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ABSTRACT

A geochemical speciation modeling software is responsible for calculating the distribu-

tion of dissolved species between solutes and aqueous complexes, and also computes saturation

indexes for different minerals. In this work we introduce SHPECK, a software program devel-

oped to model geochemical equilibrium systems using the mass-balance conditions based on the

phase rule concept (GARRELS; CHRIST, 1965). SHPECK composes a system of mass-action

equations coupled with equilibrium constraints and solve using Newton-Raphson method. Our

software accepts any general combination of elements, species, and reactions, allowing the user

to create different environments, simulations and, therefore, fully control any aspect and con-

figuration of the model. It provides an interactive user interface as well as the support of a built-

from-the-ground database structure that handles the management of the whole thermodynamic

data used for the geochemical modeling. Also, we present the basic concepts for geochemical

modeling followed by a computer science based review about the available geochemical mod-

eling software. Finally, we validate SHPECK by modeling the diagenetic reactions observed

in asiliciclastic reservoir and by performing a comparative study with other modelling software

package. In addition to this, a database comparison was addressed and the results demonstrate

a substantial improvement on the performance by the use of the SHPECK’s relational database

comparing to the existent approaches.

Keywords: Geochemical Modelling. Chemical Equilibrium. Geochemical Speciation.

Water-Rock interactions. Multiphase System. Water-Rock simulation. Software Engineering.



RESUMO

Um software de modelagem de especiação geoquímica é responsável pelo cálculo da

distribuição das espécies dissolvidas entre solutos e complexos aquosos, e também computar os

índices de saturação para diferentes minerais. Neste trabalho nós apresentamos SHPECK, um

software desenvolvido para modelar sistemas de equilíbrio geoquímico usando condições de

balanço de massa baseadas no conceito da lei de fases (GARRELS; CHRIST, 1965). SHPECK

gera um sistema de equações de ação de massa acopladas com restrições de equilíbrio e resolve

com a utilização do método se Newton-Raphson. Nosso software aceita qualquer combinação

de elementos, espécies e reações, permitindo ao usuário criar diferentes ambientes de simulação

e, portanto, controlar qualquet aspecto e configuração do modelo. SHPECK contém uma in-

terface de interação com o usuário e também um banco de dados estruturado que controla todo

o gerenciamento dos dados termodinâmicos utilizados para a modelagem geoquímica. Aliado

a isso, apresentamos também os conceitos básicos necessários para compreenção da mode-

lagem geoquímica seguida por uma revisão de opções de software disponíveis para modelagem

geoquímica. Para finalizar, fizemos uma validação do SHPECK através da modelagem de um

sistema de reações diagenéticas observadas em um reservatório asiliclástico e realizamos um

estudo comparativo dos resultados do SHPECK com outros software disponíveis. Também

para validação, realizamos uma avaliação de tempo de acesso ao banco de dados e pode-se no-

tar um aumento de performance considerável através do uso de um banco de dados relacional

comparando-se aos approaches existentes.

Palavras chave: Modelagem geoquímica. Equilíbrio químico. Especiação geoquímica.

Interações água-rocha. Sistemas multifásicos. Simulações água-rocha. Engenharia de soft-

ware.
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1 INTRODUCTION

Geochemical speciation modeling describes the reactions that occur in a geological

medium by representing the chemical reactions and composition of the water. Applications

of geochemical models are essential in several environmental problems, such as calculating the

composition of natural waters, measuring flowing groundwater or surface water and the forma-

tion and dissolution of rocks and minerals in geologic formations. The motivation of this work

is to provide a better understanding of the diagenesis process of sediments during the burial pro-

cess, especially the water-mineral chemical interaction, by means of a geochemical speciation

modeling software. A geochemical speciation modeling software provides a way of calculating

the distribution of dissolved species into solutes and aqueous complexes, and also computing

saturation indexes for different mineral species.

A mathematical model, as described in (SARKER; NEWTON, 2008), requires three

major components: decision variables (unknowns of the model); objective function (which

needs to be optimized); and constraints (restrictions or limitations of the model). The decision

variables depend on the type of the problem considered. The objective function represents

the goal of the problem in terms of decision variables. The constraints are the restrictions or

limitations of the problem.

As stated by Drever (DREVER, 2005), a chemical model is a theoretical construct that

permits the calculation of chemical properties and processes using thermodynamic properties

of reactions between solutes. Following this idea, a geochemical model is a chemical model

developed for geological systems. A set of mathematical expressions represents these natural

processes. Thermodynamic data used to establish the reactions and mimic nature are directly

responsible for the accuracy of the geochemical system modeled by an expert. The numerical

methods and computational algorithms determine the precision of results obtained through the

modeling.

Prior to the start of this work, we tested, reviewed and compared the available existing

solutions, and have found several gaps in these geochemical modeling solutions. This review

makes clear the uniqueness of our proposed computational approach for the geochemical mod-

eling problem.

In this work, a software system, named as SHPECK, was developed for calculating the

chemical equilibrium of a geochemical system using the mass-balance conditions, a process

known as chemical speciation. The software system receives as input any general combination

of chemical elements, species, and reactions, allowing the user to create several different envi-
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ronments, simulations and, therefore, and to fully control any aspect and configuration of the

model.

SHPECK provides an interactive user interface that allows the flexible setup of every

parameter of the chemical simulation, as well as the support of a built-from-the-ground database

structure that handles the management of the whole data used. The flexibility of parameter

configuration offered by the visual interface further extends the possibilities of experimentation

with the software, and this is a unique characteristic among commercial software products for

geochemical speciation. Limitations on the database structure and input capability strongly

restrict the potential use of the known geochemical packages. Therefore, SHPECK is unique

by combining modern computing technology with efficient numerical methods.

The principles of chemical equilibrium calculation rely on the law of conservation of

mass (also known as the principle of mass conservation), stated by Antoine Lavoisier, and

chemical speciation, which was presented by Garrels (GARRELS; CHRIST, 1965). The law

of conservation of mass establishes that the total mass of an isolated system will remain con-

stant and is independent of any chemical and physical changes taking place within the system.

Therefore, the challenge of chemical equilibrium calculations is finding the number of moles

that satisfies a system of equilibrium constraints at the moment where forward and reverse reac-

tions rates are the same (equilibrium state). These constraints are organized in a form of linear

conservation equations, which may be expressed in the form of either linear algebraic solute

and charge balance equations or chemical equations (SMITH; MISSEN, 1983). For the sake of

simplicity, this work will only deal with chemical equilibrium and not with chemical kinetics

calculations since the first one requires only the solution of algebraic equation. The kinetic

aspect is planned for integration in the future.

The system of equations drives and represents all the interactions between the com-

ponents that make up the system, and is simulated by the program. By using the Newton-

Raphson’s solution method to that set of equations, it is possible to find a solution that satisfies

the system of equations. One must note that the initial guess is generated automatically and

used as a seed for the iterations. This method requires the usage of a Jacobian matrix and a

residual vector during the algebraic calculations.

1.1 Objectives

Soils and aquifers are heterogeneous, subsurface systems composed of a large number

of components - dissolved salts, minerals, metals, gases, natural organics, and microorganisms.
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Geochemical modeling is an important tool for understanding processes occurring in such sys-

tems.

The main purpose of this work is to develop a geochemical speciation modeling software

following a structured computational approach. The idea of our own geochemical speciation

software has emerged as an application where it would be possible to add the benefits of smart

user interface and efficient numerical methods to the traditionally used method of speciation

model development. The result is a compact and versatile tool, with an intuitive and interactive

user interface.

A comparative study is presented to verify and evaluate SHPECK’s results. The software

is systematically analyzed across two different approaches: petrographic analysis and computa-

tionally. The benefits and the consistent flow (input and output) of SHPECK made it a singular

tool.

1.2 Structure of the text

The rest of this report is structured as follows. Chapter 2 is an overview of the basic

concepts and other technical concepts needed for understanding the work. Chapter 3 shows a

thorough analysis and review of the commercial software available. Chapter 4 presents the SH-

PECK implementation with a detailed description of the whole system: design options; mathe-

matical treatment; implementation and graphical user interface (GUI); algorithm validation and

complexity; architecture and organization of the software as well as the database; data-flow; and

iteration control. Chapter 5 presents a study case that validates SHPECK, and makes a broad

observation of the approach used in this work. Chapter 6 brings the conclusion and suggestions

of future work.
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2 BASIC CONCEPTS FOR GEOCHEMICAL MODELING

Applying Computer Science to solve problems and create solutions in different areas

requires redefining obstacles outside normal boundaries and generating a new understanding of

complex situations by thinking across two or more academic disciplines.

To develop this work, we had to delineate common goals for the different profiles that

would take part on it, all of them with a clear view of their roles and with a noiseless communi-

cation in any direction. Although for the completeness of the text we should have included an

introduction to the computer science aspects involved in building the geochemical model, we

restrain ourselves to introduce the basic concepts of the application domain, i.e., geochemistry.

The computational concepts and tools used in the development are addressed in Chapter 4

In the next section, we explain the essential geochemistry principles: an introduction to

thermodynamics and geochemical processes. To finish, we focus on geochemical modeling. If

the reader feels comfortable with these topics, we recommend proceeding to Chapter 3.

2.1 Hydrogeochemistry Principles: Chemical Reactions

In thermodynamics, equilibrium is a state of dynamic balance where the ratio of the

product and the reactant concentration is constant. There are three general approaches to calcu-

lating the composition of a solution at equilibrium (PETRUCCI, 2007).

1. Manipulation of equilibrium constants (K): The final concentrations are achieved by

mathematical handling of the equilibrium constants; the idea is to express all the parts

in terms of the measured equilibrium constant and initial conditions. Thermodynamics

databases contain the values for the equilibrium constants obtained through experiments.

Demonstration of this can be found elsewhere (KEHEW, 2000). The disadvantage of this

method is that it may never converge when used for a large number of reactions.

2. Gibbs Energy of the system: At equilibrium, the Gibbs Energy (G) is at a minimum.

When the object of the study is a closed system - no mass neither entering nor leaving -

the total number of atoms of each element will remain constant, therefore, achieving the

minimum free energy. Due to the complexity in demonstrating how this method works,

it will be suppressed here. An interesting algorithm for equilibrium calculation that uses

Gibbs energy is described in (LEAL et al., 2015). One of the disadvantages of this method

lies in the effect of species that appear only in tiny quantities at equilibrium.
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3. Manipulation of mass-balance: The total concentration of species that compose the

system is the basis for this method. Smith (SMITH, 1980) explains this stoichiometric

formulation approach. This method takes into account the stoichiometric approach among

the species, which generates a system of non-linear mass-action equations. Mass-balance

manipulation comes from the phase rule concept by (GARRELS; CHRIST, 1965) and is

the method chosen for this work, and the details are explained further in section 4.

Stoichiometric approaches have two general advantages over non-stoichiometric: in the

case of real systems and for multiphase problems (in which singularities can occur in the linear

equations) (SMITH, 1980). It is important to remind that all the methods mentioned above are

equivalent, and can be verified in (ZEGGEREN; STOREY, 1970).

2.1.1 Thermodynamic Equilibrium Reactions

There are mainly two ways to describe chemical reactions: Equilibrium and Kinetic.

Equilibrium is the moment where there is no more chemical energy to alter the distribution

of mass between reactants and products in the system. The way to model a reaction depends

on its rate: an equilibrium reaction is relatively fast on the mass transport process, while the

kinetic reaction is slow. Therefore, when applying an equilibrium model to a reaction, it is

assumed that the whole mass transfer happens at the same time when the reactant and product

are put together, and this will configure an equilibrium situation. If the reaction rate is slow, it

requires a kinetic description of the reaction. In this work, we will address equilibrium reactions

(NORDSTROM; MUNOZ, 1986).

Assuming the independent equilibrium reactions:

0 −−⇀↽−−
N∑
i=1

vjiαi (j = 1, ...,M) (2.1)

where vji is the stoichiometric coefficient of the i-th species in the j-th reaction; and M repre-

sents the number of reactions and N the number of species, with M < N . The sign convention

is to assign negative stoichiometric coefficients for reactants and positive for products. Assum-

ing that all of the reactions in the system are in equilibrium, the chemical system must also

satisfy the mass-action equations:

Kj =
N∏
i=1

a
vij
i (j = 1, ...,M) (2.2)
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where Kj denotes the equilibrium constant of the j-th reaction; a denotes the activity of the

i-th chemical species. The equilibrium constant depends on the temperature of the system;

therefore, the equilibrium constant needs to be calculated according to the temperature of the

system.

The driving force of a chemical reaction is related to the concentration of the reacting

constituents and the concentrations of the reaction products. The law of mass-action states

that any reaction will proceed to the right (dissolution) or to the left (precipitation) until the

mass-action equilibrium is achieved. One must bear in mind that in nature it may take years

or even thousands of years for that equilibrium to be achieved, and after a disturbance in the

system, such as an addition of reactants, removal of products, changes in the temperature or

pressure, the system will continue to proceed towards this new equilibrium (if the disturbances

are frequent compared to the reaction rate, equilibrium may never be achieved) (FREEZE;

CHERRY, 1979). Each of the dissolved species will have one representation of the non-ideal

behavior of components in the solution, which is called activity and is presented in details on

section 2.1.3.

Kinetic descriptions are applicable to any reaction but it is necessary to describe reac-

tions that are slow in relation to mass transport. The following reaction has a k1 and k2 rates for

the forward and reverse reactions, respectively

aA+ bB
k2=
k1
dD + eE (2.3)

Each ion has a reaction rate related to the stoichiometry, and is expressed as

−rA
a

= −rB
b

=
rD
d

=
rE
e

(2.4)

where a, b, d and e are stoichiometric coefficients of each one of the ions in the reaction.

rA, rB, rD and rE are reaction rates, and they describe the time rate of change of concentration

as function of rate constants and concentration. Each one of them express the rate of change at

the chosen ion as the difference between the rate at which the component is being used in the

forward reaction and generated in the reverse reaction and is described as

rA = −k1(A)n1(B)n2 + k2(D)m1(E)m2 (2.5)

where n1, n2,m1 and m2 are empirical stoichiometric coefficients. When there are reactions

in parallel or series the rate laws are even more complex. The dissolution rate constant (kdiss) of
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a chemical reaction depends on temperatue. The relation between constant and temperature is

given by the Arrhenius equation, described as

kdiss = A ∗ e(
−Ea
R∗T ) (2.6)

where k0 is the pre-exponential (Arrhenius) factor, Ea is the activation energy, R is the universal

gas constant, and T is the temperature in Kelvin. During the development of SHPECK, we will

not deal with kinetic reactions.

2.1.2 Thermodynamic Equilibrium Constant

The equilibrium constant (K) is the value of the reaction quotient when the reaction

has reached equilibrium. K depends only on the temperature and on the ionic strength of the

solution. According to known reactions’ equilibrium constant value, it is possible to express K

as a temperature-dependent polynomial.

Equilibrium constants are determined by measurements of the relevant concentrations of

the species under differing experimental conditions. Concentrations of species can be measured

in multiple ways, and the use of these values in modeling requires adjustment to the conditions

in the system being modeled. These adjustments, as well as the differences in conditions and

different methods for determination, can lead to uncertainty in chemical speciation constants.

Several thermodynamics database are available. Each database includes reaction con-

stants, reaction descriptions, solutes, species, enthalpy values, activity coefficient parameters,

etc. During the development of SHPECK the Lawrence Livermore National Laboratory (LLNL)

thermodynamic dataset was selected, it also contains the values of equilibrium constants at max-

imum of 8 temperatures. These data points were fitted to produce polynomials, which then al-

lows our software to calculate the equilibrium constant to any temperature. Also another source

of experimentally measured data is (PALANDRI; KHARAKA, 2004).

The polynomial regression is specifically used to calculate the equilibrium constant of

the compound at the desired temperature. Polynomial regression is one of several methods of

curve fitting, which is a process of constructing a curve that has the best fit to a series of data

points. Polynomial regression is a statistic method that is a form of linear regression in which

the relationship between the independent variable x and the dependent variable y is modeled as

an n-th degree polynomial
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2.1.3 Activity of a solute

Activity (ai) is the "thermodynamic concentration" (or informally known as "effective

concentration"). It is calculated as a product of activity coefficient and concentration (where i

means the solute involved):

ai = γi ∗mi (2.7)

where mi is the molar concentration of the solute i and γi is the activity coefficient (explained

in 2.1.5), which is a function of ionic strenght (I).

2.1.4 Ionic strength

Ionic strength (I) is a measure of the concentration of ions in the solution. Mathemati-

cally the ionic strength of the solution is calculated according to

I =
1

2

∑
Miz

2
i (2.8)

where M is the molar concentration of the specie i having a charge z.When I increases, activity

coefficients decrease. In a very dilute solution, activity coefficient is closer to 1.0, and activity

is nearly equal to the concentration. The decreasing trend is related to the "cage" of opposite

charge particles around ions. There is a reversal of the trend in extremely concentrated solu-

tions (brines), because beyond ionic strength of about 1mol/L there is an increase of activity

coefficients with increasing ionic strength. This is related to decreasing amount of free water

molecules, because most of water molecules are already bound around the solutes. For a matter

of explanation, we will calculate the ionic strength of a CaCl2 solution (composed by 0.5mol of

Ca+2 and 1mol Cl–1):

I =
1

2
(z2Ca[Ca

+2]) +
1

2
(z2Cl[Cl

−1]) (2.9)

I =
1

2
(22

Ca[Ca
+2] + (−1)2Cl[Cl

−1]) (2.10)

I =
1

2
(4 ∗ 0.5 + 1 ∗ 1) (2.11)

I = 1.5mol/L (2.12)
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2.1.5 Activity Coefficient

There are different methods to calculate activity coefficient (γ) for ions:

• Debie-Hueckel: This method assumes that ions behave like spheres with charges located

at their center points. The ions interact with each other by coulombic forces and the result

of their analysis is as follows

logγi = −Az2i
√
I (2.13)

where A is a constant that is a function of temperature, zi is the ion charge and I is the

ionic strength of the solution.

• Davies equations: This is a variation of Debie-Hueckel equation that can be used when

the ionic strength is relatively high. The equation is

logγi = −Az2i
( √

I

1 +
√
I
− 0.3I) (2.14)

• B-dot: This model is presented as an activity model based on an equation similar to

Davies and parameterized for solutions up to 3 molal ionic strength.

logγi = − Az2i
√
I

1 + åiB
√
I

+
.

BI (2.15)

where å is the ion size for each specie and A, B and
.

B are coefficients that vary with

temperature and are present in the thermodynamic dataset used by geochemical modeling

codes.

It is important to mention that there are other methods available for calculating activity coeffi-

cients, which are not going to be addressed here. Each one of the methods has its advantages

and limitations. Debye-Hueckel equations are simple to apply, and is an extensible method for

including new species in the solution due to the fact that it requires a low number of (specific)

arguments. Moreover, Debye-Hueckel can be applied to the most important temperatures in the

field of aqueous geochemistry, but it works poorly for moderate or high ionic strength solutions.

As to dissolution and precipitation, there is clearly a reaction happening during these processes,

which means that some reactions are not in equilibrium. Also, pure solids have activity coeffi-

cients equal to one.
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2.1.6 Saturation Index

Saturation index (SI) indicates the state of dis-equilibrium with respect to a given min-

eral. SI is expressed as

SI = log(IAP/K) (2.16)

When a mineral is in equilibrium within a solution, the SI is zero: a negative SI indicates

undersaturation, and a positive SI, supersaturation. The Ion Activity Product (IAP) is calculated

according to

IAP =
[C]c[D]d

[A]a[B]b
(2.17)

where [A], [B], [C] and [D] are activities of the ions and a, b, c and d denote the respectives

stoichiometric values. The interpretation of IAP is the following:

• IAP > K : The reaction is progressing from left to right, producing more products. This

state is also described to as supersaturated.

• IAP = K : The reaction is in equilibrium, and there is equal flow of reaction to the right

and to the left

• IAP < K : The reaction is progressing from right to left, producing more reactants. This

state is also described as undersaturated.

With the SI approach, it is possible to predict the reactive mineralogy from the water

composition. If the SI for a mineral is less than zero, the aqueous solution is undersaturated

with respect to that mineral - which corresponds to the state where the mineral may dissolve in

order to reach equilibrium concentrations. If the SI is greater than zero, then more mineral may

precipitate from the aqueous solution (oversaturated). To conclude, when the SI is close to zero

(it is ok to consider a small range of values to be in equilibrium) , the water is in near- saturation

with respect to that mineral (ALLEY, 1993).

2.1.7 Hydrogeochemistry common units

Molarity (M) is defined as mass in moles in 1 liter of solution and molality (m) is defined

as mass in moles in 1 kilogram of solution. In dilute solutions, molarity is approximately equal
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to molality.

2.2 Hydrogeochemistry Principles: Hydrochemical processes

2.2.1 Acid-Base Reactions

The importance of acid-base reactions is clearly evident when one understands their

influence on the pH. The pH scale represents how acidic or basic is the solution. The pH is

described as

pH = −log([H+]) (2.18)

where [H+] is the activity of the hydrogen ion. Solutions with pH greater than 7 are alkaline

or basic, less than 7 are acidic and equals to 7 neutral solutions. The acid component has

a tendency to loose protons, while a basic component has tendency to gain protons, and this

interaction is called acid-base reactions and is described as

Acid1 +Base2 = Acid2 +Base1 (2.19)

The reaction must be understood as that in the forward reaction, the proton lost by Acid1 is

gained by Base2 and, in the reverse reaction, the proton lost by Acid2 is gained by Base1. The

strength of an acid or base refers to the proportion of the protons that are lost or gained.

2.2.2 Complexation

Complexation is when an ion is formed by combining simpler cations, anions and some-

times molecules. Complexes are dissolved species that consist of two or more simples species.

Considering the following reaction

Mn2+ + Cl− = MnCl+ (2.20)

A simple example of complexation for the reaction 2.20 is expressed in mass law form
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as:

KMnCl+ =
[MnCl+]

[Mn2+][Cl−]
(2.21)

Each complex compound has a property called stability constant (βi). It defines how the

total concentrations of the components are distributed among the possible compounds (it may

include other complexes) in the solution. For more details on this topic we refer to (KEHEW,

2000).

2.2.3 Oxidation-Reduction Reactions

Certain reactions involve the transfer of electrons between its components (reactants or

products). As a result, there are changes in the oxidation states of one or more of the reactants

and products. It is important to stress that the oxidation number is a hypothetical charge that an

atom would have if the ion or molecule were to dissociate. This state can be different according

to the solution.

In this work, redox reactions (as oxidation-reduction reactions are also known) are

not going to be addressed. In order to get deeper understanding on this topic, we refer to

(PETRUCCI, 2007)

2.2.4 Sorption

Sorption describes a process where compounds stick to surfaces of solids - which repre-

sents the removal of the solute from the solution onto mineral surface. There are three kinds of

sorptions:

• Adsorption: The solute can held at the mineral surface as a hydrated species.

• Absorption: The solute can incorporate into the mineral structure at the surface.

• Ion Exchange: When an ion becomes sorbed to a surface by changing places with an ion

previously residing on the mineral.

In this work, sorption are not addressed. For detailed information on this topic, we refer

to (FREEZE; CHERRY, 1979)
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2.3 Geochemical modeling

The geochemical modeling typically refers to the process of describing the distribution

and reactivity of solutes in a given solution. Geochemical models can be divided into two

groups:

• Geochemical Equilibrium Models: Based on the assumption of thermodynamic equilib-

rium reached in a relatively short time (no time factor is included in calculation). It takes

into consideration only equilibrium reactions.

• Geochemical Kinetic Models: It also takes into account kinetic reactions and include

the time factor.

As mentioned before, this work will focus on the first one - geochemical equilibrium

models.

Geochemical equilibrium models can be further divided into three types: speciation

models; inverse models (also called mass-balance models); and forward models (also called

reaction-path models). Geochemical equilibrium models are considered batch models - which

are basically closed vessels or reactors.

2.3.1 Geochemical Speciation modeling

Speciation represents modeling based in the equilibrium of a system. A geochemical

speciation modeling software calculates the distribution of dissolved species between free ions

and aqueous complexes and also saturation indexes for different minerals. Sodium, for example,

can be present in water as a free ion Na+, and also in the form of complexes with anions:

Na+
total = NaClaq + NaOH + Na+ (2.22)

where Na+
total is total sodium concentration from chemical analysis. Na+

total is a compo-

nent (e.g., chemical formula unit used to describe a system) and Na+, NaClaq and NaOH are

species (chemical entities which really exist in the system).

Information about the distribution of dissolved species is important, for example, for risk

assessment of contamination by metals, because toxicity of metals depends on their speciation

in the solution. Carbonate complexes of metals, for example, are less toxic than their free ions.

Field data necessary as input for speciation software are temperature, pH and results



23

from laboratory chemical analyses (results obtained from a sample of the solution of interest).

Details of several available programs are presented and discussed in chapter 3. The de-

velopment of SHPECK, which is our proposal of a geochemical speciation modeling software,

is presented and thoroughly discussed in chapter 4.

2.3.2 Other Types of Geochemical modeling

There are other types of geochemical equilibrium models, as mentioned before. For

completeness, we summarize their characteristics below.

• Inverse geochemical modeling. This type of models, also known as mass-balance mod-

els, are used when chemistry of groundwater and solid phase composition are already

known, and reactions that have already happened should be determined. It is used when

we have access to two hydraulically connected points and the composition of solid phase

between these points. With these data in hand, it is possible to calculate and produce the

reactions that will explain the changes of the water’s chemistry. This approach leads to

some uncertainties: stoichiometry of minerals in solid phase is not often well known;

solution may be non-unique; and programs can produce several possible models for

the same input. An interesting work about inverse geochemical modeling is by Sharif

(SHARIF, 2007).

• Forward geochemical modeling This type of models, also called reaction-path models,

are used for prediction of water chemistry evolution along a flowline. The initial water

chemistry is known and the aim of the program is to predict water chemistry at some

point along the flow path. This kind of modeling introduces problems regarding kinetic

and adsorption data, which are often missing and frequently limited.

2.4 Summary

• The importance of multidisciplinary problems: The power from the advances in com-

puter science to adapt itself to other areas of knowledge is ever increasing. The best way

to push the limits of our work is by redefining obstacles outside our normal boundaries

and reach solutions based on new understanding of complex situations.

• Hydrogeochemistry principles: The groundwater’s journey and what has happened to it

can be discovered using hydrogeochemistry models. Studying water’s chemical compo-
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sition and properties is a complex and interesting task - many different factors take part

in this environment. We can mention the equilibrium and kinetic reactions, the activity

and the activity coefficient of the solute, the ionic strength of the solution, the saturation

index, the equilibrium constant, etc.
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3 REVIEW OF AVAILABLE GEOCHEMICAL MODELING SOFTWARE

The first geochemical models date back to the 70’s (WESTALL et al., 1976), (WOLERY,

1979). Since then, these models are used to solve complex geochemical problems, such as spe-

ciation; determination of minerals’ saturation indexes; mixing of different waters; calculation

of stoichiometric reactions; interaction between solids, fluids and gaseous phases; calculation

of equilibrium/kinetic controlled reactions; reactive transport; and mass-law calculations.

The quality of model results depend on the methods used, and the thermodynamic data

and theoretical concepts applied. Therefore, it is crucial to verify the results and it is clear that

there will be some differences among the results obtained from different software. Among the

enormous variety of software available, some of them are developed for batch-type simulations

only, while others have transport capabilities. Several of them do not incorporate graphical

interfaces and are written in FORTRAN, while newer distributions are mainly written in C/C++

and, due to proprietary reasons, code is not distributed with the software. It is important to

mention that, even in those who provide an integrated graphical user interface (GUI), it is often

very tedious and time-consuming to generate input files for simulations.

For developing SHPECK, we critically analysed the software packages that provide spe-

ciation modeling: EQ3/6, PHREEQC, MINTEQ and SOLMINEQ. We had given special atten-

tion to the geochemical modeling approaches and the computer-science related aspects of them,

providing the comparison when the information is available. We also summarize the main

characteristics and content of the Lawrence Livermore National Laboratory (LLNL) Thermody-

namic Dataset, since it contains parameters of minerals and reactions used by many modeling

software.

3.1 EQ3/6

EQ3/6 consists of two programs: EQ3 is a pure speciation code, whose results EQ6

subsequently process. It is a software package for geochemical modeling of aqueous systems

written in FORTRAN77. EQ3/6 includes a speciation-solubility solver, which is useful for

analyzing groundwater chemistry data, calculating solubility limits and determining whether

certain reactions are in states of partial equilibrium or disequilibrium. It also offers a reaction

path calculation that models water/rock interaction or fluid mixture. EQ3/6 supports several

thermodynamic data files (these data files contain support for Davies, B-dot, Debye-Huckel

equations, as well as support data for standard state and activity coefficient-related). It is devel-
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oped to run under UNIX, and the full package distribution is not free (it requires a license). The

whole work related to EQ3/6 is described in three reports: (WOLERY, 1979), (WOLERY T. J.,

1990) and (WOLERY, 1992).

3.1.1 Input/Output Options

The datafilekey and inputfile are files given to the program as arguments and they must be

mutually consistent with the options and methods. For example, if they have different methods

for calculating the activity coefficient there will be problems, and the results will be erroneous.

In the similar manner, the inputfile must be using chemical data (for example, elements, species

and compounds) that is known by the datafilekey.

Inside each file, there are a series of blocks that are combined to support the geochemical

speciation. They are presented below:

• Datafilekey: Title; Miscellaneous parameters (temperature limit, activity coefficient pa-

rameters, pressure); chemical elements block; aqueous species block; pure minerals block;

pure non-aqueous liquids block; gas species blocks; solid solutions blocks; references

blocks.

• Inputfile: Title; Special basis switches; temperature; pressure option; density; total dis-

solved salts (TDS) option; electrical balancing option; redox option; basis species con-

straints; ion exchanger creation flag; ion exchanger compositions; solid solutions compo-

sitions; alter/suppression options; iopt options; iopg options; iopr options; iodb options;

numerical parameters; ordinary basis switches; saturation flag tolerance; aqueous phase

scale factor.

EQ3/6 package produces different outputs depending on the version of software used.

We will exemplify the output files in general by using the EQ3NR and EQ6 output formats.

• EQ3NR: Two output files are generated: a pickup file and the normal output file. The

pickup file can be used as input to EQ6 software. The normal output file consists of six

blocks: header section; input file echo; recap of input data; iterative calculations; principal

results; and finally the end of EQ3NR run

• EQ6: This program generates three output files: a tab output file, a pickup output file and

the normal output file. The tab file contains information that can be used to plot output

results. The pickup file is the input to EQ6. The normal output file of EQ6 is similar to

the EQ3NR’s output file.
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A small excerpt of an EQ6 output file is shown in Code 3.1. We can observe that this

part of the output file specifies the components of the current problem with internal ID’s for

each component, specie, phase and so on.

Code 3.1 – Excerpt of EQ6 output file

...

Entity Date Base Dimension Current Problem

Chemical Elements 81 81 6

Basis Species 201 259 7

Phases 1135 1159 29

Species 3031 3523 0

Aqueous Species 1769 1769 22

Pure Minerals 1120 1120 26

Pure Liquids 1 3 1

Gas Species 93 93 2

Solid Soutions 12 12 0

...

3.1.2 User Interaction

In EQ3/6 the command prompt is used for all the user interaction. There are several

functions inside EQ3/6; the appropriate command will trigger each one of them. From the

existing software, there are EQ3NR, EQ6 and EQPT, just to name a few. The user must enter

the command from the keyboard and must use this "command prompt". By pressing "CTRL+C"

at any time the execution stops, literally "breaking" the process. For example, EQ3 is run by

commands of the form shown in code 3.2.

Code 3.2 – Running EQ3 in EQ3/6 package

>runeq3 datafilekey inputfile(s)

In this command, datafilekey and inputfile are arguments, being the former a three-

character identification associated to which database should be used, while the latter is specif-

ically the name of the input file, which can be more than one. Depending on which program

from the package the user is using, it generates two or more output files (always in the ASCII

format). As mentioned, the input file is entered in the program as an argument. Any regular

text editor is sufficient to create or modify an input file (although it is not recommended that the

user create an input file from scratch). There are several pre-existing input templates available

and, if none of them matches the need of the user, EQ3/6 recommends that the user generate a

new one by copying existing blocks from any provided template.
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The input files can contain instructions and parameters that try to recreate known user

interactions method as shown in Code 3.3.

Code 3.3 – Menu Option inside EQ3/6 input files that mimics a "radio button"

iopr(4) - Print a Table of Aqueous Species Concentrations, Activities, etc.:

[ ] (-3) Omit species with molalities < 1.e-8

[ ] (-2) Omit species with molalities < 1.e-12

[ ] (-1) Omit species with molalities < 1.e-20

[x] ( 0) Omit species with molalities < 1.e-100

[ ] ( 1) Include all species

3.1.3 File Formats

All the files discussed above are ASCII text files and, therefore, any regular text editor

can be used to edit or build them. When the text file contains thermodynamic information

needed by the program, the whole group of information is copied to the memory and, only after

that, the software will be able to fetch information and continue the simulation’s processing

and natural flow. In memory, the storage of this information is not always optimized, specially

because ASCII files are, in general, also not very well organized. Waste of memory here and

there are expected and usual in this kind of text and memory management - scale this to a

large amount of ASCII information - like in geochemical modeling systems - and it is easy to

understand the risk that comes together with ASCII text files.

3.1.4 Software Environment and Installation Procedures

The EQ3/6 package runs on Windows (95 and upper versions) and was developed in

FORTRAN77. The support for UNIX computers has been discontinued. It has been developed

and run at Lawrence Livermore National Laboratory on an Alliant FX/80 and Sun SPARCsta-

tions.

The installation of EQ3/6 is explained in details in (WOLERY, 1992), and these details

will be suppressed here for simplicity. However, it is interesting to mention that the whole

installation process requires some level of experience with command prompt and DOS.
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3.2 PHREEQC

PHREEQC stands for PH REdox EQuilibrium in C language, and is a widely used geo-

chemical modeling software available from the USGS. Details can be found in (PARKHURST,

1995). It is available for download in versions for Windows and UNIX.

It was designed to perform a wide variety of low-temperature aqueous geochemical

calculations based on an ion-association aqueous model, and has capabilities to:

• speciation and Saturation Index calculations;

• batch reaction and one-dimensional (1D) transport calculations involving reversible re-

actions (including aqueous, minerals, gas, solid-solution, surface-complexation, and ion-

exchange equilibrium) and irreversible reactions (including specified mole transfer of re-

actants, kinetically controlled reactions, mixing of solutions and temperature changes);

• inverse modeling, which finds sets of mineral and gas mole transfers that takes into

account differences in composition between waters.

3.2.1 Input/Output Options

The input data for PHREEQC is arranged by keyword data blocks. Each block is orga-

nized with a keyword in the first line, followed by lines containing data related to the keyword.

Keywords and their respective contexts are read from the database at the beginning of the run to

define all the necessary parameters. After this database reading procedure, it continues reading

the input file until it reaches the END keyword. As the input file is being read, the program starts

putting the pieces together to perform the necessary calculations. An example of a keyword

data block is shown in Code 3.4. Among the possible keywords available in PHREEQC are

EQUILIBRIUM PHASES, EXCHANGE, GAS PHASE, INVERSE MODELING, PHASES,

REACTION, PRINT, SAVE, SOLUTION SPECIES, etc. Each one of these keywords contains

specific arguments and parameters to be used. Certain keywords require some other specific

keywords, and if something is missing from the input file, the results will be inconclusive. So,

building an input file is usually a quite difficult and time-consuming task.
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Code 3.4 – PHREEQC keyword data block example

EQUILIBRIUM_PHASES

Chalcedony 0.0 0.0

CO2(g) -3.5 1.0

Gibbsite(c) 0.0 KAlSiO8 1.0

Calcite 1.0 Gypsum 1.0

pH_Fix -5.0 HCl 10.0

The output file contains the result of the simulation defined in the input file; it is also

divided into keyword blocks. Among those blocks are solution composition, description of the

solution, redox couples, distribution of species (as can be seen in Code 3.5), and saturation

indices.

Code 3.5 – PHREEQC’s excerpt from the output file

...

----------------------------Distribution of species----------------------------

Log Log Log mole V

Species Molality Activity Molality Activity Gamma cm3/mol

OH- 2.705e-006 1.647e-006 -5.568 -5.783 -0.215 -2.63

H+ 7.983e-009 6.026e-009 -8.098 -8.220 -0.122 0.00

H2O 5.551e+001 9.806e-001 1.744 -0.009 0.000 18.07

C(4) 2.257e-003

HCO3- 1.238e-003 8.359e-004 -2.907 -3.078 -0.170 27.87

NaHCO3 6.168e-004 7.205e-004 -3.210 -3.142 0.067 19.41

MgHCO3+ 2.136e-004 1.343e-004 -3.670 -3.872 -0.201 5.82

MgCO3 7.301e-005 8.527e-005 -4.137 -4.069 0.067 -17.09

CaHCO3+ 3.717e-005 2.572e-005 -4.430 -4.590 -0.160 9.96

CO3-2 3.128e-005 6.506e-006 -4.505 -5.187 -0.682 -0.34

CaCO3 2.256e-005 2.636e-005 -4.647 -4.579 0.067 -14.60

NaCO3- 1.477e-005 9.972e-006 -4.831 -5.001 -0.170 1.77

...

3.2.2 User Interaction

PHREEQC’s distribution differs drastically according to the environment (Windows or

UNIX). By this reason, the analysis of user interaction features will be reported separately.

• PHREEQC for Windows: Due to the need of a geochemical modeling software and

the lack of interface for PHREEQC in the first versions of the software, many efforts

were made to create an interface to PHREEQC. The program PhreeqcI is a graphical

user interface to PHREEQC that provides data entry screens for the keyword data blocks

with a description of each input data item. It organizes the input file by using some
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project tree which facilitates viewing, selecting, editing and running the PHREEQC sim-

ulations. It is critical to mention that PhreeqcI does not implement all the keyword blocks.

Subsequently, PHREEQC version 2 with a graphical interface was launched, and the in-

terface was extended to version 3. This graphical interface was named PfW (Phreeqc

for Windows), but it has not been updated since 2011 (see Figure 3.1). The last ef-

fort in this sense was the development of an adaptation of the popular general-purpose

text editor Notepad++. This modification comes with the following capabilities: syntax

highlighting; autocompletion of keywords and identifiers; tips; colored numbers; paren-

thesis matching; commenting and uncommenting multiple lines at once; column editor;

few shortcuts; and file recognition (see Figure 3.2). When running PHREEQC from the

Notepad++ adaptation, the command prompt is called and the simulation is executed,

as in Figure 3.3. There are some options and shortcuts available from the Notepad++’s

interface, which is shown in detail in Figure 3.4.

• PHREEQC for UNIX: Under UNIX’s distribution, PHREEQC runs from the command

prompt. It can be launched by using the command shown in Code 3.6

Code 3.6 – Command to run UNIX’s PHREEQC

phreeqc input output database screen_output

The "input" file contains the description of the simulation, the "output" file stores the

result of the simulation, "database" specifies which database should be used, and finally

the "screen_output" stores the information that will be shown on screen. If the user

does not specify the names of "output", "database" or "screen_output" the geochemical

modeling software will choose default values.

3.2.3 File formats

All of the files discussed above are in the ASCII text files format and, therefore, any

regular text editor can be used. It is recommended that the editing of PHREEQC files be done

by using the NotPhreeqcce or notepad++ adapted version (APELLO, 2011).
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Figure 3.1 – User interface of the PHREEQC for Windows (PfW)

Figure 3.2 – Example of the PHREEQC Notepad++ plugin

3.2.4 Software Environment and Installation Procedures

PHREEQC has support for Windows (32 and 64-bit), MacOS (OS 10.6+) and Linux.

PHREEQC is currently on version 3 and with frequent updates, bug fixes and maintenance.

The PHREEQC version for Windows has a self-extracting file that is available for down-

load from the USGS website and easily installed. The UNIX distribution comes with additional

scripts and a makefile, and an instruction on how to compile and install the program.
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Figure 3.3 – PHREEQC software called from the Notepad++ Plugin

Figure 3.4 – PHREEQC software called from the Notepad++ Plugin

3.3 MINTEQ

MINTEQ (FELMY et al., 1983) is a geochemical program to model aqueous solutions

and the interactions of aqueous solutions with hypothesized assemblages of solid phases. It

has a particular inclination to calculate equilibrium composition of dilute aqueous solutions.

The model is useful for calculating the equilibrium mass distribution among dissolved species,

adsorbed species and multiple solid phases, although it has a much simpler treatment of the
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reactions.

It was originally developed in FORTRAN77 by the Battelle Pacific Northwest Labora-

tory (PNL) and continues to be maintained by the Environmental Protection Agency (EPA) to

perform the necessary calculations regarding waste, sediments and ground water interaction.

MINTEQ does not consider the kinetic reactions and works at fixed temperature (25 degrees

Celcius). An extensive database adequate to a broad range of problems is part of the software,

and there is no need for the user to change nor add anything (BROWN; ALLISON, 1987) (AL-

LISON J. D.; NOVO-GRADAC, 1991). The latest update on MINTEQ dates from 1990, and

since then, there has been only some improvements especially on the usability and calculations.

This version was named MINTEQA2 and uses a well-developed thermodynamic database from

the USGS. During this review we will address the MINTEQA2 properties since it is the latest

version and is clearly an improved version of the same program (MINTEQ).

3.3.1 Input/Output Options

The input files for MINTEQA2 can be generated manually, but there is a supporting

software called PRODEFA2 that guides the user to accomplish this task. PRODEFA2 is an

interactive program used to create input files that will be addressed in details in section 3.3.2.

Four files compose the input of MINTEQA2:

• Input file: The input file that contains the data input by the user. Typically, this file con-

tains dissolved (i.e. Ca concentrations, pH, temperature) and solid phase (i.e. minerals,

sorption sites) information for a water sample;

• Database file: This file contains the thermodynamic constants that govern the processes

of interest (i.e. complexation constants, mineral solubilities, activity constants) which

will be used to conduct calculations;

• Algorithm or executable file: These files contain the algorithms of the code, which

solve the specified problem (usually using an iterative numerical approach) within the

constraints imposed by the Database files and the information in the Input file.

• Output file: This file contains the results of the calculations performed by the Algorithm

Files.

Among the input file’s options, there are four levels of configuration. Each level controls

some details of the simulation, and when these four levels are together, they compose a complete

input file for MINTEQA2. It is important to mention that if the user does not want to specify
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all the details, there are default options that enable any non-experienced user to execute simple

simulations.

1. Displays the current settings of system parameters such as temperature as well as pro-

gram flag settings such as the number of iterations allowed;

2. Specify the chemistry of the system;

3. This level works as a "line editor" in displaying by category or TYPE those species that

have been explicitly entered through level 2;

4. Deals with utility functions (output file details, for example);

If database, algorithm and output files are not specified, default options are used. Code

3.7 shows the MINTEQA2’s input file used in the study case discussed in chapter 5 and presented

here as an example. The beginning of the file (first and second lines) contains a description of the

simulation or input file; the third, fourth and fifth lines set configurations, such as temperature,

unit chosen, eH, ionic strength, number of iterations, precipitation options. After that, the

components that take part in the simulation, organized by internal id, concentration details and

log of concentration are specified.

Code 3.7 – MINTEQA2’s input file

LHDAMIANI - STUDY CASE

Comparative study

25.00 MOLAL 0.000 0.00000E+00

0 0 1 0 1 0 0 0 1 1 0 0 0

0 0 0

330 6.026E-09 -8.22 y /H+1

410 1.045E-02 -1.98 y /K+1

500 4.793E-01 -0.32 y /Na+1

150 1.053E-02 -1.98 y /Ca+2

460 5.439E-02 -1.26 y /Mg+2

732 2.889E-02 -1.54 y /SO4-2

180 5.595E-01 -0.25 y /Cl-1

An excerpt of MINTEQA2’s output is presented in Code 3.8, which shows important

parameters of the solution’s components. The whole output file is divided into six parts:

1. Reproduction and interpretation of the input file;

2. Detailed listing of species read from the database files;

3. Iteration information and detailed information for each species;

4. Percentage distribution of components among dissolved and adsorbed species;

5. Provisional or equilibrated mass distribution, provisional or equilibrium ionic strength,

equilibrium pH and pE, electrostatic surface potential and charge for electrostatic adsorp-
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tion models;

6. Saturation indices for all database solids with respect to the solution.

Code 3.8 – MINTEQA2’s excerpt from the output file

...

_______________________________________________________________________

______________________________ PART 3 of OUTPUT FILE __________________

MINTEQA2 v4.02 DATE OF CALCULATIONS: 5-JUN-2000 TIME: 14: 6:27

PARAMETERS OF THE COMPONENT MOST OUT OF BALANCE:

ITER NAME TOTAL mol/L DIFF FXN LOG ACTVTY RESIDUAL

0 SO4-2 1.580E-03 6.594E-07 -2.91757 5.014E-07

1 SO4-2 1.580E-03 4.193E-04 -2.91775 4.192E-04

2 SO4-2 1.580E-03 8.125E-06 -3.01997 7.967E-06

3 SO4-2 1.580E-03 1.693E-07 -3.02220 1.135E-08

ID No Name Total Conc(M) Conc (M) log Activity Diff fxn

410 K+1 7.700E-05 7.649E-05 -4.14759 5.093E-11

732 SO4-2 1.580E-03 1.266E-03 -3.02224 3.557E-09

2 H2O 0.000E+00 -1.049E-05 -0.00004 0.000E+00

330 H+1 0.000E+00 3.398E-03 -2.50000 0.000E+00

140 CO3-2 0.000E+00 2.916E-17 -16.66004 0.000E+00

-----------------------------------------------------------------------

...

3.3.2 User Interaction

MINTEQA2 and PRODEFA2 interactions are completely independent programs and

PRODEFA2 is used before MINTEQA2 in order to generate the input file that will be consumed

by the latter. Everything is done through the command prompt, as explained below. PRODEFA2

provides a "walk-through" to generate an input file for MINTEQA2.

After starting the software and providing a valid name, it asks which part of the input file

the user wants to create or edit (Figure 3.5). We will follow the suggested order and go through

4 levels, as previously discussed in this section. Figure 3.6 presents the main menu, which

shows the organization of all the levels, and works as a central hub of information. Figure 3.7

displays the necessary information about level 1. To change any of the entries on this screen,

the user must enter the number to the left of the entry and respond to the questions presented.

All four levels are based on this type of interaction. Through these interactions, the user has
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access to the information in the database and can choose the data to be used for the model.

Figure 3.5 – MINTEQA2 initial menu options

Figure 3.6 – MINTEQA2 main menu

Figure 3.7 – MINTEQA2 Level 1 information

For example, we chose to add a specific aqueous species to show the PRODEFA2 inter-

actions and present it step-by-step bellow:
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1. Choose level 2 on main menu;

2. Choose option 1 (Specify AQUEOUS COMPONENTS: TOTAL CONCENTRATIONS

or FIXED ACTIVITIES) inside the menu from level 2;

3. Choose option 1 (TOTAL DISSOLVED CONCENTRATION), it identifies how we

want to entre this new component.

4. At this step, we are requested to enter the first letter for the component. Alternatives to

this approach is to enter "-1" if you know the component id number or quit. We will add

Na+ to the system, and type the letter "N" and hit the enter button.

5. At this step, all the existing options available are shown. listed with an identifier. We

are also requested to identify one of these to be added. This can be seen in 3.8.

6. After pressing Na+’s id (at this case was the number 4). We can finally enter the TOTAL

DISSOLVED CONCENTRATION (MOLAL) of COMPONENT defined earlier on step

3. After adding the molal concentration for this species the system goes back to step 4 in

case we want to continue adding other components.

Figure 3.8 – PRODEFA2’s example of adding a specific aquoues species (Na+)

There is also a software called Visual Minteq that tries to "humanize" MINTEQ and

was maintained by the KTH Royal Institute of Technology (Stockholm, Sweden). The latest

release (version 3.0) of Visual Minteq dates back to December 2013, and it is available only for

Windows operating systems, since it was developed in Visual Basic.
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3.3.3 File formats

All the files follow a regular text format (ASCII) and their purpose is defined in the

extension of the file.

• Input files have the extension "INP";

• Test and help files have the extension "HLP";

• Output files have the extension "LST";

• Database files have the extension "DBS" or "UNF";

• Input file have the extension "INP";

3.3.4 Software Environment and Installation Procedures

MINTEQA2 is currently at the version 4.03 (Windows only), and this release dates back

to May 2006. The latest UNIX distribution is version 3.12 (which was also called BETA for

UNIX) and dates back to August 1996. MINTEQA2 is easily installed by a self-extractor in-

staller that can be downloaded from EPA’s website (MINTEQ, 2006) and (MINTEQ, 1999).

Included in the distribution package are also some important documentation, PRODEFA2 soft-

ware and several input/output template files. The UNIX version distribution comes with the

source files and must be compiled and linked to run.

3.4 SOLMINEQ.88

SOLMINEQ.88 is a geochemical modeling program written in FORTRAN77 and based

on SOLMNEQ (KHARAKA; BARNES, 1973) with improved algorithms that resulted in a

faster program execution and tighter convergence. The software has a database with the focus

on organics aqueous species. It calculates the distribution of mass among aqueous species and

complexes, and calculates saturation indices of minerals at different temperatures and pressures.

It includes options as boiling, mixing of solutions, and partitioning of gases between water, oil

and vapor phases. SOLMINEQ.88 also provides for mass transfer with the effects of dissolution

and precipitation of minerals and options to calculate activity coefficients (KHARAKA Y. K.;

DEBRAAL, 1988). The original version has no UI, but there were further studies with the

intention of creating a user-friendly program that can be used to generate, edit and analyze
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input and output files - SOLINPUT. SOLMINEQ.88 model has not been developed any further

nor improved since its first release.

3.4.1 Input/Output Options

The input of SOLMINEQ.88 consists of two sets of data: fixed and variable. The first

data contains the chemical composition of an aqueous fluid and options for processing these

data; and the second data consists of the input required for using the first set of data.

The input file consists of six parts, and SOLINPUT guides the user through all of them:

1. Basic Parameters: enter the chemical and physical data for that sample;

2. Flags: controls how the software interprets, processes, and displays the data;

3. pH: controls the details of how the pH calculation is done;

4. Mass transfer: defines which mass transfer capabilities are used;

5. User Log K: makes temporary changes and extensions to the database;

6. Additional ions and minerals: temporarily adds user defined ions and minerals to a

particular simulation;

The output file contains the results produced by SOLMINEQ.88, and also consists of six

parts:

1. An input data echo that shows the values and options selected for each sample;

2. A table listing the calculated tolerance factor for successive iterations on the anions;

3. A list of input to SOLMINEQ.88 including sample description, pH, Eh, temperature and

so on;

4. A table showing the distribution of species in solution;

5. Ratios of a number of important cations and anions ; and

6. A table indicating the states of reactions for minerals considered.
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Code 3.9 – SOLMINEQ.88’s excerpt from the output file

: Test Sample #1 for SOLMINEQ.88 - Modified Seawater at 25 C

TEMP HI TEMP DENS PRESS

0.2500E+02 O.OOOOE+00 0.1023E+01 O.OOOOE+00

PH EHM EHMC EMFZSC

0.8200E+01 0.5000E+00 0.9000E+01 0.9000E+01

CONCENTRATION UNITS : PPM

Na K Li Ca

0.1077E+05 0.3991E+03 0.1810E+00 0.4123E+03

Si02 Cl S04 H2S

0.4280E+01 0.1935E+05 0.2712E+04 O.OOOOE+00

F P04 N03 NH3

0.1390E+01 0.6000E-01 0.2900E+00 0.3000E-01

Pb Zn Cu Mn

0.5000E-04 0.4900E-02 0.7000E-03 0.2000E-03

As U V

0.4000E-02 O.OOOOE+00 O.OOOOE+00

Acetate Oxalate Succinate CH4

0.1000E+00 0.1000E+00 0.1000E+00 0.1000E+00

3.4.2 User Interaction

The software that accompanies SOLMINEQ.88 and handles the generation of input files

and all the interactions is named SOLINPUT and described in (DEBRAAL; KHARAKA,

1989). All interactions are through command prompt input following displayed menus

with several options. The user selects the option by entering the indication number and

pressing enter (the indication number stays on the left of the option). Figure 3.10 shows

this example of interaction.

Code 3.10 – SOLMINEQ.88’s example of user interaction

pH OPTIONS

1) Gas Addition Option

2) Gas-Water-Oil Distribution Option

3) Carbonate Mineral Saturation Option

4) C02 Option

5) Tolerance factor for Mineral and C02 Options

6) Return to Options Menu

Enter Choice (1-6) __
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3.4.3 File formats

All the files that SOLMINEQ.88 deals are regular ASCII text files and any text editor can

be used to create, edit or view the files. The database files from SOLMINEQ.88 have

the extension "TBL", while the input and output files, "IN" and "OUT", respectively.

Some optional file with the extension "MIXFLE" can be used to specify mixture proper-

ties. Finally, if the user activates the restart option, also known as pickup option, the file

"OUTIN" will be generated and it contains data from the current run.

3.4.4 Software Environment and Installation Procedures

As mentioned, SOLMINEQ.88 had only one release and has been discontinued since then.

It is available only for the Windows operating system.

SOLMINEQ.88 distribution requires knowledge of compiling and linking FORTRAN77

programs. It also comes with the software SOLINPUT.

3.5 Existing Thermodynamic datasets

The contents of the databases are extracted from the Lawrence Livermore National Lab-

oratory (LLNL) thermodynamic datasets that are used in EQ3/6, PHREEQC and others.

The data sets are contributions from many authors that had measured thermodynamical

and kinetic parameters of the minerals and reactions minerals over the years. Interaction

with flat file databases are difficult and, if necessary, must be done carefully - the format

of the file is composed of a series of rules and very often is not recommended that the

user alters anything inside the flat file database due to the complexity and the errors that it

might result. The following is a small excerpt that illustrates the structure of information

in the LLNL’s flat file:

• Parameters: Many used parameters are stablished on this section, among them are

temperatures, pressures, debye huckel coefficients, bdot coefficients...

Code 3.11 – Excerpt of the section Parameters

* temperatures

0.0000 25.0000 60.0000 100.0000

150.0000 200.0000 2500000 300.0000

* pressures
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1.0134 1.0134 1.0134 1.0134

4.7600 15.5490 39.7760 85.9270

• Elements: This section is composed of information on pure elements. It also lists

the mole weights of elements and the abreviation:

Code 3.12 – Excerpt of the section Elements

Oxygen (O ) mole wt.= 15.9994

Silver (Ag) mole wt.= 107.8680

Aluminum (Al) mole wt.= 26.9815

• Basic Species: This section lists atomic or molecular structural units for a mineral:

Code 3.13 – Excerpt of the section Basic Species

H2O

charge= 0.0 ion size= 0.0 A mole wt.= 18.0152

2 elements in species

1.000 O 2.000 H

• Redox Couples: This sections includes all chemical reactions in which molecules

have their oxidation states changed. Redox reactions involve the transfer of elec-

trons between species. The name comes from two concepts involved with electron

transfer (reduction - loss of electrons - and oxidation - gain of electrons). Example:

Code 3.14 – Excerpt of the section Redox Couples

Cr++

charge= 2.0 ion size= 5.0 A mole wt.= 51.9960 g

4 species in reaction

-1.000 H+ 0.500 H2O 1.000 Cr+++

-0.250 O2(aq)

33.6814 29.9291 25.6126 21.6721

17.7896 14.7267 12.2289 10.1676

• Aqueous Species: This sections contains the water solutions. The word aqueous

is applied to a solution or mixture in which water is the solvent. When a chemical

species has been dissolved in water, this is denoted by writing (aq) after the chemical

name. Example:

Code 3.15 – Excerpt of the section Aqueous Species

CO2(aq)

charge= 0.0 ion size= 4.0 A mole wt.= 44.0098 g

3 species in reaction

-1.000 H2O 1.000 H+ 1.000 HCO3-

-6.5570 -6.3660 -6.3325 -6.4330

-6.7420 -7.1880 -7.7630 -8.4650



44

• Minerals: This sections lists the physical properties and chemical formula of miner-

als:

Code 3.16 – Excerpt of the section Minerals

Calcite type= carbonate

formula= CaCO3

mole vol.= 36.934 cc mole wt.= 100.0892 g

3 species in reaction

1.000 Ca++ 1.000 HCO3- -1.000 H+

2.0683 1.7130 1.2133 0.6871

0.0762 -0.5349 -1.2301 -2.2107

• Gases: This section lists individual atoms (e.g. noble gases or atomic gases), ele-

mental molecules made from one type of atom (e.g. oxygen), or compounds made

up of two or more molecules (e.g. carbon dioxide). Example:

Code 3.17 – Excerpt of the section Gases

CO2(g)

mole wt.= 44.0098 g

3 species in reaction

-1.000 H2O 1.000 H+ 1.000 HCO3-

-7.6827 -7.8184 -8.0628 -8.3849

-8.8297 -9.3208 -9.8841 -10.6132

• Oxides: This sections contains the chemical compounds that consists of at least

one oxygen atom and one other element in its chemical formula, and also does not

include silica (Si):

Code 3.18 – Excerpt of the section Oxides

Al2O3

mole wt.= 101.9616 g

3 species in reaction

-6.000 H+ 2.000 Al+++ 3.000 H2O

3.6 Discussion

In this section some important aspects and issues of each software presented earlier are

compared and discussed.

From a computational point of view, we analysed and evaluated the software engineering

aspects of current solutions. The following aspects were taken into consideration:

• Costs: Costs are probably the most important thing that people look first when

choosing software. However, it should not be the deciding factor. Different so-

lutions use different pricing models, according to the purpose and utilization of the
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software.

• Setup and versioning: Depending on the software different options are used to copy-

/generate files from the installation files to the local computer to be accessed by the

operating system (OS). The OS also influences how this process is done. Each soft-

ware has a different distribution package for different OS. Commonly software are

distributed only to specific OS. Also common are software with disparate versions

according to the OS, resulting in divergent features available on the same software

defined by the OS types.

• Customization and Integration: Is the software a standard solution, and its supplier

interested in making changes? This is the typical scenario where the user has high

probability of finding problems ahead. Therefore, an interesting exercise is to think

of how this software communicates with others. Options like “import” and “export”

are vital when working with a large amount of data, allowing different tools to be

used to analyse the output, with the purpose of reaching deeper insights from the

information available.

• Security and Control: Security is one of the main issues one faces when considering

a software. Data privacy is an important criteria. Ensuring that the software can

guarantee no data loss or data leakage is important. The solutions that provide direct

control to the database, details, and processes are most likely to require data privacy.

• Infrastructure: When choosing a software, the infrastructure it requires need to be

carefully analyzed. Does it require Internet access? How much space on disk and

memory does it use? Extra costs may be incurred if this is not addressed.

• Core functionality: This is one of the most important points to be analyzed. How

good is the software focus on the needs of the user, and how good is the value the

software brings to its users?

• Graphical User Interface (GUI) and visualization: This feature handles the interac-

tion between the users and the software. When the software is within a complex

domain, such as geochemical modeling, the GUI is even more important. It is re-

sponsible for allowing the user to consider all necessary possible options.

• Support and Maintenance: If the software, for some unknown reason, goes down,

is the user able to reach someone for troubleshooting? Will the user be able to find

a users’ community to debate and share knowledge? If the software has a support

team working to fix bugs, improve the performance, add new features and sharpen
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Table 3.1 – Qualitative analysis of the Geochemical Speciation Software
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EQ3/6 2 2 1 1 3 5 1 1 1 1.88
PHREEQC 4 4 2 2 3 4 2 3 1 2.77

MINTEQA2 4 2 1 1 2 2 1 1 1 1.66
SOLMINEQ.88 3 1 1 1 1 5 1 1 1 1.66

some of the old features, it means that the user will have a better infrastructure to

work with.

• Database: All the data manipulated inside a software is stored and organized in a

database. There are multiple ways of doing this. Many important things must be

taken into account to decide which database fits best to the software. Since the 80’s

the relational database model has been the most popular. A conceptual database

model is strongly recommended to produce a schema that considers all the structure

and information needed by this software. Along the database schema, the secu-

rity of this database must be addressed properly, for consistency and privacy. A

good database design avoids redundant data (unnecessarily duplicated data). Poorly

designed database generates inconsistent data (inaccurate data), which will lead to

wrong decisions and, therefore, can result in failure of the software. We have ob-

served that current solutions are mostly based on text input and output files, without

a proper database.

To achieve an applicable comparison, we give grades from 1 to 5 to each aspect (where

1 is the lowest and 5 the highest possible grade). This "grading system" is done with the

intention of comparing and normalizing the attributes of the software (see table 3.11).

1Source:Author
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Table 3.2 – Geochemical comparison between the different speciation software
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EQ3/6 3 3 3 3 3

PHREEQC 3 3 3 3

MINTEQA2 3 3

SOLMINEQ.88 3 3 3 3 3

3.7 Summary

Regarding geochemical features, Table 3.2 shows characteristics and features of the dif-

ferent software solutions.

• EQ3/6: It represents a landmark in Geochemical Modeling. Unfortunately, it is in-

accessible due to the elevated cost of licensing. The vast amount of information

available online about EQ3/6 makes it an excellent source of information. It used

the computing tools and options that were available in 1970’s and 80’s, until the lat-

est known release date in 1992. Since then, computing has clearly evolved, making

it an obsolete and difficult to use. It has a large database with many pieces of infor-

mation, but the contents are not transparent. It is hard to understand what exactly

the software does; verifying if that is what the users wants is even more difficult. It

is also important to mention that in EQ3/6 documentation it recommends the user to

use operating system commands (i.e. ctrl+c) to interact with the software - which

is a highly risky procedure in modern computers.

• PHREEQC: It is the best option for users not experienced with software. It has a

GUI and comes with a self-extractor installer. Important to mention here is that

PHREEQC’s GUI is far from what a typical user of current era might expect. It is

not clear in many aspects, and its usability is far from regular. In the geochemical

modeling area, not all the users are familiar with tasks as compiling and linking
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computer programs. PHREEQC allows anyone with an interest to have a chance

to perform a geochemical modeling simulation, even as many people have different

ways of defining the problem. Database in PHREEQC seems to be a problem, as it

uses a flat file database.

• MINTEQA2: From the geochemical point of view, MINTEQA2 is the simpler of the

four software analyzed in this work. The user interaction can be painful for any-

one who are not familiar with command prompts. The complexity of the input file

also makes it difficult to use. Creating an input file without the subsidiary software

PRODEFA2 is a task close to impossible and learning how to use this subsidiary

software is a very costly task. Taking into account that its last release dates back to

2006, it is difficult to justify using MINTEQA2.

• SOLMINEQ.88: This is another software that was a pioneer and laid the ground-

work for many others to improve and progress the knowledge of geochemical mod-

eling. SOLMINEQ used the computing tools that were accessible when it was de-

veloped in 1980’s. There are less costly options easily attainable today, thus it is no

longer a popular option for geochemical modeling.
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4 SHPECK - GEOCHEMICAL SPECIATION MODEL

SHPECK is a geochemical speciation model based on the Phase Rule described in (GAR-

RELS; CHRIST, 1965) that model geochemical equilibrium systems using mass-balance

conditions. Phase rule is also the principle that is used on the speciation models reviewed

in the previous section.

As a computer simulation software, SHPECK is a complete integrated model that allows:

the user to set up parameters for the simulation; convert the chemical description to a

system of equations; solving the system of equations; and presenting the results.

Figure 4.1 represents a brief overview of the processes involved in SHPECK. The user

interacts with the interface (Figure 4.1 (a)) to define the speciation settings and the chem-

ical phases that compose the present water - the extra necessary information will come

from the database but that is invisible to the user; the processing core (Figure 4.1 (b))

performs the several tasks involved in defining the speciation of a solution - described in

details later in this chapter; and the relevant results are displayed in the GUI to the user

(Figure 4.1 (c)).

This chapter will describe all the aspects of the development of SHPECK. Software qual-

ity factors (either external and internal) were constantly addressed throughout the devel-

opment. As external factors, we can mention:

• Correctness: The ability of performing the exact task as defined by the specification

of a geochemical modeling software.

• Robustness: The ability of reacting appropriately to abnormal conditions that may

be entered through the chemical composition by the user.

• Extendibility: The ease of adapting to changes of specification and reorganize the

tasks.

• Reusability: The ability to serve for construction of many different applications. For

example, adopting CO2 pressure or including reactive transport to the solver.

• Compatibility: The ease of combining software elements with others, since working

with new datasets and trying to connect different sources of thermodynamic data can

be complicated, if not impossible.

On the other hand, we have internal factors:
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Figure 4.1 – SHPECK overview

• Modularity: Dividing the system into different parts provides a better understanding

of the simulation software architecture. A set of different modules compose the

whole system, each one responsible for a task.

• Readability: Adopting code conventions and good practices in programming are

fundamental to the health of the software.

These quality factors were chosen based on (MEYER, 2000).
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4.1 Specification

SHPECK is a geochemical speciation modeling software designed to calculate the dis-

tribution of dissolved chemical elements and aqueous solutes and complexes, and it also

calculates saturation indexes for different minerals.

4.2 Documentation

For internal documentation, Doxygen is used. Doxygen is an automated code documenta-

tion generating tool (HEESCH, 2013). This documentation will be available along with

the distribution of SHPECK when possible.

4.3 Intended users

SHPECK is a software for geochemists, geologists, chemists, environmental engineers,

forestry engineers, agronomists, laboratory analysts and others.

4.4 Architecture

All the decisions regarding SHPECK’s architectural design were taken to make sure that

the software would bring value to the user, a geochemistry expert.

Figure 4.2 shows the software architecture of SHPECK, which is modeled following the

concept of Model-View-Controller (MVC) (GAMMA, 1994). MVC is an architectural

pattern that divides the software into three interconnected parts:

• Model: It is an object representing data or even activity. For example, the algorithm

and math behind calculating the activity coefficient by Debye-Hueckels’ formula.

• View: It is a form of visualization of the state of the model. For example, the solutes

that the user wants to add into the simulation.

• Controller: It offers facilities to change the state of the model. For example, define

which algorithm for calculating the activity coefficient according to the user’s choice

or the value of the ionic strength (if the user did not specify which one to use).

In Figure 4.2 any kind of information flow is indicated by the direction of the arrows
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going out or in from the components.

Figure 4.2 – Architecture of the software SHPECK

4.4.1 Technical Specification

SHPECK is coded in C++, which has a bias toward system programming that supports ef-

ficient low-level computation, data abstraction, object-oriented programming, and generic

programming (DALE, 2004) (STROUSTRUP, 1997). It provides powerful and flexible

mechanisms for abstraction. In other words, the language allows the programmer to in-

troduce and use new types of objects that match the concepts of an application needs.

Thus, C++ supports styles of programming that rely on relatively direct manipulation of

hardware resources to deliver a high degree of efficiency. It can also address higher-level

styles of programming that rely on user-defined types to provide a model of computa-

tion that is closer to human’s view of the task being performed by the computing system.

Application libraries often support these higher level styles of programming. While de-

veloping SHPECK, two supporter tools were adopted:

• Qt : It is a cross-platform application and UI framework for developers using C++

(QT, 2014). Qt turns the development fast and easy. With extensive built-in library

classes available, it provides a comprehensive range of functionality, as well as a

convenient platform.
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• Armadillo : It is a C++ linear algebra library that provides classes for vectors, ma-

trices, cubes and a whole set of functions to operate on the classes (SANDERSON;

CURTIN, 2014). Its syntax is similar to Matlab, and it has an up-to-date support

with upgrades and new releases made available on a monthly basis.

Important to mention that the system is being developed in a MAC platform, but since the

beginning of the development process, the goal was to develop a multi-platform software

to be distributed either in Windows and LINUX-like systems.

Object-oriented and software engineering concepts (MEYER, 2000) and arguments are

maintained close during the development of SHPECK to produce o high-class software.

4.5 Governing equations

SHPECK uses thermodynamic equilibrium reactions as equations for the calculation of

multiphase systems in equilibrium. Details and treatments of these reactions are discussed

in details in chapter 2. A set of mass-action equations (as in equation 2.2) compose the

system, and the number of species and compounds that coexist in the system defines

the number of equations. These equations model the geochemical speciation in a closed

system taking into account the chemical properties of the solutes.

Aside from the mass-action equations there must be additional constraints to solve the

equilibrium state of the system. In SHPECK, the concentration of the species was used to

deal with the equilibrium state of the system. Therefore, we ended up with the following

configuration:

Saqueous = Nreactions +Neqconstraints (4.1)

where Saqueous are the number of aqueous solutes in the solution, Nreactions are the num-

ber of mass-action equations and Neqconstraints are the number of equilibrium constraints

imposed by the user. Equation 4.1 is responsible for the conceptualization of generating

a solvable system of equations. The number of unkowns of the system is defined by the

original chemical composition of the water and is defined in the equation by Saqueous.

Saqueous is defined after analyzing the chemical composition and verifying how many

possible chemical compounds will exist on the water solution. All the possible chemical

compounds in that particular solution are described by a group of equilibrium reactions.

The solution of a linear system requires extra equations to acchieve a system with a single
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unique solution. Therefore, Neqconstraints is used with the concentrations of species that

the user has provided by the interface as an extra set of equations.

In order to have a better efficiency on the method, we use equation 2.2 reformulated by

applying natural logarithm in both sides, as expressed below:

ln(Kj) = ln(
N∏
i=1

a
vij
i ) (j = 1, ...,M) (4.2)

4.6 Numerical Method

In order to solve the system composed of the equilibrium state of the mass-action equa-

tions and the equilibrium constraints, SHPECK uses a numerical method that solves the

complete set of equations simultaneously and find the value of the unknowns (solute con-

centrations).

Newton-Raphson’s method is used to solve a system of coupled nonlinear equations. The

first-order approximation of the function starts with an initial guess for the minimum

values, the method proceeds by the iterations as shown in equations 4.3. The system

of equations is nonlinear due to the fact that there are several processes that impact the

equations, for example: ionic strength of the solution, activity of the solutes, etc.

F (x+ 1) = F (x)− J−1 ∗R (4.3)

where F is function’s result for the applied x, J−1 is the inverse of the Jacobian matrix,

and R is the residual vector ((ISAACSON; KELLER, 1966)). The Newton-Raphson’s

method has a complexity O(n3) per iteration with a quadratic convergence.

The Jacobian Matrix is the matrix of all first-order partial derivatives of the equations and

it is defined as

Jmn =
∂ym

∂xn
(4.4)

where the yi’s are a new coordinate system defined in terms of the original coordinate

system, the xi’s. In differential equation theory, the Jacobian matrix plays a key role in

defining the stability of solutions.

In the jacobian matrix, each line of the matrix corresponds to an equation and each row

corresponds to an unknown. The total equations used in the jacobian are composed
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by the previously defined equilibrium reactions and system constraints (Nreactions and

Neqconstraints) and the unknowns corresponds to the solutes found in the system (Saqueous).

In the jacobian, each position is composed by the partial derivative of the equation towards

the corresponding solute.

The residual vector (R) is defined as a vector containing the resulting values for each

equation.

R =


F (x1)

...

F (xm)

 (4.5)

where m is the number of unknowns (or mass-action equations plus equilibrium con-

straints).

The algorithm consists of iteratively calculating new approximations for the unknown

values, through the matrix equation:

[J ]−1
iteration ∗ α[U ]iteration+1 = [R]iteration (4.6)

where J is the Jacobian Matrix; α[U ]iteration+1 is the unknown composition at the next

iteration; iteration is the iteration number and R is the residual vector. With this, it is

possible to state the [U ]iteration+1 value with:

[U ]iteration+1 = [U ]iteration + α[U ]iteration+1 (4.7)

The initial guess of the solutions is an approximation that the user provides to the Newton-

Raphson method. This method needs a seed to start the calculations (usually this guess

is used for F (0)). If the guess is close to the real root value the number of iterations

necessary to obtain the solution is small. If the guess is far from the real solution, more

iterations are needed to find the correct solution.

Specifically, SHPECK’s equations can be described as: F1(x1, ..., xn),...,Fm(x1, ..., xn).

The partial derivatives of all these equations with respect to the variables x1, ..., xn can be

organized in a m-by-n matrix, the Jacobian matrix, as bellow:

J =


∂F1

∂x1
· · · ∂F1

∂xn

... . . . ...
∂Fm

∂x1
· · · ∂Fm

∂xn

 (4.8)
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In our case,m = n and the jacobian matrix is a square matrix generated once and updated

every iteration. With the equations selected and organized, the derivatives of each reaction

towards each variable are calculated and the jacobian matrix is modeled and stored.

It is important to realize that the main complication of using the Newton-Raphson method

to solve a system of nonlinear equations is defining the equations (and their derivatives)

included in the Jacobian Matrix. As the number of equations and unknowns increases

(n), so does the number of elements in the Jacobian (n2).

4.6.1 Halite example

The halite example is shown to exemplify the governing equations and the important

variables in a geochemical speciation model. The equilibrium reactions, equilibrium con-

straints and unknowns are described in details. To begin, the equilibrium reactions that

exist in an halite solution are the following:

• NaClaq <=> Na+ + Cl−

• HCl <=> H+ + Cl−

• NaOH +H+ <=> H2O +Na+

• OH− +H+ <=> H2O

The total number of equilibrium reactions in this case is 4. From this, we conclude that the

unknown variables (aqueous solutes) of the system are: H2O, Cl–, H+, Na+, NaCl, HCl,

NaOH and OH–. There are 8 unknowns in this system. With this in hand, the system

requires more 4 equilibrium constraints to satisfy equation 4.1. The concentration of

some species is a good example of equilibrium constraints, so, we define the following

concentrations:

• H2O concentration;

• H+ concetration;

• Na+ concetration;

• Cl− concetration;

Mathematically, the system is well-posed and a solution can be found. In this case,

Nreactions and Neqconstraints are equatl to 4 and the Saqueous is equal to 8.
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4.7 Algorithm

SHPECK’s algorithm takes as its input a specification of the system’s state. For exam-

ple, this consists of the values for the concentrations of the solutes in the solution, the

temperature of the system, the method used to calculate activity coefficient, etc. It then

calculates the system’s state by executing the numerical iterative process of achieving a

solution. Figure 4.3 presents the high-level algorithm in details. Due to this work’s scope

we only specify the algorithm inside the box called "Newton’s Method Solver". The al-

gorithm of how the governing equations control the numerical methods is presented in

Figure 4.4.

Figure 4.3 – High-level algorithm of SHPECK
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Figure 4.4 – Algorithm of the Newton’s Method Solver

4.8 Graphical User Interface

Due to the enormous amount of options connected to the nature of geochemical modeling,

it is necessary to develop the software as an intuitive and user-friendly utility.

SHPECK and its user interface were developed following a user-centered approach due

to the presence of experts in geochemistry in the project.

4.8.1 SHPECK’s GUI

In existing geochemical modeling software systems, the GUI are either poorly imple-

mented, or not implemented at all. The GUI of SHPECK enables the user to streamline

and conveniently construct a geochemical environment for modeling. SHPECK’s GUI
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works based on tabs, where each tab is responsible for viewing/displaying a specific as-

pect of the software. They are presented in detail below:

• Configurations tab: this allows users to view and manipulate basic system settings

and to control temperature, activity coefficient calculation method, the number of

iterations, solver options, and error and convergence criteria. It is shown in Fig-

ure 4.5.

• Chemical phases in the water tab: it allows users to create and edit the composi-

tion of the water that will be used in the geochemical speciation model. It has the

complete catalog of species available from the database. The species in the tab that

have concentrations other than zero compose the water. This tab is presented in

Figure 4.6.

• Tab of results: Allows the user to see relevant input information and the outputs of

the geochemical speciation model, such as, temperature, ionic strength, pH of the

solution, final concentration for the species, saturation indexes, etc. It is shown in

Figure 4.7.



60

Figure 4.5 – Configuration tab

4.8.1.1 GUI Interaction

To demonstrate how is the user interaction in SHPECK, the selection of which method

used to calculate the activity coefficient will be detailed. Figure 4.8 shows the avail-

able options (displayed to the user as radio buttons). There are four: automated, Debye

Hueckel, Bdot and Davies. The automated option will allow choosing among the avail-

able methods the one that fits best to the modeled system. The methods were described

in Section 2.1.5. Inside the logic of the program, the system identifies which one should

be used (Code 4.1) and calls the proper method (Code 4.2).
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Figure 4.6 – Chemical phases in the water tab

Code 4.1 – Implementation of the Activity Coefficient calculation method

if ((iStrength < I_STRENGTH_DBH_MAX && option == 0) || (option == 1)){

// Debie-Huckel Equations

qDebug() << MODEL_OF_EQUATIONS_DBH;

if (option == 0)

selectedEqMethod = "Automatic (Debie-Huckel)";

actCoeffList = ActCoeffDBH::actCoeffDBH(actCoeffDatabase.getADH(),

actCoeffDatabase.getBDH(),iStrength,

variables,charges,ionSizes);
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Figure 4.7 – Results tab

Figure 4.8 – Activity Coefficient Selection Method

Code 4.2 – Implementation of the Debye Hueckel method

QList<double> ActCoeffDBH::calcActCoeff(double adh,

double bdh,

double ionicStrength,

QStringList variables,

QStringList charges,

QStringList ionSize)

{

QList<double> actCoeff;

for (int i = 0; i < variables.size(); i++){

double value = (adh * qPow(charges.at(i).toDouble(),2.0) *

qPow(ionicStrength,0.5) * -1)/

(1 + ionSize.at(i).toDouble()* bdh * qPow(

ionicStrength,0.5));

value = qPow(10.0,value);

actCoeff.push_back(value);

}

return actCoeff;

}
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4.8.1.2 Chemical phases in the water

The chemical composition displayed to the user in the ’compounds tab’ comes from the

database. It shows the chemical species that are present in the SHPECK’s database.

Among these, the user can define the concentration for each one, and this is corresponding

to the water composition that will be simulated and speciated. A simple water compo-

sition is shown in details in Figure 4.9. When the SHPECK runs, this water definition

is fetched from the database (Code 4.3), each query is treated as one component of the

water (Code 4.4) and each component is added to the water composition of the system

(Code 4.5).

Figure 4.9 – Water composition detailed

Code 4.3 – Fetching the water composition from the database

// Get water composition information from database

status = DatabaseHelper::getWaterComposition(&waterShpeck,dataBase,&

pHValue);

Code 4.4 – Excerpt of the water composition saving code

if (query.exec(sql))

{

while(query.next())

{

// Set values inside the class WaterComposition

// from the query returned from the database

waterShpeck->addComponent(&query);

Code 4.5 – Detailed composition of the water

Composition* composition = new Composition();

composition->setConcentration(query->value(0).toFloat());

composition->setName(QString(query->value(1).toString()));

composition->setCharge(query->value(2).toFloat());

composition->setIonSize(query->value(3).toFloat());

composition->setMoleWt(query->value(4).toFloat());

composition->setNumberOfElements(query->value(5).toInt());

componentsList.push_back(*composition);
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4.9 Database

As can be observed in this chapter, the algorithm of SHPECK requires many interactions

between many different entities and tables. The database is responsible for providing the

data that will flow through SHPECK. Chapter 3 indicates that using a flat file database

poses difficulties to users in this geochemical application software packages. Potential

issues of using flat file databases are: duplication of the information; non-unique records;

difficulty in updating and maintenance; inherent inefficiency; rigidity (difficult data for-

mat); and insecurity (DAUERER; KELLEY, 2000). In SHPECK, we use a relational

database, which prevents the problems faced in flat file ’databases’ previously discussed.

Besides that, there are three important advantages:

• Memory saving, since the information is not fully load in main memory during

run time. The software fetches the information when required by each module.

The data is permanently stored and structured according to the requirements of the

application.

• Direct access to relevant information: SQL queries are built and fetched when re-

quired by the software modules, avoiding sequential search over text files. Only the

chemical phases that are part of the simulated reaction are loaded into memory to be

processed by the software. Complex queries and concatenation of queries result in

a faster and more efficient use of the available resources. The semantic connection

between the relational data allows semantically richer queries when fetching data.

The database model (and architecture), presented in details in Figure 4.10, was defined

after studying the speciation algorithm and determining what would be the structure and

the information requested. The relational database supports all the important function-

alities requested for a geochemical modeling software, and the structure was defined in

order to compact, organize, structure and make the information access efficient by the

modules.
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Figure 4.10 – ER Diagram of the database

4.9.1 Database Technologies

The implementation was done with SQLite database (HIPP, 2015), which is a software-

library that implements a self-contained, transactional SQL open source database engine.

Currently, it is the most widely deployed SQL database engine. Some of its advantages

are presented below:

• Zero-Configuration: SQLite does not need to be installed before it is used, there is

no setup procedure;

• Serverless: The process that wants to acess the database reads and writes directly

from the database files on disk. There is no intermediary server process (nor inter-

process communication using TCP/IP);

• Single Database File: A SQLite database is a single file located in the directory hi-

erarchy, so it can be easily copied onto a USB memory stick or emailed for sharing;

• Stable Cross-Platform Database File: A database file written on one machine can be



66

copied and used on a different machine with a different architecture. Furthermore,

SQLite is backwards compatible (newer versions can read and write older database

files).

4.9.2 LLNL thermodynamic dataset parser

The parser is needed to populate SHPECK’s database with thermodynamic properties

from an existing source. After the structure and the technology of our database were de-

fined, a parser was prepared to extract the information from LLNL’s flat file database. The

parser was generated carefully to ensure that all of the data and delimiters were identified

and treated properly. This task was extremely time-consuming because of irregularities

found in the flat files (i.e. wrong tab or space formating, different encoding of the files,

etc). Figure 4.11 describes the parser in detail. The parser was used only on the develop-

ment of the SHPECK - in the distribution of the software, the database provided within

the package is already populated and ready to be used.
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Figure 4.11 – LLNL thermodynamic dataset parser algorithm

4.10 Summary

• Architecture: SHPECK follows the architectural pattern called MVC. Its benefits

are the complete separation of responsibilities and concerns among the parts of the

software. Another advantage is its flexibility that allows the software to grow and

develop further. Figure 4.2 displays the MVC pattern existing in SHPECK.

• Governing Equations: SHPECK is a geochemical speciation modeling software that

drives the behavior of the aqueous system based on a set of mass-action equations

combined with equilibrium constraints. A mass-action equation is described in

equation 2.2 and reinforced here:

Kj =
N∏
i=1

a
vij
i (j = 1, ...,M) (4.9)

whereKj denotes the equilibrium constant of the j-th reaction; a denotes the activity

of the i-th chemical species.
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• Numerical Method: SHPECK applies the Newton-Raphson method to solve the non-

linear system of equations. The concept of the method is described in equation 4.3

and reinforced here:

F (x+ 1) = F (x)− J−1 ∗R (4.10)

where F is function’s result for the applied x, J−1 is the inverse of the Jacobian ma-

trix, and R is the residual vector. The quadratic rate of convergence of this method

compensates the expensive calculation inherent to it.

• Graphical User Interface: The GUI mission is to enable the user to use the full

potential SHPECK has to offer. It was developed based on direct contact with ex-

perts; it allows the user to focus on essential duties that are imperative to modeling

a geochemical environment. We use the popular approach of tab panels, which are

separated according to their purposes: configurations and settings, water composi-

tion, and results visualization.

• Database: A geochemical modeling software is dependent on the information pro-

vided in the database. SHPECK structures its data in a SQLite relational database,

which is an unique approach among the comparable software available. SHPECK’s

database is composed of the information about elements, species, compounds, reac-

tions and thermodynamic constants found in the LLNL thermodynamic dataset. A

parser for LLNL flat file database was created to fetch this information and store it

into the SHPECK’s database.

• SHPECK’s software engineering: A set of techniques provided in (MEYER, 2000)

were carefully followed along every step in the development of SHPECK.

• The updated version of Table 3.1, including SHPECK, is shown as Table 4.1.
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Table 4.1 – Updated version of table 3.1
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EQ3/6 2 2 1 1 3 5 1 1 1 1.88
PHREEQC 4 4 2 2 3 4 2 3 1 2.77

MINTEQA2 4 2 1 1 2 2 1 1 1 1.66
SOLMINEQ.88 3 1 1 1 1 5 1 1 1 1.66

SHPECK 4 4 2 3 3 4 3 4 4 3.44
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5 VERIFICATION AND EVALUATION

In order to test and evaluate the simulator, we model the diagenetic reactions observed in

Snorre Field reservoir sandstones of Norwegian North Sea. The main reservoir horizons

of the field are the fluvial sandstones in the upper member of the Upper Triassic Lunde

Formation and the Upper Triassic to Lower Jurassic Statfjord Formation (HOLLANDER,

). The sandstones sampled for this study, according to Morad (MORAD. S., 1990),

belong to the upper member of the Lunde Formation. The sandstones are dominantly

fine to medium-grained and arkosic, with framework constituents of quartz (40-80%),

K-feldspar (5-12%), plagioclase (15-45%), muscovite, biotite and clay minerals that in-

clude smectite, mixed-layer clay minerals, chlorite and subordinate amounts of kaolinite

and illite. Subordinate rock fragments include intraformational mudstone and carbonate

clasts and extrabasinal grains of quartz-feldspar-mica aggregates that probably represent

granitic rocks and/or schist or gneisses. Mica and detrittal clay minerals seldom make up

more than 2% of the total mineral content in the sandstones. Diagenetic clay minerals

include pore-filling kaolinite and pore-lining smectite, mixed-layer chlofite-smectite, and

chlorite. Other cements include the carbonates (0.0-25%) which play a significant role

in porosity reduction in some of the sandstones. Authigenic overgrowths are primarily

quartz, anatase and minor albite, pyrite and barite.

5.1 Case Study

For the model’s validation, the diagenetic reactions observed in Snorre Field reservoir

sandstones, Norwegian North Sea were simulated. Morad (MORAD. S., 1990) modelled

the diagenetic reactions that take place in the Snorre Field. The modeling set up and

results given by this author describe the texture, origin, chemistry of the sandstones reser-

voirs in terms of the water composition and temperature.The description of the diagenetic

reactions and these data allowed us to generate a computationally comparative study and,

consequently, to validate SHPECK’s results.

We model and compare the same diagenetic environment using SHPECK, PHREEQC

and MINTEQA2. The water composition is detailed in (NORDSTROM et al., ).

We approach the environment described above following two methodologies: petro-

graphic analysis and computational. The first one analyzes and compare the behavior

of SHPECK with petrographic analysis through thin sections (available in (MORAD. S.,



71

1990)). The second treats the direct comparison of SHPECK’s results side-by-side with

other software’s.

5.1.1 Petrographic analysis compared with Shpeck

As stated in (MORAD. S., 1990), the model presented in (EGEBERG; AAGAARD,

1988) calculates activities of the various ions of formation waters using the ion associ-

ation model (originally described in (WIGLEY, 1977)). The thermodynamics data used

in this modeling are given in (HELGESON; KIRKHAM, b), (HELGESON; KIRKHAM,

a), (HELGESON; KIRKHAM, 1976), (WALTHER; HELGESON, 1977), (HELGESON

H. C.; BIRD, 1978) and (HELGESON H. C.; FLOWERS, 1981). The petrographic anal-

ysis was executed in (MORAD. S., 1990)’s work and in this section we perform a com-

parison from SHPECK’s and the petrographic analysis results.

The activity diagram generated for a known temperature and log activity ratio of Potas-

sium to Sodium ions of (AAGAARD, 1990) is provided as input to SHPECK (Figure

5.1). The results show a consistent pattern: as the temperature rises the potassium activity

gets higher over sodium’s. Which means that the phases associated to the ion potassium

(i.e. K-feldspar, Illite, etc) are precipitating less than the phases associated to the ion

sodium (i.e. Albite) in this study case.

Figure 5.1 – Log activity ratio of Potassium to Sodium ions using the results from SHPECK
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Table 5.1 – Chemical composition of the solution in the seawater at 25o in mM/LC
Al3+ K+ Na+ Ca2+ Mg2+ Fe2+ SiO2 SO 2–

4 Cl– pH
7.59e-5 10.45 479.32 10.53 54.39 3.66e-5 0.073 28.893 559.5 8.22

5.1.2 Computational comparative study

By modeling the same environment using three distinct software packages, we attain a

relevant comparison among the numerical methods and algorithms.

The chemical composition of the water adopted in the models is taken from (NORD-

STROM et al., ), which provides the chemical composition of the seawater (Table 5.1).

The comparative study tested temperatures that have varied from 100oC to 100oC. In

MINTEQA2, due to limitations of its thermodynamics equilibrium database, the maxi-

mum temperature available is 100oC.

We aim to model the diagenetic processes that best represent the behavior of ions in the

water-rock interactions. Figures 5.2, 5.3, 5.4 and 5.5 present the most representative

ions of the solution.

It is possible to see that the behavior of SHPECK is similar to both PHREEQC and

MINTEQA2 in most of the cases, especially in temperatures under 100oC. We observe a

more dissimilar behavior between SHPECK and PHREEQC in temperatures higher than

100oC, but the results were never completely opposite. This can be explained by the

temperature intervals where the equilibrium constant K is not completely defined. This is

a known issue from the LLNL thermodynamic dataset: sometimes equilibrium constants

have no measures in literature and are treated as unknown. SHPECK adopts the nearest

equilibrium constant known value. Unfortunately we do not have access to the whole

software’s details in order to describe how they treat this issue.
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Figure 5.2 – Na+ log activity comparative study

Figure 5.3 – Cl– log activity comparative study

5.2 Database Evaluation

The geochemical modeling tools used in our comparison studies use text files as databases.

The goal of this section is to make clear the difference and - more importantly - the ben-

efits of SHPECK’s relational database. Most of the information inside a geochemical

database is related to each other (i.e. a mineral phase is described by a reaction, a reaction

is composed by solute species, and a solute species is composed of chemical elements).
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Figure 5.4 – Mg+2 log activity comparative study

Figure 5.5 – Ca+2 log activity comparative study

SQLite databases are naturally a structure where the data can be related to each other, and

this significantly improvements the performance and robustness of the application. On

SQLite databases, the data can be accessed using SQL queries that reduce the complexity

and increase the speed on information retrieval. Code 5.1 shows a typical query issued

from SHPECK’s SQLite query. Text database files only allow sequential access to the in-

formation that it contains. In relational databases, the SQL language allows to selectively

locate the needed data.
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Figure 5.6 – K+ log activity comparative study

Figure 5.7 – SO –2
4 log activity comparative study

Code 5.1 – SHPECK’s SQLite example query. The value ”XXXX” is updated

to the simulation’s solute name.

SELECT compoundsComposition.element, compoundsComposition.name,

compoundsComposition.stoich, compounds.eqConstant, termoPolynom.

zero, termoPolynom.one, termoPolynom.two, termoPolynom.three,

termoPolynom.four, termoPolynom.five, termoPolynom.six,

termoPolynom.seven FROM termoPolynom, compoundsComposition,

compounds WHERE compoundsComposition.name = compounds.name AND

termoPolynom.name = compounds.name AND compounds.name = XXXXX;

It is interesting to point out that with Code 5.1 the information is fetched from three

different tables; so, with only one query, many relevant information for the simulation is
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retrieved.

5.2.1 Configuration setup

For evaluating the time advantage of using a database in SPHECK, we have taken time

measures of how long the program was idle waiting for this information and when it

finally was available. In both the relational database and flat file experiments, we used the

NNLN thermodynamic dataset.

At first, we defined what was the information necessary from the database to generate the

set of reactions. After that, we established the order in which this information was needed

and how to fetch it.

The tests were executed on a MacBook air, i7 processor, 1.7GHz, 8GB RAM running OS

X 10.9.3.

5.2.2 Time analysis of fetching information

The objective of the time analysis is to measure how long it takes to fecth the same

information from different types of database. The response time is considered as the

sum of the processing time and the time waiting for the availability of the resource. It

is necessary to understand that until the software has received the information requested

from the database it is inactive and in a standby mode. In order to analyze the response

time within a geochemical analysis point of view, we discuss not only the access time but

also the implications of that information.

When fetching any information from a thermodynamic dataset, it is important to take into

consideration additional data will also have to be retrieved. For example, when fetch-

ing a reaction (as expressed in Equation 2.1) data, the basic information consists of the

compounds that take part on this reaction and the related stoichiometric values. Behind

this action, the database must also provide information about the compounds itself (i.e.

charge, ion size, mole weight, elements in that specie, formula, mole volume) as well as

the reaction (i.e., thermodynamic equilibrium constant coefficients, etc).

Figure 5.8 indicates the time elapsed (in seconds) that it takes to retrieve the necessary

information related to a chemical reaction from the database. In this example, we simu-

lated from 20 to 580 randomly selected reactions in the database. It is possible to observe
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that SHPECK’s database has improved approximately 40% in the average time elapsed

to fetch the information if compared to the regular text file databases used by other simu-

lation packages.

Figure 5.8 – Time elapsed in seconds X Reactions Accessed
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5.3 Summary

• Diagenesis: This term refers to chemical and physical changes taking place in a

rock due to chemical reactions. In this study we reproduce the diagenetic reactions

observed in Snorre Field reservoir sandstones, Norwegian North Sea. The environ-

ment modeled is described in (MORAD. S., 1990) and the chemical composition of

the water in (NORDSTROM et al., ).

• Comparative study: We performed a comparative study of SHPECK and other avail-

able geochemical speciation software. The results prove that SHPECK produces

comparable results. The discrepancies are minimal and the differences can be jus-

tified by the software-specific implementations of the mathematical and computa-

tional treatment to the set of equations and other parameters.

• Database evaluation: The lack of a relational database in other geochemical mod-

eling software makes it clear that none of the existing options were developed with

emphasis on a computer science emphasis. SHPECK uses a SQLite database spe-

cially developed to support a geochemical speciation modeling software. This de-

sign option enables the software to achieve efficient performance, and handle com-

plex data queries and retrieval. A comparative plot highlights the advantages in

elapsed time by the number of reactions requested.
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6 CONCLUSION

In this work, we reported the development of SHPECK, a modeling software package

intended to raise the quality of available geochemical speciation. The program innovates

by including a visual user interface that allows to parametrize the reaction simulation, as

well as a relational database component. The user interface implements a dynamic tool

that facilitates the simulation case preparation. SHPECK accepts any general combina-

tion of chemical elements, mineral species and chemical reactions, along with definitions

of boundary contour conditions of temperature, pH, pressure, etc.

In the development of SHPECK, as would be expected, the first part of the work was to

understand the topic of geochemical modeling. Subsequently, available alternative op-

tions of geochemical modeling tools were evaluated. Based on the findings, the program

SHPECK was designed to address the weakness of the existing alternative models.

The first challenge was to design the database that would fit the information of the

geochemical speciation modeling software. This information was parsed from a well-

stablished source and organized in a SQLite relational database. Once SHPECK’s database

was ready, the speciation method was coded.

Speciation is the calculation of the distribution of dissolved solutes in the water and sat-

uration indices of various minerals. SHPECK calculates the speciation of a solution

based on a set of mass-balance equations, which are solved iteratively using the Newton-

Raphson numerical method.

Once the implementation of both database and mathematical treatment was completed,

the user interface was developed. SHPECK’s GUI allows significantly simpler method of

setting up a geochemical model compared to the available methods.

The completed software was tested and its results compared with the results obtained with

the existing modeling programs. The results obtained with SHPECK were found to be

consistent with those produced by the alternative solutions.

SHPECK’s results accuracy is equivalent and within the expected range to the case study

developed in this work. The results show that all the three software compared have nearly

the same results with the same inputs. Slight differences are found when simulating with

temperatures higher than 100oC, which appear to arise from discrepancies in the thermo-

dynamic properties of the equilibrium constant, mathematical details and the numerical

method used in each software.

Due to reasons, like time and purpose, there are still some points along this work where
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there are enhancements to be done. For instance, add the kinetic reactions to SHPECK’s

solver - it is a delicate topic since adding kinetic reactions implies not only working with

mass balance equations but also with chemical elemental mass evolution. The elemen-

tal mass evolution describes mass change through mass transfer and kinetic reactions

of solids and solute-solute interaction, which is described in details in (PARK, 2014).

Moreover, we also plan to create a distribution platform where users can register, interact,

collaborate in forums, indicate bugs, and download SHPECK.
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