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RESUMO

A comunidade cientifica tem presenciado um avango na modelagem geoquimica para
ambientes naturais e hipotéticos. Este desenvolvimento estd relacionado com técnicas
numéricas capazes de solucionar problemas matematicos complexos, bem como a
melhoria da capacidade de célculo dos computadores. Embora os conceitos fundamentais
da modelagem quimica tenham evoluido com o tempo, a modelagem geoquimica teve
inicio na década de 60, com os esforgos pioneiros de pesquisadores como Garrels et al.,
(1967) e Helgesson 1967a, 1967b; Helgesson et al., (1968). Devido a complexidade e a
escala de tempo envolvido nas reagbes em ambientes geoldgicos, ndo € possivel
reproduzir em escala laboratorial o comportamento da maioria dos sistemas geoquimicos.
A modelagem numeérica geoquimica pode ser usada para interpretar e prever 0s processos
que envolvem escalas de tempo ndo alcancadas em experimentos de laboratorio. Embora
ndo seja um substituto para o experimento, a modelagem é uma ferramenta valiosa que
pode ser usada para fazer a ligacdo entre experimentos de laboratorio, observacdes de
campo e o comportamento em longo prazo de sistemas geoquimicos. A modelagem
geoquimica é uma ferramenta utilizada para simplificar as rea¢6es diagenéticas existentes
em ambientes deposicionais. A aplicacdo direta da modelagem geoquimica esté aliada
com as caracteristicas estratigraficas e petrograficas da bacia sedimentar. Desta forma,
procura-se apresentar um arcabou¢co com 0 objetivo de adequar a interpretacdo
exploratdria segundo a visdo da estratigrafia de sequéncias, a partir da integracao entre
sismica, perfis elétricos, dados de pocos e paleontologia. O reservatorio selecionado para
este estudo esta situado na provincia de domos de sal da Bacia do Espirito Santo, na altura
da Foz do Rio Doce, respectivamente a cerca de 40 km da costa. O intervalo corresponde
a Formacdo Urucutuca, constituida por lutitos e arenitos depositados em complexos
sistemas de canais entrelagcados, na base do talude, ao longo de calhas geradas pelo
diapirismo de sal. As simulacGes foram destinadas a modelar o efeito da incursdo de
salmouras, provenientes das proximidades do domo de sal, no reservatério durante a fase
de mesodiagénese termobaérica. Para formulacdo do modelo conceitual e configurar as
simulacfes, dados petrograficos simplificados, considerando as fases minerais mais
relevantes, foram utilizados para reconstituir as composi¢cdes dos arenitos durante cada
fase da historia diagenética. A temperatura utilizada nas simulagdes é baseada na
evolucdo da historia térmica e de soterramento dos reservatorios. Composicdes de aguas
dos pocos analisadas em laboratorio desempenhardo o papel das salmouras nos modelos.
Para os dados de composi¢cdo mineraldgica dos lutitos e de composicdo quimica da
provavel agua de formacdo, deslocada pela incursdo da salmoura, foram utilizadas as
informac@es disponiveis de um provavel analogo, os reservatorios turbiditicos da Bacia
do Golfo do México. Para a modelagem geoquimica foram utilizados os softwares
Geochemist's Workbench — GWB® (Bethke, 2002), TOUGHREACT (Xu & Pruess
1998; Pruess, 1991; Sonnenthal et al., 1998, 2000, 2001; Spycher et al., 2003a;
PETRASIM 5) e PRHEEQC (Parkhurst et al., 1999) Os resultados mostram que os lutitos
comportam-se como um sistema de interacdo rocha-fluido dominado pelos minerais, ao
contrério dos arenitos, onde os fluidos dominam basicamente devido a diferenca de
tamanho dos graos e, portanto de superficie especifica para as reagdes. As simulagdes
executadas revelaram o potencial dos simuladores em modelar situagcdes complexas da
diagénese de reservatdrios turbiditicos clasticos, bem como a necessidade de integrar
dinamicamente a diagénese dos lutitos associados com a dos arenitos para que se possa
alcancar resultados coerentes com os padrdes diagenéticos reais.
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ESTRUTURA DA TESE:

Esta tese de Doutorado esta estruturada em torno de artigos publicados e
submetidos a revisdo em periodicos cientificos. Consequentemente, sua organizacao

compreende as seguintes partes principais:

a) Introducdo sobre o tema e descricdo do objeto da pesquisa de
Doutorado, onde estdo sumarizados os objetivos e a filosofia de pesquisa
desenvolvida, o estado da arte sobre o tema de pesquisa, seguidos de uma

discusséo integradora contendo os principais resultados e interpretacdes.

b) Artigos publicados em periddicos ou submetidos a periédicos com
corpo editorial permanente e revisores independentes, escritos pelo autor durante

o desenvolvimento de seu Doutorado.



1. INTRODUCAO

REVISAO DE MODELAGEM GEOQUIMICA E MODELAMENTO
GEOQUIMICO DE RESERVATORIO TURBIDITICO DA BACIA DO
ESPIRITO SANTO

1.1 Contextualizacéo

A modelagem geoquimica é uma ferramenta utilizada para simplificar as reagdes
diagenéticas existentes em ambientes deposicionais. A complexidade observada neste
ambiente inclui processos diagenéticos responsaveis pela heterogeneidade dos
reservatorios. Na diagénese ocorrem processos fisicos, quimicos e bioldgicos pés-
deposicionais, nos quais o sedimento, em interacdo com a agua intersticial, sofre diversas
reacOes fisico-quimicas, huma tentativa de alcancar o equilibrio com o ambiente (Burley
etal., 1985).

A aplicacdo direta da modelagem geoquimica esta aliada com as caracteristicas
estratigraficas e petrogréficas da bacia sedimentar. Desta forma, procura-se apresentar
um arcabouco com o objetivo de adequar a interpretacdo exploratoria segundo a visdo da
estratigrafia de sequéncias, a partir da integracdo entre sismica, perfis elétricos, dados de
pocos e paleontologia.

Nesta tese de doutorado foi estudada a bacia sedimentar Espirito Santo, localizada
ao longo do litoral centro-norte do estado do Espirito Santo e o litoral do extremo sul do
estado da Bahia, na altura da Foz do Rio Doce a cerca de 42 km da costa. O reservatorio
produtor de gas corresponde a turbiditos terciarios e as acumulagdes sdo controladas pela
movimentacdo halocinética observada na regido. A Sequéncia deste reservatério
representa o pacote sedimentar assentado sobre a discordancia do Pré-Eoceno Superior,
mapeéavel regionalmente na Bacia. Depositada durante o periodo de quiescéncia tectbnica
onde o input siliciclastico foi governado por erosdo dando origem a um grande sistema
de reservatorios turbiditicos que na atualidade é importante prospecto na Bacia do
Espirito Santo. O reservatorio € formado predominantemente por corpos arenosos
acanalados depositados no trato de mar baixo. A fonte de seus sedimentos consistiu

predominantemente de arenitos retrabalhados de sequéncias subjacentes.



Dados petrograficos desta bacia, coletados pelo laboratério de Mineralogia e
Petrologia da Universidade Federal do Rio Grande do Sul sugerem uma histéria
diagenética dividida em quatro estagios: eodiagénese marinha, eodiagénese meteorica;
mesodiagénese compactacional e mesodiagénese termobarica (Galloway 1984). Estes
quatro estagios correspondem a periodos geoldgicos caracterizados, cada um deles, pela
predominancia de processos e controles diagenéticos que os diferenciam.

O estégio eodiagenético marinho foi caracterizado pela precipitacdo de pirita e
carbonatos. O estagio eodiagenético metedrico € registrado pela intensa dissolucao e
caulinizacdo de grdos silicaticos, em sua totalidade, feldspatos detriticos. A
mesodiagénese compactacional é caracterizada por carbonatos autigénicos, silicificagdo
de grdos (tipicamente intraclastos lamosos) e provavelmente, de forma incipiente e algum
volume de crescimento de quartzo. Fluxo de fluido conatos modificados oriundos dos
lutitos circundantes dentro da sequéncia caracteriza este ambiente. O Gltimo estégio,
mesodiagénese termobarica, foi controlado pelos efeitos da percolagcdo de salmouras
proximos aos reservatorios turbiditicos.

O pocgo, situado numa parte dessa Bacia, que corresponde a Formacédo Urucutuca,
e caracteriza por uma acumulacdo predominante de gas e pequeno volume de 6leo,
armazenados nos reservatorios turbiditicos arenosos estruturados desta Bacia, contra um
domo de sal. Esta formacdo ocorre devido a flutuabilidade relativa do sal quando
soterrado abaixo de outros sedimentos. O sal flui ascendentemente formando um domo
salino. Hidrocarbonetos sdo encontrados geralmente em torno desta formacao, devido a
abundancia de “armadilhas” criadas pelo movimento do sal, ¢ associado com os minerais
evaporiticos podem selar a estrutura.

De posse de dados estratigraficos e petrografico foi possivel criar um modelo
conceitual, o qual é um modelo capaz de simplificar a realidade deposicional da bacia
sedimentar de forma que seja modelado experimentalmente ou através de processos
computacionais. Para isso, existem no mercado diversos simuladores capazes de formular
modelos geoquimicos prevendo as reacdes diagenéticas.

Os softwares de simulagdo utilizaram os modos Batch (sistema fechado
constituido de um unico volume espacial onde ndo é permitido fluxo de componentes) e
1D (envolve a interacédo de fluidos com o meio geologico permitindo a entrada e saida de
componentes atraves de um fluxo continuo). Estes softwares geralmente séo projetados

de uma forma genérica, sendo utilizado para recriar qualquer ambiente deposicional. Para



a modelagem geoquimica do estagio da diagénese de interesse foram utilizados os
softwares Geochemist's Workbench - GWB®, TOUGHREACT e PRHEEQC.

1.2 Problema Cientifico

Um sistema petrolifero é um ambiente fisico-quimico dindmico de geracao,
migracao e armazenamento de petrdleo. Inicialmente, o petroleo é gerado em uma rocha
rica em matéria organica que tenha sofrido um processo de maturacdo a determinada
profundidade (rocha geradora). A seguir, esse petréleo precisa migrar até encontrar
litologias que sirvam para armazena-lo e reté-lo na rocha-reservatério atraves de uma
rocha selante, definida como uma rocha que possui caracteristicas permo-porosas muito
reduzidas, o que dificulta a passagem dos hidrocarbonetos (Magoon et al., 1994; Gluyas
et al., 2004).

Ao contrario de uma rocha selante, uma rocha-reservatorio é caracterizada por ter
alta permo-porosidade, ou seja, poros em quantidade suficiente para armazenar o petréleo
e boa interconectividade entre eles (permeabilidade). Estas rochas podem ser carbonaticas
(Roehl etal., 1985) ousiliciclasticas (Barwis et al., 1990). Os processos diagenéticos mais
comuns que afetam uma rocha-reservatorio siliciclastica séo: calcitizacdo, zeolitizacao,
dissolucdo, caulinizacdo, albitizacdo, dolomitizacdo, recristalizacdo e cloritizacdo
(Tucker, 2001). Se precipitados em quantidades suficientes, esses minerais diagenéticos
formam cimentos e obstruem os poros, comprometendo as caracteristicas permo-porosas
da rocha, tornando-a invidvel como reservatorio. Porém, também hé a possibilidade de
dissolucdo posterior de cimentos diagenéticos, gerando porosidade secundaria, como
acontece em muitos reservatorios.

Os processos diagenéticos permitem que uma variedade de minerais diagenéticos
ocorra como cimento nas rochas sedimentares. Como cimento entende-se a precipitagdo
e o desenvolvimento de minerais nos poros das rochas (Worden et al., 2003). Os cimentos
mais comuns sdo: i) quartzo na forma de crescimentos secundarios (overgrowths) e
microcristais intergranulares; ii) k-feldspato diagenético como crescimentos secundarios
(overgrowths) ao redor de gréos detriticos ou como cristais discretos preenchendo poros;
iii) carbonatos do tipo calcita e dolomita, siderita e mais raramente anquerita, rodocrosita
e magnesita; iv) argilominerais como caulinita, ilita, clorita e os interestratificados

(especialmente ilita-esmectita. A esmectita também é verificada como cimento, porém, é
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menos abundante. Os argilominerais sdo volumetricamente menos significativos, mas
extremamente importantes, pois ocorrem como cimentos ou franjas ao redor de gréos,
exercendo enorme influéncia na permo-porosidade da rocha, prejudicando a qualidade do
reservatorio (Houseknecht et al., 1992). Os fendmenos quimicos sdo 0s mais comuns e
diversificados da diagénese, compreendendo reacfes que geralmente resultam na
precipitagdo dos minerais autigénicos (Silva, 1991). Do ponto de vista geoquimico, essas
reacOes acontecem porque 0s constituintes dos sedimentos estdo sempre tentando
alcancar o equilibrio e, por isso, tendem a interagir com fluidos intersticiais através de
uma soma de processos diageneticos (Burley et al., 1985). Desta forma, 0s processos
diagenéticos podem ser controlados ndo s pela temperatura (T), pressao (P) e assembleia
mineraldgica original, como também pelas atividades dos ions dissolvidos nas aguas de
formacédo, Eh (potencial de oxirreducéo) e pH (atividade dos ions hidrogénio), aléem da
interacdo com 0s sistemas organicos.

Galloway (1984) estabelece trés regimes hidroldgicos principais para as aguas de
formacao, relacionados a movimentacao e local de ocorréncia destas aguas em uma bacia:
i) regime metedrico, caracterizado nas por¢des mais rasas da bacia, onde a dgua presente
nos sedimentos é oriunda de infiltracdo superficial até o lencol freatico e pode atingir até
2 km de profundidade; ii) regime compactacional, relacionado a expulsdo da agua dos
poros em funcdo da compactacdo; iii) regime termobarico ou abissal, associado as partes
mais profundas da bacia, onde o fluido intersticial pode ser gerado a partir da desidratacao
de alguns argilo-minerais e sais.

Considerando a hipdtese de que é possivel modelar as fases diagenéticas
existentes em um arenito reservatorio para prever a qualidade dos mesmos como um
potencial acumulador de 6leo ou gas, a modelagem geoquimica aplicada a bacia do
Espirito Santo permite prever as reacfes diagenéticas existentes neste ambiente
deposicional. Estas reagOes impactam diretamente na quantidade e qualidade do
reservatorio no cenario da exploracdo de hidrocarbonetos. Desta forma sabendo a
porosidade e permeabilidade, adquiridos pela modelagem geoquimica, é possivel estimar

a integridade do reservatorio.
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1.3 Analise Integradora
A ordem dos artigos publicados segue uma sequéncia de estudos e aplicaces.
a) Artigo 1: Application of geochemical modeling software as a tool to predict

the diagenetic reactions between marine connate water and the salt dome

existing in a petroleum system. Applied Geochemistry (Revisions being

processed).

Abstract

The field of geochemical modeling has grown rapidly since the early 1960s when the first
attempt was made to predict the concentrations of dissolved species in seawater. Today’s
main challenges would be addressed by using geochemical modeling programs to predict
the quality of petroleum reservoirs. Therefore, new technologies have been employed for
this purpose. The numerical modeling of transport and reaction was used for the
understanding of the evolution of the diagenetic processes and their importance in the
characterization and prediction of oil reservoir quality (Meshri & Ortoleva 1990; Brenner
et al., 1991). Several research groups tried to develop numerical codes for geochemical
modeling with and without success. The critical factors for this use are (i) verification of
the simulation results with empirical data set and (ii) sensitivity analysis of these results,
for the construction of general models which provide a predictive character. This last
factor is particularly the most important as it establishes the qualitative and quantitative
impact of each parameter in the simulations. Thus, with complete diagenetic numerical
model, it is possible to perform various simulations modifying one or another parameter
to test the sensitivity in the construction of these different geological scenarios. This set
includes mineral composition and texture, composition of fluids, paragenetic sequence
and burial history. This work brings fundamental concepts related to this topic as well as
an analysis of commercial software and the usage of them to the oil/gas industry on the
prediction of reservoir quality. In this context, we analyzed the following software of
geochemical modeling: PHREEQC, GWB and TOUGHREACT in batch and generate
1D models with the software GWB and TOUGHREACT. In this study, we modeled the
interaction of a marine connate water with a turbidite reservoir in petroleum system of
Gulf of Mexico, using the software PHREEQC, GWB and TOUGHREACT. Through
compaction and a system of frissures in the sandstone, this brine is expelled from the salt
dome reaching the reservoir. The high salinity and the concentration of the solutes induce
diagenetic modifications in the sandstones. The scenario chosen for simulations was
described in detail by Willson & Fredrich (2005). These interactions affect the diagenetic
reactions existing in the sandstone and change the quality of this reservoir.

O objetivo principal deste “Artigo 1” é a fazer uma revisdo bibliografica dos
principais softwares de modelagem geoquimica existentes no mercado e utilizar o
PHREEQC, GWB e 0o TOUGHREACT em um estudo de caso. O senario escolhido foi



12

um sistema petrolifero do Golfo do México onde recriamos a interacdo de uma agua
conata marinha com reservatorio de arenitos turbiditicos da regido. Através do
modelamento geoquimico foi possivel reproduzir as reagdes diagenéticas. Um sistema de
fissuras e devido ao fenbmeno da compactacdo, expeliram a salmoura, proveniente do
domo salino, entrando no reservatério turbiditico. Alem dos simuladores serem capazes
de prever as reacOes diagenéticas, os resultados serviram de comparativo mostrando as
tendéncias dos perfis gerados em cada gréafico. As faixas de temperatura ideais nos
mostram a estabilidade do método numérico de cada software juntamente com a
convergéncia de resultados quando os minerais atingem o indice de saturacdo positivo

ocasionando sua precipitagéo.

b) Artigo 2: Formation of magnesite through brine-CO; interaction as an
important method for CO: sequestration: geochemical experiment and

modeling. Brazilian Journal of Geology (Revisions being processed).

Abstract

Burning fossil fuels, which provides more than 85% of the world energy, is one
of the largest source of carbon dioxide emission into the Earth’s atmosphere
(IPCC, 2011; Olivier et al.,2013). Recently, several mitigation techniques have
been studied, including injections of carbon dioxide in mature or depleted oil
reservoirs and deep saline aquifers (Bachu, 2008; Lemieux, 2011). This work aims
to store COz in a mineral form, through the magnesium carbonation of a synthetic
solution obtained from an evaporite rock - Bischofite, a hydrous magnesium
chloride — (Drijkoningen et al., 2011). This work simulates the proper conditions
for trapping CO: geologically (Altman et al., 2014; Mitchell et al., 2010). All the
results were analyzed by Scanning Electron Microscopy (SEM), Elemental
Analyzer CHN X-Ray Diffraction (XRD) and Infrared Spectroscopy (FTIR). Our
experiments resulted in the crystallization of magnesite, which is better
crystallized at neutral conditions (pH 6.9) in few hours of experiments. However,
at longer runs, magnesite became slightly soluble due to the competition between
the magnesite formation and dissolution equilibria, and the formation of species
slightly acids, such as H2COgz(ag) and HCO3(ag). In order to model our experiment
and test the results for natural conditions, we used the TOUGHREACT (version
2.0), Geochemist's Workbench® (GWB version 9.0) and PHREEQC (version
3.0.6) software in "Batch Model" to follow the precipitation of magnesite through
the interaction of the species from the aqueous phase to the gas (CO2) phase,
considering the kinetics of the reactions.

O “Artigo 2” tem como objetivo utilizar um experimento de laboratorio e
comparar os resultados com o modelamento geoquimico. A interacdo de COz com uma

solugcdo super-salina (brine) resultou na precipitacio de carbonato de magnésio
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(magnesite). Experimentalmente foi possivel provar o aprisionamento do CO2) em uma
fase mineral altamente estavel. Com o auxilio do modelamento geoquimico foi possivel
prever a precipitagdo de magnesita e outras fases do sistema Mg-carbonatos. O que se
conclui que o modelamento geoquimico coincide com a parte experimental. Novamente
foi possivel verificar o comportamento dos simuladores e suas discrepancias devido ao

método numérico utilizado na temperatura de simulacéo (120°C).

c) Artigo 3: Geochemical Modeling of Diagenetic Reactions in Snorre Field
Reservoir Sandstones: A Comparative Study of Computer Codes. Brazilian
Journal of Geology, v. 45, p. 29-40, 2015.

Abstract

Diagenetic reactions, characterized by the dissolution and precipitation of
minerals at low temperatures, control the quality of sedimentary rocks as
hydrocarbon reservoirs. Geochemical modeling, a tool used to understand
diagenetic processes, is performed through computer codes based on
thermodynamic and kinetic parameters. In a comparative study, we reproduced
the diagenetic reactions observed in Snorre Field reservoir sandstones, Norwegian
North Sea. Baccar & Fritz (1993) modeled these reactions using DISSOL-
THERMAL code. In this study, we model the diagenetic reactions in the reservoirs
using Geochemist's Workbench (GWB) and TOUGHREACT software, based on
a convective-diffusive-reactive model, and on the thermodynamic and kinetic
parameters compiled for each reaction. TOUGHREACT and DISSOL-
THERMAL modeling showed dissolution of quartz, K-feldspar and plagioclase
in a similar temperature range from 25 to 80°C. In contrast, GWB modeling
showed dissolution of albite, plagioclase and illite, and precipitation of quartz, K-
feldspar and kaolinite in the same temperature range. The modeling generated for
temperatures of 100, 120 and 140°C, by the different software show similarly the
dissolution of quartz, K-feldspar, plagioclase and kaolinite, but differ in the
precipitation of albite and illite. At temperatures of 150 and 160°C GWB and
TOUGHREACT produce results different from the DISSOL-THERMAL, except
for the dissolution of plagioclase and kaolinite. The comparative study allows
choosing the numerical modeling software which results are closer to the
diagenetic reactions observed in the petrographic analysis of the modeled
reservoirs.

O “Artigo 3” faz um estudo de caso das reagdes diagenéticas observadas em um
arenito reservatério do campo de Snorre, Mar do Norte Noruegués. Este local foi muito
estudado pela comunidade cientifica onde seus dados estratigraficos e petrograficos estédo
disponiveis na literatura. Isto possibilitou um estudo comparativo dos modelos gerados
pelos GWB e TOUGHREACT com os resultados de um simulador (DISSOL-
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THERMAL) que recriou 0s eventos diagenéticas em varias temperaturas. Os resultados
deste estudo comparativo revelaram, mais uma vez, a influéncia da temperatura nas
simulagfes. O método numérico utilizado por cada software é o responsavel pelas
discrepancias observadas nos perfis dos indices de saturacdo dos minerais. O que se
concluir que o usuério precisa ter cautela na escolha de um determinado simulador para

recriar as reagOes diagenéticas em um ambiente geoldgico com variagdo de temperatura.

d) Artigo 4: Geochemical Modeling of Burial Diagenesis in Turbidite Reservoirs

from the Espirito Santo Basin (Eastern Brazil). Sedimentology (Revisions

being processed).

Abstract
Diagenetic reactions control the quality of hydrocarbon reservoirs. Geochemical

modeling, a useful tool to understand the diagenetic processes, can be performed through
computer code based on thermodynamic and kinetic parameters. We performed a
comparative study of the diagenetic reactions observed in turbidite reservoirs from the
Espirito Santo Basin, using the Geochemist's Workbench (GWB), PHREEQC and
TOUGHREACT software. The results allowed the comparison of the geochemical
modeling with the petrographic observation of dissolution, albitization and kaolinization
processes, as well as the precipitation of calcite and dolomite. The porosity of the
sandstones can be predicted in relation to the distribution of dissolution, kaolinization and
albitization of feldspars, which significantly changed the essential composition of some
samples.

O “Artigo 4” utiliza o modelamento geoquimico para prever as reagdes
diagenéticas observadas em um reservatdrio turbiditico da bacia do Espirito Santo e uma
correlagdo com os eventos diagenéticos observados nas laminas delgadas (De Oliveira et
al., 2013). A analise petrografica do reservatdrio sugere uma historia diagenética dividida
em quatro estagios principais: eodiagénese marinha, eodiagénese meteodrica,
mesodiagénese compactacional e mesodiagénese termobérica (Galloway 1984). O
estagio eodiagenético marinho foi caracterizado pela precipitacdo de pirita e carbonatos.
No estagio eodiagenético metedrico ocorre dissolucdo e caulinizacdo de graos,
particularmente dos feldspatos e das micas. Na mesodiagénese compactacional verifica-
se precipitacdo de carbonatos e crescimentos de quartzo. O estagio de mesodiagénese
termobérica € caracterizado pela percolacdo de agua salgada proveniente de lutitos

situados préximas aos reservatorios turbiditicos, oriundos de um domo salino. Com isso,
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uma vez que se tenha o modelo numérico diagenético completo, € possivel realizar
diversas simulacGes modificando apenas um ou outro parametro para testar a
sensibilidade destes na construcao de diferentes cenérios geoldgicos. Este conjunto inclui,
por exemplo, composicdo mineral e textural, composicdo dos fluidos, sequéncia
paragenética e histéria de soterramento e de fluxo. Utilizando os softwares de modelagem
geoquimica como PHREEQC, GWB e TOUGHREACT. Os resultados obtidos
permitiram fazer um comparativo da modelagem geoquimica com a observacdo das
laminas petrograficas (De Oliveira et al., 2013). Tanto na modelagem via software como
na petrografia é possivel ver os processos de albitizacdo e caulinizacdo, bem como a
precipitacdo de calcita e dolomita. A presenca de quartzo diagenético € comum nos
arenitos estudados, ocorrendo como crescimentos descontinuos cobrindo os grdos, e
como cicatrizacdo de grdos de quartzo fraturados. Com esses resultados é possivel estimas
a porosidade dos arenitos mediante a combinacdo da dissolucdo, caulinizacdo e
albitizacdo de feldspatos que alterou significativamente a composicdo essencial de

algumas amostras.

Nota: As referéncias citas nos itens: “1.1 Contextualizacdo; 1.2 Problema Cientifico e
1.3 Analise Integradora” estio no final deste documento (pagina 100) como: 4.
REFERENCIAS.

1.4 Artigos Cientificos
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Abstract: The field of gecchemical modeling has grown rapidly since the
early 1%60s when the first attempt was made to predict the concentrations
of dissolwved species in seawater. Today's main challenges would be
addressed by using geochemical modeling programs to predict the guality
of petroleum reserwvoirs. Therefore, new technologies have been employed
for this purpose. The numerical modeling of transport and reaction was
used for the understanding of the evolution of the diagenetic processes
and their importance in the characterization and prediction of oil
reservoir guality (Meshri & Ortolewva 159%0; Brenner et al., 1%31). Several
research groups tried to develop numerical codes for geochemical modeling
with and without success. The critical factors for this use are (i)
wverification of the simulation results with empirical data set and (ii)
sensitivity analysis of these results, for the construction of general
models which provide a predictive character. This last factor is
particularly the most important as it establishes the gualitative and
gquantitative impact of each parameter in the simulations. Thus, with
complete diagenetic numerical model, it is possible to perform wvarious
simulations modifying one or another parameter to test the sensitivity in
the construction of these different geoclogical scenaricos. This set
includes mineral composition and texture, composition of fluids,
paragenetic seguence and burial history. This work brings fundamental
concepts related to this topic as well as an analysis of commercial
software and the usage of them to the oilf/gas industry on the prediction
of reservoir guality. In this context, we analyzed the following software
of geochemical modeling: PHREEQC, GWE and TOUGHRERCT in batch and
generate 1D models with the software GWE and TOUGHREACT. Im this study,
we modeled the interaction of a marine connate water with a turbidite
reservoir in petroleum system of Gulf of Mexico, using the software
PHREEQZ, GWE and TOUGHRELCT. Through compaction and a system of fractures
in the sandstone, this brine is expelled from the salt dome reaching the
reservolr. The high salinity and the concentration of the solutes induce
diagenetic modifications in the sandstones. The scenario chosen for
simulations was described in detail by Willson & Fredrich {2005} . These



interactions affect the diagenetic reactions existing in the sandstone
and change the gquality of this reserwvoir.
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Application of geochemical modeling software as a tool to predict the
diagenetic reactions beiween marine connate water and the salt dome
existing in a petrolenm system

"Marcos Antonio Klunk, 'Rommulo Vieira Conceicio

UInstitute of Isotope Geology, Federal University of Rio Grande do Sul

Abstract

The field of geochemical modeling has grown rapidly since the early 1960s when the
first attempt was made to predict the concenfrations of dissolved species In seawater.
Today's main challenges would be addressed by using geochemical modeling programs
to predict the quality of petroleum reservoirs. Therefore, new technologies have been
employed for this purpose. The numencal modeling of transpert and reaction was used
for the understanding of the evolution of the diagenetic processes and their 1

m the charactenization and prediction of oil reservoir quality (Meshn & Ortoleva 1990;
Bremner et al, 1991). Several research groups tried to develop numerical codes for
geochemical modeling with and without success. The critical factors for this use are (1)
venfication of the simulation results with empirical data set and (1) sensitivity analysis
of these results, for the construction of general models which provide a predictive
character. This last factor is particularly the most important as it establishes the
qualitative and quantitative impact of each parameter in the simmlations. Thus, with
complﬁtedlagmehcmmmalmode],ﬂmpmsibletopaformwnmsmhhms
modifying one or another parameter to test the sensifivity n the construction of these
different geological scenarios. This set includes mimeral composition and texture,
composition of fluids, paragenefic sequence and bumal history. This work brnngs
findamental concepts related to this topic as well as an analysis of commercial software
and the usage of them to the cil/gas industry on the prediction of reservoir quality. In
this context, we analyzed the following software of geochemical modeling: PHREEQC,
GWEB and TOUGHREACT i batch and generate 1D models with the software GWB
and TOUGHEEACT. In this study, we modeled the mteraction of a manne connate
water with a turbidite reservoir in petroleum system of Gulf of Mexico, using the
software PHREEQC, GWE and TOUGHREACT. Through compaction and a system of
fractures in the sandstone, this brine is expelled from the salt dome reaching the
reservolr. The high salinity and the concentration of the solutes induce diagenetic
modifications in the sandstomes. The scenano chosen for simulations was descnibed m
detail by Willson & Frednich (2005). These interachions affect the diagenetic reactions
existing in the sandstone and change the quality of this reserveodr.

Key-words: Geochemical modeling, Marine connate water, Petroleum system

1. Introduction

In order to understand the evolution of the diagenetic processes and predict the
oll reservoirs quality, numenical modeling of transport and reaction can be used
Chemical properties of mimerals and their iteractions with fluds of different
compositions is the basis of this methodology. However, the choice of the computer
program and the petrological scenario designmed for modeling are still a challenge to
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achieve the success. In this study, geochemical models are represented by numerical
equations based m physical-chemical proprieties of the minerals. Mathematical models
allow to simmlate the behavier of water-rock interaction, providing a better
understanding of the development of diagenetic reactions in time and space and its
mfluence on the quality and vanety of hydrocarbon reservoirs. The objective is to
generate a conceptual and software tool to assist geclogists and geochemists in the
exploration and production field in their daily task of assessing exploration nisks and
reservoll charactenization. This work has as purpose to go through some software used
m geochemical modeling To venify the saturation index, was used to the software
PHREEQC, GWB and TOUGHREACT to batch simmulation; and generate 1D models
with the following software GWB and TOUGHEEACT. In this study, we modeled the
mferaction of a marine connate water with a furbidite reservoir in petroleum system of
Gulf of Mexico. Through compaction and a system of fractures in the sandstone, this
brme 15 expelled from the salt dome reaching the reservoir. The high salinity and the
concentration of the solutes mdnce diagenetic modifications in the sandstones. The
scenario chosen for sinmlations was descnbed m detail by Willson & Frednch (20035).
These interactions affect the diagenetic reactions existing in the sandstone and change
the quality of this reservoir.

1. Geochemical Model Approach

A geochemical model is only useful as a tool for prediction if there is a
possibility to validate its results. This is a goal that most often is unattainable by the
complexity of natural systems, insufficiency of field data and wneertainties relating to
the way how the system will change over time. A simplification of reality should be
made in order to treat a model as a tool to estimate the probability that a prediction can
be considered true or false (Mordstrom 1994).

The principle of mass conservation needs to be applied n geochemical models.
Twao categories can classify the models: 1) the ones that do not consider the transport
process refemng only to geochemical reaction or simply "batch models”; i) the others
that consider transport processes and geochemical reactions, which are called models of
coupled transport and reactions. Determmation of geochemical reactions that

max}rstem,quantﬂcahunufﬂ:mmmllsmdeshmhonnfﬂmﬂmmt&i
of groundwater (Parkhurst & Plummer 1993) are examples of applications that use these
models. Much software using the geochemical reactions are based on conservation of
the total concentration of the components combined with the chemical equilibrium_ The
choice of which software better conveys the model 15 a challenge.

3. Simulation Process

The coupled transport model differs from the batch model by adding transport
processes mathematical formmulas to the chemical reaction omes. It smmlat‘es the
evolution n the geochemical system as long as time pass and estimate the flow path of
the fluid that may be 1, 2 or 3 dimensions. The egquation of advechon-dispersion-
reaction (ADE) describes the mathematical process of reaction and coupled transport
within a porous medium with a constant flow rate. One of the problems associated with
the concept of ADR is the dispersivity (Scheidegger 1054) that introdnce a mew
approach to the problem of modeling of flow and dispersion of solutes in porous media:
statistical stochastic. According to Scheidegger (1954) “particles of a fluid not only
move along the flow lines resulting from Diarcy's law but are also dispersed to the sides,
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desigmated dispersivity”, which appears in the equations of motion Under some
statistical assumptions, the dispersivity is constant for porous medium The three
medivm constants deternuine the flow of fluid through the porous medinm: porosity,

Most software allow to calculate the precipitation/dissclution of mineral The
reactions are complexation ion exchange. redox reactions, etc. The main limitation is
the quality and availability of thermodynamic data. Much software have excellent
databases of agueous species and reactions in the mineral phase. The activity of aqueous
species is calculated using the Davies and Debye-Huckel equation (Bethke 2008). The
equations of Pitzer (Pitzer 1991) are important for understanding the behavior of ions
dissolved m natural waters such as nwvers, lakes and seawater (Stumm et al. 1996;
Snoeyink et al 1980; Millero 20068). Software that simulate kinetic reactions use
different mumerical methods for equilibrium systems; therefore these methods are
approprnate for a set of algebraic and non-linear differential equations.

4. Software for geochemical modeling

There are many commercially available software to simumlate systems and
geochemical reactions. Due to a large mumber of programs we will focus just on three of
them PHEEEQC, GWE e TOUGHEEACT. The software is basically divided into 3
modes of mteraction: Geochemical speciation modeling, Geochenuical Reaction (Batch

Systems) e Coupled Transport and Geochemical Feaction. The following are the
characteristics of each mode with their respective software.

4.1. Geochemical speciation modeling

The concept of speciation is applied in many chemical systems in special to
aqueous solutions (Graeme et al. 2009). Such solutions melude natural water systems
such as sea mver, ground and lake waters. The chemical speciation of a system is
determined expenmentally by analytical methods. The geochemdcal speciation
modeling predicts the stable species and separates them according the charge of the
ons, formmg ntermediate species undetectable by amalytical mstrumentation. The
advantage of geochemical speciation is the determination of the concentration of very
diluted intermediate species (Bemhard 1999). The software that do geochemical
modelling speciation are Geochemist's Workbench — GWB, MINTEQA2 and
PHREEQC and they will be described below:

4.1.1. Geochemist’s Workbench — GWE

The GWB was developed by the department of geology at the University of
Tlinpis at Urbana-Champaign in 1978. It is curently marketed by "Agqueous Solutions
LLC". GWB uses modules SpecES® andGSS"m“RmMode” for speciation model.
The user set the initial condition (concentration of species) of the geochemical system in
thermodynamic equilibrivm and GWE starts the calculation and necessary interactions
that lead to speciation model When GWE finishs the simmlation cutput data is
generated. The information contaned in this file are temperature, pressure, pH, lomc
strength water activity, mass of solvent, dissolved solids, solution density and mass of
the rock. An aqueous species list with all solutes presents in the simmlation is formed
The "State Mineral Saturation” of the fluid with the mineral is formed in the system
Three relationships occur: 1) mineral and solufion are m equlibrum - IS = 1; 1) super-
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saturation - IS = 1 and ui) under-saturation - IS < 1 (Bethke 2008). The GWB solve the
equations using Newton-Raphson method (Helgeson et al 1981).

412 MINTEQA?

It is a model of speciation in geochemical equilibrium able to calculate dissolved
quanfiies, adsorhed on the solid or gaseous phase m rebwlding a geological
environment. MINTEQA? includes a broad base of reliable thermodynamie data, which
15 also accessible called PRODEFA?2, an interactive program designed to be executed
before the MINTEQA2 with the pwrpose of creating imput files needed for the
MINTEQA2. MINTEQA? uses Debye-Huckel and Davies equatons to calculate the
activity coefficients (Allison et. al 1991).

413 FHREEQC

PHREEQC is a software written in C and C* program languages designed to
perform a wide range of geochemical caleulations. PHREEQC implements various
types of models in the aqueous phase: lon association models, models of nteraction
between the ions using the Pitzer equations (Pitzer 1991) and a mode] of specific ionic
mteraction. The PHREEQC is able to (1) calculate the saturation index and speciation
(i1} caleulate the reactions in "batch model” and fransport one-dimensional (10}, mixing
solutions, and changing temperature and pressure. PHREEEQC uses the Pitzer model] for
high salinity water that is cutside the range of Debye-Huckel theory. The use of the
Peng-Robnson equation (Stryjek & Vera 1986) is mmplemented to caleulate the
solubility of gases at high pressure. Specific volumes of aqueous species are caleulated
by the dielectric properties of water and the ionic strength of the solution. The software
uses method of mumenical integration allowing solubion of ordinary differential
equations, which can be generalized for the reconstruction of three-dimensional
trajectm In an additional package the PHREEQCT has a graphical interface for
Windows"® and can to perform all tasks PHREEQC (Parkhurst et al. 1099).

4.2, Geochemical Reaction (Baich Systems)

Below we show information about the programs used mamly for simulations of
processes of geochemuical reactions in a batch system:

4.21 Geochemist's Workbench — GWE

The activity coefficient is calculated by the equation "B-dot” which is an
extension of the Debye Hiickel equation, and supplemented by model Harvie-Maoller-
Weare to highly saline solutions such as brine (Kehew 2001). The saturation index of
numnerals 13 caleulated nsing models of Debye and Hiickel Harvie-Maller-Weare (Bethke
2002). The GWE applies the concept of chemical equilibrium in two different ways.
The first concept, denved from the classical theory of thermodynamics, affirms that
equilibrium state is the lowest free energy for a system. The second concept, due to the
field of chemustry m agqueous solution, affirms that equlibrum state of reversible and
mreversible chemical reactions of a system are equal. The steady state of a system i3
described as the sum of all geochemical reactions that are taking place within each
species dissolved To solve the equilibrium of an initial system, the GWB determines
which reactions are more hikely to happen and to what extent they occur.
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422 SOLMINEQ .88

SOLMINEQ. 28 iz a geochemical modeling program based on equilibrivm and
thermodynamically irreversible processes, to understand water-rock imteractions and
predicts its consequences. This program is useful for modeling geochemical interactions
n sedimentary basins and ol reservoirs. SOLMINEQ.88 is written in Fortran-77. It uses
the Pitzer equations to perform the calenlations of activity coefficients, calenlates the
pH and solubility of minerals in temperatores from 0 © to 330 ° C and pressure 1-1000
bar. SOLMINEQ.88 predicts the effects of ion exchange adsorption'desorption and
dissolution/precipitation of solid phases (Kharaka et. al. 1988).

423 RIOZ

BITZ is model that simmlates the movement of hazardous chemicals during land
treatment of cily wastes. RITZ mecorporates the influence of oil i sludge, water
movement, volatilization, and degradation of a hazardous chemical Features mclnde
nferactive data entry and both graphical and tabular output (Nofziger et al. 1988).

4.3 Coupled Transport and Geochemical Reaction

Below there are information about the mainly used programs for the simmlations
that consider the transport processes and the geochenuical reactions.

431 CHEMFLO

CHEMFLO simulates the transport of water and chemical products in saturated
soils, using the equation of Richards (Diersch 2002). The development of mathematical
models makes a prediction of the behavior of contaminants and trends preferred for the
flow of water m the soil Modeling in 1D, uses the fimte difference method with
mmplicit and explicit linearization. Fichards equation (Diersch 2002) incorporates partial
differential equations describing the motion of the water and transport of chemicals. The
model inchudes an algonthm to adjust the balance of mass and depth of wetting. The
user can specify a grid size and the desired accuracy (Wofziger et al. 1989).

432 FEFLOW

FEFLOW is a software to simulate the groumdwater flow, mass transfer and heat
m porous media. The program uses finite element methods to solve the flow equation
groundwater saturated and unsaturated. Darcy's law is applied to calculate saturated
groundwater flow, however, In insaturated groundwater flow the code uses Richards
equation (Diersch 2002).

4.3.3 HYDRUS-ID amd 2D

It is a software that simulates the flow of water in 1D and 2D solute transport in
saturated porous media. The 2D version also nclodes an algorithm optimized
parameters like Levenberg-Marquardt for estimating the hydraulic charge. HYDRUS
uses the Richards equation (Diersch 2002) to simulate variably saturated flow and

advection-dispersion equations for heat and solute tramsport. The heat fransport
equations consider the conduction and convection current The transport equations
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mﬂﬂmﬂummthmﬁchnmmalathbnmnbetwemsohﬂanﬂhqmdphaﬂ&s
{Simimek and Genuchien 1995; Simimek et. al. 2003).

434 MODFLOW

MODFLOW is the software developed by the US. Geological Survey first
publizhed in 1984, applied to simmlate groumdwater flow. The software family includes
the MODFLOW: MODFLOW-SUEFACT, MS-VMS, MT3D and PATHSD.
Mathematically, they use finite difference methods for flud flow caleulations
{(McDonald and Harbaugh 1984). MODFLOW uses a modular structure wherein
similar program fimctions are grouped together, and specific computational and
hydrelogie options are constructed in such a manmer that each opticn is independent of
other options. Because of this structure, new options can be added without the necessity
of changing existing options. The model may be used for either two- or three-
dimensional applications. Input procedures have been designed so that each type of
model mput data may be stored and read from separate extemnal files.

4.3.5. FHREEQC

In batch-reaction caleulations, PHREEQC 1s onented toward system eqmlibrium
rather tham just aqueons equilibrium. For an equilibrium calenlation, all of the moles of
each element in the system are distibuted among the aquecus phase, pure phases, solid
solutions, gas phase, exchange sites, and surface sites to attain system equilibrium. Non-
equlibrium reactions can also be modeled mcluding agueous-phase muxing, user-
specified changes in the elemental totals of the system and any kind of kinetically
controlled reaction. Mole balances on hydrogen and oxygen allow the calculation of pe
and the mass of water in the agueous phase, which allows water-producing or -
consuming reactions to be modeled correctly. Temperature effects can be modeled with
the reaction enthalpy or with a polynomial for the equilibriom constant. Pressure effects
can be simulated by entering molar volumes of solids and parameters for defining the

ific volume of aqueous species as a function of temperature, pressure, and iomic
strength with a Redlich-type equation (Redlich and Meyer, 1964).

436 TOUGH?

TOUGH? iz a program used for the mumenical sinmlation of fluids and
dimensional heat flow mulfiphase mixtures of several components m porous and
fractured Its main applicability imvolves geothermal reserveirs, isolation study of
nuclear waste, envxmmnmtalasmmlmﬂrmdmhm,ﬂuwanﬂhmpmtm
saturated media and agquifers. The TOUGH2 was released in 1991 (Pruess, 1991),

oviding five different fluid properties in modules called "EOS” (equation of state -
EQS1” - "EOS3). The adjectives flmd 13 deseribed by Darey's law and, moreover, there
15 the diffosive mass transport im all phases. The descnption of thermodynamic
conditions is based on the assumption that equilibrium location of all phases. The finite
difference is a mathematical expression applied in mumeric methods (Narasimhan et al.
1976).

437 TOUGHREACT
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The first version of TOUGHREACT was developed by Xu and Pruess 1998,
reactive geochemisiry heat flow and mmlti-phase flmd m TOUGH? (Pruess,

1991). The TOUGHEEACT been enhanced with addition- (1) interaction mimeral-water-
gas and reactive tramsport under boiling conditions; (i) improvements in the model for
the activity of agueous species; (iit) diffusion coefficients of gaseous species caleulated
function of pressure , temperature and molecular properties; (iv) reactive surface area of
the mineral -related or fractured porous media; (v) porosity, permeability due to
precipitation/dissolution. The flow parameters are based on the codes TOUGH2 V2,
with some extensions (Pruess et al. 1999). For transport, the equations are written in
terms of the concentration of total dissolved chemicals. The advective and diffusive
process are considered for gaseous and aqueous species. These equations are solved by
the Newton - Faphson interaction as implemented in the code TOUGH2 ( Pruess 1991).

5. Aplication

Evaponte is found in many hydrocarbon basins around the word Sigmificant
evaporitic deposits exist in the Gulf of Mexico, offshore West Affica and Brazil, in the
Southern North Sea, Egypt, and the Middle East. Evaporite deposits are formed from
the gradual evaporation and ultimate desiccation of enclosed bodies of salt water. The
mineralogy of deepwater in Gulf of Mexico evapornte is 94% halite on average with the
dominant impurity being anhydnte Other evaporates minerals are sylvite, gypsum and
camalite, which comprise up to a few percentage. The non-salt impurities in evaporites,
typically representing up to a few percent mass, are quartz, calcite, dolomite, feldspar
and clay minerals.

In order to test the efficiency and reproducibility of the modelling software, we
used PHREEQC, GWB and TOUGHREACT software In a geologic petrolenm system
from Golf of Mexico. For that, we developed a conceptual model (Fig. 1) based on the
geology context descnbed in Willson & Frednmch (2005). Basically, the system 1s
composed of a salt diapir emplaced in sandstome. Water percolates sandstone after
dissolving components of the salt dome.

The aim of the conceptual model is to recreate the reactions that ocour in the
Gulf of Mexico petroleum system of through fissures that allowed the eniry of water
with very high concentrations of chloride ions i the sandstomes of the turbidite
reservolr. This percolation of marine connate water tnggers a senes of diagenetic
reactions enabling thermodynamic and kinetic conditions for the precipitation of halite
and sylvite.

51|‘h'II:uaa:;vxa precipitated minerals camse a decrease of porosity and permeability
mpacting the reservoir quality. In order to predict this type of behavior in reservoirs,
we used the geochemical modeling based on diagenetic reactions and thermodynamic
The simmulations were performed with PHEEEQC, GWEB and
TOUGHFEACT software not only to predict the behavior of minerals but also to
compare the results of each simmlator in this matural emvironment For the batch
simmlations, PHREEQC, GWB and TOUGHEEACT, soon, for the simulations in 1D
were used GWB and TOUGHREACT.

5.1 Imitial conditions of the simulation
A conceptual model of the geological environment was created based on

stratigraphic and petrographic data (Willson & Fredrich, 2003) presented above. The
conceptual mode] is the percolation of a brine through fissures into a torbidite sandstone
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of the Gulf of Mexico, that consequently alter the diagenetic reactions existing in this
geological environment For the fornmlation of the conceptual model and the
configuration of the simmlations, simphified data considering the most relevant mimeral
phases was used to reconstuct the compositions of evaporates and the sandstone during
each stage of diagenetic history. The temperatures used in the sinmlations are 25, 40,
60, 80, 100, 120, 140, 150 and 160°C based on the evolution of heat and burial history
of the reservoir, in which there are several interactions between the rock and formation
water at different temperatures (Baccar & Fntz 1993). Marne connate water
composiion was compiled from Nordstrom et al (1979), which major element
composition is in Table 1.

A study conducted by the "Bohsh Petroleum” and the "Sandia Natiomal
Laboratones™ (Willson & Fredrnich, 2005) on the found that the most common mineral
in the evaporite 13 halite (NaCl), although, there are other types, such as: sylvite (ECL),
camallite (EMgCl; 6HpO)and a small percentage of gypsum. We will consider halite
and syhvite in this modelling (Fig. 1).

The first somulations were performed m "batch” mode to obtain compositions of
the initial fluids compatible with the rocks. Typically, the sediments are buried at very
low rates while temperature increases slowly. Additionally, fluid flow rates are also
quite low, limiting the mass movement of elements through the rocks. Howewer,
through millions of years. the waters contamed in buned rocks tend to reach chemical
equilibrium with the rocks.

The diagenetic reactions are therefore a result of this tendency to a state of
equilibrium never really achieved. For this reason, a condition close to a "steady state”
1s more approprate to describe the chemical state of the diagenetic rocks and flnds.
Batch simmlations are used to denve the composition of fluds considering the rock
compositions obtained by petrographic and other analytical methods.

Once the water reaches chemical stability with rocks through "Batch” model, it
15 used for the simmlations in 1D. The 1D simulation consists of the modified water and
two lithologies: the turbidity sandstome (the reservoir rock) and the evapontes (salt
dome). The simulation domain has a length of 100 meters and the numencal resolution
cell was always one grid per meter. The first part of the simulation domain consists of
20 m of evaporites, while the others 20 m refer to the sandstone reservoirs (Fig. 2). Ths
setting allows us to record two i in simulations: (1) the effect of
marine connate water (low salinity) with the evaporite, and (2) the interaction of brine
{contamed in the salt dome) with turbidity sandstone.

The first process allows chemical migration mass from evaporites into the
sandstones as the water flows. The second allows the diffusive flux controlled by
difference I concentration gradient between the two lithologies. Thus, the complex
mteraction between the water that moves more slowly and the diffusion mechanism that
15 faster is considered variable and specific for each solution that creates and mamtains
the reagent transport system, generated by the chemical mstability of the lithologies. We
generate 1D models with the following software GWB and TOUGHREACT.
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Figure 1: Conceptual model of petroleum system (Willson & Frednch, 2005). The salt
dome 15 n the direction of turbidite sandstomes. Due to flwd mechamc, manne connate
water is expelled and mugrates mto the turbidite reservoirs. The brine nises through the
sediments next to the salt dome ceiling, through a network of fractures and reach the
reservolr. The high salinity and the concentration of solutes induce diagenetic
modifications located in the sandstones.
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Figure 1: Configuration of the mumerical system based on the conceptual model (Fig.
1), One-dimensional domain simulation was generated to test the effect of percolation
of the marine connate water in the sandstones.

Table 1: Chermcal componition of the formation water (mM/L).
K Na® Ca* Mg o pH
10.45 47932 1053 5439 5395 EX2
Alkalimity = 2 376 meg/L
Eh = 500 mV

6. Results
¢ 1 Simulations in "batch” mode

The simmulations performed in "batch” mede for 25°C resulted in the graph
shown in figure 2, which shows the saturation index of some minerals against time
(years). The profiles generated by the simulator reveals the mecreasmg saturation index
of halite and sylvite. For halite (Fig. 3A), the PRHEEQC reaches the steady state in
approximately 150 years, while GWE and TOUGHEEACT steady state 1s reached after
600 years. Different behavior is observed when sylvite (Fig. 3B) is simulated The
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GWE needs 100 years to stabilize sylvite, while PHREEQC and TOUGHREACT needs
need 300 and T years, respectively to reach the steady state.

When temperature 15 changed wvaration in the saturation index is observed.
Halite (Fig. 4A) and sylvite (Fig. 4B) saturation indexes are similar for temperature
ranges from 25 to 100°C, independently of the software. For higher temperatures (120 -
160 °C), however, each software has a particular mumerical method to solve the
equations, which consequently generates different curve profiles. In our example, halite
suffer from this effect more dramatically than sylvite. It is evident that at low

temperatures (25-100 °C) simulators converge independently of the software, in which

the thermodynamic and kinetic constants are used without interpolation.
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Figure 3: Batch simmlations of halite (A} and sylvite (B) with the tome m 25°C.
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Figure 4: Batch simmlations of halite (A} and sylvite (B) with the temperature

6.2 Simulations in 1D

Figures 5A and B show the behavior of halite when the marine connate water
percolates the salt dome and enter the sandstone reservoir. Over time, the mineral will
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reach the "steady state”. For 200 years, the reactions are slow, and halite will achieve
stability almost at the end of the geological formation (100 m) nside the sandstone
reservolr. Over time. the reactions begm to intensify, making the more reactive system,
until that halite reaches "steady state” after the 10 meters in the sandstone reservedr.

The same behavior is shown for the two (GWB e TOUGHEEACT) software.
Each simmlator has a different mumerical method for caleulating the reactions existing in
the geological enviromment For sylvite (Fig. 6A and 6B) the same trend curves are
observed. At the beginning of the simulatioms, sylvite reacts slowly with sandstone
reservolr not reaching the "steady-state™ Ower the years, the environment becomes
more reactive to achieve the stability of the mineral and agaim the software reproduced
this behawvier.
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Figure 5: 1D simulations of halite with the distance
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Figure 6: 1D simulations of sylvite with the distance

7. Discussion

The simmlations showed a reproductbality of the results using different software
of geochemical modeling. Geochemical processes simulated between evaporites and the
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turbidity reservoir was used to understand the water-rock interactions that would take a
thousand years. Thus, the use of software PHREEQC, GWB and TOUGHEREACT
allowed the modeling.

The simmlations in "batch” mode showed the chemical stability of minerals
through geological ime, and the mineral saturation index variation through temperature.
The non-steady state of initial water is a result of the difference between the mumber of
solutes (3) and the number of minerals (2) present in evaportes. Thus, there i a shanng
of these minerals with the chemical element causing dissolution, being evident the
negative satoration index Once the simmulations advance and the waters are flowing
from the salt dome toward the sandstone, reaction fronts begin to form with the waters-
rock interaction. Water entering the sandstone by salt dome creates a pattern of different
diagenetic alteration of reactions that existed between the steady state marine connate
water and sandstones.

The mixture of the water in the sandstone and the water that came from the
evaporate led to a new composition of the solutes due to the phenomenon of diffusion of
1oms mto the salt dome toward the reservoir. An immediate consequence 1s that water is
far from equlibrium, as shown by mineral saturation index in the mixing zone
according to figures 5 and 6. In 200 years, the minerals denving from the salt dome 1s
not stable with the sandstones. A new trend reaction occurs, from 400 years, causing a
new steady state regime (Fig.5 and 6). As shown m the results, the use of different
cod&epmdnmdlﬂerentr&mﬂsdxmngmod&hug.lu"batch“mnﬂe the GWB,
TOUGHEEACT and PHEEEQC software repmdunemmlarresu]tsatluwtanpenhnes
due to the use of similar oumerical methods and the low kinetic energy invelved in the
diagenetic reactions. In the physical-chemical approach to lower temperature reactions,
the kinetic energy decreases generating similar results.

Each simmlator has their algonithms based on mathematical codes that are
dependent on kinetic and thermodynamic parameters of each nuneral, contained in the
database. At higher temperatures (T=100°C) the simmlation results show some
discrepancies because each software uses different mumencal methods to solve a
different set of reactions. Contranly, at elevated temperatures (120 to 160°C) there is an
mcreasing in kinetic epergy, incrementing the intensity of the reactioms, which
decreases discrepancies among softwares. GWB, and PHREEQC software generate
similar results.

However, TOUGHEEACT shows different approaches while working with high
temperatures when compared to the GWEB and PHEEEQC. The behavior of halite can
demonstrate this. The numerical method of systems uses polynomial equations of 8th
grade to resolve the physical-chemical mteractions in geclogical environments. These
equations are dependent on kinetic and thermodynamic data of minerals that form
pangemmmsauﬂstmgresmrou&Fmtempenmmre 120°C, these kinetic and

Macqmreanmnmﬂumbehawmfmsnmemmﬂs,assummg
constant values of 300 i eighth-degree polynomual, in the numernc methods, for
treating as if not known.

For simulation 1D, this comparative study revealed two stages, taking into
account the geologic time and domain of water-rock interactions. The first stage
corresponds to the range () — 1000 years and the second stage, to the distance range of 0
— 100 meters. In the lower time stage (0 to 200 years) the simulators do not reach the
necessary stability for minerals. As time evolves (over 400 years), minerals begin to
acquire stability, to achieve stability in 1000 wears. As the water moves into the
geological formation, the reaction occurs between solutes and munerals. This behavior
mduces a steady-state of the minerals due to the kinetic energy mvolved.
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Users nmst be careful when choosing a geochemical modeling software becanse,
depending on the temperature range. different systems can produce wvery discrepant
behaviors. Although the GWB, PHREEQC and TOUGHREACT software reproduce the
largest number of similar reactions, nsers must be cautious in interpreting their data.
The choice of the software for geochemical modeling should consider the differences
between each code, in a way to reproduce the reactions of the geological environment of
mterest with a greater approximation of reality.

8. Conclusions

The present study of geochemical modeling companng the application of GWE,
PHREEQC and TOUGHEEACT codes for the simulation of reactions observed i the
reservolr sandstones with salt dome, resulted in the following conclusions:

1} Medelng at low temperatures (25 to 100°C) with different simulators
reproduce similar behaviors i batch mode. In this temperature range, which mvolves
low energy. the reaction kinetics and the thermodynamic parameters has according to
the particulanties of each code. The numerical methods used by GWB software,
PHREEQC and TOUGHREACT can achieve only limited convergence of results, with
the high precision expected for reactions at low temperature geological environments.

2} For the range of temperature from 120 to 160°C, the simmlations with
TOUGHREACT generate discrepancy results when compared with GWB. There is
higher kinetic energy mnvolved, and consequently the reactions take place with greater
mtensity. In this temperature range, water-rock interaction has a very high kinetic
energy, causing fast reactions within the pgeological enviromments, making the
prediction of the reaction less possible. In this way, each simmlator seeks each own best
set of numerical solutions to achieve the equilibrium.

Users mmst be cantious when choosing a geochemical modeling software, as an

factor in determining a simulator is to know the temperature range that will
be usad. With the temperature information, the user should do a preliminary study with
the available codes for venifying the convergence of results to the observed diagenetic
reactions.
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Abstract

Burning fossil fuels, which provides more than 85% of the word energy, is one of the
largest source of carbon dioxide emission into the Earth's atmosphere. Recently,
several mitigation techniques have been studied, including injections of carbon dioxide
in mature or depleted oil reservoirs and deep saline aquifers. This work aims to store
G2 in a mineral form, through the magnesium carbonatiom of a synthetic solution
obtained from an evaporite rock (Bischofite, a hydrous magnesium chloride). This work
simulates the proper conditions for trapping COz geclogically. All the resulis were
analyzed by Scanning Electron Microscopy (SEM). Elemental Analyzer CHM X-Ray
Diffraction (¥XRD) and Infrared Spectroscopy (FTIR). Our experiments resulted in the
crystallization of magnesite. which is better crystallized at neutral conditions (pH .9) in
few hours of experiments. However, at longer runs, magnesite became slightly soluble
due to the competiion between the magnesite formation and dissolution equilibria, and
the formation of species shightly acids, such as HzCOwpg and HCOapag. In order to
model our experiment and test the results for natural conditions, we used the
TOUGHREACT (wersion 2.0), Geochemist's Workbench® (GWB wersion 9.0} and
PHREEQC (version 3.0.8) software in "Batch Model" to follow the precipitation of
magnesite through the interaction of the species from the agueous phase to the gas
(CO5) phase, considering the kinetics of the reactions.

Key-words: Magnesium Carbonate, Carbon sequestration, Geochemical modelling

1. Introduction

The buming of coal, oil and natural gas, as well az deforestation and various
agricultural and industrial practices are altering the composition of the
atmosphere and confributing to climate changes (IPCC, 2011; Olivier et
al.,2013).

"Comesponding author

Emai addresses: marcos klunk@ufros br (Marcos Antonio Klunk), figabue@oucrs br
{(Rosane Angelica Ligabue), Muliusffpucrsbr (Jeane Estela de Lima Dullius)
emmuls conceico Gufrgs br (Rommulo Vieira Conceigio).
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These human activitiez have led to atmospheric concentrations increasing of
gresnhouse gaszes such as carbon dioxide (CO2), methane (CHa), nitrous oxide
(MNxCyy hydrofluorocarbons (HCFCs), perfluorocarbons (PFCs) and  sulfur
hexafluoride (SFg). Many researchers are investigating the problem of rising
atmospheric COz concenfration through warious stabilization mechanizms
(IFCC, 2011} In an attempt to reduce, or at least slow down, the increase in
atmospheric COz levels, several mitigation processes are currently being
studied, among which the most promizging is the capture and geological storage
of carbon (Bachw, 2005; Lemisux, 2011). One of the geological storage
methods involves the injection of CO2 into a deep =aline aguifer or into mature
of inactive oil rezgervoirs (Xu et al., 2006; Bachu, 2000). Once underground, a
variety of mechanisms keep the COz securely stored: hydrodynamic, solubility
andfor mineral trapping. hydrodynamic trapping is the storage of CO2z either in
itz gas form or in a supercrifical fluid form inside a porous rock undemeath
another with low pemmeability. The solubility frapping involves the dissolution of
COz in a liguid phase such as brne or ocil frapped in a rock. The mineral
trapping involves the incorporation of COz into a solid phasze, for example,
precipitation of carbonate minerals or adsorption on coal surface (Aliman et al.,
2014; Mitchell ot al, 2010). Many scientiztz refer to mineral trapping as a
permanent zequestration of COs as many carbonatez remain geologically
stable for a long period of time. As mineral carbonation is an efficient way of
storing CCy indefinitely, it is necessary to study the atability and reactivity of the
carbonate chemical 2ystems in the presence of several other ions.

In this work, we investigate the reactivity conditions for carbonate
precipitation in a magnesium chioride solution, which simulates an evaporitic
solution, when in contact with a supersaturation of CO» gas. Our goal is
understand the best condition to keep carbonate mineral stable in such system
and model all chemical interactions through numerical geocchemical medeling.
Our experiment emulates the injection of CO5 gas into evaporitic rocks, which
promotes the formation of agueous solutions of carbonate and bicarbonate.
Some of the precipitated carbonates {magnesite, for example) has low solubility
in water and should remain stable for thousands or milions of years (Krupp,
2005). Bischofite (MgCl,.6H;3), an important mineral in evaporitic rocks, was
used as a source of a brine composition enriched im Mg in our experiments. Mg-
rich brinez usually occur in the final stages of the sea water evaporation and
bizchofite saturation depends mostly on the weather, which must be hot and
dry. Magnesium chlorde brines also occur as a product of metamorphism, or
deep aquifers diagenesig (Drijkoningen et al., 20111).

Due to the complexity and the time scale involved in the reactions in
geological environments, it is not possible to reproduce in laboratory the exact
behavior of most natural geochemical systemsz. Mumerical geochemical
modeling can be used to interpret and predict the processes that involve
timescales unreached in laboratory experiments. For this study, we model our
experiments using the TOUGHREACT (Xu & Pruess 1998), GWEB (Bethke,
2002) and PHREEQC (Parkhurst & Appelo 1999} software in the “batch mode®
(closed system and one cell simulation without flux), in order to create the
conditions of precipitation and/or disgolution in a carbonate systems.
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2. Experimental and Modelling Methods
2.1. Starfing Maternial

Magneszium chloride solutionz with different concentrationzs  were
prepared from magnesium chloride hexahydrate (MgCle.6Hz0) MERCK® with
99.99% purty. COzy gas from Marting PRAXAIR INC. WHITE®, with
concentration of 000 ppm packaged in cylinder, with a purity of 99.95% was
used in all experiments. The magnesium solution concentrations were obained
by dizsolving the MgClz.6H2O in ultrapure water and adjusting the pH to 8.50 —
9.50 with pellets of potassium hydroxide (KOH, 99.99% pure, Merck‘]. Two
concentrations were made: i) 24 g.L'1 (100% saline) and i) 12 g;|.L'l {20% saling}_
in Mg2+ ions. A calibration curve prepared with standard solution of Mg
(Merck‘."‘l’ itrizol) and analysis using Flame Atomic Absorption Spectrometry
aided accuracy for these saline solution concentrations.

2 2 Reaction Condifions

All reactions between the Mga‘” zaline solution and the COyg were
performed in stainless steel reactor of 120 mlL intemal volume in batch
condition. The carbonation reactions were conducted under the same reaction
temperature (120°C), and initial COygq, partial pressure condition (60 bar), but at
different run times: 0.3, 1, 2, 3, 4 and 3 hourg. The reactions were conducted in
a 30 mL fixed volume of reaction medium under two conditions of Mg'ﬂ on
concentration: i) R1 Condition: 50% =aline (12g Lof Mgz*} in pH 7.5; and ii}
R2 Condition: 100% =saline (24g.L" of Mg®) in pH 7.5.

2.3. Characterization of the Material

After the runs, the solution inside the reactor was filtered through
previously weighted 022 pm membrane {Millipcre"] under reduced pressure.
After drying at 100°C, the membrane wasz weighted again on an analytical
balance and the mass of precipitated material was obtained. Flame Atomic
Absorpion Spectrometry (Varan SpecirdA 55'}, Elemental Analyzer CHN
LECO’, Infrared Spectroscopy (PerkinElmer) and X-Ray Diffraction (Siemens
D500) were uszed for the chemical and structural characterization of the
precipitate. The morphology of the precipitate was performed with a Scanning
Electron Microscopy (SEM) Philips® model XL 30).

2.4. Geochemical modeling

A large number of programs is used to simulate kinetic reactions in a
given geolegical environment. In order to simulate the reactions of precipitation
andfor dissolution in our experiments, we uzsed the TOUGHREACT, GWE and
PHREEQC, both in the “batch system™.

TOUGHREACT was used with the ECO2M module as the egquation of
state (EOS), becauze it involves an interaction of COug in & saline solution. The
equations that govern the module ECOZN have the zame structure deriving
from the principle of conservation of mass (or energy) assuming a state of
equilibrium. The code uses non-igothermals equations (Pruess, 1987, Pruess et
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al., 1999). The numerical solution to the water-COz interaction uses the
dizcretization of the integral gpace using integral finite difference (Marasimhan &
Witherspoon 1976). These equations are solved by the Mewton-Raphson
interaction (Pruess, 1991). The activity of aqueous species iz equal to the
product of the activity coefficient and molar concentration, and the activity
coefficient iz calculated using the Debye-Huckel equation (Helgeson & Kirkham
1974).

The GWB was developed by the department of geclogy at the University
of Wingis at Urbana-Champaign in 1978, It is currently marketed by "Aqueous
Solutions LLC™ in three ways: GWB Essentials, Standard and Professional.
GWB Professional was used in the “React™ module at equilibrium condition in
order to simulate the COz and Mgz' solution interaction. Using in this way, GWB
performs a series of imeversible (no equilibrium) reactions progress to a state of
thermodynamic eguilibrivm. Equation balance is zolved by the numerical
Mewton-Raphson method. Mazs balance is considered during the solution of
each eguation.

PHREEQC ig software written in programming languagez C and C++
designed to perform a wide range of geochemical calculations. PHREEQC
implements various types of models in the agueous phase: ion association
models, models of interaction between the ions using the Pitzer equations and a
miodel of specific ionic interaction. Use the Pitzer model for high salinity water
that is outside range of application of the Debye-Huckel theory. The software
use method of numerical integration allowing solution of ordinary differential
equations, which can be generalized for the reconstruction of three-dimensional
trajectories (Parkhurst & Appelo 1999)

3. Results and Discussion
All reaction conditions and resultz are ligted in the table 1.
2.1 Formation of the precipitate

All experimentz resulted in a precipitated material ingide the reactor,
which was dried, weighted and characterized. In the R1 runs (50% saline
system) the amount of precipitate increased from 91.7mg im 0.5 hourg run to
148.2mg in 3 hours run. Thig variation comesponds to 62% of mass increasing
compared to the first 0.5 hours of reaction. This mass increasing is in
accordance with studiez made by Socong ef al. (2004). For R1 runs performed in
4 and 5 hours there was a mass decreasing from 121.1mg to 114.1mg,
rezpectively, due to the formation of carbonic acid (HzCO3) during the reaction
(see table 1), which dizsolves the previously precipitated carbonate species. In
the R2 (saline 100%) runs, a new behavior in the formation of the precipitates
was found. The 0.5 to 5 hours runs resulted in 59.2mg to 53.1mg of precipitate,
rezpectively. Thiz massg increasing comesponds to 41%, compared to the
amount of mass in the first 0.5 hours. This behavior is different from that
described by Soong et al. (2004), because the amount of precipitate continues
to increase after S hours of reaction. This suggests that the formation of
carbonic acid (HzCCO3) in thiz time of reaction is not enough to dissolve the
previously formed precipitate.
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Table 1

Reactions conditions for 1 and R2
Reaction Time Solution PPT* Final {:g{lcen?;aﬁun

{houwrs) final pH {mg) Mg~ (gL}

R1 - 01 05 450 917 820
R1-02 1 5.00 1270 554
R1-03 2 5.50 1354 KR |
R1-04 3 6.80 1482 2.00
R1-0% 4 2.20 121.1 312
R1 - 06 5 5.10 114 .1 510
R2 -0F 05 Wy 592 14.20
R2 -08 1 555 62T 13.10
R2 - 09 2 0.82 63.0 12.50
R2-10 3 6.31 71.0 11.91
R2-11 4 6.22 79.1 9.74
R2 -12 5 6.90 231 812

PPT = total matenal precipitate
3.2. Mg”' ion concentration in solution

Mgz‘”mncentraﬁun was determined in the product of each run by filtering
the samples through a membrane of 0.22 pm under reduced pressure and
determining I'.n'lg+2 concentration in the solution with a Flame Atomic Absorption
Spectrometry. Resultz are shown in table 1. The reaction condition R1, which
initially shows an Mgz+{:nn-:entraﬁnn of 12 g.L'1, changed to 8.3% of Mgz+ ions
in the solution after 3 hourz of reaction. Such regult comesponds to 91.7% of
mineral precipitation. In reaction condition R2, which initially shows a
Mg concentration of 24 gL, changed to 43% of Mg® ions in the solution after
5 hourg of reaction, which comesponds to 57% mineral precipitation. In all
experiments there is magnesium carbonate formation. The variation of pH along
the reaction determines which carbonate specie is present in the solution. For
reactive systems R1-01, the prevailing pH in the final solution iz 4.50, which
suggest that carbonic acid (HzCO3) predominates in the system as the soluble
carbon specie, according to Gerven et al. (2004). Under thizs condition the
previougly precipitated carbonate undergoes to a process of dizsolution,
because in such condition there are larger amounts of free HY ions (from
dizsociation of HzCO3), which results in more dissclved Mgz"' ions in the solution
(B.20 g.L"]_ In the reactions R1-04, the pH of the final solution is 6.80. This
increased pH, compared to the reaction R1- 01, resulted in Mgz*' ions
decreasing in the solution {2.00 gL'1], which is a consequence of better
magnesgium carbonate crystallization. In the R2-07 reaction condition, after 0.5
hours run, the final pH iz 321, which s slightly acidic. In such condition,
carbonic acid (HzCO3) and bicarbonate ions {(HCO3) species coexist in the
solution and the Mg2+ ion concentration in the solution iz 14.20 g.L". As far as
pH wvalues increase from R2-07 (pH - 5.21) to R2-12 (pH-5.9), Mgz'*
concentration in the solution decreases, as a result of carbonate precipitation,
which suggest the predominance of HCO3 species, compared to HaCOz
species.
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3.3 Charactenistic of the precipitate
2.3.1. Infrared spectroscopy

Figure 1 representz the infrared spectrum of two samples of precipitates
comesponding to R1-06 (S hours run) and R2-12 (5 hours run). We comparsd
these spectra with a synthetic magnesium carbonate (MgCOz exira pure
MERCE™), which iz shown in Fig. 1.
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Fig. 1. Infrared spectrum comesponding standard MgCO; and the two samples of our
experiments.

The 3389, 3397 and 3412 cm absorplion bands commespond to O-H
stretching and are attributed to water or hydroxyl containing compounds (White,
1971). A second group of absorption bands appears at 1421, 1418 and 1421
u:rrl", which iz characteristic of CO3% stretching in carbonate compounds.
Absorption bands between 883-T56, 878-T47 and 876-T47 cm’! appear for the
spectra R1-6; R2-12 and MgCO3.5Hz0, respectively, which comespond to
complex structures of Mg-carbonate system (White, 1971).

Samples R1-6, R2-12 and MgC0z.5H20 show similar bands in cog®
sh‘eit{:hings (1440 and 1420 {:m'1} and complex shapes between 870 and 880
cm . The results for precipitates of reactions R1 - R2 are similar to those
cbtained by Oh et al. (1973) for magnesite, and White {1971) for complex forms
of Mg-carbonate. Infrared spectroscopy analysis suggest that carbonation
occurred in the runs due to the similaritiez between our spectra and those from
the literature {Oh et al., 1973; White, 1971).

3.3.2. Elemental Analysis and X-Ray Diffraction

Elemental analysis CHN (LECD°] detected up to 15% of carbon in the
precipitated materal in all runs, which iz similar to the theoretical carbon
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amount of anhydrous magnesium carbonates (around 14%). X-ray diffraction
analyses (Fig. 2) were performed on all precipitated samples, which confirm
magnesite as the main precipitated mineral.
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Fig. 2. Characterization by X-ray diffraction of the precipitated containing MgCO; in
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3.3.3. Microstructural Characterization

28

Scanning Electron Microscopy (SEM) images (Fig. 3a, 4a) and
Spectrometer Energy Dispersive X-ray (EDS) analysis (Fig. 3b, 4b) on the
precipitated samples for R-1 reactions suggest that magnesite is the major
phase. All SEM images show a rhombohedric phase, which is typical for calcite
and magnesite according to Oh et al. (1973), and the magnesium peak is
present in all EDS analysis.
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Fig. 3a. SEM of the material precipitated Fig. 3b. EDS precipitated from the reaction
from the reaction R1 - 04 (3h) R1-04(3h)
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Fig. 4a. SEM of the material precipitated Fig. 4b. EDS precipitated from the reaction
from the reaction R2 - 12 (Sh) RZ; 12 (5h)
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3.4. Numerical Modelling of the Experiments

TOUGHREACT, GWB and PHREEQC software simulations were
performed for thege experiments conzidering 5 hours in 120°C in R1 and R2
reactions conditions. All simulations were conducted in “batch system” without
flux, in order to better simulate the runs. Mumerical simulations considered the
list of mineralz selected in Table 2. Figures S and & show the simulations in
volume fraction of magnesite versus reaction time for these three software. For
R1 conditions {Fig. 5) we notice that the volume fraction of precipitated material
progressively increase from 0.5 to 3 hourz (Fig. 5) and from this moment,
digsolution reactions occur, causing decreasing in the volume fraction of
magnesite. This phencmenon is characteristic of pH change due to the
formation of acid species, leading to magnesgite volume loss. The R1 reaction
conditions fawvor the formation of ionic species such as HCOz™ in such amount
that affect the nucleation of magnesite and result in magnesite dissolution. This
simulation corroborates what was observed experimentally. Generally the
simulation resultz show some dizcrepancies depending on the modelling,
because each software uses different numerical methods to solve a different set
of reactions. However, all chosen numerical modelling are very consistent and
converge with this result.
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Fig. 5. Geochemical modeling of magnesite in reactions condition RA1.
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Fig. 6. Geochemical modeling of magnesite in reactions condition B2

In the numerical model for R2 reactions conditions (Fig. 6), we obzerved
a volume fraction increasing from the beginning to the end of 5 hours in our
simulations. The R2 reaction conditions show that the concentration of the brine
directly affects the formation of magnesite. Under these extreme conditions,
acidic species are also produced, but in such small quantities that do not
dramatically interfere in the magnesite precipitation reactions. The higher the
initial concentration of the brne, greater is the formation of carbonates
(magnesite). Again, the three numerical modeling converge in resulis. The
modelz that dezcribe the wvolume fraction of theze three softwares are
equivalent. Knowing that each simulator has different numerical methods, the
kinetic energy and thermodynamics parameters are applied satisfactorly,
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leading to convergent curves profiles. Figures 7 and 8 show the reactions
conditions in R1 and R2, rezpectively, modeled to Mgz“ ion concentration
versus reaction time. The behavior of Mgz" ions are inversely proportional
magnesite formation, as expected.
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Fig. 7. Geochemical modeling of ions Mgz' in reactions condition R1
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Fig. B. Geochemical modeling of ions Mgz' in reactions condition R2

An advantage of using mass fraction equation formalism of the
geochemical model, adopted by software, is the use of the saturation index (31)
of minerals. The software calculates the product of lonic activity (Q) and
compares with the solubility product (Ksp) default values. The calculation of the
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Sl iz performed a8 i) 1S = 1 (mineralz and solution iz stationary state); i) 15 = 1
(superzaturated); i) 15 = 1 (unsaturated).Im Figurez 9 and 10 we have
proposed models for magnesite saturation index in reaction conditions R1 and
R2 respectively. Modeling of the volume fraction and concentration of Mgz‘” ions
iz as important as the magnesite saturatiom index modelling to detect the
stationary state of the mineral phage. The three softwares generate very similar
models in both reaction conditions. We observed that the steady state iz
reached faster in R2 (F-jg. 10), due to the high concentration of brine. The
greater availability of Mg™ ionz in the solution favors the kinetic energy of the
reaction towards the products. However, at lower concentrations of Mg= ions,
the steady state shifts to higher reaction times {Fig. 9).

Mathematically, GWE and PRHEEQC use finite difference methods to
calculate the reactions. The activity coefficient is calculated by the equation "B-
dot”, which iz an extension of the Debye Hickel eguation, supplemented by
model Harvie-Meller-Weare to highly saline solutions, such as brine. The
saturation index of minerals is calculated using models of Debye and Hickel
and Harvie-Maller-Weare (Bethke, 2002). The TOUGHREACT uses (EQS) to
calculate the mass balance. The (EOS) performs two important functions: i)
calculates the wvolume fraction of each mineral at the time of water-rock
interaction; and ii) uzes the diszolution/precipitation of minerals identifying the
change of each mineral phase.

The simulations results show some differences, because each software
uses different numerical methods to solve a different set of reactions. When the
user makes a choice of the software for geochemical modeling, it should be
considered the differences of each code. In this way the user can reproduce the
reactions of the geological environment of interest with greater approximation of
reality. At high temperatures (120°C) there is an increasing convergence of the
results among the different codes used in this study, due to the higher kinetic
energy involved in geochemical reactionz and the changes of thermodynamic
parameters on temperature coefficients favor the precipitation/dissolution.
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Fig. 9. Saturation index of magnesite in in reaction condition R1
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Fig. 10. Saturation index of magnesite in in reaction condition 2

3.5. Geochemical speciation of Mg-carbonate system and Mg-evaporite
system

The general concept of speciation applies to many chemical systems. it
iz mostly common used in the context of agueous solutions (Grasme et al.
2009). Typically, such solutions include natural water systems, such as sea,
river, ground and lake waters. Matural waters can be congidered as multi-
component solutions where a network of interactions is established leading to
the formation of chemical species with different thermodynamic stability. The
different chemical behavior of iong in the medium leads to a different
quantitative distribution of species depending on the kinstice of process. The
term chemical speciation is generally used to assess the distribution of a certain
chemical species under different chemical formsz and oxidation states
(Gianguzza et al. 1999; Gianguzza et al. 2000). Therefore vanous reactions and
processes  (complexation, oxidation'reduction,  precipitation/dissolution)
depending on both the reactivity of the chemical species and environmental
conditions of the medium (temperature, pH, pe, oxidation, surface properties)
where reactions and processes occur (Gianguzza et al. 2004). A numerical
simulation study, predict the geochemical speciation of Mg-carbonate system
(table 2) was carried out with GWB software.

Although the numerical modeling provides a variety of species present in
evaporite-COz interaction, we find some discrepancies when compared with the
analyzes analysis camied out in the precipitate after the experiments. According
to the geochemical modeling, some phases formed in Mg-carbonate system are
hydromagnesite, nesquehonite, artinite, brucite and magnesite (Table 2). These
carbonate mineralz are present in the carbonation reactions using CCz partial
pressures. Therefore, chloromagnesite, MgOHCI, MgClz.H20, MgClz.2H2O,
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MgCle.4H20, MgzCHOH)z.4H2O and biachofite, which are present in our
geochemical modelling, form a system of evaporitic rocks (Table 2).

Table 2
List of selected minerals in the Mg-carbonate system at 25°C as reported in the
database of GWB.

Mineral species Dizsociation reaction

Artinite MgCO3 - Mg{OH)z - 3Hz0 + 3H* — 2Mg™ + HCO3 + SHaO
Brucite Mg{CH)z + 2HY — Mg + 2H20

Bischofite MgCly . 6HgO < Mg® + 2CI + 6Hz0

Chloromagnesite  MgClz — Mg + 2CT
Hydromagnesite MasiCOz)a{OH)z . 4H2O + BH" « 4HCOZ + 5Mgz+ + 6H20

Magnesite MgCO3 + H* < HCOg + Mg

Mesgushonite Mg{HCOz){OH) . 2Hz0 + H' — Mg® + HCO3 + 3H20
MgOHCI MgOHCI + H « Mg™ + CI + Hz0

MgCly. HaO MgCls . HaD s Mg + 2CT + HaO

MgClz . 2Hz0 MgClz . 2HaO « Mg® + 2CT + 2Hz0

MgClz. 4Hz0 MgCly . 4HzO «+ Mg®* + 2CT + 4Hz0

Mg2COH); . 4H20 MgzCl{OH)3 - 4H20 + 3H* . 2Mg?* + CT + THa0

There are large discrepancies for the product =olubility and free energy of
magnesite (MgCO3) formation. Reviews of existing data {e.g.,Langmuir, 1965;
Christ and Hostetler, 1970; Kittnck and Peryea, 1986; Konisberger et al., 1995;
Marion, 2001) showed that reported values of the solubility product at room
temperature ranged from 10703 g 1D'5'1, and free energy {E.;G”mﬁ] of
formation ranged from —1012.1 (kJ mnl_1} to —1030.709 (kJ mul_1] {Wagman et
al. 19582; Chemosky and Berman 1989).

Thiz variation of magnesite solubility product has consequences on the
relative stability of the various mineral phases of the Mg-carbonate. Langmuir
(1965) explained the general scarcity of Mg-carbonates in natural environments
vy their high solubilities and assigned to magnesite a solubility product of 1D_5",
higher than that of nesquehonite (MgCOga3HzD, Ksp=10"T) and
hydromagnesite (4MgCOzMg(OHlz-4H20, Ksp=10"*%). However, according to
more recent determinations of solubility and Gibbz free energy of formation
(Kittrick and Peryea, 1986; Konisberger et al., 1999), magnesite appears to be
the moszt stable carbonate phase forming in the system Mg-carbonate, under all
conditions of temperature and COy partial pressure, as also reported by Marion
(2001) and Hanchen et al. (2008).

All other hydrated Mg-carbonates are unzstable with respect to magnesite
but their formation is favored by the slow kinefics of crystallization of magnesite,
commonly attributed to the strongly hydrated character of the Mgz"' ion
(Lippmann, 1973; Sayles and Fyfe, 1973). Nesquehonite precipitates at 25°C
under moderate COy pressures from solutions that are also supersaturated with
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respect to hydromagnesite and magnesite (Dell and Weller, 1959; Davies and
Bubela, 1973; Hanchen et al., 2008). Nesquehonite successively tranzforms
into hydromagnesite, with appearance of dypingite (4MgCO3Mg{OH)-SH20) as
transitory phase, but an increase of temperature to about S0°C ig required to
make this process fast (Davies and Bubela, 1973; Hopkinzon et al., 2008).
Artinite (MgCOsMg (OH)-3H20) is found at relatively lower pCQOy conditions
with respect to nesquehonite but its field of stability iz limited by the presence of
the other hydrous phazes (Konisberger et al., 1999).

In summary, within the system considersed here, only the phase transition
brucite«+magnesite defines a stable equilibrium (22 Konisberger et al , 1999),
with magnesite being more stable at relatively high COy partial pressures. The
stability order among Mag-carbonate phases can be thus schematized as follows
(Marion, 2001): magnesite— hydromagnesite — nesguehonite.

Recently, interest on the Mg-carbonate formation haz aroused because of the
potential to wse Mg-carbonate to fix carbon dioxide (COy) into stable and
environmentally benign solids, employing Carbon Capilure systems such as
mineral carbonation and underground storage in sandztone, evaporite, mafic
and ultramafic rock formations (IPCC 2005; Morad et al., 1994; Purvis 1992;
Wilkinson et al., 2009; Drjkoningen et al,, 2011). Magnesium-rich minerals are
promising raw material for carbon dioxide {COs2) seguestration because of their
sufficient stability. it has been reported that Qaidam Basin, located in the
northwest of China, stores more than 2 billion tons of bischofite (MgClz-6H20),
which theoretically can seguester more than 800 million tons of COa
Furthermore, bischofite is a byproduct of sea water desalinization, which could
alzo be ufilized by areas close to shoreline for C0z sequestration purpose (Yao
et al. 2015). Precipitation of magnesium carbonate from the HaO0-COa-—
MazlO3-MgCl system was investigated by Hénchen M. et al 20058. The
formation of the anhydrous formn of magnesium carbonate, i.e., magnesite, has
been demonstrated at 120°C and a PC Oz of 3 bar.

4, Conclusion

The reactions between r'."lgz'F ions and COgyy performed in our
experiments promoted Mg-carbonate precipitation with high purity of magnesite.
The stabilization of the Mg-carbonate iz strongly dependent on final pH of the
solution, which is determined by the dissolved amount of the carbonated
species.

The study of geochemical modeling with TOUGHREACT, GWEB and
PRHEEQC models: i) suggest the formation of magnesite; i) converge in
results for temperatures around 120°C, in which there is high kinetic energy and
consequently the reactions take place with higher intensity; and iii) suggest that
the mathematical interpolations in high temperatures are more numerically
stable and accurate, causing convergence of the resulis. In this way, each
simulator zeeks each own best set of numerical solutions to achieve the
equilibrium. In order to build a geological model, the uzer needs to be cautious
in choosing gecchemical modeling software, as an important factor for choosing
a simulator iz to know the temperature range that will be used.

The most important point of the Mg-carbonates system is fo use Mg as
COy capture. The COs would then be compressed and transported for storage
in geclogical formations, in the ocean, in mineral carbonates, or for use in
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industrial processes, fikation of COz into inorganic carbonates. From a
thermodynamic viewpoint, inorganic carbonates represent a lower energy state
than COs2; hence the carbonation reaction is exothermic and can theoretically
yield energy. However, the kinetics of natural mineral carbonation iz slow;
hence all currently implemented processes require energy intensive preparation
of the solid reactants to achieve affordable conversion rates andfor additives
that must be regenerated and recycled uzing external energy sources. The
rezulting carbonated solids must be stored at an environmentally suitable
location. The technology is still in the development stage and iz not yet ready
for implementation large-scale.
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ARTICLE

Geochemical modeling of diagenetic
reactions in Snorre Field reservoir sandstones:
a comparative study of computer codes

Modelagem geoquimica das reacoes diagenéticas
nos arenitos-reservatdrio do Campo de Snorre: um
estudo comparativo de cédigos computacionais

Marcos Antonio Klunle'*, Leonardo Hax Damiani®, Gustave Feller®, Marina Fortes Rey®,
Rommulo Vieira Conceicio’, Mara Abel, Luiz Fernando De Ros®

ARSTRACT: Diapenetic reactions, chamcerized by the disols-
tiom and precipitation of minerals ar low temperahores, oonteol the
quality of sadimentary rocks a5 hydrocarbon reservoine. Geochemicl
modeling, a tool used to understand diapenetic proceses, is perfor-
mad through computer ondes bamed an thermadynamic and kinetic
pammeten. [n 2 compamtive sody, we reproducesd the diapeneric
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reactions observed in Snome Fidld reservoir sandsiones, Norwegian
Morth Sea. These reactions had been previously modeled in the litera-
ture using DISSOL-THERMAL oode. In this shady, we modeled the
diapenetic reactions in the reservoin wing Geochemint's Waorkbench
(GWE) and TOUGHREACT software, based om 2 comvective-dif
fusive-reaciive model and on the thermodynamic and kinetic para-
meters compiled for each reaction. TOUGHREACT and DISSOL-
THERMAL modeling showed dissabution of quantr, K-feldspar and
plapioclase in 2 similar iempeainre mope from 25 o BIPC. In con-
trast, GWE modeling showed di ion of albite, plapioclase and
illite, ax well 2 predpitation of quarte, K-feldspar and kaolimite in
the = me temperarre mngs. ﬁ!nmddl:ggmmdh}'dmd.lﬁmt
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software for temperamrees of 100, 120 and 1460°C s d lark
the dissolution of quartz, K—H:kpu.plgbd-:mdhnlw:r.hrt
differed in the predpitation of albite and illite. At temperamnes of
150 and 160°C, GWE and TOUCHREACT peoduiced diffesent
renshts froem the DHSSOL-THERMAL, except for the dissolution
of guarty, plapindase and kaolinite. The omparative stody allows
choosing the numerical modeing soffware whioss results are doser io
the diapenetic reactions observed in the petropraphic amalysis of the
modeled ressrvoirs.
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Geochemical Modeling of Diagenetic Reactions

INTRODUCTION

rnumﬂmofgnm'l, nﬁg:hmﬂm:genfnﬂ.lrﬁﬁ:ﬂp
nili:gﬂ:znrbﬂl ima rnt:l'.r.il:li:i.norg;.lﬁl:m:tbcrﬂutm.ﬁ
fers 2 maturation process in specific depth and temperature
{source rock). The oil then migrates to 3 porous Erhnl.ng
that will store it {'ﬂ'l: rnuvni.rmds], where it ix tn.pped.hy
anather rock that has low permeability (the sal) (Magoon
& Dhowr 19704; Gluyas & Swarbrick 2004).
Unlﬂszﬂ::z:lmcl:,rﬂﬂ'u:ﬁlmclsmd:mmrimdlg
high porosity and permeability. The reservoirs are normally
carbonate rocks (Rochl & Chogquette 1985) or siliciclastic
rocks [Barwis et @l 1990), formed as the resalt of several
transformations that cocur in the deposited sediments, via
The most common diagenetic processes thae affect the
porosity and permeability of irs are compacticn
and precipitation of various types of carbonates, silicates and
other minerals {Tocker 2001). If precipitated as coments
in significant amounts in the space between the primary
d.:pusitimul constituents, thess dIIFI'I!tI-.E minerals com-
promise the porosity of the rocks, making them unfeasible
as a reservoir. Mevertheless, there is also the posdbilicy of
mh.mq_mt dizsolution -nfdi:.gcnd:il:ml:, g\cnenti.ng
secondary porosity, as ooours in mamy reservoirs (Bjorlylkde
1984; Schmidt & McDonald 197%; Surdam o ol 1984).
Th.:ﬂ.iagm:ﬂ: mea]]mav::ietynfmirﬂ:]:ln
ocour as cement in sedimentary mdks. The most common

cements are:

1. q'l.nrlz:i.n.'ﬂ:! fmmn&'umrubq'mgrwﬂu around
detrital grains and interprnular microcrysals;

2. E-feldspar as srcondary avergrowths or discrete crypsals
filling pores

3. carbonates, like caldite and dolomite, siderdte and more
rarely ankerite, rhodochmsite and mapnesite;

4. clay minerals, like kaolinite, illite, chlosite, smectite and
interstratified mized-layers (especially illite-smectice).

Ga}- minerals are mlumetr.il:ll}' less .ig_'n.l':Ec:.nt, bt
extremely important, since they commonly ocour as rims
({Houseknecht & Pittrman 1992).
ﬁ,mmpciﬁ.rngrﬂ:thruﬂ::tmﬂthpcﬂipi‘ﬁiﬂnn{mr&i-
paint of view, these reactions oonar because the constituents
therefore, tend to interact with the interstitial fuids through

30

I:]IaFu-ti:Fmoenﬂ {Budqdmllﬂj].'ﬂ:.:ﬂiagﬂtﬁcpm-
mmmﬁnﬂnﬂrﬂtm]}'b}'tnnpmhrem,pmﬂ’}
and the original minerl asemblage, bus also by the activi-
tiex af the ions dissolved in the formation waters, including
-urgp:lj:mhmEhan.demnﬂIﬁmu.

Galloway (1984) establishes three main hydrological
regirnes for uids within sedimentary basins, relased 1o their
movemnent and oooorrence:

characterized by infiltration of sarface to groundwaters;

due to borial;

3. thermobaric or abysmal regime, sssociated to the desper
parts of the basins, where the interstitial Auids are affec-
ted by clay minerals dehydrasion and oil peneration.

Gﬂndmjﬂlm.nd.dingisalnuludbmulﬂﬂznd the
dispenetic processes. It is performed through compaster codes
based on thermodynamic and kinetic pararneters. However,
ilc:thﬂcmm]mmﬂ]rinﬂumdngpnmtus,cad:
code must be wsed carefully in order to better simulase the
natural conditions. In this study, we reproduced the diage-
netic reactions obeerved in the Snorre Field sandishomnes reser-
woir,; Norwegian Morth Sea using Geochemnists Workbench
(GWB) and TOUGHREACT software, based on 2 comec-
tive-diffusive-reactive model, and the ﬂlﬂ'muﬂ,nm.i:mﬂ
kinetic parameters compiled for each reaction. The Snorre
Field wax chosen considering the availability of petrographic
ﬂdmﬁgnphkdmmbd”ampmdmnddnfﬂu
diagenetic reactions {Baccar & Fritz 1993; Morad ¢ al
1990). Nevertheess, such study has patential applicasion
tnﬂ::mnddingufﬂnﬁlimm:mﬁﬂ:imﬂ::mmpu-
sition, depositional and burial evolution.

Baccar and Fritz (1993) modeled the diapenetic reac-
tions in Snorre Fidd reservoir sandstomes u.irlg DISS0OL-
THERMAL code. We reproduced the same study using
GWEB and THOUGHREACT codes, =o that we could
evaluate similarities and I:]I\'u'gumﬂ in the results of each

system acconding o 2 wide temperamre moge.

GEOCHEMICAL
MODELING APPROACH

Althouph the fundamental concepts of chemical model-
hrh:lgﬁﬂ;wiﬂithepm%cﬁnltnfmm
as Garrds and Mackenzie (1967), Helpeson (19672, 1967k,
and Helgezon and James (1968). The first sirmulations weee
-urigin:ﬂy:.pp]lﬂltuﬂttmﬂermﬂhlgnfth: basic issues
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{5+ Pdhuhufm.tﬁu waters and assewment nfd.ugu'leti:
A prochemical madel is really anly useful asa ool for pre-
dicrion if there is the possibility to validate the results. In reality
this ix the poal that mest aften is unattainable, due to the com-
Plexity of natural systerns, inmufficient field data and uncerainties
related to changes in the system over time (Mordsmom 1994).
In the following sections, the main characteristics of
TOUGHREACT and GWE, software used in this study, ane
described. We also give some characteristics of the DISS0L-
THERMAL code used by Baccar and Frite (1993).

TOUGHREACT

TOUGHREACT was developed to simulate fhuid Sow
non-isnthermal mulki-component and geochemical ranspart,
inorder to imvestigate problams imvolving simple and complex
gralogical environuments (X 8 Pruess 1998). TOUGHREACT
can alon use “batch models", mulating the rections in o clesed
system. A number af thermo-physical and chermical processes,
rminﬂlum:]mqu:ﬁnus{l‘nmlm; Prusess ot af lm}.
The numerical salution o the water-rock interaction s based
on finite difference (Marasimban & Witherspoon 1976).
T&!quﬁmﬂnyﬂﬁdb}'ﬂt”ﬂtﬂi—ﬂ:}:}mhmr
tion (Pruess 1991). The activity coefhicient is caloulated using
the Debye-Hucdkel equation (Helgeson & 2l 1981).
expressed as function of non-basis species ax well. Usually
the species appearing in rate laws happen to be basis spe-
cies. In this model, we usea ﬁ.l:ecl:]:!mninn Emh}'lan.gp.
atal (1994):

rn-"!"n'kj'tl_%]

'llhu':pu.iﬁ'l:nluuufr_ind:iﬂbe dissolution, and negative
values indicate Fru:i[:i'lz'l:inﬂ; l‘.u:i.: the rate constant {mu]u
per mineral surface area wnit and time wnit), which is tem-
pmmr:ﬂ:pmd;mtﬁuisrh::pc:iﬁcmacﬁwmrﬁ::m
Pcrhs;mﬂ Q._l"Ki: the kinetic mineral saturation ratio. The
temperature dependence of the reaction mte constant can be
expressed reasonably well via an Asrhenins equation (Lasaga
1984; Seeefel and Lasaga 1994). Because many mte consants
are reported at 25°C, it & convenient o approximate rase
constant dependency as a function of eemperature; thus:

(1

-Fa,l 1
T(T_H&]j”

k -k .e (2)

where «is mﬁimhhhﬂmmﬂﬂmﬁ%h
the reaction rate at 25°C; R is pas constant; and T is abso-
hute semperature.

The kinevic rate constant k_ in equations 1 and 2 anly
mdn:ﬂtmnuwd}nudi:dmmdmﬂnnsmpuuHID
(=t nentral FH:I. Dimoltion and precipitation of minerals
are aften catalyzed by H* (acid mechanism) and OH- (bas=
mechanism). For many minerals, the kinetic rate constant k
includes each of these three mechanizms (Lasga = al. 1994;
Palandri 8 Fharaka 2004).

Geochemist's Workbench

The GWE system was developed by the Department of
Grealogy at the University of [lincisat Lrbana-Chamgpaign in
1978. It is carrently marketed by "Aqueous Solutions LLC"
(hizpe/fworsepwh.com/). The saftware allows st asescment
of the problems most commonly encountered in geochem-
inn]mndnli.n.g: h:lumerﬂ:ﬁnnsspﬂd:mmaq_umm\]u-
tion, water-rock interaction models, and Auid mirtore in
conditions of “batch model” {Bethke 2008).

Gmﬁnintzgmbe rh:rmnﬂ?nami:mﬂl:i:ﬂic param-
eters with species processing of peochemical resctions in
redox environments (Drever 1997). The batch modeling is
:.pmocmb}'wl'l.th a series of irreversble rections {rl.omq_l.li-
Eibrinm) propress o o staee of thermodynamic equilibriom
(Helgeson sral 196%). These reactions lead to chemicl evo-
hﬁmofas}:bcmtnrﬂrhﬂuuluﬂihiummTom\]v:

Gmmlmmlhnﬂmdraztofmrlirmalg\duﬁ:
equations, compased by the equation of mass action and the
or minerals that are contained in a database While GWH
sobves the equation of mass action, it is solving all the moss
balance of the sypstem. The GWE solves the equations using
Mewton-Raphson method.

The GWHE allows the user to build the rate low for the
reactions kinetics. Settings are available for kinetic dissolu-
ﬁm'JF\nu.Fit:hh reactions, redox reactions and microbial
metabalism. The pastern that GWE uses for the equation
of the rate law for the dissolution and precipitation of min-
erals takes the following form:
f=A ke (1) @)
wherzrkisrm.:ﬁnunte:a’lsismi:mlmrﬁ:zum:kr'umlz
constant; () is activity producs; and K is equilibrinm con-
mt.Th:::Li-anK is known as mineral saturation index.

Inu:myandnmpin thzb:mpﬂ:lur:w.iﬂaﬂ'u:tﬂ'z
rates of reactions in progress. In GWE, the activation energy

31

Eraslllan Journal of Geclogy, 43(Suppl 1k 28-40, August 2015

57



Geochemical Modeling of Diagenetic Reactions

ture-dependent rate, based on the formulasion of Arrhenius

e @
kt=A.r RT

where A & pre-exponential factor; Ea is activation enerpy;
R is gas constant; and T is absclute temperature.

Dhiagenesis is defined as the sum of physical and chemical
I:I'I.l.l'lgﬂ ﬂur.i.ng pmogrunvz burial and |:|::L|'.|15. reflected in
compaction owing to known physical proceses and o reac-
tions where minerals ane dissolved or precipitated. A wide
nri:l.}' nfdiagzrletic reactions ocour in sandstones, and
soame have significant effects on porosity and permesbiliey.

Mathematical correlations between
TOUGHREACT and Geochemist's
Workbench, and kinetic parameters

The mathematical correlations of TOUGHREACT
resemnble in part those of GWE, buat there is an import-
ant difference between them. Solving equasion 2, we have:

Ea_ Ea

i‘h'h:"|ﬁ_m‘5 (5
-Ea Ea

-, .o 70 Lias] ®

Thus, the correlation of GWE with TOUGHREACT i

o a5 el @

The major difference observed in TOUGHREACT is
the numerical expression:

il
k.- RI9E.15 (&)

The kinetic pararmeters used in the Smulations are shown
in Tab. 1. Fach software has different numerical methods
cal environment. Thus, the kinetic pﬂnmebu:aﬂnptmd |:|3'
each simulator are submitted to some adjustment Gctors.

32

Afmdtﬂruﬂicpnﬂmﬂtﬂsminm‘bﬂlincﬂsﬂﬁmm
interface, simulators caleulate the “global rate constane™,
whose values are in Tab. 2.

1f we look at pwo differens reference bunhurlrh:acr.lﬂh-
rivem constant value of 3. chemicl reaction, there isa big chanoe
that the vahues found ase different (sometimes by a Booeof 10
mmﬂﬂ.ﬁhﬁmﬂqhbﬂmhmmm
different technigues. A commion sousce of variasion in published
ahues af K i the ionic ampasition ofthe sobution (Harris 2012}

The diagenetic reactions used by G'WEB and
TOUGHREACT are shown in Tab. 3. For GWE, the equa-
tions are written with a view tn.:ﬂ]:mfh]-ed'lﬂnil:] equi-
libria, as @ function of hydrogen ion. The GWE uses hydro-
gen fons (H) to asdst in the dissociation of minerals, thus
-en.:HEn.g the ad:iu.'nmml: of the stoichiometric coefficients.

DISSOL-THERMAL

The DISS0OL-THERMAL simulator (Friee 1975, 1981) is
JFd::mjulmd::hlszdeawhﬂh:rrh:mhuﬂmn-
stituents are dissolved or precipitated, 2xwell as the composs-
tion of the solution after the water-rock interaction. Throwgh
the attributed concentration of dissolwed :pﬂ:l'.ﬂ. tempera-
ture, pH, and redex posential, DISSOL-THERMAL code
pravides the diapenetic reactions and calculates the satura-
uhindunfm.i.rmkpmtin ﬂugnlugi:lmvimnm

DISSOL-THERMAL ix divided into two peochemi-
cal codes:

1. DlSSGL—Glcul:bﬂamnddE:::imuluir%mmocl.
interactions at a given temperature between 7 and
F007C; and

1. THERMAL — cloulates s model for simlating the effect
of temperahere variation on water-rock equilibrinm.

sobution sxturation test, followed by path calbeulation (dis-
solution or temperature variation).

In this study; we used the DISSOL-THERMAL modeling
results from Bacear and Frier (1993) and compared to owr
modeling using GWE and TOUGHREACT simulations.

INITIAL CONDITIONS OF THE
RESERVOIR AND THE SIMULATION

Geological setting and mineralogy of
Snorre Field reservoirs

The Snorre Field is kecated in the nohemn Fﬂ.rtnfﬂ::
Morth Sea (Fig. 1). The il field is situated on the Tampen
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S‘)I:I.I’..'I'l'l.if_h isa Flalﬁxm}n.g}lm the western side of the
Viking Graben (Jurasde-Cretzceous). The main reservoir
horizons are fAuvial andsones from the wpper member of
ﬂI:UPPErTr'nﬂn'c Lunde Formation and the U]:!Pcr-ﬁ'inm'.t
tos Loweer Jurassic Seatfjord Formation (Hellander 1987).

The Lunde Formation, which is the subject of this pepes, is
& Dwore 1984). It was deposited during the thermal subsid-
ence phase following a Late Permian to Eardies: Triasic rfting
episode (Badley eral 1988; Nystuen ¢ al 1989). The Trizssic
0 Middle hrrmmic squence on the Smorre Field was uplifted,
tilted and parthy eroded during the Kimmeridgian rifting epi-
md:hlm]uuﬁ:m&ﬂy&zhmﬁmﬁ:qﬂiﬁm
Eardy Cretacrous o Recent (Mosad eral 19940).

and arkasic, having as main framework constituenss quarts,
K-feldspar, plagiodase, muscovite, biotite and clay minerals,
Mumqmﬂmumﬁmmtﬂnm—

Subordinate constinents indude extrabasinal quartz-feld-
:Pu'-m.l'.cnm:kﬁ'ngn:nuﬂu.t Frnlubl}' represent pranitic
rocks and/for schists or preizses. They also include mud and
carbonate intraclasts. Micas and detrital day minerals sel-
dom mhnpmmﬂuni%nfﬂtmt:]minm]mm
in the sandstones. Clay minerals of desrital origin indude
smectite, mixed-layer clay minerals, chlorite and suborndi-
nate amounts of kaolinite and illite.

Diapenetic day minerals include pore-flling kaolinite
and pore-lining smectite, mived-layer dhlorite-smeczite, and

Table 1. Kinetics parameters uced in sach softerare (Palandri & Kharaka 2004).

Minermls GWE TOUGHREACT
Pre-exponential factor: 0.05% molfomds Pre-exponential factor: 4.11e-06 molims
Activation energy: $0500 |fmal Activation enengy: 9090 k]/mol
sz Grain size not used Gratn stze: 0001 mm
Surface area: 17.8 cm®ig Susface area: 17.5 el
Pre-exponential factoe: 2.78e-09 melioms Pre-exponential factor: 2.7%5-1% malfims
Activation energy: BS800 | maol Activation energy: G280 k]/mol
A Grain size not used Gratn stze: 0001 mm
Surface area: B0 cmiig Surface area: B0 ey
Pre-exponential factoe: B 8%e-09 molioms Pre-exponential factor: 5 8%-1% malfmis
Activation energy: 38000 | mal Activation energy: 3800 k]/mol
el Grain size not used Gratn stze: 0001 mm
Surface arex: 16.0 cm®ig Susface area: 160 com'lg
Pre-exponential factor: 7 58e-6 mollemfs Pre-exponential factor: 7 58e-10 malfms
Activation enetgy: 17800 Jfmal Activation energy: 17.8 Kol
Ancethite
Grain size not used Gratn stze: 0001 mm
Surface area: 2.0 omig Surface area: 2.0 oy
Pre-exponential factes: 1 08e-12 meliemf’s Pre-sxponential factor: 1.082-16 malfmis
Activation energy: 30430 |fmaol Activation energy: 304% kl/mol
fite Grain size: not used Grain stze: 0.0005 mm
Surface area: 8.0 omiig Surface amea: B0 oAy
Pre-gxponential factos: & &0e-10 molicms Pre-exponential factor: §.60e-14 malfms
Activation energy: 232300 |fmal Activation energy: 22 30 k]/mol
faclinice Grain size: not used Grain stze: 00001 mm
Surface area: 16.0 cm®g Suzface amea: 160 cm'Vg
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feldspars. Other cements include carbonates, which play a
significant role in porosity reduction in some of the and-
stones. The most dominant are calcite and ferroan-calcite.
Dolomite and ankerite, however, are also present in many
of the samples, especially above the oil-water contact, and
within 100 m of the Kimmeridgian unconformity (Fig. 2).

Calcitr ocours mainly as nodular to paschy poce-filling ar
replacive poikilotopic coment. Reploement of caldee by fer-
roan-dolomite was obsered h}'h'!mcl et al (1990). Ferman-
hiotite. Siderite is 2 subordinate cerment in these sndsiones, bue
d.nﬂnnmrinﬂtﬂnndlimmdinﬂn:,]:ru:‘uniluuﬂ?armd-
ulex. Aurthipenic quarts overprowths (< 1%) are mrely charreed.

include albite ovengmwths, pyrite and barite (Mo etal 1990).

duaring depasizian, busial throwgh the cooling phase succreding

the Perme- Triamsic rifiing episode, Kimmeridgian rifting and

uplift, and post- Kimmeridgian burial. Chver this time inter-

+val, four major dizgenetic regimes (gf Schmide & McDonald

lgm}mmgnizﬂl:

1. Eodiagenesis in the lae Trizssic;

2. Mesodiagenesis in the kate eardy Jorasic to kete Jursssic;

3 Te'ndi:.gmu.l'.: in the latest Iur.:.::it t]'lmusl'l. nrl}'
Cretacenns; and

Table 2. Bate constant and equilibriom comstant uced by each softamre.

GWEB TOUGHREACT
{log K) (melicmisz) (log K) fmaliemiz)
Coarte 258 Tide-18 %] Tio0e-18
Albite ~18.02 IEBe-31 =191% 4.52e-21
E-feldspar 2057 10%e-15 2191 457e-15
Anorthite -18.71 G4Te-09 -19.18 0.80e-10
[Mite -0 b 61%e-18 4218 1%1e17
Kaclinite 745 SE%e-14 Ea1 T.62e-14
OWE: Gaschamists Workbanch,
Table 3. Dissociation reaction of the minerals according to the softwere.
Mineralz Dizsociation reaction
Chartz +3 1911:!“
Coartz (Si0,)
*Oarts & ISIZI“
*ATbite + 4H" o3 Na® + AT + 3800+ JHO
Albite MaAlSi0,) e
**ATbite <+ Na- + Al = 591'&“
*K-feldspar + 4 o3 1K = AI® = 35i0,, + JHO
E-feldspar (AL 0,
**E-feldspar <+ 1K" + Al + 3500
“Ancethite = 84 «» 1Ca=2 + ZAM + 2510, + 4HO
Anorthite (CaAl (SI0))
*hnorthite «» 102% + 2R, + 2880
3 'mh-urumr+nm{g-'+uﬂ*-usmm+mzn
“Ilite 2 Q.BK* + 0.25Mg< + LIAM,+ B55I0,_ + 4H.O - L2H
*Hachnite + 6H" o LA + 2500, = SH.O
Kaclinite [A1SL0,I0H) ) =
“*Kaclinite +» 2410, + 280, + 1H.0 + 30

“Gepocharmiist’s Wiarihench; = TOUGHEEACT.
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4. Mesodiagenesis in the mid-Cretaceous to recent.

Geochemical modeling
of diagenetic events
Baccar and Fritz (1993) studies were focused on the

between the rocks and modified waters in different tempera-
tures. Our studies are referred to the same conditions. The
scenario that will be modeled in this study is the interaction
of Lunde Formation with a modified seawater in different
conditions of temperature, which correspond to mesodia-

mesodiagenesis, in which there were several inter g is conditions (Morad & al 1990).
/ﬁ‘*f‘*ﬂ, Narwsignn o -
r NORWAY .
éj.,.,.,/ Ji *hg,;r 1
a_Troay )X 4 Wk,
‘k j‘uum‘i{a ' v
-\._~ r ; k \ '- ) /S L
ot LI vy e
'r’"::’w '(‘ \ t '\, 2 :; g wide n; g
. ARSI ] - >
N j R Norway ), b / :
" %' ‘\'”f}ﬁi: J 2 T
tﬂ wrm suw.-,, : Ll '1’.?“- o o
1 /A0 4 Norih .
“ b 1( K Miprow

Figure 1. Location map (blocks 34/7 and 34/4) of the Snorre Field at the Tampen Spur in the North Sea (from

Morad et al 1990).

o

-

2000 4

Depth of burial meters

.

cooltng

: KWnMphan

Early rft phase
2000 2000
=i <5 Maso s i3 Telo 3 Meso diagenesis
1 Early dlagenesis 2. ciagenes ta; Te diagenesis 4 Post 011 Mig
PM: foemation.
Figure 2. Burial hiztory and azzociated stages of diagenesiz in the upper Lunde Member zand=ztones (from Morad
et al 1990).
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The Fl.'.i.lni.l?’ rock is 2 mndstone with an awng:.im-
plified composition of 70% quartz, 20% feldspars and
10%: clays. The complete mineral compaosition of this roeck
is detailed in Tab. 4 and the q_u:.ul:ilynfe:.lﬂ'l mineral is
represented by volume fraction dissolved per kg of H O,
Seawater composition was compiled from Nordstrom
=5 all {1 EI?EI:I, and the majur element mmpﬂ:ition is
shown in Tab. 5. Diagenetic events are modeled in the
following ternperatures:

B Event 1: 25, 40, 60 and 807C;
B Event 2: 100, 120 and 1407C;
N Event 3: 150 and 1607C.

RESULTS

Diapenetic processes, as predicted by modeing the waser-
mdck interaction between 25 and 160°C using TOUGHREAT
and GWE, in comparisen to DISS0OL-THERMAL, are
summarired in Fig. 3. The modeling with TOUGHREACT
and DISSOL-THERMAL showed dissolwtion of quarts,
K-feldspar, plagiockase, kaolinite and illite between 25 and
160°C. When GWE was used, quarez, K-feldspar, albite,
illite and kaolinite were precipitated.

At temnperatuses of 100, 120 and 140°C, the 3 differ-
ent modeling systerns indicase the disclution of quarts,
K-feldspar, plagioclase and kaolinite, converging regarding
their results.

At temperatures of 150 and 160°C, GWE and
TOUGHREACT produce different results from thoss of
DISSOL-THERMAL with dislution of K-feldspar.

Above 100°C, we observed similar behavior in GWB and
TOUGHREACT medeling due to the hiph kinetics and
thermodynamics involved in diagenetic reactions, favoring

DISCUOSSION

As showed in the reslts, the use of different codes produces
different nu.'u]l:dluingmndding.'l'h:mim}meufmﬂu
is mone evident between TOUGHREACT and DISS0L-
THERMAL than between DISS0OL-THERMAL and GWH
sftmﬂutﬂ:ﬂyatlmrm the simulasion resalis
numerical methods to solve 2 different set of reactions.

The choice of the software for peochemical modeling
should consider the differences of each code, in a way o
reproduce the reactions of the peological environmene of
interess with preater approximation od"n:ﬂht}

At low temperasures (T < B0°C), it is not possible to
observe similarity among the resalts of the different codes
due to rh:]uw]sjmi-:mngrinvdwﬂ in the ﬂi:.gcrletit
reactions. Each smulator has its own algorithms based on
ﬂrrnm.i: Fﬂmmunfﬂmjnml,mnmd in database.

In the physical-chemical approach to higher tempera-
ture reactions, the kinetic energy increases to the point
tngmt:jmﬂumult,rﬂgrd]m of the model. [n the
present study, it is shown that at elevated temperatures
(100 to 140°C) there is an increase in kinetic enerpy;
incrementing the intensity of the diag\en:ti-: reactions.

Table 4. Mineralogical composition of the reacting rock (Lunde Sandstone, Triazsic, Horth Sea) (Morad et al. 1990).

Minarals Chemical formuls Volumne fraction
mastz si0, 000
At HaAlSL0, 00
H-feldspar HAISLO, &.oa
Ancrthite CaAlSLO, .00
[Tite Sy Al ME L O OHLE S00
Kaclinite SLALD,IOH), 00

Table 5. Chemical compaosition of the initial solotion {mM/L) — sea water, at 25°C (Hordstrom et al 1979).

A E Ha* Ca' Mg F=' Si0, S0 o pH
78ax10% | 1048 47952 105% 5439 | IEEx10% | Q073 BBET L1 B2
Allclininy = 2576 Wi/L; B = 500 W
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Consequently, the GWE, TOUGHREACT and DISS0L-
THERMAL systermns penerate similar results. However,
GWE and THOUGHREACT have different approaches
while wm’lﬁ.‘ing with |1.iE|:| tempeTatures when cnmpﬂmd.

to the DISS0OL-THERMAL. This can be observed by the

behavior of illite and K-feldspar.

In gemweral, shove 100°C, GWEB-and TOUGHREACT mepro-
duce similar behavior, The mmiericl medhod l:ﬂjuﬂu,mm

ATbite r 1 Anoethles Mineral zone
: ;,."f*% o prectpliation
1 P gmnmlmnz Mineml zone
ol te dr T ® u.‘.s orespirarion _§ A Aimmctutten
'§ . ‘.'f Minemal zone < a2
E . i
g 2 r"ré g 3 t\g“
is 0 i E? e
-4 a—"b 5 ﬁ "'gu
-5 L] x‘-t
30 40 &0 B0 100 120 140 160 180 10 40 &0 B0 100 120 140 160 180
Temperature {*C) Temperatume (*Ch
. e . K-feldspar
* o
* o N :
ﬁ: #t*gﬁm’;m ]5.2 \\?‘x* s
_ y ¥ Min i
§ o BT 0 g § L e
§ o dmma £ Co g , o Moo
3, I a ;,“;!,-o}num
] a © . o3
44 D . g
30 40 &0 B0 100 130 140 160 180 “TI0 40 e0 80 100 130 140 160 18O
Temperature (*C) Temperatume (3Ch
5 Raclinite T Craastz
4{ 5 #
x L -
e, 2 + Mineral zone
'§ 2 1‘-“*‘ " ]E. o precipitation
1 - Minezal zone Mineral
. L pep P4 oo & i
i~ e ial T-l°% %
-3 o a g f\g = R .
.1 L+ ‘g . - |
60 B0 100 120 140 160 180 0 40 &0 B0 100 120 140 160 180
Temperature (*C) Temperatume (3Ch
# GWB * Toughmeact -—- Bacrar & Fritz {155%)
TWE: Geochim s Workbameh
Figure 3. Geochemical modeling of a sandstone from Horth Sea using the Geoch ist’s Workl h and

TOUGHREACT saofteare, in comparizon with the results obtained by Bacoar and Fritz (19935).
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interactions in peological environmenes. These equations: aoe
hwhmmhmm
140°C, these kirsetic and thermadynamic dat acquire an anom-
af 500 I the sofoware finds the 500 value, the previous valoe is
used. This ix just 2 reference appmach eo indicaee that that vahe
has not been calolated.

TOUGHREACT uses equations of state (EOS) to cal-
culaee the mass balance. The EQS perform ewo import-
ant functions:

1. to caloulate the wolume fraction of each mineral at the
time of water-rock interaction;

tor use the dissolwtion/precipitation of minerals identi-
ﬁ'i.ngﬂ'le :liutgl:nf:ad: mineral P}nu.

!‘\-J

From the variation in the minerals volume; it is possi-
ble to calonlate the putmit]'.:.nd. Pﬂmﬂhﬂil}:

The software that is most smilar to DISS0OL-THERMAL
ﬂ:ﬂtyhﬂu:mrb:mﬂm:ﬁﬂlmtaﬁmmﬁm
technigque (method to sobve the differensial squations) and the
finite difference method, providing fexibility in the descrip-
imations increase the resolution of water-rock interaction.
:hg-_:.lzl‘.hg'umamntrh:tﬂnpmmmnxﬁntsug:
cormespands to the termpemture moge of 25 — 100°C, and the
secnnd stage, to the temperature moge of 120 160°C. In the
lower temperature stage (25 — 100°C), TOUGHREACT
and DISSOL-THERMAL simulators reproduce the dizge-
However, GWHB and DISS0L-THERMAL software assume
a simmilarity of peochemical resctions among a larger number
of minerals sach as illite, kaolinite, K-feldspar and anorthite.
In the higher temperature stage (120 — 160°C), we find a
sirnilar behavior in the 3 systems, doe to the converpence of
their numerical methods, as it & evident in Fig. 3.

Users must be careful when diuu.i.n.g.a gcncl'l.cm:ial
maodeling software because, depending on the tempera-
ture range, different systems can produce very discrepane
behaviors. Although GWB and DISS0OL-THERMAL sim-
ulators reproduced the lrgest number of Smilar diapenetic
reactions, users must be cautious in interpreting their data.

CONCLUSIONS

The present :tl.u‘ly of g\eul:]'lnn:ic:] m.oﬂﬂ:ing Coxm-
paring the application of GWB, TOUGHREACT and

38

DISS0L-THERMAL codes for the simulation of disgenetic

reactions obzerved in the Snorre Field reservoir andsones,

MNorwegian North Ses, resulted in the following conclusions:

1. Dmp'ﬂi:mmu.ir%:thm.pﬂ.mﬂ!ihm'ﬁh
differens simulators reproduce quite different behaviors. In
this tempemture mnge, which imnbves kow energy, the reac-
according to the particularities of sch eode. The numerical
methods used by GWE and TOUGHREACT software
with low precision expected for diapenetic reactions at
bow-tempemture peological environments.

2. For the mnge of temperature from 100 to 140°C, in which
because they use the mme mas balance and the sme tem-
in this terperature ranpe are more stable and rumericallhy
accurate, iving rise to a preater convergence af resalts.

3. For higher temperatures, from 150 to 160°C, GWB and
TOUGHREACT reprosduced the sime behavior of disso-
to DISSOL-THERMAL code, those realis ase discepant.
In this temperture mnge, water-rodk interction hosa very
E:ﬂ]mvirnumh,nnlﬁh‘lgﬂupuimfﬂ!m
bews possible. In this way; each simulator seekes iex own best
st of numerical solutions to achieve the equilibrinm.

Users must be cantious when choosing peochemical
modeling software, a5 an imporant Gctor for choosing a
jm.ﬂ:mishkmﬂumpemmmﬁngcﬂiuﬂiﬂ bee uesed.
With the temperature information, the user should make
a preliminary study with the available codes o verify the
mnmguunfrﬂull:buth:nhm’ud d.i:.Fuﬁ:rﬂcﬁnus.
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Geochemical Modeling of Burial Diagenesis in Turbidite Reservoirs

from the Espirito Santo Basin (Eastern Brazil)

Marcos Antonio Elunk and Fommule Vieira Conceicio

'Institute of Isotope Geology, Federal University of Rio Grande do Sul

Ahstract

Dhagenetic reactions control the quality of hydrocarbon reservomrs. Geochemical
modeling, a useful tool to understand the diagenetic processes, can be performed
through computer code based on thermodynamic and kinetie parameters. Performed a
comparative study of the diagenefic reactions observed m turbidite reservoirs from the
Espinte Sante Basin, using the Geochemist's Workbench (GWB), FHREEQC and
TOUGHREACT software. The results allowed the companson of the geochemical
modehing with the petrographic observation of disselution, albihzation and kaclmization
processes, as well as the precipitation of caleite and dolomite. The porosity of the
sandstones can be predicted m relation to the distibution of dissolution, kaclnization
and albitization of feldspars, which sigmficantly changed the essential composition of

some samples.

Key-words: Dhagenesis, Geochemical modehing, Turbidite sandstones
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1. Introduction

Over the years, the exploration area m oil companies has been facmg an
mereasing geological complexity of the reservows, whoch adds challenges to the
prediction of reservor quality. Therefore, it 15 pecessary to develop and apply mew
technologes for this pmrpose. One of them is the geochemical transport and reachion
modeling, uwsed for understanding the evolotion and disinbution of the diagenetic
processes and for the charactenrzation and prediction of the quality of ml reservoirs.
{(Meshn & Ortoleva, 1990; Brenner ot al, 199]1; Genthon er al, 1997; Gales, 1997).
Geochemical modeling uses computational code based on thermodynamic and kinetic
parameters. There are several code sources available. Due to the numerical complexity
associated with the sinvulation parameters, each code must be used with caution, and
checked aganst geological and petrological data, in order to better recreate the
geological environments.

The development of pumencal code applied to geochemneal modeling has been
the objective of several research groups related to the petroleum industry. An important
factor that must be considered in the construchion of a geochemical model 1s the
possibihity of companng the results simulated with empinical data, allowing testing the
validity and rebiabihity of the code. Once the oumencal method has been defined, 1f 15
possible to camry out simulations by modifymg certain parameters to test their sensitvity
when building different geological scenarios.

A scenano 15 understood as the set of parameters that defines the evolufion of
the reservoir. A set meludes, for example, mineral composition, flmd composition,
sequence of mineral erystallization and burial history.

In thas study, reproduced the diagenetic reachions observed mn turbadite reservoms

from the Espimto Santo Basm, offshore eastern Brazl The petrographic analysis of this
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reservolr suggests a diagenetic history diided mto four stages: marine eodiagenesis,
meteonc eodiagenesis, compactional mesodiagenesis and thermobarie mesodiagenesis
(zensu Galloway, 1984; Worden & Burey, 2003).

In order to model the diagenesis of these reservoirs, made use of the softwrare
Geochemist's Workbench (GWE), PHREEQC and TOUGHREACT. Their source codes
are based on advection-dispersion-diffosion models, providing thermodynamic and
kinetic parameters to simulate each diagenetic reaction. The three systems were used m
baitch mode (models that do not consider the mass transport process, refermng only to
the geochemical reactions), while ooly GWEB and TOUGHREACT were used for
dynamic condion models that consider the mass tansport processes in ome-
dimensional flow direction.

The results of the geochemical modeling were compared with petrographic data
observed in thin sections and desenbed by De Olverra et al., (2013). The results of the
geochemical modeling showed processes of alitization and kaolimzation of detntal
foldspars, as well as guartz overgrowth cementation, which ocowred durng the
mesodiagenesis. It was also possible to recreate the conditions of precipitation of caleite
and dolomite in the reserver.

These geochemical resulfs allowed us to predict the porosity of the mservears,
and the distnbution of dissolution, kaolimration and albitization of feldspars that

1. Geological context

The Cangoa Field located in the Espinfo Santo Basin, 1= predooumantly

charactenzed by a gas accumulaton associated to a small volume of oil, stored m
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turbidite sandstones of the Uicutuea Formation from the Eocene age. The turbidites are
nchly composed of feldspars and were deposited and later deformed against a salt
dome, which conditioned the strocfunng of the reservoirs and, potentially, also their

The petrographic analysis and petrological inferpretation of the reserveoir, which
are not the focus of this work, suggest a diagenstic hstory dmided mto four stages: 1)
manne eodiagenesis; n) meteoric eodiagenesis; 11} compactional mesodiagenesis and
i) thermeobaric mesodiagenesis. (zemsu Galloway, 1984; Worden & Budey, 2003).

The marme epdiagenstic stage comprises the earliest diagenefic processes
recognized in the sandstones, including the precipitabion of limited pyrite, dolomite and
siderite replacing biofite grains, mud infraclasts and fillmg mtraparticle pores
foraminifera bioclasts (De Oliveira et al , 2013). The paragenetic relationships suggest
their formation through processes of ron and sulfate reduction by the action of bactena
in marine connateflmds (Bemer, 1981; 1984; Morad, 1998).

Dunng mefeoric ecdiagenens, the dissolubion and kachmzation of feldspars,
micas and mud intraclasts, as well as the dissolution of feldspars and the expansion of
micas by kaolinte, were quute widespread in the analyzed sandstones.

These processes were promoted by the mnflux of meteonic waters through the
reservolrs when they were still at small depths, a condition that seems to have occurred
in other turbidite sandstones of Brazmlian basins (Moraes, 198%; Carvalho et al, 1995;
Mansurbeg et al, 2012). Such meteonc influx would have been favored by the
hydraulic gradient provided by the expressive uplift of the Sera do Mar dunng the
Eocene (Gallagher et al., 1995; Saenz et al., 2005).

Dunng the compactional mesodiagenesis, mud infraclasts and the psendomatrix

generated by ther compachon were replaced by microcrystallme silica (De Olnreira et
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al, 2013). In turbadite sandstomes, this process is usually related to the dissolufion of
radiolana or other siliceous orgamisms in the smrounding shales (Sears, 1984; Van
Benekon, 1989; Moraes, 1989; Carvalho et al., 1995).

The mereasing burial state and pressure dissolufion of quartz grauns, particularly
in contact with mica lamellae and carbonacecus fragments, may have served as source
for quartz overgrowths (De Oliveira et al | 2013).

Dunng the thermobanc mesodiagenesis, with the continuation of their bunal, the
flow of heat and flmds related to the adjacent salt dome began to influence the
reservolrs. The comvection of fimds denved from the subjacent shales and carbonates
through fracture systems generated along the wall of the salt dome promoted the
evolution of hot fuids with high Ma®, Ca*", Mg™", CI” and 504" activities.

The most evident consequence of the action of these flmds in the sandstomes 15
the extensive albitization of the deintal feldspars, particularly the twinned plagioclase
and the orthoclase (De Oliveira et al, 2013), due to the proxmity of the salt dome.

The precipifation of albife, quartz and late carbonates can be commonly
observed in other sandstones associated with salt domes (Hanor, 1987; 1994; 1999,
Land et al, 1987; McMamus & Hanor, 1988; 1993; Posey & Eylea, 1988; Ranganathan
& Hanor, 1988; Evans & Numn, 1989; Evans et al., 1991; Buwley, 1993; Gaupp et al.,
1993; Esch & Hanor, 1995; Sarkar et al, 1995; Giles et al, 2000; Haszeldme ef al,
2000; Sharp et al, 2001; Enos & Eyle, 2002; Brune & Hanor, 2003; Archer et al, 2004;

Milliken, 2005; Hanor & Melntosh, 2007).
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3. Concepiual model of the reservoir

A conceptual model of the reservor was created based on pefrographic,
stratizraphec and seismoc data (Olrvera et al., 2013). The model 15 summanzed on Fig.

1. The reservoir geometry and the simulation temperature conditions were determined

from the bunal story and cwrent fisld conditions.

Boun ﬁaﬁr ’/_’///
Ealt Dome

Conditions

21

o 7

bri |

s

<

Compactasional water (low-salinity}
expelled from shale

Fig. 1. Concepual model of the Cangoa Field reservoir in the Espirito Sante Basin (adapted

For the formulation of the conceptual model and confisuration of the
simmlations, the petrographic data proposed by De Olrvedra et al., (2013) was simphfied

based on the most mmportant mmeral phases that could reproduce each stage of the

from De Oliveira et al, 2013).

thermobanc diagenetic hastory.

The temperatures used 1n the simmlations were based on the thermal and bunal

history of the reservoir. The mineralogical compositions of the sandstones and shales to

be modeled are shown m Table 1.
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Tahble 1. Modeled mineralogical composion of Lithologes (as a percentage of the total

volume of each rock).

MMimeral Sandstone Shale
Quar 46.35 21.15
K-feldspar 840 £
Plagioclase 12.00 4
Albie 03 4.1
Calcite 03 17
Dolomite 110 19
Siderite 0 1]
Faolinite 435 315
Tlite 55 485
Chlorite 05 45

This conceptual model mtends to recreate the thermobanc mesodiagenesis
considering the interaction of a ighly sahine fluid with the sandstone mineralogy. The
lgh sahmity of the flud was acquired after its interaction with the salt dome.

The concepiual model takes info account the percolation of bmnes from the
shales and other hthologies near the turbidite reservear. Thas percolation was enhanced
due to the thermal contrast cansed by the salt dome.

This geochemical modeling predicts the diagenetic reactions of reduction and
creation of porosity, which will be used to predict the quakity of the reservorr.
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4. Primary conztitution and composition of the water used for modeling

The restored contents of the main primary constituents were reconstituted based

on the paragenetic relations of replacement by diapenetic conshituents and dissolution

recorded m petrography (Table 1). The onginal percentages of the major primary

constituents were approximated based on the restored values and deposihional porosity

values comresponding to the grain size sorting of the samples (Table 2}). The locations of

the mam diagenetic constituents were characterized as between infragranular and

intergranmular, considenng that only the latter has a sigmficant impact on porosity and

permeabihity (Table 2).

The compositions of waters used for modeling were:

)

u)

Brackish water from the Gulf of Mexico (Table 3), for the fluds that
promoted the meteonic diagenesis processes (dissolution and
kaolmization of feldspars, mocas and mmwd mtraclasts, expansion of
micas by kaolmite);

Water formations from the Gulf of Mexico (Tempel & Hamison, 2000;
Table 3), for the fluids expelled by the compacting of the subjacent
shales;

Current formation waters in Well B, for the thermobane flmd related to

the salt dome (Table 4.

75
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Table 1. The average volumes of the main constiments of petrofacies associatons recognized in

turbidite sandstomes of the Espinito Santo Basin.

[ =J=-R N =L I ST O

Well-Al

11 Constitnents
12 Porous (%) | Micaceous (%)

14 Detrital Qruartz 4842 34.78
16 Detrital E-feldspar 2,50 8.11
18 Detrital Plagioclase 12,88 18,80
20 Micas 0,71 1,78

3

Carbonate grains 146 0,88

Tntergranular Albite 0,51 0,89
Intragranular Albite 3,04 4,58
s Intergramular Calcite 0,71 0,44
3 Intragramular Calcite 1,83 0,78
33 Intergranular Dolomite 0,88 0,22
35 Intragranular Dolomite 133 0,66
a7 Intergranular Eaolinite 0,70 0,33
ag Intragranular Eaplinite 2,74 3,00

41 Intergranular (uartz 3,00 233

43 Inirapranular Porosity 5,25 6,44

45 Intergranular Porosity 230 265

47 Sum 0427 8906
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Table 3. Composition of the meteoric flnids and the fluids derived from the compaction of shale

used in modeling. Fluids from the edge and Eocene of the Gulf of Mexico. Tempel & Harrison

(2000).

Solutes Aeteoric Water (mg/L) Compaction Water (mg/L)
Ha 6.30 10.80
E 230 230.00
ca® 15.00 1480.00
M= 410 151.00
cr 15.00 476300.00
50, 11.20 18.00
S0 13.10 £4.00
Fa®' 1.00 100.00
Al 0.01 0.01
HCO, equil CO, equil €O,
H 3.16E-7 3.16E-6
H 6.50 550
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Table 4. Composition of the thermobaric fluid related to the salt dome used in the modeling,

considering the current formation waters of the Wall — Al

[ =J=-R N =L I ST O

10 Solutes Sample 1 {mg/L)

13 HCO, 704.00
15 Br 25.00
17 ca® 3377.00
19 cr 62517.00
21 s 408.00
Fe 50,00
7 Me™ 345.00
E 7640.00
32 Salinity 103060.00
Ma' 3234000

50> 150400

40 5. Software for geochemical modeling

There are many types of sofiware available to simulate geochemical reactions.
47 For this study nsed Geochemist's Warkbench (GWB), PHREEQC and TOUGHREACT.
49 The GWE was developed by the department of geology of the University of
51 Ilinois at Urbana-Champaign in 1978, It performs simple simulations in a short time
53 interval for the caleulation of saturation index (using Debye and Hickel Harvie-Maller-

Weare models) and distnbuton of agqueous species. (Bethke, 2002).
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PHREEQC is a free software wntten in the C and C++ programming languages,
designed to perform a wide range of geochemical calculations. PHREEQC calculates
the satoration index and speciation m batch mode and one-dimensional tramsport
PHREEEQC uses the Pitzer model when the salimity of water is high and outside the
application ranges of Diebye-Huckel theory. The software nses the oumerical intepration
method, allowing the solution of differential equations that can be generalized for the
reconstruction of three-dimensional trajectones. (Parkhurst et al., 1999).

TOUGHREACT was developed to simulate flmd flow non-isothermal multi-
component anpd geochemical transport, in order fo mmvestizgate problems mvolving
simple and complex geclogical emvironments (u & Pmess, 1998). TOUGHREACT
can alse use “baich models”, simulating the reactions in a closed system. A number of
thermo-physical and chemmical processes, which ocour in the subsurface, are conmdered
under the aspect of hydrological and geochemical conditions of pressure, temperature,
water saturation and 1omic strength. The numencal solution to the water-rock inferaction
15 based on the fimite difference. These equations are sohred by the Newton-Eaphson
interaction (Pruess, 1991). The activity coefficient is caleunlated using the Diebye-Huckel

equation.

6. Results

6.1, Simulation: in batch mode

Batch mode simmulations (Fig. 2) were performed at 120°C, comesponding to the

mesodiagenetic condiions where the sandstones were percolated by the compactational
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Page 12 of 37



Page 13 of 37

[ =J=-R N =L I ST O

Sedimentology

flux. The software types used for the geochemical modeling in batch condition were
Geochemist's Workbench (GWE), FHREEQC and TOUGHREACT.

Typacally, sediments are buned at very low depths and temperatures nise slowly.
In addition, the flnd flow rates are also quite low, limitng the mass movement of
elements through the rocks. However, over the years, the water-rock interaction tends to
achieve chemical egmlibnum. The batch mode ams to achieve this steady state,
according to the petrographic study. Due to changes in temperature and flmd flow, the
water contained in the pores of the rock 1s not in chemical equilibrom with the mineral
rock assembly. The diagenetic reactions are the result of thas tendency towards a state of
equilibrium never really reached For this reason, a condifion close fo a "steady state” 15
more appropriate to descnbe the chemical state of rocks and diagenetic fluids.

Fiz. 2 shows the progress of the diagenstic reactions for the simmlations m batch
mode. Imfially, minerals are far from equlibnum. Cher the time, the minerals reach a
"steady state” condition. The three geochemical modeling software demonstrate similar
behavior m the precipitation and dissolution of the mineral assembly. Alse found
intense kaolmization and E-feldspar dissolution.

Observed a process of albihzation of plagioclase. The model also shows calcite
precipitafion and dolomute filhimg the interpranular pores. Cuartz overgrowths are
suggested fo have co-precipifated with albite. There 1s a shght discrepancy m the
models generated by TOUGHREACT due to the numerical method uwsed mn the
reactions that ocour above 100°C. However, for the GWEB and PHEEEQC, usmg a
smmalar oumencal method i this temperature range, the plots profiles are practically the

Same.
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Fig. 1: Minersl saturstion for batch mode simulation of a shale at 120°C for 1000 vears. The
water in start simmlation is significantly in non-equilibrium with the rock. Crver the time, the
composition of the water evolved to approach equilibrimm, and the satorations of mineral

converge to a "steady state”.

6.2, Simulations in 11T

The 1D} simulations (Figs 3-9) were performed usimg the previous results of the
batch mode simmlations. The simulation domain used has a length of 100 meters at
140°C (femperature refemring to the thermobanc mesodiagenesis). The rumerical cell
resolution has 1 gnid per meter. The first part of the simulation domain comsists of 10
meters of shales and 90 meters of sandstone. These simmlations reveal that, for a short
time, the munerals do not reach the steady state. With the evoluhon of the water pushing
the shales towards the sandstones, the minerals react with the environment, achieving
stabality as the simulation fime goes by.

The modeled stability of minerals is assumed to acquire water-rock interactions
from 600 years ago. The GWB and TOUGHREACT exhibit similar behaviors for the
evolution of the interaction system In the simulations in 1D, the results show similar

behaviors to those observed in the petrographie analy=is (De Olivera et al | 2013).
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7. Mzcussion

The simulations modaled the effect of the cireulation of flmds modified by the
interaction with a salt dome pear the twhidite reservoirs, dunng the thermobane

Petrographic studies were used to establish the current and the onginal
compositions of sandstones, as well as the evolution of the diagenetic processes.

To build the sinmlattons, we used the average composition of the sapdstone
reservoirs of Well = Al. Also used the mineral assembly in the end of the meteonc
diagenesis and of the compactional mesodiagenesis, and the begioming of the
thermobane mesodiagenesis, based on the petrographic charactenistics and bural
history.

The metecric eodiagenetic stage 15 marked by an intense dissolution and
kachmzation, in their entirety, of silicate grams, into detrital fald=pars. The authizeme

carbonate, sibicificahion of mud mtraclasts, and some of the volume of the quartz growth
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are the typical diagenefic products of the compactional mesodiagenesis, characterized
by the connate fimd flow coming from the suroundmg shales.

The last stage, the thermobanc mesodiagenesis, was controlled by the effects of
the brne percolation from the salt domes mear the twbidite reservoirs. Typical
diagenetic products of this interaction were the intense albitization of feldspar and the
quartz overgrowths around the detrital grains (De Oliveira et al, 2013).

The developed geochemical model 1s related to the last stage of the diagenesis.
sandstone porosity, the thermobaric mesodiagenssis infroduced larger porosity
vanations withm the reservoirs. This mstifies the choice of focnsmg the simulation on
this stage and not on the others.

Imitially the simulations were performed in batch mede (Fig. 2) due to water
instability. Onece a steady state is reached, these chemucally stable waters with the rock
can be modeled From the shales, the brine percolates the sandstone, forming a
reactional front inside the reservour.

Depending on the reactions observed m the geochemical modebng, a
munerahization pattern can affect the quality of the reservoir. For the predichon and
analysis of the reservoir quality, a large number of simmlation: were performed,
diffenng in water composition, temperature and flnd flow ate. The results of all the
simulations represent a statistical probability which can idenfify the sipmficance of
these parameters m reservoir quality.

Regarding the geochemical modeling softerare used in the simulations in batch
mode, can identify simlanties m the profiles generated by the precipitation and
dizsolution of moneral aszemblage. The shght differences observed n the simulations

depend on the numencal methods used by each simmlator, but they do not show
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discrepancies among the results. To take into account that both the kinetic and
thermodynamic parameters are affected by lngh temperatures.

Each smulator solves the equations based on these parameters. GWEB and
PHEEEQC reproduce the diagenetic reactions in batch mode more precizely by nsmg
mmerical approximations at temperatures of 120°C_ The 8% degree polynomial, present
in the database both simulators, solves the equations meisively.

However, TOUGHEREACT reproduces the diagenetic reactions somewhat
differently by using the temperature parameter of 120°C, which camses a shight
instability in the oumencal method becanse of the kmetic and thermodynamic
parameters apphed.

The 1D simulations are shown in Figs 3 to 9. The plots show the mineral phases
of saturation at five different times (200, 400, 600, 800, and 1000 years) by using the
GWB and TOUGHREACT. In general, with the fime step, the minerals reach a steady
state. Due fo the hogh temperatures (140°C) of the thermobaric mesodiagenesis, the
saturation indices of the mineral assembly became slightly different

The precipitation of kaclinite (Fig. 6), fillmg the secondary porosity formed by
the dissolution of feldspar grains (Fig. 7), was recogmzed in several samples parfially
cemented by carbonates. The feldspar grams in the samdstones of the Urscutuca
Formation are largely albifized.

The models predict the dissolution of plagioclase (Fig. 8), and E-feldspar (Fig.
T) with albate precipitation (Fig. 3). The precipitation of caleite (Fig. 4) in sandstones
ocomrs easily, since the caleite solubility decreases wath the temperature merease. The
precipitation of delomite (Fig. 5) occurs after the caleite.

The quartz precipatation (Fig. 9) represents the first mesodiagenstic event of

importance i the stndied sandstones.
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The sibica source for the cement precipitation can be related to the (1} pressure
dissolution of quartz grains; (i) clay transformations dunng bunal; (1) kaclimzation or
dizsolution of feldspars i the sandstones; and (1v) dissolution of quartz grams in the
shales.

8. Concluszions

The eocens turbidite sandstone reservoirs of the Espmito Santo Basin, Brazl
had thewr diagenetic history developed under the eodiagenefic and mesodiagenstic
regimes. The relationships between the events of cementation, dissclution, and
replacement in the sandstones allow us to establish the sequence of diagenetic events.

The marme ecdiagenetic regime was charactenized by the dissolotion of unstable
minerals and the precipifation of microcrystalline calerte, pynte and E-feldspar. The
meteonc eodiagenesis was promoted by the circulafion of meteoric water, causing the
dissolution and kaolinization of feldspars and micas.
compactational and thermobane flmds, resultmg m different diagenstic processes,
meluding quartz overgrowths, plagioclase dissolution, cementation by caleife and
dolomite, the dissolution of feldspars, the precipitation of kaolinite and albifization of
feldspars.

The porosity of the sandstones 1= largely of secondary ongin, represented by
intergranular, intragranular and fracture types.

Generally, the onginal composition of the sandstones formation has been

modified by a set of diagenetic processes, including the dissolufion of unstable
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minerals, the replacement of framework grains, the precipitation of carbonate and the
albitzation of feldspar.

The smmulatons performed with the geochemical modelng software
Geochemmist's Waorkbench (GWEB), PHREEQC and TOUGHEEACT were used to
predict the diagenetic reactions observed in the turbidite sandstone reserveirs of the
Cangoa Field, Espinto Santo Basin, Brazil. This work was important to understand the
diagenetic alteration of sandstones exposed to a saline water flow.

The bwlding of a conceptual model allowed the configuration of gecchemical
models based on seismic, stratigraphic and simphfied petrographic data. The bunal
history and cwrrent data of the field allowed the construchon of the reservoir geometry
and temperature conditions used in the simulations.

Using sinmlations m batch mode and 1D, it was possible to observe the behavior
of the mmerals when subjected to vanous reaction condifions. Parameters hke the
saturation mdex, and the porosity change allowed the understanding of diagenetic
reactions In a geological environment.

The simmlations in batch mode enabled the formation waters to achieve the
steady state, which allowed us to use the equilibrated compositions for the simulations
m 1D, The time requred for the shale and sandstones to reach the steady state depends
on the grain size of each lithology.

The simulations in 1D reveal an imtense albitization accompanied by the
precipitation of kaolinite and the dissolution of plagioclase.

This approach prowvides a tool for estimating the intensity of allutization in
relation to the mnflow of saline flmd into the reservowrs. These qualitatnve observations
obtained provide empirically controlled rules that can be used mm exploration and
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The resulis also mdicate alterations of the sandstones, with the loss of porosity,
significant albihzation and sigmificant amounts of caleite and kaclimte precipitated The
porosity decreases along a reaction zone when the water from shale comes m confact

with the sandstones.
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3. CONCLUSAO

Os dados obtidos ao longo do desenvolvimento desta Tese de Doutorado,
apresentados sob a forma de artigos cientificos, e integrados com os dados disponiveis na
literatura permitem concluir sobre as hipoteses elencadas na caracterizac¢do do problema
cientifico (item 1.2 Problema Cientifico).

A hipétese de que podemos modelar as fases diagenéticas existentes em um
arenito reservatorio para prever a qualidade dos mesmos como um potencial acumulador
de 6leo ou gas traz confiabilidade na construcdo de modelos geologicos.

O levantamento de dados sobre os cédigos de simulagdo numérica, bem como o
estudo inicial de modelagem geoquimica, utilizando o PHREEQC, GWB e o
TOUGHREACT aplicado em um sistema petrolifero, permitiu um maior entendimento
para a formulacdo de um modelo conceitual para os demais problemas geoldgicos
encontrados ao longo deste trabalho.

Sabemos que a modelagem geoquimica somente é Util, se tivermos bons dados
cinéticos e termodindmicos. Desta forma podemos criar modelos simplificados com
maior precisdo e confiabilidade. Dados estratigraficos e petrograficos possibilitam recriar
as condices reacionais do ambiente geoldgico.

Reacdes diagenéticas sdo afetadas pela temperatura do meio reacional. Isto tem
consequéncias diretas na escolha dos softwares de modelagem. Para baixas temperaturas,
tanto o0 GWB como o0 TOUGHREACT possuem suas particularidades nos métodos
numéricos. A precisdo dos resultados, em certos casos, pode ser inferior quando
comparado com a realidade das reacGes diagenéticas na formacédo geoldgica.

Para temperaturas de 100 a 140°C, temos o ambiente ideal para reproduzir as
reacOes diagenéticas. Os softwares utilizam métodos numéricos estaveis com maior
convergéncia de resultados, aumentando a precisdo ao recriar um ambiente geoldgico.
Acima desta faixa de temperatura, os simuladores encontram dificuldades para resolver
as equacles quimicas proveniente das reacdes diagenéticas.

Os experimentos em laboratério seguido de uma modelagem geoquimica nos,
possibilitou fazer um comparativo daquilo que encontramos na realidade com a previsao
feita pelo modelamento. Estes resultados geram uma maior credibilidade e confiabilidade
na modelagem geoquimica, desde que utilizamos o0s parametros cinéticos e

termodinamicos de boa qualidade. O importante € definir uma faixa de temperatura ideal
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para cada simulador, levando em conta que 0 método numeérico € sensivel nas mudancas
de temperatura.

A construcdo de um modelo conceitual e a previsdo das alteracdes diagenéticas
ocorridas em um reservatorio da Bacia do Espirito Santo, tendo como base os arenitos
turbiditicos da formacdo Urucutuca fornecem uma compreensao qualitativa da alteracéo
diagenética dos arenitos quando expostos ao fluxo de &guas salinas dos lutitos. A
correlacdo feita com os eventos diagenéticos observados nas laminas delgadas e o
modelamento geoquimico foi de suma importancia para validar os modelos.

Para a escolha certa de um software de modelamento geoquimico, o usuario
precisa realizar varios testes. Desta forma, os resultados obtidos formardo um perfil que
revelard a tendéncia de precipitacdo/dissolucdo de minerais. Um estudo comparativo
destes perfis mostrard qual software se aproxima com a realidade das reacOes

diagenéticas.
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