the user, such as induce
changes in porosity‐permeability along the simulation, double porosity transport, heat
reactions, among others.



Numerical Scheme: It refers to the characteristics related to the algorithms utilized to
solve nonlinear problems along the simulation or the mathematical approaches that can
be controlled by the user, for example the operator splitting / global implicit scheme, the
type of spatial discretization, and the time discretization allowed by the code.



Computational: The computational features include the existence of graphical user
interface (GUI) associated to the code, the type of code source, capability to perform
inverse estimation and parallelization, the last one useful for very complex and
demanding applications normally linked with research.



Accessibility: Accessibility of software can be limited for two reasons. Commercial
software, on the on hand, is developed for licensing and therefore represent a significant
capital investment to the end user. On the other hand, open source software developed
at research facilities may arise some obstacles due to software structure and limited
support. Since open source software can tend to evolve more in line with developers’
wishes than the need of the end user it can be less “user‐friendly” and not as easy to use.

The first feature that may differentiate a software code is the spatial domain it can recreate, being
a limiting factor for many applications; however, some field applications meant to be 3‐dimen‐
sional can be abstracted and modelled in plains or axial domains when proper considerations are
taken by the modeller. A 1D model is typically applied for water flow and contaminant transport
simulation through unsaturated zone with negligible small horizontal flow component. Here
specific model objectives may range from simple reactive transport simulation of a single
substance to complex hydro(geo)chemical problems related to MAR basin with constant or
transient water table or excess irrigation. For aquifers with a much smaller thickness compared to
the observed horizontal extension, 2D models can be used e.g. for simulation of the temporal
expansion of a contamination plume downstream of MAR of all technologies (Figure 3). More
complex models using 3D are required if a horizontal and vertical flow component has to be
considered in e.g. complex multi‐layer aquifers or to study complex density effects in coastal
areas.
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Figure 3: Fields of application 1D/2D simulation.

Features such as flow, transport, reactions and hydro(geo)chemistry give the user flexibility to
include modelling elements and reactions that may be – or not– necessary depending of the spe‐
cific model objective and site conditions, and subsequently their applicability has to be assessed
case to case. In example, aquifers with a high flow velocity, contaminant transport may not be
affected by diffusion but may show a high influence by the redox potential. Column experiments
clearly show a change of redox conditions as a result of the oxidation of organic compounds
within the sediment (D14.3, Silver et al. 2016). In this case, the simulation of contaminant
concentration downstream of a MAR basin, would require a complex hydro(geo)geochemical
model including species distribution calculation and kinetically controlled processes such as the
degradation of organic matter. At the same time hydraulic flow should be as simple as possible.
This surely demonstrates that an effective selection of software requires a preliminary knowledge
of the physical and (bio)chemical processes to be modelled and the reactions that may play a
dominant role within the modelling domain (see model conceptualization).
A thorough understanding of underlying mathematic procedures is required to assess differences
in numerical schemes and computational features as well as the coupling of model codes. In this
context, the most important decision often seems to be which numerical methods to apply. Most
studies comparing Finite Element (FE) and Finite Differences (FD) methods describe a better
representation of e.g. complex geological structures based on FEM (Simpson & Clement 2003).
Within the last decade coupling of software codes gain in importance adding features to existing
software. Thus, model software originally developed to solve complex groundwater flow
problems may also include reactive or hydro(geo)chemical transport options based on a coupling
procedure. Typical hydro(geo)chemical models are based on the FD (or FV – Finite Volume)
method. A coupling of FE based hydraulic models and hydro(geo)chemical models are currently
marketed. Here coupling methods may differ considerably and has to be taken into consideration,
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thoroughly. A short description of model codes and potential incorporation of model features by
coupling is given in the following chapter.

4.3 Models software packages
MODFLOW is a widely applied open source code developed by the USGS that adopts a modular
approach including various packages and a large number of processes and mechanism. Packages
such as MT3DMS (Zheng & Wang 1999) and HST3D (Kipp 1987) simulate in conjunction with
MODFLOW advection, dispersion and chemical reactions of dissolved constituents under
saturated conditions. Solute transport is solved within MODPATH, a package simulating particle
tracking and mimic sorption processes based on solute retardation. However, the simulation of
adsorption and degradation of emerging organic compounds require a more complex description
of sorption and degradation processes given by MT3DMS. Customized versions of MT3DMS are
SEAM3D (Waddill & Widdowson 2000) additionally incorporating complex biodegradation
problems. Furthermore, the reactive transport model RT3D (Clement 1997) is capable to simulate
a number of coupled reaction equations.
Typically used by consulting companies are ready‐to‐use commercial groundwater software
packages such as SPRING (König 2009) and FEFLOW. These packages are primarily developed to
process hydraulic issues. Recent version that implement required reactive transport and
hydro(geo)chemical functions by incorporation of interfaces to other model codes (Table 1).

Table 1: Selected groundwater flow modelling codes implementing transport options
Model
code
FEFLOW

Open
source
No

SPRING

No

MODFLOW

Yes

HYDRUS
(saturated
flow:
MODLFOW
/MT3DMS)
PHAST
(HST3D)
PHT3D
(MT3DMS)

Yes
1D/2D
No 3D

Yes
Yes

Available GUI
Integrated
Integrated
STRING (Postprocessing)
Open source
MODELMUSE
PMWIN 1/2D
Commercial
GMS
Groundwater Vistas
Visual MODFLOW
PMWIN 3D
Integrated

MODELMUSE, PHAST for
Win
iPHT3D (includes
PHREEQC input)

Transport option
Solute
Reactive
Yes
Yes (sorption,
decay, kinetics)
Yes
GUI to MIN3P

Hydro(geo)chemical
PICHEM GUI to
PHREEQC
GUI to MIN3P

MODPATH
(particle
tracking)
/MT3DMS

MODFLOW/MT3DMS
coupled with PHREEQC
(see PHT3D and
HYDRUS)

MT3DMS
(sorption, decay,
dual domain)
RT3D, SEAM3D

Yes

Selectable HPX
interface to PHREEQC
(decay, kinetics,
dual porosity) or
interface to
PHREEQC
Interface to PHREEQC (generates no PHREEQC input file)
interface to PHREEQC
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Most commonly applied hydro(geo)chemical models in contaminant transport are PHREEQC and
MIN3P.
In particular, model code PHREEQC is often coupled with groundwater flow models as a basis to
simulate all kind of hydro(geo)chemical mechanism (PHAST, FEFLOW, PHT3D, HYDRUS); but can
be applied individually using batch version or GUI PHREEQC for Win. In particular PHREEQC
provides a programming platform to incorporate customized process descriptions such as
complex biodegradation of emerging organic compounds. Both software packages, PHAST
(Parkhurst et al. 2010) and HYDRUS (Šimůnek et al. 2005/2006) provide an interface to MODFLOW
package, however, functionalities differ immensely. Even more confusing, the USGS provide two
different GUI for PHAST (MODELMUSE and PHAST for Windows).
Ringleb et al. (2016) evaluated 216 studies published within 30 years applying model software to
analyse water quality and geochemical processes related to MAR. In general, six modelling
software tools were identified. Highest numbers of case studies were published using PHREEQC
and PHREEQC related software PHAST and PHT3D with 124 publications. The authors count
several publications using software HYDRUS for saturated and unsaturated flow but none for
solute or reactive transport. Software Tough 2 (Pruess et al. 1999), a model code for multiphase
flow in fractures porous media is used in 54 model studies.
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5 Benchmark studies
Two simple benchmarks were selected from literature in order to reproduce the selection process
of software and to test different software packages of choice.
The first benchmark was described by Jacques and Šimůnek (2005) as one of the verification
problems of the HP1 package, designed to couple PHREEQC with HYDRUS 1D to perform multi–
component reactive transport in porous media. This problem explores the transport of heavy
metals Aluminium, Cadmium and Lead under consideration of ion exchange. The relevance of this
problem for MAR is given by a potential input of heavy metals with source water. Thus, waste
water but also surface waters in highly industrialized areas may show significant concentration of
heavy metals. The application of such water sources in MAR may cause a risk to environment. In
this context, the effect of sorption and exhaustion of exchanger capacity on contaminant
concentration shall be analysed.
The second benchmark is a close adaptation of an example provided along with the documen‐
tation of the HP1 package (Jacques & Šimůnek 2010). This benchmark investigates dissolu‐
tion/precipitation processes of minerals such as calcite and gypsum as the porous media is
exposed to introduced water source with specific chemical composition in MAR systems.

5.1 Model Conceptualization
In both cases, a model conceptualization implies a homogeneous column of fine grained soil that
is initially saturated with a start solution which is considered in equilibrium with ion exchanger of
the sediment surface and solid phases. The simulation starts when a second solution of different
chemical composition infiltrates from the top of the column. The flux is downwards and fixed at a
constant rate along the simulation, meaning steady state flux is imposed. Constant head boundary
conditions (BC) are assumed in both edges and the hydraulic gradient remains equals to 1. In
Table 2, the physical properties of the column soil are presented. In benchmark study 1 cation
exchange capacity (CEC) is expressed in units of mol per cm of column length. Solid phase content
of reactive species within the soil is listed for benchmark study 2 in mmol/Kg soil.

5.2 Model Selection
In Table 3 most important model characteristics are listed based on previously developed model
conceptualization. In both benchmark studies, we apply 1D advective‐dispersive transport.
Required reactions differ for both benchmarks; however, in both cases a hydro(geo)chemical
approach is assigned incorporating an ion association aqueous model. Although reactive transport
models are able to simulate ion exchange based on isotherms that may reproduce the effect of
finite exchanger capacity, a hydro(geo)chemical model is used for the reason of direct comparison
in benchmark 1
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Table 2: Flow and transport parameters used in the Benchmark 1.
Parameter
Column length
Conductivity Ks
Porosity 
Long. Dispersivity L
Flow regime
Boundary Condition_top
Boundary
Condition_bottom
Hydraulic gradient
Simulation time
Cation exchange
capacity
Gypsum
Calcite

Benchmark 1
8
2
0.5
2
Steady state
Constant head, H = 8
Constant head, H = 0

Benchmark 2
50
10
0.35
1
Steady state
Constant head, H = 50
Constant head, H = 0

Units
cm
cm/d
‐
cm
‐
cm
cm

1.0
15
0.055

1.0
2.5
‐‐

‐
d
mol/cm column

‐‐
‐‐

2.176 · 10‐2
2.176 · 10‐2

mmol/Kg soil
mmol/Kg soil

In concordance with the scope of this report and the selection protocol (see chapter 4.1), the
main interest for the next chapters resides on software that may be applied in MAR projects,
particularly to create 1D hydro(geo)chemical models. A second selection criterion is the possibility
to include a wide range of geochemical and microbial processes in equivalent settings, in order to
enable comparison among the software. A third selection criterion is the reliability, based on the
availability of technical support and documentation from the developers plus the existence of
abundant published applications and benchmarks. The fourth and last criterion is the possibility to
benefit from the existence of already developed GUI and freely distributed licenses, which may be
an attractive factor to promote similar applications in non developed countries.

Table 3: Required model characteristics
Model characteristics

Benchmark 1

Benchmark 2

Dimension

1D

1D

Flow

steady state

steady‐state

Transport

advective‐dispersive

advective‐dispersive

Reactions
and ion exchange
Hydro(geo)chemistry
 Reactive
transport
hydro(geo)chemical model

Mineral solution/precipitation
(Speciation
and
saturation
calculation)
/  Hydro(geo)chemical model

Coupling
Numerical Scheme

Not specified

Not specified

Computational
method

Not specified

Not specified

Accessibility

open source

open source
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Following these criteria, a set of three model software packages have been selected: PHREEQC,
HYDRUS 1D‐HP1, and PHAST. These software are compatible with 1D simulations and solve the
hydro(geo)chemical problem with the same module: PHREEQC. This fact gives the possibility to
simulate the geochemical reactions using the same thermodynamic equations, parameters and
solving routines. Additionally, it will give the possibility to compare codes that have been
developed to natively work in different modelling spatial domains, i.e. from zero dimensions to
3D. Below, a brief description of the selected codes is provided:


PHREEQC: This computer program was developed to perform a variety of aqueous
geochemical calculations, initially released in 1995 as a continuation of a previous code
from 1980. Its native application was focused on batch‐reactions but it currently includes
many more features that enable, for example, full applications to one‐dimensional
transport and inverse modelling. It implements several types of aqueous models, such as
WATEQ4F, PITZER, and the specific ion interaction theory, among others; which can be
completely customized by the users. Heterogeneous equilibrium can be addressed by
surface complexation, ion exchange, fixed‐composition gases and minerals, solid
solutions, etc. Additionally, kinetic reactions can be performed with fixed given rates,
variable given rates or user defined expressions that can be written in Basic codes, thus it
can simulate Monod reactions or define rates depending of other parameters. The range
of the current geochemical possibilities is so extensive that it goes beyond the scope of
this document, thus a detailed description should be consulted directly from user’s
manual. Since the code has been continuously improved and supported by the U.S.
Geological Survey (USGS), it has gained increasing popularity among the scientific
community, being today one of the most renowned hydro(geo)chemical codes. It has
served as base for development of several coupling programs, which work as bridges
between flow codes and the geochemical module, thus providing complementary
functionality among two or more codes of different nature.



HYDRUS 1D‐HP1: HYDRUS 1D is a one‐dimensional variably‐saturated water flow and
solute transport model released on 1998, also as a continuation of previous works from
its developers. Since then it has been frequently updated and improved, being currently
in its fourth version. HYDRUS 1D is complete for estimating flow in variably‐saturated
conditions, plus has a user‐friendly interface that facilitates the input of data and the
analysis of results; however its capabilities to perform solute transport are limited. To fill
this gap, the package HP1 was designed and released (2005), by which HYDRUS 1D may
run coupled with PHREEQC, thus extend its capabilities to perform a fully coupled 1D
flow‐geochemical model. An extended 2D/3D version of HYDRUS, including the coupling
package HPx has been also developed, but it is not free licensed, therefore will not be
considered for further analysis on this report.



PHAST: It is a computer program released by the USGS, designed to simulate multi‐
component, reactive solute transport in 3‐dimensional saturated groundwater flow
systems. The flow and transport calculations are performed by a modified version of the
code HST3D, limited to constant fluid density and constant temperature; meanwhile the
geochemical problem is solved by coupling PHREEQC. PHAST allows the user to generate
models in larger scales with more realistic features than other software, for example
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including space‐varying topography or geological units, but for the same reason it can be
much more demanding for users and computers. A parallel multiprocessor version is
available to run on multiprocessor computers and on networked computer clusters,
necessary to solve highly demanding models. The output data cannot be directly viewed
in the included graphical interface; thus it requires additional effort from users to
evaluate the results.

5.3 Benchmark 1: Transport of heavy metals subject to multiple cation
exchange
5.3.1 Modelling Set‐Up
The process of setting‐up the model in equivalent conditions for the three software tools of
interest is a fundamental step in the development of a successful benchmarking, which cannot be
underestimated.
PHREEQC is essentially a zero‐dimension code that has the capability to perform 1D simulations
by means of the TRANSPORT keyword data block, which works transporting a discrete sequence
of solutions associated to the same number of cells, in a specific flow direction defined by the
user along with other controlling parameters, such as time step duration, length of cells and
dispersivity. Due to the simplicity of the code, the clarity to present the settings for later analysis
and discussion, and the great reliability of the results; PHREEQC will be taken as the basis for
further comparisons in this report.
For this benchmark, PHREEQC requires the input of all the physical and chemical parameters of
the solutions involved in the simulation (keyword SOLUTION; constituent concentration in
mmol/kg of water), the number of exchanger sites per cell (keyword: EXCHANGE), and the
transport parameters (keyword: TRANSPORT); as it can be seen in Figure 4).
Other than the zero dimensional model PHREEQC, model set‐up of 1D flow in HYDRUS and PHAST
requires the consideration of cell geometry, which could give satisfactory results in terms of
accuracy and at reasonable running times. One of the most accepted criteria is to use the Peclet
Number (Pe) as a reference to limit the maximum cell length (1D flow direction) and control the
numerical dispersion of the simulation. There is general agreement that Pe should not be higher
than 1. By setting the cells to a constant length of 0.2 cm, the Pe number is then verified:

Additionally, based on the hydraulic parameters the user must calculate the time step required to
provide the flow velocity of the problem, as the number of shifts that will define the total
duration of the simulation. In Figure 4 an extract of the PHREEQC input file is shown.
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# Boundary solution (equilibrium with EXCHANGE)
25.0
# Temperature
mmol/kgw
# mmol per kg of water
2.9
charge
0.1
5
1
3.7
10

Solution 1-40
pH
5.5
temp
25.0
Cl
0.0001
Ca
0.0001
Mg
0.75
Na
6
K
2
Al
0.5
Cd
0.09
Zn
0.25
Pb
0.1
Br
11.9
charge
END

# Existing pore water

EXCHANGE 1-40
-equilibrate with Solution 1-40
X
0.011
END
TRANSPORT
-cells
-shifts
-time_step
-flow_direction
-boundary_conditions
#-length
-dispersivities
END

40
150
8640
forward
flux
flux
0.002
0.02

# available exchanger sites

#seconds

#meters
#meters

Figure 4: Extract of the PHREEQC input for the Benchmark 1.

For setting up the model in equivalent conditions in the other two codes of interest, i.e. HYDRUS‐
HP1 and PHAST, the same geometric configuration will be assumed, however a second verification
is recommended to be considered: the Courant Number (Cr). This parameter represents the frac‐
tion of the cell length that is traversed by the transported solution in one time step, considering
only advection; and can be used as a reference to control the occurrence of mathematical
oscillations, numerical dispersion and to improve the accuracy of the solving routine. In general,
the Cr number should not be higher than 1. In this Benchmark a maximum time step of 0.015 days
will be considered, thus the Cr number is verified:
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In relation to the cation exchange capacity of the solid phase, it was found during the develop‐
ment of this benchmark that even though the three model software solve the hydro(geo)chemical
problem with the same code – PHREEQC –, the input data must be entered according to different
definitions. Thus, it may be a source of unexpected errors when not properly considered. In the
following Table 4 a practical equivalency of exchanger sites X values is presented, which were
calculated to provide equivalent conditions to the models of this Benchmark.

Table 4: Equivalency of exchanger sites per cell for the codes used in Benchmark 1.
Exchanger sites (X)
Factor in relation to PHREEQC

PHREEQC
0.011
1.0

HYDRUS‐HP1
0.0055

= 0.5

PHAST
0.011
1.0

Regarding the solution of the hydro(geo)chemical problem, it is of maximum relevance that the
three codes must use identical thermodynamic parameters to perform the simulations. For this
reason a unique database was used to run the models, i.e. the PHREEQC.dat file coming along
with the software of the same name.

5.3.2 Results
In the following Figures (5 and 6), the results of the three developed models are presented as
vertical profiles of eight parameters of interest (with X for Exchanger site). The vertical axis
represents the length of the column and the scale gives the distance at which the solutes have
been transported from top to bottom. The horizontal axis gives the concentration of the specific
parameter at the indicated scale. Each plot gives a simultaneous representation of the time series
generated in PHREEQC, HYDRUS‐HP1 and PHAST; covering a time range between 0 and 15 hours.

Figure 5: Vertical profiles for selected chemical parameters in the Benchmark 1 at the indicated
time steps.
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Figure 6: Vertical profiles for selected chemical parameters in the Benchmark 1 at the indicated
time steps (continued).

5.3.3 Discussion
The results obtained with the three modelling codes are in general consistent among each other.
Chloride provides insights of the flow rate and the dominance of the infiltrating water versus the
initial pore water at the beginning of the simulation, due to its non–reactive nature. Its vertical
profile and time series show that at the end of the simulation a full flush out of the initial solution
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occurred. The fit among the curves generated by the different codes is accurate, except in the first
centimetre of the column where both HYDRUS‐HP1 and PHAST curves deviate from the generated
in PHREEQC. This effect is replicated in all the other element profiles and is more pronounced in
the first time series just after the beginning of the simulation. The deviation is not noticeable at
the initial and the end of the simulation.
The transport of metallic elements in solution was equally effective as for chloride, as shown in
the Figure 6. The vertical profiles of potassium, calcium and aluminium exemplify the effect on
cations with different net charge, thus occupying different number of exchanger sites (X), i.e. 1, 2,
3. All of them show similar fit accuracy, even though their patterns of spatial and time distribution
show strong differences. The simulation is considered equally effective in the three codes in the
long‐term. In very short term or when an accurate description of the first centimetres of column is
needed, a deeper analysis should be done in order to minimize numerical dispersion in the cells
affected by strong gradients. The extension of these results or conclusions to other simulations is
conditional to the correct input of exchange data, as already presented.

5.4 Benchmark 2: Dissolution of Calcite and Gypsum
5.4.1 Modelling Set‐Up
For setting up the second benchmark it is necessary to define the physical‐chemical parameters
that control the concentration of elements in the initial and inflow solutions of the column. In
literature the initial pore water of the benchmark is not described; however, it is assumed to be in
chemical equilibrium with the two reactive minerals present in the solid phase, namely gypsum
and calcite, plus the partial pressure of the atmospheric oxygen. In PHREEQC this is set by the
EQUILIBRIUM_PHASES keyword data block, which allows the user to define a list of pure phases
that may react in contact with the aqueous solution, by dissolution or precipitation, until
equilibrium is achieved or the reactive phase dissolves completely. This keyword, when used in
the definition of the existing solution is independent to the one controlling reactions during the
simulation, thus it will not affect the amount of available reactive minerals in the system. The
inflow water, on the other hand, contains 1 mM CaCl2, and the content of O(0) and C(4) is
adjusted to establish equilibrium with the partial pressure of the O2 and CO2 in the atmosphere.
The pH is set to be changed along the simulation in order to achieve electrical balance in solution.
The second part of the input refers to the reactive phases within the column that may dissolve or
precipitate during the simulation. The EQUILIBRIUM_PHASES keyword data block is used again,
but in this case the available amount of mineral must be introduced. This step of the input file is
crucial since a wrong definition may produce misleading results when the availability of the
reactive phases is a limiting factor to reach equilibrium. According to the manual of PHREEQC
(Parkhurst & Appelo 1999) the maximum amount of mineral that can dissolve is entered in units
of mol, therefore the following input amount is calculated:
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In relation to the geometry of the grid, as already explained in the Benchmark 1, the length of the
cells plays a fundamental role controlling the numerical dispersion of the solving routine. Defining
a regular length of 0.5 cm, the following Peclet number is verified:

Additionally, a time step of 1512 seconds was calculated to replicate the flow velocity established
by the hydraulic parameters and the boundary conditions of the problem. The number of shifts
provides a total simulation time of approximately 2.5 days, as required. In Figure 7 an extract of
the PHREEQC input file is shown.

Solution 0
-units
pH
Cl
Ca
O(0) 1
C(4) 1
END

# Boundary solution
mmol/kgw
7
charge
2
1
O2(g) -0.68
CO2(g) -3.5

Solution 1-100
EQUILIBRIUM_PHASES 1100
Gypsum
Calcite
O2(g) -0.68
SAVE Solution 1-100
END
EQUILIBRIUM_PHASES 1-100
Gypsum 0
3.9E-5
entered
Calcite 0
3.9E-5
O2(g) -0.68
END
TRANSPORT
-cells
-shifts
-time_step
-flow_direction
-boundary_conditions
-length
-dispersivities
END

# Existing pore water

# The initial amount of minerals must be
# in coherence with the code definitions.

100
143
1512
forward
flux
flux
0.005
0.01

#seconds

#meters
#meters

Figure 7: Extract of the PHREEQC input for the Benchmark 2.
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In concordance with the aim of creating identical models in the three model software tools of
interest, the influence of the EQUILIBRIUM_PHASES keyword data block was explored and found
out that it works differently in each of them. Similarly to the condition observed for EXHANGE in
the Benchmark 1, here the availability of the mineral phase has to be carefully defined in order to
reproduce the same modelling condition in all the mentioned codes. The actual values considered
in this Benchmark are shown in Table 5.

Table 5: Equivalency of exchanger sites per cell for the codes used in Benchmark 2.
Amount of reactive mineral
Factor in relation to PHREEQC

PHREEQC
3.9 · 10‐5
1.0

HYDRUS‐HP1
1.365 · 10‐5

PHAST
2.1 · 10‐5

= 0.35

(/ (1 ‐ )) = 0.538

To ensure that all the hydro(geo)chemical calculations are performed with the same constitutive
equations and thermodynamic parameters, a unique database was used; wateq4f.dat provided
along with PHREEQC.
Additionally, the use of HYDRUS and PHAST demand particular consideration from the user to
additional parameters that control the accuracy of the solution and the mathematical approach of
the solver. One of them is the maximum time step, which is evaluated through the Courant
number and has an influence on the number of iterations and the accuracy of the modelling
results. Assuming a maximum time step of 0.025 days, the following Courant number is verified:

The calculated Courant number surpasses the recommended value of 1.0 but it will be accepted
to evaluate its incidence in the results.
The rest of the available parameters that modify the iteration criteria and the mathematical
solver associated to the solute transport problem are kept as default.

5.4.2 Results
In this section a set of seven plots is shown, presenting the simultaneous results for three
equivalent models created in PHREEQC, HYDRUS‐HP1 and PHAST. Each plot represents a vertical
profile of one parameter of interest along the column of soil, and shows six time series for each of
the modelling codes, covering a time range between 0 and 2.5 days.
The vertical axis represents the length of the column and the scale gives the distance measured
from the top of the column downwards, as a mimic of the transported distance for solutes. The
horizontal axis gives the concentration of the specific parameter at the indicated scale.
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ϕ

ϕ

Figure 8: Vertical profiles for selected chemical parameters in the Benchmark 2 at the indicated
time steps (continued).
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Figure 9: Vertical profiles for selected chemical parameters in the Benchmark 2 at the indicated
time steps.

5.4.3 Discussion
The results obtained from the models created with the model software tools of interest are in
general coherent and consistent among each other. The first plot representing the pH distribution
shows a very good fit between the model created in PHAST and the one from PHREEQC. The
model created in HYDRUS, represented by cross symbols, replicates the shape and pattern given
by the other two software tools, but it seems to develop slower than the others did. This effect is
likely to occur as the standard parameters of the solver were not adjusted to improve the
accuracy of the results. The divergent values are only noticeable in the transition zone of the pH
profile. The modelled values are equally accurate in the section of the column where the pH is
dominated by the existing pore water (close to 9.0) and where the new water is dominant (pH
5.0), leading to the conclusion that pH is properly modelled in a long‐term in any of the
mentioned models.
Similar results are obtained from the chloride profile, which due to its non‐reactive nature reflects
the flow rate. Again, the model created in PHAST shows the closest fit to the PHREEQC model, and
the one created in HYDRUS is slightly deviated. The characteristics of the deviation mimic the
effect of a higher effective dispersion. Similar results are seen for calcium and total sulphur.
In the last two plots for total calcite and total gypsum a remarkable difference is found in the
initial concentration of the minerals. As highlighted over the plots, the initial amount of reactive
mineral available for dissolution is three times smaller in HYDRUS and PHAST than the value in
PHREEQC. However, the modelled profiles for all the other chemical parameters fit accurately,
meaning this is a fact related to the units each software utilizes to input and output.
To conclude, it is considered clear that the three codes have similar potential in terms of capacity
to model dissolution of minerals in the solid phase, for the specific conditions of this Benchmark.
The use of coupling codes such as HYDRUS‐HP1 and PHAST require careful setting of the
parameters in order to achieve equivalent results to the ones obtained with PHREEQC. Even
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though the additional set of parameters offered by these software let the user have a larger
number of tools to control the model, it also leads to additional sources of potential error and
numerical conflicts. It could be shown that the correct input of parameters is critical; especially
when the availability of reactive phases in the porous media controls the concentration of
dissolved elements.

6 Conclusion and Outlook
In general it could be shown that the number of modelling software currently available on the
market is diverse and the features provided by each software is linked to the particular approach
it has adopted to solve the reactive transport and hydro(geo)chemical problems. Among the main
differences observed in the selected software, the most relevant for MAR applications may be the
ones related to the possibility to include variable‐saturated conditions, coupling of the hydro‐
(geo)chemical model with hydraulic parameters of the porous media, inverse modelling, and no
restrictions for licensing.
A good selection of a “suitable” and “usable” model software should include a profound estima‐
tion of needs, along with a proper visualization of the capabilities and features that may be
required to simulate the transport and hydro(geo)chemical reactions likely to be present in the
model domain (dimension); all in balance with computational flexibilities and strengths that may
be needed for its development (selection protocol). In this process costs have to be considered
that arise from purchase of commercial software as well as required training time.
The use of benchmarks provided a good base to compare specific capabilities of the three
selected codes under controlled conditions. The obtained results showed the three of them were
capable to reproduce cation exchange involving metallic elements and the equilibrium of the
water phase with reactive mineral phases assumed to be present in the solid phase. Practical
differences among the codes were highlighted, specifically related to the input of data and the
differences they may produce in the output. These differences were shown to be determinant to
introduce an adequate setting of parameters to represent a physical model of interest or
whenever parallel models are required to be created in different codes.
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MARSOL Demo sites – Column Experiments Lavrion, Greece
7 Column Experiment – Transport and Fate of Metals in a MAR Site
This chapter presents the results obtained from three different reactive transport models created
to describe the observed transport of chemical elements in a column experiment mounted at the
Technical University Darmstadt (D14.3 Silver et al. 2016). Two modelling scenarios are compared
by defining different setting of reactions along the column, in order to analyse the influence of
changes in the modelling approaches over their actual capabilities to reproduce the observed
data. Based on the obtained results a discussion is presented, giving particular emphasis on the
description of the reactive processes considered in both model scenarios and their limitations to
reproduce the transport and fate of iron and manganese in the system.

7.1 Column Experiments of a MAR Site ‐ Physical Model
As part of work package 14, four physical models (columns) of vertical soil profiles from potential
MAR sites have been mounted in the laboratories of the Institute of Applied Geosciences at the
TU Darmstadt (IAG, TU‐Da). MAR scheme and technology of interest included secondary treated
wastewater and a potential use for irrigation, and MAR basin respectively, applying different
operational strategies. Column experiments are described in detail by Silver et al. (2016) and are
summarized in the following.

Column Set‐Up
Four columns named cA, cB, cC, cD; were mounted at the IAG, TU‐Darmstadt. The cylindrical
geometry was given by transparent tubes of acrylic glass used as soil containers. The top and
bottom of the columns were sealed with circular shaped caps of the same material, carefully
perforated to allow for pipe connections. Along the tube, seven sampling ports were perforated
for the installation of polytetrafluoroethylene (PTFE or Teflon) fitting and valves for pore water
collection (seeTable 6). In the inner face of each tube 10 oxygen sensor spots were positioned and
glued at different depths. Additionally, a time domain reflectometry (TDR) probe was installed
inside the columns cB, cC and cD; plus a redox probe only in column cB.
The inflow pipeline was connected on one edge to the container of infiltrating water, and the
other edge to the top of the column. To control the flow rate and the water head pressure along
the experiment, a peristaltic pump was installed within the inflow pipeline. The outflow pipeline
connected the bottom of the column with a second container, where flushed water was collected
and periodically controlled. Furthermore, two observation tubes were installed to measure the
headwater pressure at the bottom and top of the column of soil, as shown in Figure 10.
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Figure 10: Schematic representation of the column experiment setup.

Table 6: Depth of the sampling ports and oxygen sensor spots installed along the column.
Correlative Number
1
2
3
4
5
6
7
8
9
10

Sampling Port (*)
5.0
10.0
15.0
30.0
45.0
60.0
75.0
‐
‐
‐

Oxygen Sensor Spot (*)
2.5
5.0
10.0
15.0
22.5
30.0
45.0
60.0
75.0
90.0

(*) Depth measured in centimetres from the surface of the column of soil.

The filling of the column consisted of a first layer of 2 cm of quartz sand, as non‐reactive filter,
followed by 94 cm of soil taken from one of the demo sites of the MARSOL project, in the region
of Athens, Greece. The outer face of the column was wrapped up with aluminium foil to minimize
its exposition to sun radiation that might trigger the non‐desired growth of algae and/or alter the
microbial population along the column. The top of the column was not covered to simulate light
exposed conditions at the surface.
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Geochemical Composition of the Soil
The soil has been referred to as an unconsolidated material with relatively high organic matter
content (Silver et al. 2016). Analysis performed with X‐ray fluorescence (XRF) spectrometer
provides information about the weight distribution of major chemical elements in the column soil,
as shown in Figure 11. The dominance of silicon dioxide (and aluminium) was expected, as the
sample was taken from a sandy soil (abundant in quartz and silicates). The CaCO3 and the organic
carbon weight contribution is 7.9% and 2.4%, respectively. A high content of iron and manganese
was calculated with 6.5% and 1.3%. The trace elements contribution to the total weight of the
sample was measured to be 0.17%.

2,4%
0,1%
0,6%
0,8%

4,2%
SiO2

7,9%

Al2O3
CaO

1,3%
1,7%

Fe2O3
K2O

6,4%
49,1%

MnO
Na2O
TiO2

11,6%

P2O5
CaCO3
Corg
13,8%

Others

Figure 11: Weight contribution of the major elements in the mineral soil.

Flow Conditions and Hydrochemical Composition of Inflow and Pore Water
The column cA has been set to fully saturated conditions along the entire observation period,
whereas the other three have been forced to alternated cycles of wetting‐drying conditions,
intended to simulate the operation of a hypothetical infiltration basin.
A set of hydraulic and chemical parameters was chosen based on the 31th wetting cycle of column
cD to design the setup for the following experiments. This cycle fulfilled the condition of having
stable hydraulic conditions plus abundant chemical information of the inflow water and the pore
water, sampled on 10‐07‐2015, thus during the cycle of interest. The chemical characterization of
the water samples are shown in the Table 7 and Table 8 below.
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Table 7: Concentration of the dissolved major ions along the column cD, in mg/L.
Sampling Depth
Location (cm)

F

Cl

NO2

Br

NO3

PO4

SO4

Li

Na

NH4

K

Mg

Ca

0

0.218

169.45

0.450

1.170

7.325

0.204

109.06

‐

106.19

0.134

24.78

18.97

98.028

SP‐1

5

0.105

172.02

0.124

2.304

0.749

‐

83.49

0.014

107.82

1.191

23.19

18.98

114.46

SP‐2

10

0.197

177.71

0.116

2.170

0.962

‐

69.84

0.015

107.92

1.550

28.43

18.61

116.46

SP‐3

15

0.118

173.70

0.127

2.243

1.308

‐

66.93

0.032

106.91

1.858

25.39

18.41

118.55

Inflow

SP‐4

30

0.052

173.02

0.152

2.241

0.485

‐

34.34

0.028

90.64

3.851

21.01

18.27

117.93

SP‐5

45

0.121

180.80

0.139

2.548

0.5

‐

22.23

0.030

95.13

5.082

27.48

22.44

147.22

SP‐6

60

0.103

175.80

0.134

2.742

0.469

‐

25.24

0.024

95.51

5.066

24.68

23.07

160.15

SP‐7

75

0.046

171.68

0.133

2.738

1.334

‐

27.45

0.027

91.63

5.261

24.66

22.89

166.04

Outflow

94

0.159

164.38

0.154

2.878

0.985

‐

35.81

0.019

100.19

4.818

23.71

22.57

174.05

B

As

Table 8: Concentration of dissolved metallic elements along the column cD, in mg/L.
Sampling
Location

Depth
(cm)

Fe

Mn

Cu

Ni

Zn

Sr

Al

Ba

Hg

Co

Si

Inflow

0

0.022

0.014

0.0110 <0,002

0.028

0.28

0.054

0.012

<0,002 <0,001

8.22

0.116

<0,001

SP‐1

5

7.418

2.379

0.0039 0.0047

0.016

0.27

0.031

0.060

<0,002

0.005

8.91

0.115

0.016

SP‐4

30

12.200

7.180

<0,002 0.0056 <0,010

0.27

0.013

0.098

0.003

0.008

12.70

0.106

0.018

SP‐7

75

18.000

6.250

<0,002 0.0053 <0,010

0.23

0.011

0.179

0.003

0.002

13.00

0.090

0.017

A simple verification of the electrical balance at any sampling location indicated in Table 7 may
evidence the missing of at least one major ion in the chemical analysis, due to the fact that (Bi‐
)carbonate was not included. This limitation of the available data will be addressed in the
modelling phase by considering the charge difference is completely taken by the dissolved
bicarbonate. Later analysis performed on 29‐11‐2015 during the 49th wetting cycle provided
bicarbonate estimation by titration; however, this value will be only considered for discussion,
since the hydraulic and chemical conditions along the column may be different to the ones
considered for modelling.
A second limitation of the chemical characterization is the lack of direct measurement of pH,
which was only available for the 29th and 32th cycles; therefore, a mean value was calculated and
considered to be representative of the water samples of the 31th cycle. The calculated mean
values of pH and bicarbonate ions are shown in Table 9.
Regarding the hydraulic conditions, it was considered that even though the selected cycle
presents relatively more stable records compared to others, the parameters calculated for one
day may not be representative for the whole cycle of interest, even more considering that the
mean residence time of pore water in the column is in the range of 4 days. For this reason the
model will be constructed with hydraulic parameters calculated as mean values of 3 consecutive
observations registered during the 31th wetting cycle, specifically between 04‐07‐2015 and 10‐07‐
2015; therewith, including the date of the water sampling. The actual outflow rate of the column
was calculated from weight differences of the outflow container (evaporation was considered
negligible as the container had a lid on it). The saturated hydraulic conductivity of the column was
calculated by direct application of the Darcy’s law, considering an effective porosity of 30%. A list
of the calculated parameters is presented in Table 10.
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Table 9: Calculated values of pH and HCO3 ions at different depths along the column cD.
Sampling Location

Depth (cm)

Inflow
SP‐1
SP‐2
SP‐3
SP‐4
SP‐5
SP‐6
SP‐7

0
5
10
15
30
45
60
75

HCO3‐ (mg/L)
(**)
283
‐
‐
‐
‐
‐
‐
‐

pH
(*)
7.8
6.99
7.07
7.07
7.14
7.13
7.15
7.16

(*) Calculated as mean values of the measurements taken on the 29th and 32th wetting cycles.
(**) Calculated with PHREEQC, based on fixed pH and equilibrium with the atmospheric CO2.

Table 10: Hydraulic parameters of column cD.
RPM Pump
5

Outflow Rate
(ml/min)
1.388

Darcy Velocity
(cm/h)
0.2937

Mean Residence
Time (h)
96.00

H
(cm)
19.02

7.2 Model Conceptualization
Previous investigations conducted at the IAG have described an uneven distribution of oxygen
along the column, with spatial and temporal variations (Silver et al. 2016). The analysis of oxygen
profiles shown the existence of an oxygen‐rich zone near the surface of the column, which is
benefited from the air replenishment occurring during the drying cycles and extends between 10
cm to 20 cm from the top. The replenishment of oxygen was observed to be less effective towards
the bottom of the column, being nearly irrelevant at 45 cm where anoxic conditions start to
prevail, meaning there is a transition zone between both of them.
Furthermore, temporal analysis showed the thickness of each zone varies as the experiment is
carried out, in first place as consequence of the alternate changes in the boundary conditions of
the column (open‐closed to the atmosphere), and secondly as the presumable occurrence of
biochemical reactions which may consume part of the dissolved oxygen available in the system.
The concept of zoning based on oxygen content is intimately related to the occurrence of redox
reactions, as the infiltration of treated wastewater in the column is likely to trigger a sequence of
microbial enhanced reactions that might play a major role in the mobility and fate of the chemical
compounds observed along the column. The role of redox reactions in groundwater systems has
been widely covered in the literature, as it may explain many naturally occurring processes
(Appelo & Postma 2005). In fact, the redox zoning in managed aquifer recharge applications has
been focus of particular research in the last decade, confirming its fundamental role in the fate
and transport of chemical constituents (Ray & Shamrukh 2011; Appelo & Postma 2005; Kalka &
Nicolai 2011); therefore, it is considered as an elementary part of the conceptual model to be
developed. The sequence of reactions is highly determined by the availability of reactants and the
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amount of bioavailable energy they may provide, being naturally preferred those with higher
yields (Stumm & Morgan 1996), which in natural groundwater systems can be reflected similarly
to the sequence shown in Figure 12 for pH 7.

Figure 12: Sequence of redox reactions in natural systems at pH 7 (adopted from Appelo &
Postma 2005).

7.2.1 Redox Reactions
The list of reactions that actually take place in the physical model are partially determined by the
availability of reactants in the system, as they act as constraints in the development of the redox
sequence shown in Figure 12. According to the available data presented previously involving the
chemical constitution of the solid phase and the chemical elements in the water samples, it is well
founded to assume that part of the organic matter in the column is highly reactive. The oxidation
of dissolved organic matter in groundwater environment may promote a sequence of reactions as
described below.
First the organic matter, simplified here with the formula CH2O, reacts with dissolved oxygen in
the water phase. This irreversible reaction forms CO2 that can then react with water, forming
HCO3¯ and H+, thus decreasing the pH of the solution.
(Equation 1)
(Equation 2)
In case of oxygen depletion nitrate participates in subsequent reactions with the organic carbon
as electron acceptor and is reduced under anoxic conditions (Appelo & Postma 2005), forming N2
and NH4+ as follows:
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(Equation 3)
(Equation 4)

According to the redox sequence shown in Figure 12, Fe(3) and Mn(4) naturally present in the
sediment as oxides and hydroxides react with dissolved organic carbon, as described in the
following equations:
(Equation 5)
(Equation 6)

Under strongly reducing conditions sulphate reacts forming H2S which can be detected due to its
strong smell like rotten eggs, and the organic carbon may produce methane and CO2 by
fermentation or methanation, as represented in the following reactions:
(Equation 7)
(Equation 8)

From the physical model the development of reducing conditions towards the bottom of the
column was observed, where oxygen, nitrate and sulphate ions tend to diminish. Therefore, they
may be considered as indicators of occurring redox reactions. The increasing presence of
dissolved iron in the water phase of the column may also be linked to the decomposition of
organic matter under anaerobic conditions (Appelo & Postma 2005).
In order to include the previous assumptions in the reactive transport model, it is necessary to
select an appropriate database that should contain the thermodynamic data required to describe
the expected reactions. To maintain equivalent modelling conditions between the three codes of
interest, the same database will be applied in all of them, namely “WATEQ4F.DAT” provided along
with the software PHAST Version 3. Table 11 presents a selection of the reactions included in the
database, representing the transference of electrons between different oxidation states of the
main elements in the model.
Additionally, a number of reversible reactions (equilibrium) are needed to simulate the chemical
interaction between the different species in solution, such as the ones presented in the Table 12.
It includes a selection of reactions involving protonation of the main elements of the model, thus
inducing direct changes on the pH of the solution.
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Table 11: Half reactions involving electron transference defined in the WATEQ4F database.
Identification

Description

Equation

Log K

Number
(1)
(2)
(3)
(4)
(5)
(6)
(7)
(8)
(9)
(10)

41.071
‐3.150
‐86.080
28.570
207.080
119.077
40.644
‐13.020
‐25.510
‐127.824

C(4) / C(‐4)
H(1) / H(0)
O(0) / O(‐2)
N(5) / N(3)
N(5) / N(0)
N(5) / N(‐3)
S(6) / S(‐2)
Fe(3) / Fe(2)
Mn(3) / Mn(2)
Mn(6) / Mn(2)

Table 12: Selection of reversible reactions affecting the pH defined in the WATEQ4F database.
Identification

Equation

Log K

Number
(11)
(12)
(13)
(14)
(15)
(16)
(17)
(18)
(19)
(20)

‐9.252
10.329
16.681
1.988
‐2.190
‐9.500
‐31.000
‐31.000
‐12.560
‐5.670

7.2.2 Precipitation and Dissolution of Solid Phases
As consequence of the multiple reactions occurring along the column, chemical elements
originally stable in the solid phase of the column may be released and dissolve in the water phase,
being then transported and eventually migrating out of the physical model. At the same time,
dissolved element species may precipitate and modify the mass balance of the transported
solutes.
The most abundant chemical elements found in the solid phase of the column are Si, Al, Ca, Fe, K,
Mn, C and O; whereas, calcite was found to be the dominant reactive mineral. The dissolution of
CaCO3 in the solid phase of an aquifer is controlled by the presence of carbonic acid, introduced in
natural environment from root respiration, oxidation of organic matter or, whenever it exists, by
equilibrium with the air phase. The complete reaction is derived from the dissociation reaction of
calcite combined with the reactions (12) and (13) from Table 12, as follows:

40

MARSOL

Work Package 14

In the specific case of the column, CO2 may enter the system during the drying cycles, from
oxidation of organic matter or from other chemical reactions capable to release it by degassing. In
principle, the content of dissolved CO2 in the water phase can be considered function of the
partial pressure of carbon dioxide in the air phase, which is transferred according to the Henry’s
Law. A common approach consists in considering a total air pressure of 1 atm at the soil surface,
where the atmospheric CO2 contributes with a partial pressure of about 10‐3.5 atm. This value,
though widely used for groundwater geochemical modelling, can be one or two orders of
magnitude higher in unsaturated conditions, as stated by (Appelo & Postma 2005). Therefore, it is
likely that the successive wetting‐drying cycles on the column may produce an unstable
contribution of CO2 to the model, to be explored with the application of different values of partial
pressure of carbon dioxide. The previous consideration will also include eventual variations in the
CO2 content inside closed containers, where degradation of the dissolved organic carbon (DOC)
may produce degassing and form CO2, changing the CO2 pressure in air and therefore also in soil
water.
The development of the current model will consider calcite and goethite as primary minerals
susceptible to dissolve or precipitate. As secondary minerals, meaning the ones that can pre‐
cipitate if the geochemical conditions are appropriate but are not available for dissolution in the
beginning; manganite, pyrolusite and Fe(OH)3(a). The governing equations that define the
mentioned minerals in the wateq4f database are listed in the following table.
Table 13: Reactive mineral phases considered in the models, according to the WATEQ4F
database.
Identification

Mineral Name

Equation

Log K

Number
(21)

Calcite

‐8.480

(22)

Goethite

‐1.000

(23)

Fe(OH)3(a)

4.891

(24)

Manganite

25.340

(25)

Pyrolusite

41.380

7.2.3 Ion Exchange
The already described presence of abundant organic matter in the column, along with the
presumable existence of minor amounts of iron oxyhydroxides and clay minerals in the solid
phase suggests the necessity to include ion exchange as one of the main processes within the
model. The previous statement is supported by the presence of abundant cations in the system,
which may be adsorbed or desorbed depending of the varying geochemical conditions in the
model. The competition for the exchanger sites among the different cations is controlled by the
modelling database, which for the case of this report is considered as shown in the Table 14. It is
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relevant to note that all the exchange coefficients (K) are defined in reference to sodium (wateq4f
database).

Table 14: Exchangeable cations and coefficients considered in the models, according to the
WATEQ4F database.
Identification Number

Exchangeable Cation

Equation

Log K

(26)

Sodium

0.00

(27)

Potassium

0.70

(28)

Hydrogen

1.00

(29)

Ammonium

0.60

(30)

Calcium

0.80

(31)

Magnesium

0.60

(32)

Manganese

0.52

(33)

Iron

0.44

The second data required to perform ion exchange in the simulation is an estimation of the
exchanger sites actually present in the physical model. As the cation exchange capacity (CEC) of
the analysed soil is not available, an empirical formula is applied as rough first estimation for the
model.

As long as the contribution of the clay content is neglected, the calculated value of CEC for the
column is:

7.3 Development of a Hydro(geo)chemical Model
The software tools PHREEQC, HYDRUS‐HP1 and PHAST are used in parallel to construct a set of
three equivalent hydro(geo)chemical models of the column experiment mounted at the IAG.
PHREEQC is assumed to be the code of reference to evaluate the adequate setup of HYDRUS‐HP1
and PHAST, since its simplicity and robustness is unquestionable in the scientific community.
The development of the models was structured as an iterative process, intended to define a setup
capable to mimic the observed data presented in chapter 7.1, in concordance with the conceptual
definitions presented in chapter 7.2. One of the main principles adopted in this section was to
keep the models as simple as possible, in order to highlight the differences between the codes
while running on equivalent conditions. The complexity of the models was stepwise increased,
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only after confirming the previous steps were correctly defined in the three software tools of
interest.
The model setup involving the construction of 3 paralleled models using different software tools
was named “Column TUDa‐IAG (a)”. A second setup was also developed, named “Column TUDa‐
IAG (b)”, which explores the effect of including ion exchange on the results from the first model.
This second model was developed in PHREEQC, only.

7.3.1 Column TUDa‐IAG (a)
Hydraulic Settings
In general, the definition of the hydraulic setting is the first step to build a reactive transport
model, and it should cover aspects such as:


Definition of the spatial domain and the discrete elements contained on it,



Flow regime (steady state or transient flow),



Hydraulic parameters of the flow domain,



Initial conditions,



Boundary conditions.

In the particular case of the physical model of interest, data is defined in concordance with
measurements summarized in the Table 15 below.
Table 15: Geometric and hydraulic parameters of the model Column TUDa‐IAG (a).
Parameter

Value

Units

Length

94

cm

Diameter

19

cm

Porosity

0.3

m3/m3

Saturated hydraulic conductivity

1.451

cm/h

Infiltration rate

1.388

ml/min

Darcy velocity

0.2937

cm/h

Linear velocity

0.9791

cm/h

Residence time

96.00

h

Hbottom

120

cm

Htop

139.02

cm

H

19.02

cm

Hydraulic gradient

0.2023

cm/cm

Longitudinal dispersivity

1.0

cm

From the practical point of view, there are relevant differences among the software tools when
the hydraulic settings of the model have to be defined. Since PHREEQC was developed more as
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code to perform aqueous geochemical calculations than a transport oriented tool, their
capabilities to simulate flow and transport of solute are limited up to 1D analysis. This is
controlled by a keyword that simulates mixing between adjacent cells, which requires from the
user the definition of the total number of cells and their length and longitudinal dispersivity, along
with the number of shifts, time step duration and type of boundary conditions, as shown in the
Figure 13. Therefore, there is no necessity to introduce values of hydraulic gradient, hydraulic
head, porosity, nor hydraulic conductivity of the porous media.

TRANSPORT 1
-cells
-shifts
-time_step
-flow_direction
-boundary_conditions
#-length
-dispersivities

94
100
3677
forward
flux flux
0.01
0.01

#seconds

#meters
#meters

Figure 13: Extract of the PHREEQC input for the Column TUDa‐IAG (a); transport keyword.

In the case of HYDRUS‐HP1 and PHAST, the hydraulics of the system can be defined in a more
realistic approach: such as the inclusion of variations in the hydraulic head, regions with different
hydraulic parameters, different boundary conditions, among other available features. The
definition of the space domain is also different, being performed through the GUI, where the grid
that sets the spatial discretization of the elements is also defined. The finite element grid in
HYDRUS‐HP1 was set to have cells of 1 cm length, whereas in PHAST they were defined as cubes
of 1 cm to ensure an optimal dimensional setting. The Peclet and Courant numbers are then
calculated to verify the grid size and the maximum time step of the simulation will not produce
numerical dispersion or mathematical oscillations:

The second relevant difference among the software applied is the definition of the initial
conditions in terms of hydraulic head along the column. In HYDRUS‐HP1 the user must enter the
value of pressure head for each cell of the space domain, meaning it does not include explicitly
the component of the elevation since it is internally calculated when running the model. In PHAST,
on the other hand, the user has to define the total hydraulic head for the entire model domain,
thus this difference has to be clearly known when building parallel models. The total modelling
time was set equals to 72 hours.
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Hydro(geo)chemical Settings
Similarly to the construction of the hydraulic settings, the hydro(geo)chemical model is composed
of a number of definitions which combined should represent the dominating conditions in the
space domain, covering aspects such as:


Chemistry of inflow solution,



Chemistry of existing solution in the cells at starting time t0,



Equilibrium controlled reactions (precipitation and/or dissolution of minerals phases),



Kinetically controlled reactions,



Ion exchange,



Others (equilibrium with gas phase, surface complexation, etc.).

In principle, it is expected that the hydro(geo)chemical settings in the 3 software tools of interest
will be equivalent, since all of them solve the hydro(geo)chemical problem with the same module,
namely PHREEQC. However, some differences exist here that may require special attention when
creating parallel models, as already observed in the benchmark simulation.
The first practical difference among the tools arose, since there is a specific denomination that
has to be considered when working with PHREEQC. In this code, each solution has an
identification number that represent the cell it fills, meaning that in this case there will be a total
of 94 solutions along the column, plus an additional solution identified as zero, which represents
the inflow solution along the entire simulation. This restriction of numeration does not apply in
any of the other codes, in fact they only require the definition of the distinctive solutions in the
system (in this case only two, the existing and the inflow solutions), which are then assigned to
the section of the space domain that corresponds. The definition of both solutions for PHREEQC is
shown in the Figure 14 below, where the difference with the other codes is indicated after the “#”
symbol.
In the same Figure, the full code defining the chemistry of the participating solutions can be
observed. The chemistry of the initial and the inflow solutions are identical and obtained in two
steps. First, the so called “Solution 100” is defined with a selection of the most representative
chemical elements measured in the inflow of the column, taken from the Table 7 and Table 8.
Then the solution is equilibrated with a gas phase of carbon dioxide, considering that the
log(partial pressure) is equals to ‐3.0; plus a user‐defined phase that avoid changes in the pH by
adjusting the content of HCl. It is worth to mention that species C(4) was set free to balance the
charge of the solution, as the bicarbonate ion was unknown for the analysed water sample.
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PHASES
Fix_pH
H+ = H+
# Infiltrating water from the top of the column
SOLUTION 100
-temp
20
units
mg/l
-pH
7.8
C(4)
7.87
charge
# Set to balance the charge.
N(5)
1.652
N(3)
0.14
N(-3)
0.134
S(6)
109.055
Ca
98.028
Cl
169.451
Fe
0.022
K
24.8
Mg
18.967
Mn
0.014
Na
106.191
EQUILIBRIUM_PHASES 100
CO2(g)
-3.0
Fix_pH
-7.8

# Container with infiltrating water
HCl

USE SOLUTION 100
USE EQUILIBRIUM_PHASES 100
SAVE SOLUTION 0
END
#Initial solution along the column
USE SOLUTION 100
USE EQUILIBRIUM_PHASES 100
SAVE SOLUTION 1-94
END

# SOLUTION 3001 in HYDRUS and PHAST

# SOLUTION 1001 in HYDRUS and PHAST

Figure 14: Extract of the PHREEQC input for the Column TUDa‐IAG (a); definition of involved
solutions.

Then the reactions taking place along the column are defined. Based on the available information,
which suggests the existence of strong differences in the oxygen content along the model, plus
the observation of intense reactivity in the first centimetres of the column, the setting presented
in the Figure 15 was developed. The approach consists a highly reactive layer in the first 10 cm of
the model, which represents the dissolution of organic carbon (Corg) to the water phase at a
constant rate, possibly triggered by microbial activity in oxygen‐rich conditions, which promotes
its dissolution and subsequent infiltration. This layer is assumed to be exposed to a gas phase
providing a constant source of CO2 to the system, which may react and transfer inorganic carbon
to the water phase. It is also assumed that the mineral phase contains Goethite as primary
reactive mineral, whereas other mineral such as calcite, Fe(OH)3(a), manganite and pyrolusite; are
set free to precipitate in case the water phase becomes oversaturated. The rest of the column is
assumed to be free of added CO2, while goethite and calcite are set as primary reactive minerals;
and the water phase is allowed to precipitate Fe(OH)3(a) and Manganite.
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EQUILIBRIUM_PHASES 2-10
CO2(g)
-2
Goethite
0
Calcite
0
Fe(OH)3(a)
0
Manganite
0
Pyrolusite
0

0
0
0
0

EQUILIBRIUM_PHASES 11-94
Goethite
0
Calcite
0
Fe(OH)3(a)
0
Manganite
0

0
0

REACTION 2-10
CH2O(NH3)0.015
Mn(OH)2
Calcite

# Defined as KINETICS in HYDRUS and PHAST
0.000075
0.000008
0.00005

#High degradation of CH2O (very reactive layer)
REACTION 11-40
# Defined as KINETICS in HYDRUS and PHAST
CH2O(NH3)0.12
0.00005
Mn(OH)2
0.000002

Figure 15: Extract of the PHREEQC input for the Column TUDa‐IAG (a); equilibrium phases and
reaction blocks.

The highly reactive organic carbon phase observed in the first 40 cm of the physical model is
simulated in PHREEQC through the keyword REACTION. This function allows the user to
incorporate a fixed amount of any chemical element to the solution at a specific location (or cell),
at a constant rate for the entire simulation. By this means, different rates of organic matter as
CH2O(NH3), manganese hydroxide as Mn(OH)2, and calcite; are added to the system to mimic the
lab records.
This last definition presents a fundamental difference in the other two software tools, because
they do not allow the use of the REACTION keyword. Instead, the user has to define an equivalent
reaction by using the keyword KINETICS. This equivalence is not trivial; due to additional
differences in the way the codes consider the kinetic reaction is adding moles of reactants to the
system.
The keyword KINETICS basically works adding to the system moles of certain reactant at a rate
that can be either defined constant or as a function depending of other parameters. An initial
amount of reactant must be defined, which then acts as a finite source that might be eventually
depleted. In the particular case analysed, it is required to define a kinetic reaction capable to
supply reactants at constant rate along the entire simulation (zero order), providing an amount of
reactant to the water phase that is equivalent to the obtained with the keyword REACTION in
PHREEQC.
During the development of this model, it was found out that the rates to be introduced in
HYDRUS‐HP1 and PHAST are not the same, on the contrary they differ in a factor equivalent to the
porosity assumed for the column. The previous considerations are summarized in the Table 16,
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where the keywords, valid parameters and representative equations used in each code are
shown.

Table 16: Equivalence between the REACTION and KINETICS keywords in different codes.
PHREEQC

HYDRUS‐HP1

PHAST

Reaction

Kinetics

Kinetics

C: Supply of reactant per

C: Concentration of reactant,

C: Concentration of reactant,

time step, in mols.

in moles.

in moles.

K: Rate of supply, in

R: Rate of supply, in moles/s.

R: Rate of supply, in moles/s.

Keyword
Equation
Parameters

moles/s.

ϕ: Porosity

7.3.2 Column TUDa‐IAG (b)
Hydraulic Settings
The hydraulic settings of this model are identical to the ones presented for the “Column TUDa‐IAG
(a)” model in the previous section 7.3.1.

Hydro(geo)chemical Settings
The hydro(geo)chemical settings of this model refer directly to the ones presented in the section
7.3.1, only the differences will be mentioned. The introduced changes are intended to improve
the capabilities of the PHREEQC model to reproduce the observed lab data, with special focus on
the chemical elements susceptible to take part of cation exchange along the column. The
differences adopted in relation to the previous model can be summarized as follows:
a) Two infiltration phases: An additional infiltration phase is applied immediately previous
to the one presented in the model A. The introduced changes represent slight differences
in the concentration of C(4), Mg and Na. The species C(4) are set to be in equilibrium with
the CO2 in its container, and the changes in the concentration of magnesium and sodium
represent a reduction of approximately 15% and 30%, respectively, to the measured
values. This phase is applied for 42 days.
b) pH is not fixed: The pH is set free to change to achieve charge balance of the solution.
c) Gas phases in equilibrium with the involved solutions: It is assumed that the pore water
is in equilibrium with the partial pressure of oxygen and carbon dioxide typically found in
the atmosphere. The infiltrating water is assumed to be in equilibrium with a value of
log(partial pressure) of CO2 equals to ‐2, likely produced in the interior of its container.
The input data and the most relevant instructions are shown in the Figure 16 below.
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# ---------- INFILTRATION PHASE Nº1 ----------------# Infiltration of enriched solution of Na and Mg, with C(4) controlled by the
atmospheric partial pressure of CO2(g).
# Existing pore water
SOLUTION 194
-temp
20
units
mg/l
-pH
7.8
C(4)
1
CO2(g) -2
by the
N(5)
1.652
N(3)
0.14
N(-3)
0.134
S(6)
109.055
Ca
98.028
Cl
169.451
Fe
0.022
K
24.8
Mg
16
Mn
0.014
Na
75

Charge
# C(4) is assumed to be controlled
# partial pressure of CO2(g)

# 18.967 in model A
# 106.191 in model A

EQUILIBRIUM_PHASES 194
CO2(g)
-2

# open system

EQUILIBRIUM_PHASES 0
CO2(g)
-3.5
O2(g)
-0.68
END

# open system

# Initial solution along the column
USE SOLUTION 194
USE EQUILIBRIUM_PHASES 194
SAVE SOLUTION 1-94
END
# BC inflow solution
USE SOLUTION 194
USE EQUILIBRIUM_PHASES 0
SAVE SOLUTION 0
END

Figure 16: Extract of the PHREEQC input for the Column TUDa‐IAG (b); definition of involved
solutions.

Along the entire simulation the keyword EXCHANGE is set to be active for the exchanger X. The
number of exchanger sites is defined in moles per litre pore water per cell. In this case a value
equals to 40% of the calculated CEC was considered, being constant for the entire length of the
column. Additionally, the reaction rates of organic matter, calcite and manganese hydroxide were
adjusted to improve the fitting of the results. All the mentioned data is shown and highlighted in
Figure 17.
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It may be worth to mention that the standard Gaines‐Thomas convention was adopted for the
ion‐exchange simulation in PHREEQC. It means that the thermodynamic activity of the exchange
species is assumed to be equal to their equivalent fraction.
EQUILIBRIUM_PHASES 2-10
CO2(g)
-2
Goethite
0
Calcite
0
Fe(OH)3(a)
0
Manganite
0
Pyrolusite
0

0
0
0
0

EQUILIBRIUM_PHASES 11-94
Goethite
0
Fe(OH)3(a)
0
Manganite
0

0
0

REACTION 2-10
CH2O(NH3)0.015
Mn(OH)2
Calcite

0.0001
0.000008
0.000035

#High degradation of CH2O (very reactive layer)
REACTION 11-40
CH2O(NH3)0.12
0.00005
Mn(OH)2
0.000003
# Ion exchange
EXCHANGE 1-94
X
cell
-equilibrate 1

0.22

# moles of exchanger / liter of pore water /
# equilibrates with Solution 1

Figure 17: Extract of the PHREEQC input for the Column TUDa‐IAG (b); equilibrium phases,
reaction and exchange blocks.

7.3.3 Model Results and Discussion
TUDa‐IAG (a)
Figure 18 to Figure 20 demonstrate model results of Column TUDa‐IAG (a) at a simulation time of
96 hours in comparison with lab‐measured data.
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Figure 18: Vertical profiles of selected chemical elements from the model Column TUDa‐IAG(a)
(simulation time is 96 hours). (*) All chemical elements analysed from samples taken at TUDa‐
IAG on 10/07/2015, except for C(4) sampled on 27/11/2015 (continued).
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Figure 19: Vertical profiles of selected chemical elements from the model Column TUDa‐IAG(a)
(simulation time is 96 hours). (*) All chemical elements analysed from samples taken at TUDa‐
IAG on 10/07/2015, except for C(4) sampled on 27/11/2015. (continued)
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Figure 20: Vertical profiles of selected chemical elements from the model Column TUDa‐
IAG(a)(simulation time is 96 hours). (*) All chemical elements analysed from samples taken at
TUDa‐IAG on 10/07/2015, except for C(4) sampled on 27/11/2015.
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The three codes considered in the simulation were capable to include the same set of hydro‐
(geo)chemical reactions, even though practical differences among the codes might make the input
of equivalent settings difficult. From the first model it is observed that the approach of
considering a very reactive layer in the first 10 cm of soil is effective on reproducing the steep fall
of pH registered in the lab data, as shown in the Figure 19. The addition of organic matter in the
oxygen rich zone of the column triggers the change of pH based on redox reactions. The pH of the
solution tends to reach a peak value at a depth of 10 cm, where the settings of the keyword
REACTION change abruptly, but then it tends to stabilize in a relatively constant value. In the last
third of the column, it is still possible to appreciate residual effect from the pore water at the
beginning of the simulation, which suggests the simulation time is not long enough to reach
steady concentrations. This condition is beneficial to visualize the evolution of the concentration
profiles along the simulation.
The calcium concentration behaves correctly within the first 10 cm, where the keyword REACTION
provides calcite to the system. After this, it is not capable to reproduce the continuous raise
observed between 30 and 94 cm. Comparing the evolution of pH and Calcium concentration
between 30 and 75 cm in the column, it can be seen that pH is nearly constant, whereas Calcium
raises more than 50% of its concentration. This observation may lead to the conclusion that the
amount of calcium in that region was likely influenced by another process, not only dissolution of
CaCO3. For this reason, the effect of cation exchange was explored in the second model (TUDa‐
IAG (b)). The results obtained in PHREEQC and PHAST are very similar between each other.
However, the model created in HYDRUS‐HP1 seems to be more sensitive in the second half of the
column.
The species (hydro‐)carbonates C(4) and sulphate S(6) are practically equally reproduced in
PHREEQC and PHAST (input PHREEQC), being mostly controlled by the keyword REACTION that
adds dissolved organic matter to the water phase in the first 40 cm. Below this limit both species,
C(4) and S(6), maintain at relatively constant concentrations for about 20 cm, and then tend to
approximate their initial concentrations towards the bottom of the column. This effect may be
linked to the mixing with initial pore water, which is still visible in the profile. The curve obtained
for S(6) in HYDRUS‐HP1 differs strongly with results of other two software tools.
The graphics of the nitrogen species show a strong difference between the model created in
HYDRUS‐HP1 and the other two software tools, which produce relatively similar results. The
concentration of nitrate N(5) is modelled close to zero which reflects highly reducing conditions
along the column and the formation of ammonium N(‐3). The existence of a relatively small
concentration of N(5) observed along the column may be explained as the effect of preferential
flow paths, which allow some nitrate rich water to flow faster and react less than the majority of
the inflow water, which is reduced as it flows through the porous media. The concentration of N(‐
3)in HYDRUS‐HP1 was markedly overestimated. The peak value of nitrogen is about one order of
magnitude higher than the expected value; however, this difference is not seen in any other
species of the simulation, what suggest that could be a problem within the software code of
HYDRUS‐HP1.
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The plot of iron shows an increase of its concentration at a constant rate in the first 40 cm of the
column. This increase of the dissolved iron content is linked to the presence of organic matter,
which has direct influence on the concentration of iron in the pore water, triggering the
dissolution of reactive goethite set to be abundant along the entire column. The dissolution of
goethite is subsequently linked to changes in the pH of the solution, as the reaction involves
protonation of the reactive mineral to form molecules of water and release Fe(3), as described by
the equation (22) in the Table 13. The reaction is similarly modelled in PHREEQC and PHAST,
having bigger differences with HYDRUS‐HP1. The decay shown in the second half of the column is
not linked to any process and behaves similarly to the observed pattern described for C(4) and
S(6), therefore it is likely to be the effect of mixing with residual pore water. The second model
provides a longer simulation time.
The graphics of Manganese show very good fit of the curves generated in HYDRUS‐HP1 and
PHREEQC, which is remarkably after the relevant differences observed for the other elements.
The curve from PHAST shows also good fitting. The increase of manganese in the system is
basically dominated by the REACTION and KINETICS keywords, which add dissolved Mn(OH)2 at
different rates to the water phase between the top of the column and 40 cm depth, as seen in the
plot. According to this threshold, the concentration of manganese decays. The use of the second
model clarifies whether the reduction of concentration is linked to the mixing with pore water or
with precipitation of minerals phases.
The last three elements shown in Figure 20 are clearly not affected by any of the settings of the
simulation. magnesium, sodium and potassium do neither react with any of the mineral phases
defined in the system nor are they involved in any aqueous reaction along the column, therefore
their concentrations remain stable for the whole simulation. The variability recorded in the lab
data for these elements may be influenced by cation exchange or subject to variations of the
inflow concentration.

TUDa‐IAG (b)
The results of the second model are compared with the ones obtained in the first model, both
considering only the code PHREEQC to facilitate the analysis. Figure 21 and Figure 22 demonstrate
model results of Column TUDa‐IAG (a) at simulation time of 1000 hours in comparison with lab‐
measured data. The adapted simulated conditions tend to increase the peak values of the pH
obtained with the first simulation, but the absolute values at the sampling points are still in the
same magnitude. For example a very good fitting in the first sampling port at 5 cm can be seen,
whereas the rest is slightly higher. In general, the pH can be considered well estimated.
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Figure 21: Vertical profiles of selected chemical elements from the model Column TUDa‐
IAG(b).Comparison of lab‐measured data and two reactive transport models created in
PHREEQC. (*) All chemical elements analysed from samples taken at TUDa‐IAG on 10/07/2015,
except for C(4) sampled on 27/11/2015 (continued).
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Figure 22: Vertical profiles of selected chemical elements from the Column TUDa‐IAG.
Comparison of lab‐measured data and two reactive transport models created in PHREEQC. (*)
All chemical elements analyzed from samples taken at TUDa‐IAG on 10/07/2015, except for C(4)
sampled on 27/11/2015.
Calcium concentration also shows an increase in relation with the previous model, being closer to
the observed lab data. The peak of calcium in the first centimetres of column is overestimated,
however the values tend to stabilize and get closer to the expected values.
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In the case of C(4) and S(6) there is great improvement basically produced by the extended
simulation time, which allows the concentrations to fully develop along the column. It confirms
therefore that the variations observed in the last third of the column for several species in the
model A were likely linked with mixing of inflow and old pore water. The general behaviour of
these two species was not strongly affected by the introduced changes, as one could initially
expect.
The nitrogen species also show an improvement in their curves, not driven by the inclusion of
cation exchange, but because of the longer simulation time. The curve for N(‐3) is fully developed
and fits very well the observed values. It confirms again the influence of setting a simulation time
that may allow the curves to develop and stabilize.
Iron concentrations are not influenced by any reaction beyond 40 cm below the top of the
column, showing a relatively constant concentration after this point. Manganese, however, is
more reactive and the new model shows a similar pattern than the first model, confirming it is
likely affected by precipitation of manganite.
The graphics of magnesium, sodium and potassium show with clarity the effects of introducing
cation exchange in the model. These three cations do not longer show the non‐reactive behaviour
seen in the first model; on the contrary, their curves develop dynamically, showing a great
sensitivity to changes in the geochemical conditions along the system. The obtained results for
magnesium and sodium are capable to reproduce the abrupt changes of concentration observed
in the lab records. The highly scattered data from the potassium profile, on the other hand, did
not allow to obtain a good fitting. This might be an indirect indicator of the chemical variability of
the inflow water.
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MARSOL Demo sites – Serchio River, Italy
8 Sant’Alessio IRBF groundwater flow and solute transport model
A groundwater flow and solute transport model was developed within the Sant’Alessio plain
(Tuscany, central Italy), in order to demonstrate the feasibility and benefits of managing Induced
RiverBank Filtration (IRBF) schemes. To achieve this purpose, an area about 5.2 km2 wide
constituted the identified domain within the Sant’Alessio plain (Lucca basin, Italy), including the
Serchio river and the Sant’Alessio well field.. It extends over a large part of within the
Regarding the geometry of the hydrogeological system, two hydrostratigraphic units were
represented: a superficial cover, mainly made of silty sediments, and the underlying sandy‐
gravelly aquifer. The latter is hydraulically connected to the Serchio river and exploited through
the Sant’Alessio well field, which supplies water needs of Lucca, Pisa and Livorno municipalities.
The numerical model was implemented using FREEWAT, a simulation platform which integrates
relevant codes for the simulation of the hydrologic cycle within the QGIS environment. FREEWAT
integrates the MODFLOW‐2005 and MT3DMS codes to simulate the groundwater flow dynamics
and solute transport processes. The software‐selection protocol has been applied to verify the
applicability and usability of selected software (see chapter 8.1).
To assess the efficiency of the IRBF scheme at the demo site of the Sant’Alessio IRBF scheme, the
study area was discretized through more than 50000 square cells with 10 m side length. Two
model layers were defined, each one representing one of the hydrostratigraphic unit above‐
mentioned. For each model layer, top and bottom elevations were assigned at each grid cell, as a
result of interpretation and interpolation of available stratigraphic data. The aquifer model layer
was further discretized in two transport layers with the same thickness, to properly represent
hydrodynamic dispersion processes. Hydraulic properties of each model layer (i.e., conductivity,
specific storage and effective porosity, the latter for solute transport simulation) were assigned as
well, as a result of interpolation of the available data. The model was run for a two‐year period
(November 20th 2014 and November 30th 2016). The simulation was discretized using one
steady‐state stress period lasting 11 days and 24 transient stress periods, each one lasting one
month.
Once defined the conceptual model, MODFLOW packages were implemented to represent
boundary conditions and source and sink terms. Regarding hydraulic conditions along the borders
of the active domain, the following were set:
o

no‐flow conditions were assigned along the western and eastern boundaries of the
study area and at the bottom of the aquifer model layer;

o

inflow from the Monte S. Quirico‐Carignano reliefs was simulated through a Neumann
boundary condition using the MODFLOW WEL package;
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outflow through the southern boundary of the active domain was simulated through a
head‐dependent boundary condition using the MODFLOW GHB package;

o

water exchange between the Serchio river and the aquifer was evaluated through a
head‐dependent boundary condition implementing the MODFLOW RIV package;

o

the Freddanella channel was treated as a drainage feature, adopting a head‐
dependent boundary condition through the application of the MODFLOW DRN
package.

Inflow and outflow terms from the northern and southern boundaries of the active domain went
through a trial‐and‐error calibration procedure, using the available head measurements. Parame‐
ters required by RIV and DRN packages (e.g., river stage, drain elevation, etc.) were set according
to measurements performed during monitoring campaigns.
Recharge term due to rain infiltration was simulated through a Neumann boundary condition
using the MODFLOW RCH package. Average monthly rainfall rates were determined for each
stress periods according to measurements performed by rainfall sensors. Based on land use,
different rainfall rates were assigned at urban and rural areas.
Withdrawals for drinking, domestic and irrigation uses were simulated using a Neumann condition
through the MODFLOW WEL package.
Hydraulic conductivity of the aquifer model layer was then calibrated using a trial‐and‐error
approach, using the available head measurements. Serchio river discharge measurements were
then used in order to evaluate river Serchio recharge into the aquifer. Volumetric flow budget
related to high and low flow periods were reported to assess the effect of abstractions on induced
riverbank recharge. Simulations to evaluate the impact of construction of the IRBF scheme on
aquifer recharge and groundwater flow field were performed.
Implementation of the solute transport model required assigning properties to simulate
hydrodynamic dispersivity (i.e., longitudinal and horizontal and vertical transverse dispersivities),
while molecular diffusion was considered negligible, given the predominantly advective nature of
solute transport. Reaction term was further implemented to represent linear sorption isotherm
and radioactive decay. A unit concentration (i.e., 100% of contaminant species) was applied at the
river cells and the spreading of the contamination plume through the aquifer to the wells location
was assessed in order to define a contingency plan for the Sant’Alessio IRBF.

8.1 Software–Selection Protocoll
Is the model software appropriate?
(4) Does the software represent the key flow and transport mechanism?
FREEWAT is a simulation platform integrated in QGIS within the EU H2020 FREEWAT
project (www.freewat.eu). Several spatial distributed and physically based simulation
codes (mostly belonging to the US Geological Survey family) are integrated for the
simulation of the hydrologic cycle. Among these codes, groundwater flow dynamics and
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relationship with surface water bodies can be simulated using MODFLOW‐2005 and
MODFLOW‐OWHM. MT3DMS is further integrated to simulate solute transport processes
in the saturated zone, specifically: advection, mechanical dispersion, molecular diffusion,
sorption, desorption, radioactive decay, biodegradation.
(5) What simplifications are required to represent key mechanism and how does this affect
the model result (model objective)?
The codes mentioned above adopt a finite difference approach to simplify the aquifer
system through a set of cells and the equations to be solved through approximations of
derivative terms. Analogously, even the simulation period is discretized in smaller
intervals, during which hydraulic stresses stay constant. As a consequence, the simulated
processes are a representation of the natural ones and such representation may be
properly accurate or not, according to space and time details adopted. Such choice, in
turn, depends on the scale and objectives of the analysis.
(6) Has the software been tested for similar problems?
FREEWAT integrates codes belonging to the USGS family, among which MODFLOW is the
most widely used codes for simulation of groundwater flow, with particular reference to
MAR applications. For reference, please see:
Ringleb J., Sallwey J., Catalin S. (2016) Assessment of Managed Aquifer Recharge through
Modeling – A Review. Water, 8, 579. doi: 10.3390/w8120579
Is the mode software useable?
(6) Is the model software accessible? What are the purchase costs?
The FREEWAT platform is a free and open source QGIS plugin and it will be officially
released at the end of the FREEWAT project, on 30th September 2017. Until then, the
FREEWAT software will be released under confidential agreement; please go to
www.freewat.eu for further info.
(7) How much effort is required to become familiar with the software?
Using FREEWAT requires knowledge and ability to use QGIS tools for archiving and
management of large spatial datasets, and modelling tools for the simulation of the
hydrologic cycle.
(8) Can it be assured that a sufficient support is available? (How good is the user manual? Are
tutorials and sufficient assistance (user support) available?)
The FREEWAT platform is supplied with 6 User Manuals and a set of tutorials, each of
them describing the modules integrated for pre‐ and post‐processing, model
implementation, sensitivity analysis and calibration. All the material is constantly updated
and assistance is provided remotely by the development team. Some of the tutorials are
focused on MAR solutions.
(9) How good is the quality control of the software?
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The software capabilities are being constantly tested by the development team and the
project partners during the phase of applications to case studies.
(10)How is the data transfer organized (import and export of data)?
The FREEWAT plugin unites the power of modelling environment to that of spatial
geoprocessing tools. Data exchange is not an issue in FREEWAT, as the modelling
environment is integrated within the QGIS desktop. This means that the source data can
be vector, raster or text files. Output as well may consist in raster, vector or text files and
can be visualized using all GIS visualization tools.
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