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Public introduction
M4ShaleGas stands for Measuring, monitoring, mitigating and managing the environmental impact of
shale gas and is funded by the European Union’s Horizon 2020 Research and Innovation Programme.
The main goal of the M4ShaleGas project is to study and evaluate potential risks and impacts of shale gas
exploration and exploitation. The focus lies on four main areas of potential impact: the subsurface, the
surface, the atmosphere and social impacts.
The European Commission's Energy Roadmap 2050 identifies gas as a critical fuel for the transformation
of the energy system in the direction of lower CO2 emissions and more renewable energy. Shale gas may
contribute to this transformation.
Shale gas is – by definition – a natural gas found trapped in shale, a fine grained sedimentary rock
composed of mud. There are several concerns related to shale gas exploration and production, many of
them being associated with hydraulic fracking operations that are performed to stimulate gas flow in the
shales. Potential risks and concerns include for example the fate of chemical compounds in the used
hydraulic fracking and drilling fluids and their potential impact on shallow ground water. The fracking
process may also induce small magnitude earthquakes. There is also an ongoing debate on greenhouse gas
emissions of shale gas (CO2 and methane) and its energy efficiency compared to other energy sources.
There is a strong need for a better European knowledge base on shale gas operations and their
environmental impacts particularly, if shale gas shall play a role in Europe’s energy mix in the coming
decennia. M4ShaleGas’ main goal is to build such a knowledge base, including an inventory of best
practices that minimise risks and impacts of shale gas exploration and production in Europe, as well as
best practices for public engagement.
The M4ShaleGas project is carried out by 18 European research institutions and is coordinated by TNONetherlands Organization for Applied Scientific Research.

Executive Report Summary
Processing or disposal of flowback waters from fracking operations requires knowledge about their
distinct composition. Geochemical process models are supposed to support the risk assessment of
potential shale gas exploitation with predictive simulations. Challenge is so far, that the processes
underlying the reactions leading to mobilization of organic and inorganic compounds from shales by
water-rock-interaction with fracking fluids are unclear. We have tested the hypothesis that kinetically
governed dissolution of phyllosilicates, as dominating parts of the investigated shale systems, can be the
basis for quantification. Further mineral phases relevant for the inorganic anions in the flowback like
sulphate, phosphate and fluoride have been included into the system assuming thermodynamic
equilibrium depended on the reaction progress of the shale. We have chosen a data driven calibration of
four investigated shale systems: Posidonia (Germany), Alum (Denmark), Mikulov (Czech Republic) and
Marcellus (USA). Measured concentrations of the organic acids formic acid, acetic acid, oxalic acid and
butyric acid have been used for calibration of the system. However, the approach could not be evaluated.
Mineral dissolution and precipitation does not seem to be the process driver. Further research and
development is needed to provide a tool to quantify shale system behaviour and mobilization of organic
and inorganic compounds into flowback.
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1

INTRODUCTION

1.1

Context of M4ShaleGas

Shale gas source rocks are widely distributed around the world and many countries have
now started to investigate their shale gas potential. Some argue that shale gas has
already proved to be a game changer in the U.S. energy market (EIA 20151). The
European Commission's Energy Roadmap 2050 identifies gas as a critical energy source
for the transformation of the energy system to a system with lower CO2 emissions that
combines gas with increasing contributions of renewable energy and increasing energy
efficiency. It may be argued that in Europe, natural gas replacing coal and oil will
contribute to emissions reduction on the short and medium terms.
There are, however, several concerns related to shale gas exploration and production,
many of them being associated with the process of hydraulic fracking. There is also a
debate on the greenhouse gas emissions of shale gas (CO2 and methane) and its energy
return on investment compared to other energy sources. Questions are raised about the
specific environmental footprint of shale gas in Europe as a whole as well as in
individual Member States. Shale gas basins are unevenly distributed among the
European Member States and are not restricted within national borders what makes
close cooperation between the involved Member States essential. There is relatively
little knowledge on the footprint in regions with a variety of geological and geopolitical
settings as are present in Europe. Concerns and risks are clustered in the following four
areas: subsurface, surface, atmosphere and society. As the European continent is
densely populated, it is most certainly of vital importance to understand public
perceptions of shale gas and for European publics to be fully engaged in the debate
about its potential development.
Accordingly, Europe has a strong need for a comprehensive knowledge base on
potential environmental, societal and economic consequences of shale gas exploration
and exploitation. Knowledge needs to be science-based, needs to be developed by
research institutes with a strong track record in shale gas studies, and needs to cover the
different attitudes and approaches to shale gas exploration and exploitation in Europe.
The M4ShaleGas project is seeking to provide such a scientific knowledge base,
integrating the scientific outcome of 18 research institutes across Europe. It addresses
the issues raised in the Horizon 2020 call LCE 16 – 2014 on Understanding, preventing
and mitigating the potential environmental risks and impacts of shale gas exploration
and exploitation.

1.2

Study objectives for this report

The composition of flowback is related to the composition of the initial fracking fluid,
the composition of the natural formation water of the shale and the possible interactions

1

EIA (2015). Annual Energy Outlook 2015 with projections to 2040. U.S. Energy Information
Administration (www.eia.gov).
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between fracking fluid and shale system over time at the in-situ conditions. The
interactions are an extremely important aspect to understand the controls on flowback
water composition and in the ideal case should be quantifiable with geochemical
process simulations.
The risk of groundwater contamination does not so much arise from a possible leakage
of fracking fluids into deep groundwater (Emmermann et al., 2016). The danger is more
pronounced where increased surface activity takes place. Therefore, shallow
groundwater is mainly threatened by leaks resulting from accidents involving
aboveground on-site surface installations. For shallow groundwater additional risks are
pathways along the wells. These could occur as a consequence of faulty annulus
cementing or leaks in the casing rings. Further, pathways could lead from the casing
perforations in the fracked formations to shallow aquifers via the artificially created
fractures and permeable fault zones. However, due to the distance to be covered, it is
considered to be a low contamination risk. Because, fracking operations generate
flowback when fracking fluids are returned to the surface before the start of the
production phase an answer to the question is still needed how to treat or dispose them.
This requires detailed knowledge about their distinct composition (Emmermann et al.,
2016).
The objective for this report is to set-up a geochemical process model based on studies
about the chemical composition of fracking fluids (Vieth-Hillebrand and Schmid, 2015)
as well as the composition of flowback waters (Vieth-Hillebrand et al., 2016). ViethHillebrand and Schmid (2015) showed that the chemical composition of fracking fluids
as well as flowback and produced waters from different shale gas plays in the USA,
Canada and Europe are highly variable. As far as possible their results are taken into
account. To do that we compare various simulation codes and their underlying data sets
to find the most appropriate modelling program. Vieth-Hillebrand et al. (2016)
investigated samples from Posidonia (Germany), Alum (Denmark), Mikulov (Czech
Republic) and Marcellus (USA) formations in laboratory experiments. In the laboratory,
these shales were extracted with an artificial fracking fluid under different pressure and
temperature conditions. The autoclave experiments lasted for about 6 days because
extraction and/or mobilization of organic and inorganic compounds occur within the
first few days of experimental run time (Wilke et al., 2015; Vieth-Hillebrand et al.,
2016). The results showed clearly that flowback water compositions in shale gas
systems highly depend on the fracked shale geochemistry. The experimental results are
used for calibration and validation of the geochemical models.

1.3

Aims of this report

The aim of this report is to provide information about the potential to quantify
geochemical flowback water composition by numerical process simulations. Taking into
account the system consisting of the fracking fluid, formation water and the shale
system it would be beneficial to be in a position to give valid prognoses for the fracking
operations with regard to the treatment and/or disposal of the flowback water. We apply
chemical process simulations to characterize the mobility of organic and inorganic
D11.3 Chemical process simulation of flowback water composition
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compounds and assess the feasibility to predict flowback water compositions for
selected shale systems. The models are set-up and calibrated using as many available
field and laboratory data as possible, for example from various shale plays from around
the world containing a variety of organic matter types and mineral assemblages.
Geochemical process simulations are supposed to be part of an improved ability to
predict the potential impact of hydraulic fracking on shallow and deeper hydrosphere at
a regional scale.
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2

MATERIALS AND METHODS

2.1

Geochemical process simulations

In order to deal with the complexity of natural systems simplified models are employed
to illustrate the principal and regulatory factors controlling a chemical system.
Following the aphorism of Albert Einstein: "Everything should be made as simple as
possible, but not simpler", models need not to be completely realistic to be useful
(Stumm and Morgan 1996), but need to meet a successful balance between realism and
practicality. Properly constructed, a model is neither too simplified that it is unrealistic
nor too detailed that it cannot be readily evaluated and applied to the problem of interest
(Bethke 1996). The results of a model have to be at least partially observable or
experimentally verifiable (Zhu and Anderson 2002).
2.1.1

Thermodynamic equilibrium

At the heart of any geochemical model is the thermodynamic equilibrium system, which
does not contain any spatial or temporal information. Hence, they are called zerodimensional models. In closed, open or isolated systems, chemical reactions tend to
reach thermodynamic equilibrium, where all solute concentrations stabilize. The
concentrations at equilibrium are governed by thermodynamic principles.
Precipitation reactions might occur during any operations in the subsurface, especially if
fluids are injected as is the case during hydraulic fracking. They can be estimated using
saturation indices calculated on the basis of data from chemical analyses. The saturation
index, SI, reflects the saturation state of a solution with respect to a mineral phase. It is
defined as:

SI  log

IAP
K eq

(1)

In Eq. (1) the ion activity product, IAP, is the product of the "effective concentrations"
of the dissolved species. It is compared to the equilibrium constant, Keq, defined by the
solubility product of the mineral, which is the product of the equilibrium activities. If SI
is positive, the mineral is supersaturated and may precipitate. A mineral phase is in
thermodynamic equilibrium with a solution if the saturation index is equal to zero.
However, fluids with saturation indices -0.2 ≤ SI ≤ 0.2 are also called saturated
solutions by Langmuir and Melchior (1985). Monnin and Ramboz (1996) specify
tighter limits of -0.05 ≤ SI ≤ 0.05. A negative saturation index indicates undersaturation
with respect to a mineral.
An ideal model for quantifying geochemical or engineering applications would have the
following properties: (1) consistency with the laws of thermodynamics; (2) compact
mathematical form; (3) high accuracy over wide ranges of temperature, pressure and
concentration; (4) applicability to systems including most of the elements of the
periodic table. Unfortunately, none of the currently existing models satisfies all of these
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requirements (Kühn, 2004). Therefore, it is inevitable to always assess and choose for
any application the most appropriate model anew. Especially simplified models have to
be applied due to limited data sets (Kühn 2009).With regard to the quantification of
geochemical flowback water compositions this is done below.
Computing a model begins by calculating the initial equilibrium state of the system at
the temperature and pressure of interest. Depending on the nature of the modelled
system the constraints of all chemical constituents within the system are set by the mass
of solvent water, the amounts of minerals available, the fugacity of gases, the amount of
dissolved components or, directly, the species activities as normally done with H+,
determined by pH.
Such models delineate the concentrations and activities of the dissolved species, the
saturation states of the solution with respect to various mineral phases, and the stable
species distribution depending on temperature, fluid composition and mineral
assemblage in contact with the water.
2.1.2

Kinetic models

For practical purposes, mineral reactions fall into three groups: (1) those in which
reaction rates may be so slow relative to the time period of interest that the reaction can
be ignored altogether, (2) those in which the rates are fast enough to maintain
equilibrium, and (3) the remaining reactions. Only those in the latter group require a
kinetic description.
Thermodynamic calculations deal only with the equilibrium state of geochemical
systems, but due to the fact that concentrations of reactants and products approach
equilibrium depending on time and not instantaneously, kinetic processes may
sometimes have to be taken into account in chemical models. Calculations addressing
chemical equilibrium are only possible if the geochemical system remains essentially
closed long enough for the reactions of interest to approach equilibrium. For a more
detailed study of the subject, the reader is referred to the comprehensive description of
kinetic theory in Earth sciences by Lasaga (1998).
Reaction rates vary tremendously. Some reactions are so fast that they can result in
explosions, while others are so slow that geologic time scales are required to measure
their progress.
Reactions involving more than one phase, for example minerals dissolving into or
precipitating from a solution, are called heterogeneous. The kinetics of heterogeneous
reactions receive the most attention in reaction modelling, because of the slow rates at
which many minerals react and the resulting tendency of fluids, especially at low
temperatures, to be in a state of non-equilibrium with the minerals in contact.
Mineral dissolution reactions are often not in equilibrium because during the time it
takes to approach thermodynamic equilibrium the reservoir fluid has come into contact
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with a different assemblage of minerals. When transport or other agents of change are
rapid compared to the reaction rate, disequilibrium prevails and kinetics become an
important factor in the estimation of concentrations. However, even when kinetics are
important, equilibrium calculations may still be useful to show where the system is
heading in the long run.
Lasaga (1998) makes a useful distinction between "elementary" chemical reactions,
which occur as written at the molecular level, and "overall" reactions, which describe a
net change that involves several intermediate steps and takes place along several
competing, parallel pathways. Carbonate precipitation for example, an important
process during diagenesis, can be written as elementary reaction as:
Ca2+ + CO32-  CaCO3

(2)

The rate at which molecules of CaCO3 are produced is directly proportional to the
probability that a Ca2+ ion will collide with a CO32- ion in solution. The appropriate rate
law in this case therefore is:

dmCaCO3
 k reac  mCa2  mCO2
3
dt

(3)

in which mi are the concentrations of each species i, and kreac is a linear rate constant. In
fact, for any elementary reaction, the rate is simply proportional to the abundance of
reactant species.
In contrast, the rates at which overall reactions occur are commonly non-linear
functions of concentration. Surface processes of particles, production of transient,
metastable species, or transport of dissolved material toward or away from the reaction
interface may influence the rates. As a result, rate laws may be quite complex, reflecting
a variety of inhibiting or enhancing processes. Keir (1980), for example, has empirically
determined that the rate of calcite dissolution (kreac) in seawater follows the non-linear
relationship

k reac

 a Ca 2  a CO32
 B 1 

K eq







4.5

(4)

in which B is an empirical constant that varies widely depending on the particular
system and ai are the activities of the various ions in solution. It is especially a function
of the reactive surface. Different approaches have been used to model calcite dissolution
in seawater by Sjöberg (1978), Rickard and Sjöberg (1983), and Morse (1983). They
can be generalized, as well as Eq. (4), by the following empirical rate expression.
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k reac  B

A
d
1  SI 
V

(5)

where A is the reactive surface area, V is the volume of the solution, SI the saturation
index [Eq. (1)] reflecting the saturation state, and B and d are coefficients depending on
the composition of the solution and are obtained by curve fitting observed rates.
2.1.3

Available modelling programs and data sets

The simulation of geochemical equilibria and/or the kinetic reaction progress within a
system requires that the equations described in the previous sections are solved. This
can be done either analytically or numerically. Analytical solutions of real-world
problems do have a limited applicability, because heterogeneity and
multidimensionality are reality and additionally, the real world models do have complex
constraints which cannot be reflected in analytical solutions (Kühn, 2004). But with the
advent of computers, the numerical solution of complex systems became possible.
Geochemical modelling in general, the application to aqueous systems and program
development can be read up easiest in the internet2. An addition there is a
comprehensive overview given of commonly used programs for the quantification of
geochemical processes. Most of the programs mentioned are available to the project and
together with the modelling concept we are going to discuss the decision to use the code
PHREEQC (Parkhurst and Appelo, 1999).
Any geochemical model requires underlying datasets with thermodynamic and kinetic
constants (e.g. kreac). The databases contain information about properties for any
substance to be taken into account within the process simulations. Data are normally
expressed as temperature-dependent values and are sometimes as well given for varying
pressures. The thermodynamic and kinetic data sets of the different codes vary with
regard to the included spectrum of elements and substances due to their main field of
application. Therefore a large number of datasets is in use. However, they do not differ
fundamentally and in contrary are used very often crosswise between the programs.
Reason is that data sets are independent of the modelling codes and quite often set-up
by laboratory scientists and not the modellers. One of the most extensive data sets of
organic and inorganic compounds is provided by Allison et al. (1991). For the following
simulations the “minteq.4v.dat” has been used because it is compatible with the chosen
simulator PHREEQC.

2

Wikipedia – Geochemical modelling: https://en.wikipedia.org/wiki/Geochemical_modeling
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2.2

Data based on field experience and laboratory experiments

2.2.1

Fracking fluids and flowback waters from around the world

Vieth-Hillebrand and Schmid (2015) collected and summarized available information
on the chemical composition of fracking fluids as well as flowback and produced waters
from different shale gas plays in the USA, Canada and Europe. From their report it is
obvious that selection of chemical additives in fracking fluids is highly variable and not
only dependent on the reservoir conditions. Flowback water compositions are dependent
on the composition of the injected fracking fluids but also represent a mixture with
natural formation waters and other chemical constituents derived from the shale or
fluid-rock interactions during hydraulic fracking operation.
Additives of fracking fluids are acids to help dissolve cement, minerals and clays to
reduce clogging of the pore space in the formation. Biocides are added to control or
eliminate bacteria, which can be present and may have detrimental effects on the
fracking process. So called breakers allow a delayed break down of gels, reducing
viscosity when required. Clay controllers prevent the swelling and migration of
formation clays due to water-rock-interactions as a result of the operation process.
Corrosion inhibitors protect iron and steel components in the wellbore. Crosslinkers
maintain the viscosity with increasing temperature connecting polymer molecules.
Friction reducers help within the process of pumping. Gelling agents thicken the water
in order to suspend used proppants. Iron controllers are needed to take iron precipitation
from solution into account. The pH is changed or stabilized by respective agents to
maintain the effectiveness of other additives. Finally, scale inhibitors control or prevent
deposition in the production conduit or completion system. An extensive summary and
discussion is given in Vieth-Hillebrand and Schmid (2015) about common additives and
their functions.
The program PHREEQC comes with 10 different data sets (amm.dat, frezchem.dat,
iso.dat, llnl.dat, minteq.dat, minteq.v4.dat, phreeqc.dat, pitzer.dat, sit.dat, wateq4f.dat)
and with that covers most of the data sets used for geochemical modelling (Parkhurst
and Appelo, 2013). All data were compared with the compositions of fracking fluids
and flowback waters given in Vieth-Hillebrand and Schmid (2015). In addition, the
program Geochemist’s Workbench (Bethke and Yeakel, 2016) with its data set
(thermo.com.V8.R6+.tdat) was checked as well. All in all it has to be confessed that
most of the organic additives to fracking fluids are not available in the data sets, except
for the organic acids. They have been of interest with regard to the complexation and
mobilisation of heavy metals in groundwater. So far, organics with specific functions
for the fracking process were not in the focus of geochemical process simulations. In
contrary almost all inorganic compounds are available.
Beside the knowledge gaps concerning chemicals and their amounts used in fracking
fluids in the first place (Vieth-Hillebrand and Schmid, 2015) further and necessary work
is needed to extend the existing data sets with thermodynamic and kinetic constants
accordingly based on extensive laboratory work in the future.
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2.2.2

Selected shale gas systems

Vieth-Hillebrand et al. (2016) selected and characterized individual shale samples from
Posidonia (Germany), Alum (Denmark), Mikulov (Czech Republic) and Marcellus
(USA) formations for further investigation in the laboratory.
Posidonia shale: The lower Toarcian Posidonia shale was deposited in an epicontinental
sea of moderate depth extending from the Yorkshire Basin (England) over the Lower
Saxony Basin and the Southwest German Basin into the Paris Basin (Rullkötter et al.,
1988, Wilke et al., 2015).
Alum shale: The Alum shale was deposited in an epicontinental sea that covered the
passive margins of the Baltic craton from Middle Cambrian into Early Ordovician time
(Nielsen and Schovsbo, 2011).
Mikulov marl: The SE Bohemian Massif includes a complete petroleum system with
mature source rocks, migration pathways, and reservoirs with traps filled with oil and
gas. The principal source rock in the SE Bohemian Massif is the Upper Jurassic
Mikulov Formation (Ladwein 1986, Francu et al. 1996, Picha and Peters 1998).
Marcellus shale: The Marcellus Formation is a rapidly growing target of shale gas
exploration and production in the eastern USA, with an increasing number of 3D
seismic surveys, drilled wells, hydraulic fracking and testing.
Table 1 gives an overview of the mineral contents of the shales based on X-ray
diffraction analyses. The samples are all dominated by their quartz content and the
amount of phyllosilicates. Second most important are feldspars and carbonates. All of
the samples contain pyrite but only the Alum shale as well barite. The total organic
carbon content (TOC) of the four samples varies between 1.1% and 9% (Table 1).
Table 1: X-ray diffraction mineralogical analysis data (XRD, as percentage) and total organic
carbon content (TOC, as percentage) of the shale samples.
[%]
Quartz
Phyllosilicates
Feldspars
Carbonates
Barite
Pyrite
TOC
*(-) = not detected

Posidonia
17
27
4.0
5.6
-*
8.7
5.6

Alum
36
41
6.3
9.0
5.1
11
9.0

D11.3 Chemical process simulation of flowback water composition

Mikulov
26
26
1.4
38.2
0.6
2.3

Marcellus
27
47
17
3.8
0.6
3.8
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2.2.3

Shale sample extractions

To study the fluid-rock interactions between an artificial fracking fluid and the shale
samples, both were placed in an autoclave under elevated temperature and pressure
conditions of 100 bars and 100 °C, respectively (Wilke et al., 2015; Vieth-Hillebrand et
al., 2016). All experiments were performed for one week with a solid to liquid weight
ratio of 1:12.5, i.e. 16 g of milled shale were eluted with 200 ml of artificial fracking
fluid. The artificial fracking fluid consisted of 0.15% choline chloride and 0.062%
2-(2-butoxyethoxy) ethanol (trivial name: butyldiglycol), two chemicals which are
frequently used as clay stabilizer and friction reducer in hydraulic fracking of shales
(none is available within the geochemical data sets needed for the process simulations).
Preliminary assessment of the artificial fracking fluid showed that concentrations of
organic acids (formic acid, acetic acid, oxalic acid, propionic acid, butyric acid) were
below detection limits. The anions fluoride, sulphate and phosphate also were not
detectable, chloride concentrations were between 328 and 354 mg/l (Table 2).
Table 2: Inorganic and organic compounds dissolved into the artificial fracking fluids from the
shale samples. Composition of extracts at the end of the experiment after 146 h (ViethHillebrand et al., 2016).
mg/l
Sulphate
Phosphate
Fluoride
Formate
Acetate
Oxalate
Butyrate
*(-) = not detected

Posidonia
374
2.8
0.7
1.5
13.5
2.6
1.6

Alum
7210
28.2
9.1
6.5
10.5
-

Mikulov
186
-*
0.8
5.5
10.0
4.6
3.4

Marcellus
430
9.0
0.4
2.0
6.3
2.1
1.2

Posidonia shale: With regard to the inorganic compounds low concentrations of
fluoride and phosphate were measured. Organic acid concentrations occurred and
increased with experimental run time of 146 h (Vieth-Hillebrand et al., 2016).
Alum shale: In the extract of the Alum shale fluorides, phosphates and sulphates showed
significantly higher concentrations than the Posidonia shale. Organic acid
concentrations increased to equal amounts whereas no oxalic acid and no butyric acid
were detected in the Alum shale extract (Table 2).
Mikulov marl: The synthetic fracking fluid mobilized fluorides and sulphates but
phosphates remained below the detection limit. Organic acid concentrations increased
with experimental run time for acetic acid, formic acid, oxalic acid and butyric acid
(Table 2).
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Marcellus shale: The conducted experiment revealed that the extract contains sulphates,
phosphates and fluorides. Organic acid concentrations increased with experimental run
time for formic acid, acetic acid, oxalic acid and butyric acid.
Vieth-Hillebrand et al. (2016) observed pH values more basic than in the initial
synthetic fracking fluid for the Posidonia, Mikulov and Marcellus shale samples (Table
3). Only within the extract of the Alum shale a quite low pH was measured which may
be related to a higher percentage of pyrite present in the Alum shale. The highest
resulting pH value of 9.1 occurred in the Mikulov marl due to the highest carbonate
content in the rock sample of 38.2% (Table 1).
Table 3: Resulting pH in shale extracts from artificial fracking fluids at the end of the
experiment after 146 h compared to the initial value of 6.4.
Extract
pH

2.3

Posidonia
8.0

Alum
1.9

Mikulov
9.1

Marcellus
7.5

Applied modelling concept

Simulation refers to using models of any physical, mathematical or otherwise logical
representation of a system or process over time, very often to provide data as a basis for
decision making. In the ideal case modelling and simulation can facilitate understanding
a system's behaviour without actually testing the system in the real world. With regard
to hydraulic fracking it is the final aim of model development to provide a tool which
enables a risk assessment of potential shale systems to be exploited without the
necessity for field experiments.
2.3.1

Principles of process simulations

A physical model is a smaller or larger physical copy of a system. The geometry of the
model and the object it represents are often similar in the sense that one is a rescaling of
the other.
A mathematical model is based on mathematical logic and equations, which benefits
from mathematical knowledge to simulate a system in an explicit or implicit manner. It
is presented in the forms of analytical, conceptual, and data-driven models.
An analytical model is a model that represents a system by mathematical equations
explicitly. These models are applied in cases that are not too complex comparing to our
knowledge of mathematics. Models developed for porous media and groundwater
environment are examples of this kind of model.
A conceptual model in water resources and environmental engineering is a model that
benefits from the physical definition of a system partially in cases that we do not have
adequate knowledge of mathematical equation to represent the system by an analytical
model. A conceptual model uses a combination of both analytical and data-driven
model approaches in a way to employ the benefits of both to simulate a system.

D11.3 Chemical process simulation of flowback water composition

Copyright © M4ShaleGas Consortium 2015-2017

Page 13

Data-driven models also known as experimental models refer to a kind of models which
benefit input and output data of a system to find out specific patterns to be generalized
for a broader range of data. Statistical models and artificial-intelligent models are two
famous types classified in this category.
Process simulation, in particular, is used for the design, development, analysis and
optimization of technical systems like chemical plants or environmental catchments. It
is a model-based representation of chemical, physical, biological and other technical
processes and unit operations in software. Basic prerequisites are a thorough knowledge
of chemical and physical properties of pure components and mixtures, of reactions and
of mathematical models which, in combination, allow the calculation of a process in
computers. Process simulation always uses models which introduce approximations and
assumptions but allow the description of a property over a wide range of temperatures
and pressures which might not be covered by real data. Models also allow interpolation
and extrapolation - within certain limits - and enable the search for conditions outside
the range of known properties.
In spite of differences among the details needed for specific models, they all follow a
general approach. The term conceptualization refers to the process that brings a concept
in mind to the objects and variables which is dealt with by a model. After the
conceptualization stage, data is pre-processed to be ready for the model. After preprocessing, calibration, which in some models is also called training, becomes the
process of calculating the parameters of a model. Final step before application is the
validation. It is the evaluation step with independent data to test if it works in the way it
is developed for.
2.3.2

Constraint driven deduction of the simulation concept

The objective for this report is to set-up a geochemical model for quantification of
flowback compositions depending on specific shale gas systems and the fracking fluid.
We want to apply process simulations to characterize the mobility of organic and
inorganic compounds. As mentioned above, "models need not to be completely realistic
to be useful (Stumm and Morgan 1996), but need to meet a successful balance between
realism and practicality. However, such balance depends on constraints of the system to
be studied and on the availability of required data.
We have chosen to use PHREEQC as simulator because it is the geochemical modelling
code which comes with the largest number of different data sets. However, none of
them provides the organic constituents of fracking fluids in general or the additives
within the laboratory experiments in particular, except for the organic acids. The latter
are part of the “minteq.v4.dat” which is the data set of choice. All relevant inorganic
compounds are covered by it.
The processes behind the reactions leading to mobilization of organic and inorganic
compounds from the shales into the extract are unclear so far and additional research is
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needed (Wilke et al., 2015; Vieth-Hillebrand et al., 2016). The hypothesis we test here
is the kinetically governed dissolution of parts of the shale. Beside quartz, which does
not react on the investigated time scale, phyllosilicates dominate the shale samples
(Table 1). Our approach is to dissolve synthetic shales with varying amounts of organic
acids. We have chosen kaolinite to represent the group of phyllosilicates. Compared to
other components of the shales phyllosilicates react relatively slow. Therefore, the other
mineral phases detected (Table 1) and additional ones relevant for the inorganic anions
in the extract like sulphate, phosphate and fluoride were included into the system
assuming that thermodynamic equilibrium depended on the reaction progress of the
synthetic shale.
Dissolution of silicates sets free silica and aluminium into solution. Because their
solubility is quite low, on the one hand the reaction rate is slow and on the other hand
their resulting concentrations are rate limiting factors due to precipitation of secondary
phases. From experience it is known that those secondary phases are quite often
amorphous (Kühn et al., 1998; Regenspurg et al., 2017). The potential precipitation of
amorphous silica is taken here as limiting process. The closer the saturation of silica
gets to thermodynamic equilibrium the slower is the reaction rate (Eq. 6).
𝑑𝑚𝑠ℎ𝑎𝑙𝑒
𝑑𝑡

= 𝑘𝑟𝑒𝑎𝑐 ∗ (1 − 𝑠𝑎𝑡𝑢𝑟𝑎𝑡𝑖𝑜𝑛𝑠𝑖𝑙𝑖𝑐𝑎 )

(6)

Due to the lack of knowledge of the underlying processes occurring within the
autoclave experiments as well as incomplete data sets, the only way to provide a process
model is the data driven calibration of the four investigated shale systems. We have
taken the final concentrations of the organic acids formic acid, acetic acid, oxalic acid
and butyric acid to fix the stoichiometric coefficients of the acids within the synthetic
shales. Further, we adapted kreac (Eq. 6) to best meet the temporal development of acid
mobilization into the extract.
Saline extraction fluids with sodium chloride background concentrations of 328 mg/l to
354 mg/l were defined. Calcite, pyrite, fluorapatite and anhydrite/barite are in contact
with the synthetic fracking fluid (organic free due to the lack of data) available for
water-rock-interactions depended on the reaction progress of the synthetic shale. The
resulting concentrations of sulphate, phosphate and fluoride will be used to evaluate our
hypothesis and approach to quantify mobilization of organic and inorganic compounds
into the extract.

D11.3 Chemical process simulation of flowback water composition

Copyright © M4ShaleGas Consortium 2015-2017

Page 15

3

SIMULATION RESULTS

3.1

Posidonia shale

The calibration process for the Posidonia shale system is successful for a reaction rate
constant (kreac) of 2E-08 with coefficients of determination of 0.68 for formate, 0.89 for
acetate, 0.74 for oxalate and 0.62 for butyrate (Figure 1). The temporal evolution of the
organic acids within the extract is very well described by the chosen modelling
approach.
Because the measured sulphate concentration is orders of magnitude larger compared to
the other anion concentrations it is displayed 100 times smaller for the sake of clarity.
The simulated results for fluoride are given 100 times larger due to the same reason. As
can be seen, the simulated sulphate concentration is at least within the same range of the
measured one and differs only by a factor of three (Figure 1). However, the measured
and simulated concentrations of phosphate and fluoride are orders of magnitude apart
from each other.

Figure 1: Temporal evolution of organic and inorganic compounds in comparison between
measured results from the laboratory experiments and the simulations.

Figure 2 shows how amorphous silica as secondary phase and governing kinetic process
within the reaction system approaches equilibrium with time. Within the same time
frame the pH of the extract reaches a steady state at pH 6.6 compared to a measured pH
8.0 (Vieth-Hillebrand et al., 2016). The simulated solution remains more acidic than the
extract within the experimental set-up. In the first phase of the reaction the pH rises
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quickly above a value of pH 7 from the starting pH 6.4. From the experiments the
temporal development of the pH is not known.

Figure 2: Temporal development of simulated saturation of amorphous silica and pH.

3.2

Alum shale

The calibration process for the Alum shale system for a reaction rate constant (kreac) of
2E-08 resulted in coefficients of determination of not satisfying 0.42 for formate and
very good 0.90 for acetate. No oxalate or butyrate was measured in the experiment and
therefore both have not been introduced to the synthetic shale (Figure 3). The temporal
evolution of the organic acids within the extract is fairly well described by the chosen
modelling approach.
Because the measured sulphate concentration is orders of magnitude larger compared to
the other anion concentrations it is displayed 100 times smaller for the sake of clarity. In
a comparable way factors to display fluoride and phosphate concentrations have been
introduced as well. As can be seen, the simulated sulphate concentration is at least
within the same range of the measured one and differs only by a factor of seven
(Figure 3). However, the measured and simulated concentrations of phosphate and
fluoride are orders of magnitude apart from each other.
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Figure 3: Temporal evolution of organic and inorganic compounds in comparison between
measured results from the laboratory experiments and the simulations.

Figure 4: Temporal development of simulated saturation of amorphous silica and pH.
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Figure 4 shows how amorphous silica as secondary phase and governing kinetic process
within the reaction system approaches equilibrium with time. Within the same time
frame the pH of the extract reaches a steady state at pH 6.8 compared to a measured
pH 1.9 (Vieth-Hillebrand et al., 2016). The simulated solution remains comparably
neutral compared to the extract within the experimental set-up. In the first phase of the
reaction the pH decreases quickly below a value of pH 6 from the starting pH 6.4. From
the experiments the temporal development of the pH is not known.

3.3

Mikulov marl

The calibration for the Mikulov marl system with a reaction rate constant (kreac) of
6E-09 gained coefficients of determination of 0.31 for formate, 0.86 for acetate, 0.55 for
oxalate and 0.92 for butyrate (Figure 5). The temporal evolution of the organic acids
within the extract is well described by the chosen modelling approach.

Figure 5: Temporal evolution of organic and inorganic compounds in comparison between
measured results from the laboratory experiments and the simulations.

Because the measured sulphate concentration is orders of magnitude larger compared to
the other anion concentrations it is displayed 100 times smaller for the sake of clarity.
The simulated results for fluoride are given 100 times larger due to the same reason. As
can be seen, the simulated sulphate concentration is at least within the same range of the
measured one and differs only by a factor of about seven (Figure 5). However, the
measured and simulated concentrations of fluoride are orders of magnitude apart from
each other. Phosphate was below detection limits within the experiment and therefore
the simulated concentration is not displayed.
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Figure 6 shows how amorphous silica as secondary phase and governing kinetic process
within the reaction system approaches equilibrium with time. Within the same time
frame the pH of the extract reaches a steady state at pH 6.6 compared to a measured
pH 9.1 (Table 3). The simulated solution remains more acidic than the extract within the
experimental set-up. In the first phase of the reaction the pH rises quickly above a value
of pH 7.4 from the starting pH 6.4. From the experiments the temporal development of
the pH is not known.

Figure 6: Temporal development of simulated saturation of amorphous silica and pH.

3.4

Marcellus shale

The calibration for the Marcellus shale system with a reaction rate constant (kreac) of
1E-08 gained coefficients of determination of 0.88 for formate, 0.08 for acetate, 0.52 for
oxalate and 0.75 for butyrate (Figure 7). The temporal evolution of the organic acids
within the extract can predominantly be described by the chosen modelling approach.
Because the measured sulphate concentration is orders of magnitude larger compared to
the other anion concentrations it is displayed 100 times smaller for the sake of clarity. In
a comparable way factors to display fluoride and phosphate concentrations have been
introduced as well. As can be seen, the simulated sulphate concentration is at least
within the same range of the measured one and differs only by a factor of about three
(Figure 7). However, the measured and simulated concentrations of fluoride and
phosphate are orders of magnitude apart from each other.
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Figure 7: Temporal evolution of organic and inorganic compounds in comparison between
measured results from the laboratory experiments and the simulations.

Figure 8: Temporal development of simulated saturation of amorphous silica and pH.
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Figure 8 shows how amorphous silica as secondary phase and governing kinetic process
within the reaction system approaches equilibrium with time. Within the same time
frame the pH of the extract reaches a steady state at pH 6.6 compared to a measured pH
7.5 (Vieth-Hillebrand et al., 2016). The simulated solution remains more acidic than the
extract within the experimental set-up. In the first phase of the reaction the pH rises
quickly above a value of pH 7.3 from the starting pH 6.4. From the experiments the
temporal development of the pH is not known.
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4

DISCUSSION

Fracking operations generate flowback when fracking fluids are returned to the surface
after water-rock-interactions with the shale system. Before the start of any shale gas
production an answer to the question is needed how to treat or dispose flowback. We
have set-up a geochemical process model based on studies about the composition of
flowback waters (Wilke et al., 2015; Vieth-Hillebrand et al., 2016) to characterize the
mobility of organic and inorganic compounds.
Any geochemical model requires underlying datasets with thermodynamic and kinetic
constants. For the simulations within this report we have used the “minteq.4v.dat”
because it is the most comprehensive one and compatible with the chosen simulator
PHREEQC. Nevertheless, it has to be confessed that most of the organic additives to
fracking fluids are not available in the data sets, except for the organic acids. This
makes clear that further work is needed to extend the existing data sets with
thermodynamic and kinetic constants accordingly based on new and extensive
laboratory work in the future.
Simulation refers to using models of any physical, mathematical or otherwise logical
representation of a system or process over time, very often to provide data as a basis for
decision making. With regard to hydraulic fracking it is the final aim of model
development to provide a tool which enables a risk assessment of potential shale
systems to be exploited without the necessity for field experiments.
So far, the processes behind the reactions leading to mobilization of organic and
inorganic compounds from shales into an extract are unclear (Wilke et al., 2015; ViethHillebrand et al., 2016). The hypothesis we have tested here is the kinetically governed
dissolution of phyllosilicates as dominating parts of the shale systems. Mineral phases
relevant for the inorganic anions in the extract like sulphate, phosphate and fluoride
have been included into the system assuming thermodynamic equilibrium depended on
the reaction progress of the synthetic shale.
We have chosen a data driven calibration of the four investigated shale systems
Posidonia (Germany), Alum (Denmark), Mikulov (Czech Republic) and Marcellus
(USA) using the measured amounts of the organic acids formic acid, acetic acid, oxalic
acid and butyric acid. The calibration works out successfully. The resulting simulated
concentrations of sulphate, phosphate and fluoride as well as the pH reveal that the
tested hypothesis does not meet the observations. The evaluation of our approach failed.
Even though the sulphates modelling prediction for Mikulov is 7 times higher than the
experimental data, the results of the most abundant compounds fit quite well to the field
observations (based on the CGS internal database). The Mikulov formation waters
measured in samples from deep wells contain 2-17 mmol/L (400-1600 mg/L) of
sulphate (Figure 9). The modelled amounts of acetate, formate, oxalate and butyrate are
in agreement with the experimental data.
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Figure 9: Amount of sulphates in relationship to depth in the Jurassic formations in the SE
Bohemian Massif: the stratigraphic units are ordered from top to bottom as shown in the legend.
The reference lines show the experimental (exp) and model results (Figure 7).

Further research is needed: laboratory experiments are required to (1) extend the
geochemical data sets with organic compounds for the simulation codes and (2) to
improve the process understanding of geochemical mobilization from shales; (3) with
accordingly improved models other hypotheses need to be tested.
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5

CONCLUDING REMARKS

Processing or disposal of flowback waters from fracking operations requires knowledge
about their distinct composition. Geochemical process models are supposed to support
the risk assessment of potential shale gas exploitation. However, so far, the processes
underlying the reactions leading to mobilization of organic and inorganic compounds
from shales are unclear. We have tested the hypothesis that the kinetically governed
dissolution of phyllosilicates might be the driving process. For that, we have chosen a
data driven calibration of four investigated shale systems: Posidonia (Germany), Alum
(Denmark), Mikulov (Czech Republic) and Marcellus (USA). Measured concentrations
of the organic acids formic acid, acetic acid, oxalic acid and butyric acid have been used
for calibration of the system. However, the approach could not be evaluated. Mineral
dissolution and precipitation does not seem to be the process driver. Next step could be
a test if sorption processes govern the shale system behaviour.
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