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I 

Preface 

This thesis entitled “Basalt Alteration and Implications – From Mars to the UK Continental 

Shelf” has been submitted to the Department of Geosciences at the University of Oslo in 

accordance with the dissertation requirements for the degree of Philosophiae Doctor (PhD) in 

Geosciences.  

Paper I was a result of a bilateral collaboration project “Earth-Mars Analogues: Origination 

and Distribution of Clay Minerals in Impact Crater Environments” between Department of 

Geosciences and The Centre for Earth Evolution and Dynamics (CEED) at UiO, and Université 

Paris-Sud. Paper I was funded by the Research Council of Norway (NFR), European Union’s 

Horizon 2020 Research and Innovation Programme and AURORA PHC. Papers II and III were 

supported by the Department of Geosciences and the Norwegian Ministry of Education and 

Research (KD). 

The main objectives of this thesis were to study basalt alteration and formation of secondary 

phases and their implications on Mars (Paper I), and potential consequences for petroleum 

reservoirs influenced by the presence of mafic lithologies (Papers II and III). This new 

knowledge was to be acquired using several analytical tools: XRD, XRF, NIR, SEM-EDS, 

performing hydrothermal batch experiments, geochemical modelling and petrographic studies 

of core samples.  

The thesis consists of an introduction providing background information on basalt alteration 

and implications on Earth and Mars, a general scientific background section, and three research 

papers. The three papers in the last sections constitute the main part of this thesis. 

Christian Sætre 

Oslo, March 2019 
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1. Introduction 

1.1. Motivation and objectives of study 

Basaltic rocks cover a significant portion of the Earth’s surface and most of the martian 

crust. In the presence of water, especially at elevated temperatures, basaltic rocks alter 

rapidly into secondary phases such as clays, zeolites and carbonates.   

The focus of the thesis is the relation between basalt alteration, physical and chemical 

conditions, and alteration products. The alteration products are directly linked to alteration 

conditions, whereas basalt-fluid interactions themselves may alter sediment/rock properties. 

The main objective was to better understand these two important aspects of basalt alteration 

by studying; (1) the effect of temperature, aqueous and vapour phase chemistry, and 

water/rock ratio on the alteration features of basalt; and (2) the effect of basalt alteration on 

the reservoir quality.  

On Mars, clay minerals are widespread, and there are several possible modes of formation 

(e.g. Poulet et al., 2005; Ehlmann et al., 2011; Carter et al. 2013). Understanding their 

formation on Mars may provide key knowledge to the hydrous history of today’s red and 

dry planet. In a reservoir setting, clay minerals, in general, are especially important as their 

presence may reduce permeability and porosity (e.g. Mathisen and McPherson, 1991; 

Larsen et al., 2016). This, in turn, reduces reservoir productivity.  

 

1.2. Approach 

The study was performed to gain increased understanding of the hydrous alteration on Mars 

(Paper I) and possible consequences of basalt alteration for petroleum system reservoir 

properties (Papers II and III). This was achieved through several means: by performing 

hydrothermal laboratory basalt alteration studies (Paper I); collecting and describing 

relevant natural reservoir rock samples (Paper II); and conducting geochemical simulations 

(Paper III). The backbone of the project was the use and combination of a range of 

analytical techniques: e.g. X-ray Diffraction (XRD), Near Infrared Spectroscopy (NIR), 

Scanning Electron Microscope (SEM), petrographic thin section studies, fluid inclusion 

studies and geochemical modelling using the PHREEQC (v3) geochemical simulation 

software (Parkhurst and Appelo, 2013). The basalt chemistry used in the hydrothermal 

experiments in Paper I and observed on Rosebank (Papers II and III) are tholeiites of similar 
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chemical compositions. The alteration mineralogy formed by the hydrous alteration of 

these two basalts should therefore be comparable under similar alteration conditions. 

Paper I was the result of the project Earth–Mars Analogues: Origination and Distribution 

of Clay Minerals in Impact Crater Environments. The basalt analogue used was from 

Stapafell on Iceland and provided by Sigurður Reynir Gislason (University of Iceland). The 

Stapafell basalt is a good analogue as the tholeiitic composition is similar to common basalt 

compositions observed on Mars (McSween et al., 2009). The experimental design was 

chosen to expand on previous studies performed by Hellevang et al. (2013a) by 

investigating the effect of pCO2, experimental fluid composition, temperature and 

water/rock ratios. SEM, XRD and fluid composition studies were performed at UiO while 

NIR was done at the Université Paris-Sud. 

The objective of papers II and III was to assess the role of the basaltic lithologies on the 

diagenetic system and possible consequences for reservoir properties. The work with 

papers II and III began after contact with Cliona Dennehy working for Chevron North Sea 

Limited (now Equinor UK Ltd.) and Dag Helland-Hansen. All available cores from wells 

213/26-1, 213/26-1Z and 213/27-2 were logged and sampled during two days at Chevron’s 

core storage facility located in Aberdeen. Representative samples from the Colsay 1 and 3 

units of the Flett Formation, and the Rosebank Middle Volcanics (RMV) (Fig. 1), were 

brought back to the University of Oslo (UiO) for further analysis. Analyses of these samples 

made the basis for Paper II. Mineral abundances and basalt chemistry from Paper II 

provided the input data in the geochemical model presented in Paper III.  

Salahalldin Akhavan at UiO did sample preparation of thin sections while Lars Kirksæther 

(Petrosec) prepared thick sections intended for fluid inclusion analysis. Preparation and 

analyses of all XRD samples were carried out by the author at UiO. The author also 

performed SEM-EDS analyses under the supervision of Siri Simonsen and Berit Løken 

Berg at UiO. The author performed petrographic studies of thin sections. Activation 

Laboratories Ltd. (ActLabs) in Ontario, Canada, performed XRF analysis. 

The work also benefitted by discussions with Dag Helland-Hansen who has previously 

worked with the Rosebank field development for Chevron and participated in the drilling 

of the Rosebank discovery well.  
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Figure 1. Left figure shows the Paleocene-Eocene stratigraphy of the FSB, while the right 

figure displays the Rosebank stratigraphy. Samples used for Paper II and input in Paper III 

came from the Colsay 1 and 3 units and the Rosebank Middle Volcanics (RMV). The figure 

is taken from Paper II (Sætre et al., 2018), modified from Mudge (2015). 
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2. Scientific background 

2.1. Basalt alteration, authigenic phases and dissolution rates 

Volcanic rock, and amorphous matter (glass) in particular, is highly reactive in the presence 

of water and alters readily. This results in precipitation of secondary minerals such as clays, 

zeolites and carbonates in different geological environments, viz. in hydrothermal areas (e.g. 

Kristmannsdóttir and Tómasson, 1978; Kristmannsdóttir, 1979; Mehegan et al. 1982), on 

Mars (Poulet et al., 2005; Ehlmann et al., 2011; Carter et al., 2013), and through diagenetic 

reactions (Benson and Teague, 1982; Mathisen and McPherson, 1991; Neuhoff et al., 2000). 

Such interactions have important roles in the global element cycle and CO2 budget through, 

e.g. weathering and deep-sea alteration (Edmond et al., 1979; Hart and Staudigel, 1982; 

Berner, 1992; Brady and Gislason, 1997; Dessert et al., 2003; Navarre-Sitchler and 

Brantley, 2007). The clay minerals and zeolites are not solely related to hydrous alteration 

of volcanic rocks but may also form by the interaction between, e.g. feldspars and water. 

This can result in formation of kaolinite by meteoric water leaching of feldspars (Sommer, 

1978; Bjørlykke et al., 1979) or laumontite from plagioclase (Boles and Coombs, 1977; 

Helmold and van de Kamp, 1984). 

 

2.1.1. Authigenic phases 

Zeolites are alumino-silicate minerals with a framework holding water and exchangeable 

cations mainly formed from a precursor volcanic glass (Gottardi, 1978; Chipera and Apps, 

2001). They can form in a range of geological environments but are mainly restricted to 

water saturated, neutral to alkaline solutions at temperatures <300°C (Chipera and Apps, 

2001; Neuhoff et al., 2000). Composition of precursor material and fluid, pH, time and 

temperature are important parameters controlling the species and amount of zeolite 

formation (Hay, 1978; Surdam and Boles, 1979; Chipera and Apps, 2001). Due to the 

necessity of Al, Si, alkali and alkaline-earth cations, zeolites are common products by 

dissolution of volcanic rocks containing glass (Hay, 1978; Chipera and Apps, 2001).  

The work of Coombs (1954) was important in emphasising the stratification of zeolites 

with respect to burial depth. Interactions of basalts and groundwater have displayed 

developments in zeolite zonation with increasing temperature (e.g. Walker 1960; Neuhoff 

et al., 2000), varying between different geological settings (Fig. 2) (Neuhoff et al., 2000). 

On the other hand, Surdam and Boles (1979) stressed that fluid composition and flow were 
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an important aspect in the development of mineral species in volcanogenic sandstones. The 

formation of zeolites together with clay minerals has been associated with porosity 

reduction in basalts during burial (Neuhoff et al., 1999). Zeolites also form in plagioclase-

rich sedimentary sequences by precipitation of laumontite from plagioclase feldspar and 

volcanic rock fragments (Galloway, 1979; Helmold and van de Kamp, 1984). However, 

increased CO2 partial pressures or reduced pH have been shown to cause laumontite 

dissolution (Crossey et al., 1984). 

 

Figure 2. Zeolite occurrences in various geological settings. Figure taken from Neuhoff et 

al. (2000).  

 

Clay minerals formed are commonly trioctahedral clays, such as saponite. Over time, at 

elevated temperature, trioctahedral smectites alter into chlorite in a chloritization process 
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(e.g. Kristmannsdóttir, 1979; Meunier et al., 1991; Inoue and Utada, 1991; Niu and 

Yoshimura, 1996; Beaufort et al., 2015). In contrast, dioctahedral smectite varieties 

generally alter into illite (Chang et al., 1986). The chloritization alteration may occur with 

corrensite as an intermediate phase (Shau et al., 1990; Murakami et al., 1999). Corrensite 

is made up of 50-50% chlorite and smectite layers with an ordered structure and may be 

regarded as a thermodynamically stable independent mineral (Inoue, 1984; Shau et al., 

1990; Roberson et al., 1999; Beaufort et al., 2015). The conversion rate of smectite to 

chlorite is controlled by temperature and depends on the geological setting (Meunier, 2005) 

(Fig. 3). The smectite to chlorite alteration mechanism is debated and proposed to either be 

a stepwise or continuous process (Beaufort et al., 2015).  

 

Figure 3. Stability fields of saponite + chlorite/smectite, corrensite and chlorite as a 

function of temperature and time for several geological processes (Meunier, 2005, Figure 

8.34, page 376). Horizontal line shows time in 1000 years. 

 

2.1.2. Alteration rates 

At far-from-equilibrium conditions, the dissolution rates of basaltic glass are a function of 

several parameters such as temperature and pH (Fig. 4). Basalt dissolution rates increase 

exponentially and are at a minimum around neutral conditions and increase with distance 
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from neutral pH (e.g. Gislason and Oelkers, 2003) (Fig. 4). Dissolution rates of glass are 

commonly higher than observed for the crystalline equivalent (Gislason and Eugster, 1987). 

But the difference depends on temperature and pH (Gudbrandsson et al., 2011). At 25°C 

and low pH the Si:O ratio is important; dissolution rates for glasses and corresponding 

minerals increase with a decrease in Si:O ratio (Wolff-Boenisch et al., 2006).  

 

Figure 4. Calculated dissolution rates of basaltic at far-from-equilibrium conditions as a 

function of temperature (°C) and pH on the x-axis. The y-axis shows dissolution rates in 

log values normalised BET surfaces. Figure is taken from Gislason and Oelkers (2003). 

 

In natural systems, the alteration of basaltic glass results in the formation of a surface 

alteration layer, palagonite, as reviewed by Stroncik and Schmincke (2002). Studies on the 

effect on dissolution rates due to palagonitisation are few. Based on experimental work and 

in a general manner, three theories are typically used to explain controls on reaction kinetics 

of glass dissolution and palagonite formation: i) Diffusion through a precipitated layer on 

the parent material; ii) Diffusion through a leached layer; and iii) Reactions at the 

basalt/fluid boundary (Stroncik and Schmincke, 2002). 

In experiments performed by Berger et al. (1994) at temperatures between 150 – 300°C and 

near neutral pH they observed the development of an amorphous silica-rich leached layer 

on the basaltic glass and showed that the dissolution rate could be a function of silica 

solution concentration. Daux et al. (1997) suggested the development of a silica-aluminous 
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gel on the basalt surface where the dissolution rate was a function of breakdown of this gel. 

Daux et al. (1997) performed experiments at temperatures of 90°C and neutral to alkaline 

conditions. The alteration mechanism may, therefore, depend on temperature. Whether the 

altered surface layer assumed similar to the Berger et al. (1994) or Daux et al. (1997), both 

describe dissolution at near-equilibrium conditions (Gislason and Oelkers, 2003). 

Studies on nuclear borosilicate glasses have shown similar dissolution mechanisms to 

basaltic glasses (e.g. Malow et al., 1984; Lutze et al., 1985; Techer et al., 2000). Jollivet et 

al. (2012) showed that the SON68 glass forward dissolution rate is affected by solution 

ionic strength at near-neutral conditions, with increased forward dissolution rate at 

increased ionic strength compared to distilled water. They proposed that the controlling 

effect was the rate of hydrolysis of glass Si–O bonds, which increased in solutions with 

higher ionic strength than deionized water. 

 

2.2. Martian alteration 

The geological time scale on Mars is divided into four geological periods: Pre-Noachian 

(>4.1 Gya), Noachian (4.1 to 3.7 Gya), Hesperian (3.7 to 3.0 Gya) and Amazonian (3.0 

Gya to present). Similarly, based on dominating alteration minerals three eras are identified: 

Phyllocian, Theiikian and Siderikian (Bibring et al., 2006). These three eras broadly 

conform with the three geological periods of Mars (Noachian, Hesperian and Amazonian). 

The Phyllocian is dominated by formation of clay minerals, and the Theiikian is marked by 

a transition from clay minerals to sulphates. The last era (Siderikian) is associated with the 

formation of anhydrous ferric oxides (Bibring et al., 2006). It has been postulated that the 

transition from Phyllocian to Theiikian was caused by a change in the martian climate to 

more acidic conditions (Poulet et al., 2005; Bibring et al., 2006). The Siderikian, dominated 

with ferric oxides, indicates surface oxidation where access to water was limited (Bibring 

et al., 2006). However, restriction of phyllosilicate formation to the Noachian should be 

regarded as a general outline since unambiguous clay minerals have been detected in rocks 

dating from at least the Late Hesperian (e.g. Mangold et al., 2012; Carter et al., 2013) 

corresponding to the Theiikian/Siderikian transition. 

The orbital imaging spectrometers OMEGA (Bibring et al., 2004) and CRISM (Murchie et 

al., 2007), along with the NASA rovers Spirit, Opportunity and Curiosity, provided 

valuable data of the surface mineralogy of Mars for over a decade. The martian surface 

rocks are mainly composed of tholeiitic basalts as observed by over a decade of surface 
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analysis (McSween et al., 2009). The detection of clay minerals (Fig. 5), is especially 

important. It demonstrates that liquid water has been stable, at least episodically, on the 

surface and in the sub-surface (e.g. Poulet et al., 2005; Bibring et al., 2006; Mustard et al., 

2008; Dehouck et al., 2010; Ehlmann et al., 2011; Grindrod et al., 2012; Mangold et al., 

2012; Carter et al., 2013).  

 

Figure 5. Overview of clay mineral detection on Mars as of 2013 made by OMEGA and 

CRISM. Figure taken from Carter et al., (2013). (a) Detections are divided into 

morphological units and do not necessarily indicate their mode of formation. (b) Frequency 

of the four interpreted classes. Only one exposure per CRISM observation is shown, 

overlapping exposures of OMEGA and CRISM are excluded. The morphological units 

where minerals have been formed will not be given so much attention in the remaining text, 

where the focus is on their formational processes. 
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Most clay mineral species observed on Mars are Fe/Mg clays such as nontronite and 

saponite (Ehlmann et al., 2011). Even if zeolites are common alteration products in 

basalt/water interactions on Earth (e.g. Neuhoff et al., 2000) only a few are documented on 

Mars (Ehlmann et al., 2009; Carter et al., 2013). The few detections can be due to the 

difficulties in detecting zeolites by NIR.  

Clay mineral detections are often associated with cratered terrains (Fig. 5), but the 

formation mechanism is uncertain. They may have formed in hydrothermal systems 

generated by an impactor, or were present in the subsurface and excavated by an impact 

event, or formed by weathering (e.g. Fairén et al., 2010; Ehlmann et al., 2011). For 

subsurface alteration the heat may have been sourced from the geothermal gradient, impacts 

or volcanism (Ehlmann et al., 2011; Marzo et al., 2010; Mangold et al., 2012). As reviewed 

by Ehlmann et al. (2011), it seems likely that the majority of martian clay minerals formed 

in subsurface closed-systems at elevated temperatures. This was inferred based on 

commonly exposed crustal sections holding mineral assemblages reflecting anoxic 

conditions at temperatures below 400°C. These mineral assemblages typically consist of 

Fe/Mg clays, where iron is in the ferrous state, and occasionally phrenite is present which 

forms at temperatures between 200 and 400°C (Ehlmann et al., 2011).  

Heat generated by impact events may develop long-lived hydrothermal systems as 

demonstrated by impact simulations (Rathbun and Squyres, 2002; Abramov and Kring, 

2005). Such hydrothermal systems may generate secondary phases observed both in 

terrestrial (e.g. Hagerty and Newsom, 2003; Osinski, 2005) and martian craters (Marzo et 

al., 2010; Mangold et al., 2012; Hellevang et al., 2013a; Carrozzo et al., 2017). Secondary 

phases associated with an impact-induced hydrothermal system may form in several parts 

of the impact crater such as the central peak, crater rim, crater-fill and excavated sediments 

(Osinski et al., 2013). Alteration occurs through the circulation of hydrothermal waters, 

crater lakes and possibly through condensation of rising vapour (Newsom, 1980; Osinski 

et al., 2001). 

Martian climate models typically have problems explaining the long-term presence of 

standing bodies of water on the martian surface, which is a necessity for the formation of 

surface clay minerals. High atmospheric CO2 partial pressures should not elevate surface 

temperatures above 0°C, a prerequisite for liquid water (Forget et al., 2013; Bristow et al., 

2017). Temperatures may have increased by the combination of CH4 or H2 gasses and CO2 
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partial pressures higher than today (Wordsworth et al., 2017). Additionally, saline waters 

produced by water-basalt interactions may have allowed liquid water at temperatures below 

0°C (Fairén et al., 2009). Nevertheless, there are several lines of evidence that surface 

alteration has occurred in an open system in contact with the atmosphere. Observations of 

stratified clay mineral occurrences, where the top sections consist of Al clays such as 

kaolinite overlying Fe/Mg clays, suggests increased leaching of the top layers compared to 

the underlying clays (e.g. Ehlmann et al., 2011; Carter et al., 2015). This stratification could 

be due to the downward percolation of meteoric water or snowmelt (Le Deit et al., 2012). 

Authigenic minerals are observed in sedimentary units inside several craters. These can be 

in situ or transported (Ehlmann and Edwards, 2014). Clay minerals and magnetite in the 

Gale Crater (Vaniman et al., 2014), may have formed by diagenesis at temperatures of 10–

50°C by alteration of olivine and basaltic glass (Bridges et al., 2015). 

Today’s martian atmosphere consists mainly of CO2 and studies suggest CO2 pressures 

were higher in the past. The combination of an atmosphere containing CO2 in contact with 

a hydrous system should produce carbonate minerals, but there have been no detections of 

large carbonate accumulations. It has been suggested that the lack of large carbonate 

accumulations can, for example, be due to pH conditions hampering formation of 

carbonates (Fairén et al., 2004), or that CO2 partial pressures have been too low (Bristow 

et al., 2017). 

 

2.3. Volcanic and siliciclastic reservoirs 

In a petroleum reservoir setting, development of the key parameters of permeability and 

porosity are important factors for predicting reservoir quality. The development of these 

parameters has been well studied and understood for common siliciclastic reservoirs, but 

reservoirs in volcanic affected settings are less studied. Reservoir properties may be 

reduced by incorporation of unstable minerals and glasses by formation secondary phases 

reducing permeability and porosity, but also through increased mechanical compaction 

(Mathisen and McPherson, 1991). The discovery of the Rosebank prospect in 2004 with 

intra-basaltic siliciclastic reservoirs represents a new frontier in hydrocarbon exploration 

in the Faroe-Shetland Basin (Duncan et al., 2009). 
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2.3.1. Volcanic 

The formation of clay minerals during diagenesis and surface alteration is well studied, but 

there are still uncertainties regarding the consequences of intermixing or having basalts and 

volcaniclastics in close proximity to a reservoir. The Rosebank field, discovered in 2004, 

contain excellent intra-basaltic siliciclastic reservoir sandstones (Duncan et al., 2009). Not 

all wells drilled through the same volcanic complex display similar reservoir qualities, 

possibly due to a shelfal setting of the sandstones (Poppitt et al., 2016; Hardman et al., 

2019). Rosebank serves as a good candidate to study potential diagenetic effects on 

reservoir properties as the siliciclastic reservoir rocks are situated between basaltic and 

volcaniclastic rocks (Duncan et al., 2009; Clark, 2014). 

Generally, volcaniclastic rocks in petroleum geological settings are associated with poor 

reservoir quality due to formation of secondary phases and increased mechanical 

compaction destroying permeability and porosity (Seemann and Scherer, 1984; Mathisen 

and McPherson, 1991; Ólavsdóttir et al., 2015). The early formation of carbonates and/or 

zeolites may nevertheless in some cases reduce the effect of burial mechanical compaction 

of volcaniclastics (Hawlader, 1990; Luo et al., 2005; Zhu et al., 2012). Other factors that 

may increase the reservoir potential of volcaniclastics are sediment reworking, fracturing 

and the generation of secondary porosity due to the dissolution of unstable phases 

(Seemann and Scherer, 1984; Mathisen and McPherson, 1991). This latter may occur 

during shallow burial, infiltration of hydrothermal waters at depth or through near-surface 

leaching (Seemann and Scherer, 1984; Luo et al., 2005). Early formed zeolites may also 

dissolve during burial by infiltrated waters increasing porosity (Zhu et al., 2012). 

Oil in vesicles can be interconnected by fractures in lavas. When not interconnected, 

vesicles were either empty or filled by secondary clays, carbonates and zeolites (Luo et al., 

2005). Volcaniclastics and basalts may, therefore, serve as hydrocarbon reservoirs 

depending on the diagenetic history (Mathisen and McPherson, 1991; Luo et al., 2005). 

Hydrocarbons are found within and below volcanics from several places around the world 

show that volcanic layers can act both as reservoirs and cap rocks (e.g. Zerong et al., 1989; 

Wickens and McLachlan, 1990; Christiansen et al., 1994; Levin, 1995; Chen et al., 1999; 

Mitsuhata et al., 1999; Rogers et al., 2006; Compton, 2009; Gupta et al., 2012). 
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2.3.2. Siliciclastic 

During burial, most porosity loss is due to mechanical compaction until temperatures 

reaches 60‒80°C (Fig. 6). During this phase, the porosity of well-sorted quartz-rich 

sandstones may be reduced to approximately 26% (Paxton et al., 2002), but magnitudes 

depend on initial sandstone composition, sorting and grain size (Fawad et al., 2011). When 

temperatures reach 60‒80°C, quartz precipitation strengthens the rock and prevents further 

loss of porosity due to mechanical compaction (Fig. 6). During subsequent burial further 

loss of porosity is due to chemical compaction. The dominant source for quartz cementation 

is assumed to be dissolution of quartz at stylolites and clay laminae due to increased quartz 

solubility (Oelkers et al., 1996; Bjørkum et al., 1998; Oelkers et al., 2000).  

An important phase transition during chemical compaction is the formation of illite, which 

may occur through the smectite to illite transition (Boles and Franks, 1979; Hower et al., 

1976) commencing at temperatures of approximately 60°C. The alteration occurs through 

smectite dissolution and illite precipitation and is characterised by increasing illite/smectite 

stacking order from random to regular ordered (Hoffman and Hower, 1979; Nadeau et al., 

1985; Pearson and Small, 1988). The conversion can be written in simplified forms: 

1  𝑠𝑚𝑒𝑐𝑡𝑖𝑡𝑒 +  𝐴𝑙3+ +  𝐾+  → 𝑖𝑙𝑙𝑖𝑡𝑒 (𝐻𝑜𝑤𝑒𝑟 𝑒𝑡 𝑎𝑙. , 1976) 

2  𝑠𝑚𝑒𝑐𝑡𝑖𝑡𝑒 +  𝐾+  → 𝑖𝑙𝑙𝑖𝑡𝑒 (𝐵𝑜𝑙𝑒𝑠 𝑎𝑛𝑑 𝐹𝑟𝑎𝑛𝑘𝑠, 1979) 

These two possible reactions mainly differ by aluminium being a mobile element in (1) or 

conserved in (2). Both reactions release additional cations such as Si, Ca, Fe and Mg in 

varying quantities (Boles and Franks, 1979). Through reaction 2 more Si would be released 

compared to reaction 1. Silica release may contribute to the formation of secondary quartz 

overgrowths (Boles and Franks, 1979; Hower et al., 1976). Additionally, released Mg and 

Fe could be incorporated in chlorite formation. The source for K and Al is assumed to be 

dissolving K-feldspar and possibly mica (Hower et al., 1976). 
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Figure 6. Schematic overview of porosity development during burial of a clastic sandstone 

reservoir (Maast, 2013). 

 

Authigenic illite might result in significant permeability reduction at elevated temperatures 

during burial (e.g. Seeman, 1979; Leveille et al., 1997). It may also form by illitisation of 

kaolinite at temperatures of 130–140°C as long as potassium is available (Ehrenberg and 

Nadeau, 1989; Glasmann, 1992). The availability of potassium is generally related to 

dissolution of K-feldspar; the transition can be described (Bjørlykke and Aagaard, 1992): 

𝐴𝑙2𝑆𝑖2𝑂5(𝑂𝐻)4  + 𝐾𝐴𝑙𝑆𝑖3𝑂8  = 𝐾𝐴𝑙𝑆𝑖3𝑂10(𝑂𝐻)2  + 2𝑆𝑖𝑂2  +  𝐻2𝑂 

        kaolinite        K-feldspar  illite       quartz 

Formation of kaolinite generally occurs as an early diagenetic stage where meteoric water 

is responsible for feldspar and/or mica dissolution. The formation of kaolinite requires 

removal of excess cations and supply of H+ (e.g. Bjørlykke, 1998). The reaction can be 

illustrated for K-feldspar: 
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2𝐾(𝑁𝑎)𝐴𝑙𝑆𝑖3𝑂8 + 2𝐻+ + 9𝐻2𝑂 → 𝐴𝑙2𝑆𝑖2𝑂5(𝑂𝐻)4 + 4𝐻4𝑆𝑖𝑂4 + 2𝐾+(2𝑁𝑎+) 

 feldspar    kaolinite    dissolved silica 

With increasing temperature kaolinite may be replaced by dickite involving a structural 

change from booklet to blocky morphology (Ehrenberg et al., 1993; Beaufort et al., 1998). 

Chlorite coatings formed during diagenesis are known to have a porosity-preserving effect 

on sandstones through inhibition of quartz overgrowths, resulting in high porosities at great 

depths (e.g. Heald and Larese, 1974; Ehrenberg, 1993; Hillier, 1994; Berger et al., 2009). 

The coatings commonly form at temperatures of 90°C or higher from a precursor coating 

phase (Aagaard et al., 2000). Both Mg and Fe chlorites exist where the former is commonly 

associated with aeolian or sabkha sandstones with net evaporation whereas the latter may 

be related to deposits in the transition zone between marine and non-marine environments 

(Hillier, 1994). 

Authigenic feldspar may also form by diagenetic reactions. Authigenic albite can 

precipitate during burial at the expense of plagioclase (Land and Milliken, 1981; Boles, 

1982) or K-feldspar (Saigal et al., 1988). It can occur both as overgrowths and as 

replacement of plagioclase with albite (e.g. Gold, 1987; Morad et al., 1990). Albitization 

of plagioclase has been observed to occur in the temperature range 75 to 120°C (Boles, 

1982; Morad et al., 1990). 

Albitization of plagioclase has also been related to the diagenetic formation of the calcium 

zeolite laumontite in arkosic sandstones (Boles and Coombs, 1977; Helmold and van de 

Kamp, 1984), through the reaction (modified from Boles and Coombs, 1977): 

𝑁𝑎𝑥𝐶𝑎1−𝑥𝐴𝑙2−𝑥𝑆𝑖2+𝑥𝑂8  + (2 − 2𝑥)𝑆𝑖𝑂28(𝑎𝑞)  + (4 − 4𝑥)𝐻2𝑂 

plagioclase    = 𝑥𝑁𝑎𝐴𝑙𝑆𝑖3𝑂8  + (1 − 𝑥)𝐶𝑎𝐴𝑙2𝑆𝑖4𝑂12  × 4𝐻2𝑂   

                        albite     laumontite 

The occurrence of laumontite in reservoir sandstones commonly results in reduced 

reservoir quality, but it may be unstable under certain conditions and loss of reservoir 

quality is not, therefore, a necessity (Crossey et al., 1984). 

Authigenic K-feldspar may also precipitate through early diagenetic reactions (De Ros et 

al., 1994; Maraschin et al., 2004). The mode of authigenic K-feldspar formation is 
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somewhat uncertain but may be due to leaching of volcanic material (De Ros et al., 1994) 

and/or muscovite dissolution with a biogenic silica source (Bjørkum and Gjelsvik, 1988). 

 

2.4. Geochemical modelling 

Geochemical models offer a good tool to investigate water/rock interactions, especially 

when combining mineral reactions and transportation. Other means of solving such 

problems, can be overcomplicated and very difficult to solve. Additionally, geochemical 

simulations allow the study of processes over significantly longer time frames than possible 

using laboratory experiments. 

Geochemical simulations are prone to uncertainties which affect the accuracy of the results. 

Common uncertainties are mainly related to input data and model setup. It is often 

necessary to simplify the simulated system to reduce computational time which can be 

significant with increasing model complexity. Common simplifications are simulated time 

(years of simulation) or whether using local equilibrium assumptions or kinetics for mineral 

dissolution/precipitation reactions. Input uncertainties may be related to, e.g. 

thermodynamic database, rate equations, reactive surface area, mineralogy and initial 

solution composition. Evaluation of some of these uncertainties has been discussed by Gaus 

et al., (2008) concerning carbon sequestration.  

Despite the uncertainties, geochemical models are powerful tools for investigating 

water/rock interactions and have been widely used to increase the understanding of, e.g. 

CO2 sequestration (e.g. Gaus et al., 2005; Gysi and Stefásson, 2011; Hsieh et al., 2017; 

Pham et al., 2011; Pham et al., 2012). Geochemical models are also important in the 

evaluation of mineral formation on Mars (e.g. Griffith and Shock, 1997; Zolotov and 

Mironenko, 2007; Hausrath et al., 2018) as access to martian rocks are limited to meteorites 

found on Earth and identification of alteration phases are thereby mainly based on remotely 

sensed data. 

Deeply buried sandstones that are not influenced by magmatic activity may act as a nearly 

closed system where fluid flow may have a negligible effect on the diagenetic system 

(Bjørlykke and Jahren, 2012). Transportation of elements in a closed system occurs by slow 

diffusional, and the process can be understood from Fick’s law: 



17 

𝐽 =  −𝐷
𝑑𝑐

𝑑𝑥
   (1) 

Where J is the diffusion flux, D is the diffusion coefficient (m2/s), c is the concentration of 

an element and x is the distance. Equation (1) shows that the diffusional flux is proportional 

to the concentration gradient, and the negative sign denotes that the flux direction is from 

high to low concentrations. The element diffusion coefficient increases with burial due to 

higher temperature and pressure (Oelkers and Helgeson, 1988). Additionally, the diffusion 

coefficient is affected by porosity variations (e.g. Boving and Grathwohl, 2001). The effect 

of porosity is expressed by tortuosity, which is the ratio of a flow path relative to the straight 

line between two points — a decrease in porosity results in higher tortuosity and thereby a 

lower diffusion coefficient. 

Geochemical models can simulate dissolution and precipitation through kinetic rate 

equations for minerals of interest, or more simplistically by using local thermodynamic 

equilibrium for dissolution-precipitation reactions. Mineral evolution using local 

thermodynamic equilibrium assumes precipitation commences when an infinitesimally 

small degree of oversaturation is reached (Helgeson, 1968). This assumption does not allow 

for oversaturation of secondary phases as observed in the feldspar-water system (Zhu and 

Lu, 2009), nor for the rate of reaction. This, therefore, requires the use of kinetic 

expressions also for nucleation and growth (Hellevang et al., 2013b). The conventional way 

of modelling dissolution and precipitation rates of minerals is to apply a simplified 

transition-state theory law taking into account pH, temperature and distance from 

equilibrium (Aagaard and Helgeson, 1982; Lasaga, 1984). The kinetic rate equation gives 

dissolution and precipitation rates rm (mol/s) according to: 

𝑟𝑚 =  𝑆𝑚𝑘(𝑇)(𝑚)𝑎𝑛(1 − Ω)   (2) 

where Sm is the reactive surface (m2), k(T) is the temperature-dependent specific rate 

coefficient (mol/m2s), a is the proton (H+) activity, n is the reaction order with respect to 

H+. The 1-Ω is an affinity term reducing rates as the formation water approaches mineral 

equilibrium. Such equations may introduce errors as they can be too generalised to reflect 

natural conditions. This has been inferred for instance in numerical simulations of CO2 

sequestration (Gaus et al., 2005), which can result in overestimations of growth potential 

for some carbonates such as dolomite, magnesite and dawsonite (Pham et al., 2011; 

Hellevang et al., 2013b).  
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Generally, a transition-state theory (TST) approach is capable of predicting mineral 

evolution both at far-from-equilibrium and close-to-equilibrium conditions for many 

minerals. Compiled data made available in for example Palandri and Kharaka (2004) are 

commonly based on far-from-equilibrium conditions representing the rate plateau in Figure 

7. The dissolution rate at the rate plateau represents the maximum dissolution rate. This can 

result in unrealistic rapid dissolution rates for some minerals, e.g. plagioclase, which is not 

perfectly accounted for by the (1-Ω) term above. Figure 7 displays dissolution rates of albite 

as a function of distance from equilibrium. The dotted line shows calculated dissolution 

rates assuming a TST approach, whereas data points and the solid line show experimentally 

derived dissolution rates (Hellmann and Tisserand, 2006). At conditions far-from-

equilibrium, the modelled TST rates are similar to experimental rates, but at conditions 

closer to mineral equilibrium there is a discrepancy between modelled and experimental 

rates. This difference can be overcome by applying experiment-based dissolution rates, e.g. 

Hellmann and Tisserand (2006) or Burch et al. (1993): 

𝑟𝑎𝑙𝑏𝑖𝑡𝑒 =  𝑆𝑚 (−𝑘1(1 − 𝑒𝑥𝑝(−𝑛𝑔𝑚1)) − 𝑘2(1 − 𝑒𝑥𝑝(−𝑔))
𝑚2

)   (3) 

where n, m1 and m2 are dimensionless parameters: 8.4 x 10-17, 15.0 and 1.45 respectively. 

k1 equals 30.46 x 10-12 and k2 is 2.73 x 10-12 (mol/m2s), g gives the thermodynamic driving 

force. Applying such equations improves the prediction confidence for rates close to 

equilibrium. 

The use of rate equations, as shown above, assumes that the dissolution rate constrains the 

overall reactions, and that precipitation is relatively fast. This is not always the case, and 

slow precipitation rates of secondary phases may affect the dissolution rate of feldspars 

(Zhu and Lu, 2009; Zhu et al., 2010). 

Reaction rates depend strongly on the availability of mineral reaction surfaces, but this 

parameter may be challenging to assess for natural systems. Generally, geometric models 

assuming, e.g. spherical grains and with a surface-roughness can be used to calculate 

reaction surfaces. However, differences between geometric surface area and reactive 

surface area have been shown to vary by several orders of magnitude (White et al., 1990; 

White and Brantley, 2003). In general, ageing of surfaces tends to reduce the reactivity 

(White and Brantley, 2003), and reaction surfaces of natural rocks calculated from 
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geometric models should therefore be reduced by several orders of magnitude to reflect the 

more realistic reactive surface area. 

 

Figure 7. Albite dissolution rate displayed for TST (dotted line) and a fitted rate curve 

based on experimental dissolution data in range from far-from-equilibrium towards 

equilibrium (from -80 to 0, Kj mol-1). The horizontal line represents the rate plateau where 

dissolution rate is unaffected by distance from equilibrium and represents the maximum 

dissolution rate. Towards mineral equilibrium there is a discrepancy between the calculated 

TST dissolution rate and experimental data. The image is taken from Hellmann and 

Tisserand (2006). 
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3. Summary of papers 

This section gives a short presentation of Papers 1 – 3 with an overview of the main findings 

and conclusions. 

3.1. Paper I: Experimental hydrothermal alteration of basaltic glass with relevance to 

Mars. 

Meteoritics & Planetary Science, 2019 

This paper investigates dissolution of basaltic glass and precipitation of secondary phases 

using hydrothermal batch experiments. Varying temperatures, pCO2, fluid composition and 

water:rock ratios were applied to assess how they affect precipitation of authigenic phases. 

Experimental products were studied using X-ray powder diffraction, scanning electron 

microscopy (SEM), energy dispersive X-ray spectroscopy and near infrared spectroscopy 

(NIR). In addition, reaction path modelling was applied to increase the understanding of 

the hydrothermal batch experiments. Observations of secondary minerals on Mars are 

commonly done by NIR infrared studies. The combination of applying the NIR technique 

with XRD and SEM analysis was performed to improve the understanding of martian 

surface composition. 

Main findings and conclusions 

• The batch experiments performed generated similar alterations minerals as 

observed on the martian surface using an analogue tholeiitic basaltic glass as a 

starting material. Saponite, the most abundant clay mineral, was observed by all 

techniques in most of the performed experiments, in accordance with the reaction 

path modelling. The experiments therefore can function as a reference study for 

martian alteration studies. 

• Similar alteration phases were observed in experiments performed in water vapor 

conditions as in experiments performed under a water:rock ratio of 10. This 

demonstrates that the observed clay minerals on Mars may have formed in water-

limited conditions where water vapour was present. This includes secondary phases 

associated with impact structures can be formed by circulating heated fluids or by 

evaporating water vapour. 

• Both the experiments and the geochemical modelling suggest that the fluid 

composition controls the zeolite species formed. Well-described zeolite chemistry 
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can therefore be used to gain a better understanding of the water chemistry during 

basalt alteration. 

• XRD and SEM techniques were superior to NIR in the detection and 

characterization of zeolites. This indicates that zeolite occurrences on Mars might 

be underreported. 
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3.2. Paper II: A diagenetic study of intrabasaltic siliciclastics sandstones from the 

Rosebank field. 

Marine and Petroleum geology, 2018 

This paper documents the diagenetic system through petrographic studies of the intra-

basaltic siliciclastic sandstones at the Rosebank discovery in the Faroe-Shetland Basin 

(FSB). The successful drilling of the Rosebank prospect in 2004 proved a new play concept 

in the region with producible hydrocarbons from intra-basaltic siliciclastic reservoir 

sandstones. The intention of the paper was to assess eventual effects on reservoir properties 

due to a close proximity to basalt units and possible intermixing of mafic minerals in 

reservoir sandstones. Homogenisation temperatures of fluid inclusions trapped in quartz 

overgrowths were analysed to document burial temperatures. 

Main findings and conclusions 

• The petrographic studies show that the sandstones contain very little volcanic 

derived detritus, which supports previous studies, demonstrating that the main sand 

source probably was located outside the volcanic terrain. 

• Contrasting the siliciclastic sandstones, adjacent volcaniclastic sandstones are 

regarded as non-reservoirs due to very low permeabilities and porosities. All pore 

space is filled with either clay minerals or carbonates leaving minimal space for 

hydrocarbons. 

• Bulk XRF analyses indicate no increase in iron and magnesium concentrations 

towards the basalt/sediment interface. This indicates that Fe and Mg diffusion into 

the reservoir formations from the basalt did not occur; there was no obvious increase 

in mafic mineral components in the sediments towards the basalt. Consequently, 

this implies that there was no increase in these elements which could have facilitated 

clay mineral formation and reduction of permeability and porosity.  

• Fluid inclusion studies indicate a maximum burial temperature of 120°C, which is 

supported by identified secondary minerals. 

• Differences in the suite of authigenic minerals between the different Colsay units 

of the various wells, were interpreted to reflect differences in porewater chemistry 

and/or detrital mineralogy. 
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3.3. Paper III: Geochemical modelling of an intra-basalt sandstone reservoir: 

Rosebank case study. 

To be submitted. 

The reservoir sections of the Flett Formation of the Rosebank field consist of intra-basaltic 

reservoir sandstones with very good reservoir properties. This paper builds upon paper II 

by studying the diagenetic system at the basalt-sandstone interface by the application of 

geochemical modelling. This interface has earlier been poorly studied due to the lack of 

available core material. The PHREEQC (v3) geochemical model (Parkhurst and Appelo, 

2013) was used in combination with the carbfix.dat database (Voigt et al., 2018). 

Dissolution products of primary minerals and basalt reacted by kinetic rate equations, while 

secondary phases precipitated after local equilibrium assumptions. The model combines 

dissolution-precipitation reactions with diffusion, allowing to study the geochemical 

system as a function of distance from the basalt-sandstone interface and time. 

Main findings and conclusions 

• The basalt dissolution rate in the simulations was controlled by silica concentration 

and distance from chalcedony equilibrium through the affinity term. This resulted 

in insignificant difference in the dissolution rate with respect to available basalt 

reactive surface area. The interaction of basalt dissolution, the evolution of primary 

and secondary silica holding phases, and diffusion buffered the solution with 

respect to silica limiting the basalt dissolution rate. 

• Precipitation of secondary phases (clay minerals and carbonates) was mainly 

limited to the basalt-sandstone interface. 

• Precipitation of secondary phases at the basalt-sandstone interface buffered the 

solution for key elements, hampering the formation of secondary phases beyond the 

interface. Temporal and spatial evolution of saturation indexes for secondary phases 

indicate precipitation of secondary phases beyond the interface may not occur over 

significantly longer simulations times. 

• In total, the simulations indicate no negative effects on reservoir geological 

properties due to the presence of an unstable mafic lithology. 
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4. Unresolved questions, further work and concluding remarks 

Dissolution of basalt and formation of secondary phases affects several general geological 

topics. The intention of this PhD was to study basalt alteration and possible consequence 

on petroleum reservoir properties, and martian alteration mechanisms. The following part 

of the thesis introduction focuses on unresolved questions and further work. It is divided 

into two sections; the first section on Paper I and the second combining Papers II and III. 

Paper I 

Elucidating the alteration of martian basalts to secondary phases is a complex operation, 

based on remotely sensed data derived mainly from orbital spectrometers. Surface deployed 

rovers have analysed martian rocks for some time, but they have only accessed a very small 

portion of the martian surface. Results sent back from these instruments have been analysed 

and compared with observations made on Earth and with geochemical experiments and 

models. The lack of returned samples makes the study of the alteration history and timing 

difficult and open to considerable uncertainties.  

Zeolites were part of the alteration phases in almost all the experiments. However, the 

occurrence of this secondary mineral group on Mars seems limited (Ehlmann, et al., 2009; 

Carter et al., 2013). Paper I pointed out that this may be due to difficulties in detecting 

zeolites in NIR data (Near Infrared Spectroscopy), which has been the main method for 

mapping secondary mineral phases on Mars. The Curiosity rover has used XRD to explore 

altered rocks at the Gale Crater without observing any zeolites. The lack of zeolites in the 

Gale Crater may reflect local or regional variations. It may be that alteration conditions on 

Mars have not allowed the formation of zeolites. Solving such questions could be beneficial 

as specific zeolite assemblages are related to specific temperatures and alteration systems 

as observed on Earth (e.g. Neuhoff et al., 2000).  

The performed hydrothermal experiments in Paper I investigated the formation of alteration 

minerals in rock and water dominated systems. Comparable alteration mineralogies 

occurred in both systems with the formation of smectites, zeolites and carbonates. This 

suggests that the observed martian alteration mineralogy may form in water-restricted 

environments, and especially where water vapour may condense on basaltic rocks at 

elevated temperatures. Furthermore, experiments differing in initial pCO2 supports 
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previous studies that high pCO2 should have produced abundant carbonates which have not 

been observed on Mars. 

Papers II and III 

The results of Paper II indicate diagenetic trends reflecting increased burial of reservoir 

sands with limited or no effect from the adjacent basalts and volcaniclastics. Paper III was 

composed as a consequence of Paper II and considered the geochemical system as a 

function of distance from the basalt since no available cores were covering the basalt-

reservoir transition. Simulated results for the basaltic section and sandstones compare well 

with mineral observations in Paper II, and the two papers complement each other. Larsen 

et al. (2016) studied a possible Rosebank analogue on Greenland where siliciclastic 

sandstones are present between basalts. They concluded that intermixing of unstable 

material, especially volcanic glass, was responsible for reduced permeability and porosity. 

The results of the geochemical model in Paper III supports this conclusion. The simulated 

results indicated little to no effect on reservoir properties due to the close proximity of a 

basalt. 

Studies on volcaniclastics (Mathisen, 1984) have shown possible high porosities at shallow 

burial depths due to leaching of unstable phases. However, volcaniclastic intervals in the 

Rosebank core samples displayed little to no visible porosity in thin section (Paper II) and 

they have not been regarded as potential reservoirs. If early leaching of unstable phases 

with porosity generation occurred on Rosebank this has not been preserved. A better 

understanding of the lateral distribution and thickness of volcaniclastics on Rosebank 

would help provide better estimates on the total volume of producible sections. 

A better understanding of the occurrence of laumontite would be beneficial. Generally, the 

presence of laumontite in reservoir sections results in a reduction of reservoir quality (e.g. 

Helmold and van de Kamp, 1984). Other studies have shown laumontite stability to be a 

function of pH and pCO2, and subsequent effects on reservoir properties may differ 

between different reservoirs (Crossey et al., 1984). At Rosebank, the occurrence of 

laumontite does not seem to affect porosity severely, due to the patchy occurrence of the 

zeolite (Paper II). The mechanisms for laumontite precipitation and distribution are not 

clear but may reflect differences in pore fluid chemistry. Since the presence of laumontite 

was limited to one well, the formation of laumontite may be a result of lateral differences 
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in detrital mineralogy or perhaps depositional conditions. A better understanding of 

mechanisms of formation can be beneficial, as it may be local or regional. 

Core samples acquired either from future Rosebank wells or from representative analogues 

could contribute to a discussion about the geochemical model proposed in Paper III. Such 

additional studies would also benefit optimising the model and further increase the 

understanding of the geochemical system at the basalt-sandstone interface. The results of 

the simulations indicate increased precipitation of secondary quartz at the basalt-sandstone 

interface and adjacent cells. This should be possible to confirm by detailed thin section 

studies of samples taken from the basalt into the sandstone, across the interface. The results 

may give comparable results of increased amounts of quartz overgrowths as observed 

towards stylolites in quartz-rich sandstones (Oelkers et al., 2000; Walderhaug and Bjørkum, 

2003). The model also predicted increased formation of clay minerals and carbonates at the 

basalt-sandstone interface. Paper II supports the simulated formation of clays and 

carbonates in the basalt, but confirmation of their spatial distributions was not possible with 

the available cores but ought to be done to confirm the simulated results. 

Paper III did not address the intermixing of siliciclastic and mafic minerals or glass; that 

might be an important and useful expansion of the model. Future studies should include 

intermixing of mafic minerals in different ratios to simulate diagenesis of volcaniclastic 

sediments. This may be coupled with a porosity function to further simulate temporal 

porosity change (e.g. Pham et al., 2012):  

∆ø𝑡  = (1 −  
Σ𝑎𝑛𝑎,𝑡𝑣𝑎

𝑉𝑡𝑜𝑡
) − ø𝑡=0 

Where ø is porosity, t is time, a an arbitrary mineral phase, n is moles, v is molar volume 

and Vtot is the total volume of the system. If possible, temporal evolution of porosity may 

be coupled with change in effective diffusion coefficient through tortuosity (Boving and 

Grathwohl, 2001). This would be important as basalt dissolution rates are controlled by the 

combined effect of silica diffusion and precipitation of silica-holding phases (Paper III). 

This model expansion could indicate on the effect of intermixing siliciclastic and mafic 

minerals, and potentially the amount of mafic minerals, which a reservoir section might 

contain before the reservoir is lost due to pervasive loss of permeability and porosity. 

Additionally, as the reservoir sections may have experienced higher temperatures than 

today (120 vs 80°C) (Paper II) higher temperatures might be simulated. This is to assess 
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the effect of increased dissolution rate with temperature (e.g. Gislason and Oelkers, 2003) 

on secondary minerals and subsequent reservoir quality. 

The Rosebank formation water composition is unknown, and an artificial water 

composition was generated by means of geochemical modelling and use of a proxy for the 

initial water composition. The initial water composition used may be of importance for 

understanding the generation of secondary phases, and it is recommended to acquire water 

samples in future wells. This would also be beneficial in order to assess the saturation state 

of identified secondary phases in Paper II. This may additionally result in more precise and 

confident simulation results.  

Awaiting returned samples from Mars, the only possible way of deducing the alteration 

history of the planet is through remotely sensed data, geochemical simulations, hydrous 

experiments and comparison with Earth alteration systems. Geochemical simulations are 

especially useful tools when access to rock samples are scarce. This applies to Mars and 

understanding the reservoir quality of the intra-basaltic siliciclastic reservoir system on 

Rosebank, which is the frontier in hydrocarbon exploration in the Faroe-Shetland Basin.   



28 

5. References 

Aagaard, P., Helgeson, H.C., 1982. Thermodynamic and kinetic constraints on reaction 

rates among minerals and aqueous solutions. I. Theoretical considerations. American 

journal of Science, 282, 237‒285. 

Aagaard, P., Jahren, J.S., Harstad, A.O., Nilsen, O., Ramm, M., 2000. Formation of grain-

coating chlorite in sandstones. Laboratory synthesized vs. natural occurrences. Clay 

Minerals, 35, 261‒269. 

Abramov, O., Kring, D.A., 2005. Impact-induced hydrothermal activity on Mars. Journal 

of Geophysical Research: Planets, 110, E12S09. 

Beaufort, D., Cassagnabere, A., Petit, S., Lanson, B., Berger, G., Lacharpagne, J.C., 

Johanson, H., 1998. Kaolinite-to-dickite reaction in sandstone reservoirs. Clay 

Minerals, 33, 297‒316. 

Beaufort, D., Rigault, C., Billon, S., Billault, V., Inoue, A., Inoue, S., Patrier, P., 2015. 

Chlorite and chloritization processes through mixed-layer mineral series in low-

temperature geological systems – a review. Clay Minerals 50, 497–523. 

Benson, L.V., Teague, L.S., 1982. Diagenesis of basalts from the Pasco Basin, Washington 

– I. Distribution and composition of secondary minerals. Journal of Sedimentary 

Research, 52, 595–613. 

Berger, A., Gier, S., Krois, P., 2009. Porosity-preserving chlorite cements in shallow-

marine volcaniclastic sandstones: Evidence from Cretaceous sandstones of the Sawan 

gas field, Pakistan. American Association of Petroleum Geologists (AAPG) Bulletin, 

93, 595‒615. 

Berger, G., Claparols, C., Guy, C., Daux, V., 1994. Dissolution rate of basaltic glass in 

silica-rich solutions: Implications for long-term alteration. Geochimica et 

Cosmochimica Acta, 58, 4875‒4886. 

Berner, R.A., 1992. Weathering, plants, and the long-term carbon cycle. Geochimica et 

Cosmochimica Acta, 56, 3225‒3231. 

Bibring, J.-P., Soufflot, A., Berthé, M., Langevin, Y., Gondet, B., Drossart, P., Bouyé, M., 

Combes, M., Puget, P., Semery, A., Bellucci, G., Formisano, V., Moroz, V., Kottsov, 



29 

V., Bonello, G., Erard, S., Forni, O., Gendrin, A., Manaud, N., Poulet, F., Poulleau, 

G., Encrenaz, T., Fouchet, T., Melchiori, R., Altieri, F., Ignatiev, N., Titov, D., 

Zasova, L., Coradini, A., Capacionni, F., Cerroni, P., Fonti, S., Mangold, N., Pinet, 

P., Schmitt, B., Sotin, C., Hauber, E., Hoffmann, H., Jaumann, R., Keller, U., 

Arvidson, R., Mustard, J., Forget, F., 2004. OMEGA: Observatoire pour la 

Minéralogie, l’Eau, les Glaces et l’Activité. In Mars Express: The scientific payload, 

edited by Wilson A. and Chicarro A. Noordwijk, the Netherlands: European Space 

Agency Special Publications, ESA-SP 1240, 37–49. 

Bibring, J.-P., Langevin, Y., Mustard, J.F., Poulet, F., Arvidson, R., Gendring, A., Gondet, 

B., Mangold, N., Pinet, P., Forget, F., OMEGA team, 2006. Global mineralogical and 

aqueous Mars history derived from OMEGA/Mars Express data. Science, 312, 400‒

404. 

Bjørkum, P.A., Oelkers, E.H., Nadeau, P.H., Walderhaug, O., Murphy, W.M., 1998. 

Porosity Prediction in Quartzose Sandstones as a Function of Time, Temperature, 

Depth, Stylolite Frequency, and Hydrocarbon Saturation. American Association of 

Petroleum Geologists (AAPG) Bulletin, 82, 637-648. 

Bjørlykke, K., 1998. Clay mineral diagenesis in sedimentary basins — a key to the 

prediction of rock properties. Examples from the North Sea Basin. Clay Minerals, 33, 

15–34. 

Bjørlykke, K., Elverhøi, A., Malm, A.O., 1979. Diagenesis in Mesozoic sandstones from 

Spitsbergen and the North Sea – A comparison. Geologische Rundschau, 68, 1152‒

1171. 

Bjørlykke, K., Aagaard, P., 1992. Clay minerals in North Sea sandstones. In: Houseknecht, 

D.W., and Pitman, E.D. (Eds.), Origin, diagenesis and petrophysics of clay minerals 

in sandstones, Society of Economic Paleontologists and Mineralogists (SEPM) 

Special Publication, 37, pp. 65–80. 

Bjørlykke, K., Jahren, J., 2012. Open or closed geochemical systems during diagenesis in 

sedimentary basins: Constraints on mass transfer during diagenesis and the prediction 

of porosity in sandstone and carbonate reservoirs. American Association of 

Petroleum Geologists (AAPG) Bulletin, 96, 2193‒2214. 



30 

Bjørkum, P.A., Gjelsvik N., 1988. An isochemical model for formation of authigenic 

kaolinite, K-feldspar and illite in sediments. Journal of Sedimentary Research, 58. 

506‒511. 

Boles, J.R., 1982. Active albitization of plagioclase, Gulf Coast Tertiary. American Journal 

of Science, 282, 165–180. 

Boles, J.R., Coombs, D.S., 1977. Zeolite facies alteration of sandstones in the Southland 

Syncline, New Zealand. American Journal of Science, 277, 982‒1012. 

Boles, J.R., Franks, S.G., 1979. Clay diagenesis in Wilcox sandstones of southwest Texas: 

implications of smectite diagenesis on sandstone cementation. Journal of 

Sedimentary Research, 49, 55–70. 

Boving, T.B., Grathwohl, P., 2001. Tracer diffusion coefficients in sedimentary rocks: 

correlation to porosity and hydraulic conductivity. Journal of Contaminant 

Hydrology, 53, 85-100. 

Brady, P.V., Gislason, S.R., 1997. Seafloor weathering controls on atmospheric CO2 and 

global climate. Geochimica et Cosmochimica Acta, 61, 965‒973. 

Bridges, J.C., Schwenzer, S.P., Leveille, R., Westall, F., Wiens, R.C., Mangold, N., Bristow, 

T., Edwards, P., Berger, G., 2015. Diagenesis and clay mineral formation at Gale 

Crater, Mars. Journal of Geophysical Research: Planets, 120, 1‒19. 

Bristow, T.F., Haberle, R.M., Blake, D.F., Des Marais, D.J., Eigenbrode, J.L., Fairén, A.G., 

Grotzinger, J.P., Stack, K.M., Mischna, M.A., Rampe, E.B., Siebach, K.L., Sutter, B., 

Vaniman, D.T., Vasavada, A.R., 2017. Low Hesperian PCO2 constrained from in situ 

mineralogical analysis at Gale Crater, Mars. Proceedings of the National Academy 

of Sciences of the United States of America, 114, 2166‒2170. 

Burch, T.E, Nagy, K.L, Lasaga, A.C., 1993. Free energy dependency of albite dissolution 

kinetics at 80°C and pH 8.8. Chemical Geology, 105, 137–162. 

Carrozzo, F.G., Di Achille, G., Salese, F., Altieri, F., Bellucci, G., 2017. Geology and 

mineralogy of the Auki Crater, Tyrrhena Terra, Mars: A possible post impact induced 

hydrothermal system. Icarus, 281, 228–239. 



31 

Carter, J., Poulet, F., Bibring, J.-P., Mangold, N., Murchie, S., 2013. Hydrous minerals on 

Mars as seen by the CRISM and OMEGA imaging spectrometers: Updated global 

view. Journal of Geophysical Research: Planets, 118, 831– 858. 

Carter, J., Loizeau, D., Mangold, N., Poulet, F., Bibring, J.-P., 2015. Widespread surface 

weathering on early Mars: A case for a warmer and wetter climate. Icarus, 248, 373‒

382. 

Chang, H.K., Mackenzie, F.T., Schoonmaker, J., 1986. Comparisons between the 

diagenesis of dioctahedral and trioctahedral smectite, brazilian offshore basins. Clays 

and Clay Minerals, 34, 407–423. 

Chen, Z., Yan, H., Li, J., Zhang, G., Zhang, Z., Liu, B., 1999. Relationship between Tertiary 

volcanic rocks and hydrocarbons in the Liaohe Basin, People’s Republic of China. 

American Association of Petroleum Geologists (AAPG) Bulletin, 83, 1004‒1014. 

Chipera, S.J., Apps, J.A., 2001. Geochemical stability of natural zeolites. Reviews in 

Mineralogy and Geochemistry, 45, 117–161. 

Christiansen, F.G., Bojesen-Koefoed, J., Dam, G., Nytoft, H.-P., Larsen, L.M., Petersen, 

A.K., Pulvertaft, T.C.R., 1996. The Marraat oil discovery on Nuussuaq, West 

Greenland; evidence for a latest Cretaceous-early Tertiary oil prone source rock in 

the Labrador Sea - Melville Bay Region. Bulletin of Canadian Petroleum Geology, 

44, 39-54 

Clark, S., 2014. Constraining Diagenetic Timings, Processes and Reservoir Quality in 

Igneous-affected Basins. PhD thesis. Durham University, UK, pp. 377. 

Compton, P.M., 2009. The geology of the Barmer Basin, Rajasthan, India, and the origins 

of its major oil reservoir, the Fatehgarh Formation. Petroleum Geoscience, 15, 117‒

130. 

Coombs, D.S., 1954. The nature and alteration of some Triassic sediments from Southland, 

New Zealand. Transactions of the Royal Society of New Zealand, 82, 65‒109. 

Crossey, L.J., Frost, B.R., Surdam, R.C., 1984. Secondary porosity in laumontite-bearing 

sandstones: Part2. Aspects of porosity modification. In: McDonald, D.A., and 



32 

Surdam, R.C. (Eds.), Clastic Diagenesis, American Association of Petroleum 

Geologists (AAPG) Memoir 37, pp. 225–237. 

Daux, V., Guy, C., Advocat, T., Crovisier, J.-L., Stille, P., 1997. Kinetic aspects of basaltic 

glass dissolution at 90°C: the role of aqueous silicon and aluminium. Chemical 

Geology, 142, 109‒126. 

De Ros, L.F., Sgarbi, G.N.C., Morad, S., 1994. Multiple authigenesis of K-feldspar in 

sandstones; evidence from the Cretaceous Areado Formation, Sao Francisco Basin, 

central Brazil. Journal of Sedimentary Research, 64(4a), 778‒787. 

Dehouck, E., Mangold, N., Le Mouélic, S., Ansan, V., Poulet, F., 2010. Ismenius Cavus, 

Mars: A deep paleolake with phyllosilicate deposits. Planetary and Space Science, 

58, 941–946. 

Dessert, C., Dupré, B., Gaillardet, J., François, L.M., Allègre, C.J., 2003. Basalt weathering 

laws and the impact of basalt weathering on the global cycle. Chemical Geology, 202, 

257‒273. 

Duncan, L., Helland-Hansen, D., Dennehy, C., 2009. The Rosebank discovery: a new play 

type in intra basalt reservoirs of the North Atlantic Volcanic Province. In: 6th 

European Production and Development Conference and Exhibition (DEVEX), abstr. 

Chevron Upstream Europe. 

Edmond, J.M., Measures, C., McDuff, R.E., Chan, L.H., Collier, R., Grant, B., Gordon, 

L.I., Corliss, J.B., 1979. Ridge crest hydrothermal activity and the balance of the 

major and minor elements in the ocean: The Galapagos data. Earth and Planetary 

Science Letters, 46, 1‒18. 

Ehlmann, B.L., Edwards, C.S., 2014. Mineralogy of the Martian Surface. The Annual 

Review of Earth and Planetary Sciences, 42, 291–315.  

Ehlmann, B.L., Mustard, J.F, Swayze, G.A., Clark, R.N., Bishop, J.L., Poulet, F., Des 

Marais, D.J., Roach, L.H., Milliken, R.E., Wray, J.J., Barnouin-Jha, O., Murchie, S.L., 

2009. Identification of hydrated silicate minerals on Mars using MRO-CRISM: 

Geologic context near Nili Fossae and implications for aqueous alteration. Journal of 

Geophysical Research, 114. E00D08. 



33 

Ehlmann, B.L., Mustard, J.F., Murchie, S.L., Bibring, J.-P., Meunier, A., Fraeman, A.A., 

Langevin, Y., 2011. Subsurface water and clay mineral formation during the early 

history of Mars. Nature, 479, 53–60. 

Ehrenberg, S.N., 1993. Preservation of anomalously high porosity in deeply buried 

sandstones by grain-coating chlorite: Examples from the Norwegian Continental 

Shelf. American Association of Petroleum Geologists (AAPG) Bulletin, 77, 1260‒

1286. 

Ehrenberg, S.N., Nadeau, P.H., 1989. Formation of diagenetic illite in sandstones of the 

Garn Formation, Haltenbanken area, Mid-Norwegian continental shelf. Clay 

Minerals, 24, 233–253. 

Ehrenberg, S.N., Aagaard, P., Wilson, M.J., Fraser, A.R., Duthie, D.M.L., 1993. Depth-

dependent transformation of kaolinite to dickite in sandstones of the Norwegian 

continental shelf. Clay Minerals, 28, 325‒352. 

Fairén, A.G., Fernández-Remolar, D., Dohm, J.M., Baker, V.R., Amils, R., 2004. Inhibition 

of carbonate synthesis in acidic oceans on early Mars. Nature, 431, 423–426. 

Fairén, A.G., Davila, A.F., Gago-Duport, L., Amils, R., McKay, C.P., 2009. Stability 

against freezing of aqueous solutions on early Mars. Nature, 459, 401–404. 

Fairén, A.G., Chevrier, V., Abramov, O., Marzo, G. A., Gavin, P., Davila, A.F., Tornabene, 

L.L., Bishop, J.L., Roush, T.L., Gross, C., Kneissl, T., Uceda, E.R., Dohm, J.M., 

Sculze-Makuch, D., Rodrígues, J.A.P., Amils, R., McKay, C.P., 2010. Noachian and 

more recent phyllosilicates in impact craters on Mars. Proceedings of the National 

Academy of Sciences of the United States of America, 107, 12095–12100. 

Fawad, M., Mondol, N.H., Jahren, J., Bjørlykke K., 2011. Mechanical compaction and 

ultrasonic velocity of sands with different texture and mineralogical composition. 

Geophysical Prospecting, 59, 697‒720. 

Forget, F., Wordsworth, R., Millour, E., Madeleine, J.-B., Kerber, L., Leconte, J., Marcq, 

E., Haberle, R.M., 2013. 3D modelling of the early Martian Climate under a denser 

CO2 atmosphere: Temperatures and CO2 ice clouds. Icarus, 222, 81‒99. 



34 

Galloway, W.E., 1979. Diagenetic control of reservoir quality in arc-derived sandstones: 

implications for petroleum exploration. Society of Economic Paleontologists and 

Mineralogists (SEPM) Special Publication, 26, pp. 251‒262. 

Gaus, I., Azaroual, M., Czernichowski-Lauriol, I., 2005. Reactive transport modelling of 

the impact of CO2 injection on the clayey cap rock at Sleipner (North Sea). Chemical 

Geology, 217, 319–337. 

Gaus, I., Audigane, P., André, L., Lions, J., Jacquemet, N., Durst, P., Czernichowski-

Lauriol, I., Azaroual, M., 2008. Geochemical and solute transport modelling for CO2 

storage, what to expect from it? International Journal of Greenhouse Gas Control, 2, 

605–625. 

Gislason, S.R., Eugster, H.P., 1987. Meteoric water-basalt interactions. I: A laboratory 

study. Geochimica et Cosmochimica Acta, 51, 2827‒2840. 

Gislason, S.R., Oelkers, E.H., 2003. Mechanism, rates, and consequences of basaltic glass 

dissolution: II. An experimental study of the dissolution rates of basaltic glass as a 

function of pH and temperature. Geochimica et Cosmochimica Acta, 67, 3817‒3832. 

Glasmann, J.R., 1992. The fate of feldspar in the Brent Group reservoirs, North Sea: a 

regional synthesis of diagenesis in shallow, intermediate and deep burial 

environments. In: Morton, A.C., Haszeldine, R.S., Giles, M.R., and Brown, R. (Eds.), 

Geology of the Brent Group, Geological Society of London Special Publication, 61, 

pp. 329–350. 

Gold, P.B., 1987. Textures and geochemistry of authigenic albite from Miocene sandstones, 

Louisiana Gulf Coast. Journal of Sedimentary Petrology, 57, 353–362. 

Gottardi, G., 1978. Mineralogy and crystal chemistry of zeolites. In: Sand, L.B. and 

Mumpton, F.A. (Eds.), Natural Zeolites: Occurrence, Properties, Use, Pergamon 

Press, New York, pp. 31–44. 

Gudbrandsson, S., Wolff-Boenisch, D., Gislason, S.R., Oelkers, E.H., 2011. An 

experimental study of crystalline basalt dissolution from 2 ≤  pH ≤  11 and 

temperatures from 5 to 75 °C. Geochimica et Cosmochimica Acta, 75, 5496‒5509. 



35 

Gupta, S.D., Chatterjee, R., Farooqui, M.Y., 2012. Formation evaluation of fracture 

basement, Cambay Basin, India. Journal of Geophysics and Engineering, 9, 162‒175. 

Griffith, L.L., Shock, E.L., 1997. Hydrothermal hydration of Martian crust: Illustration via 

geochemical model calculations. Journal of Geophysical Research, 102, 9135–9143. 

Grindrod, P.M., West, M., Warner, N.H., Gupta, S., 2012. Formation of an Hesperian-aged 

sedimentary basin containing phyllosilicates in Corporates Catene, Mars. Icarus, 218, 

178–195. 

Gysi, A.P., Stefánsson, A., 2011. CO2–water–basalt interaction. Numerical simulation of 

low temperature CO2 sequestration into basalts. Geochimica et Cosmochimica Acta, 

75, 4728–4751. 

Hagerty, J.J., Newsom, H.E., 2003. Hydrothermal alteration at the Lonar Lake impact 

structure, India: Implications for impact cratering on Mars. Meteoritics & Planetary 

Science, 38, 365–381. 

Hardman, J., Schofield, N., Jolley, D., Hartley, A., Holford, S., Watson, D., 2019. Controls 

on the distribution of volcanism and intra-basaltic sediments in the Cambo–Rosebank 

region, West of Shetland. Petroleum Geoscience, 25, 71–89. 

Hart, S.R., Staudigel, H., 1982. The control of alkalies and uranium in seawater by ocean 

crust alteration. Earth and Planetary Science Letters, 58, 202‒212. 

Hausrath, E.M., Ming, D.W., Peretyazhko, T.S., Rampe, E.B., 2018. Reactive transport and 

mass balance modelling of the Stimson sedimentary formation and altered fracture 

zones constrain diagenetic conditions at Gale crater, Mars. Earth and Planetary 

Science Letters, 491, 1–10. 

Hawlader, H.M., 1990. Diagenesis and reservoir potential of volcanogenic sandstones 

Cretaceous of the Surat Basin, Australia. Sedimentary Geology, 66, 181–195. 

Hay, R.L., 1978. Geological occurrence of zeolites. In: Sand, L.B., and Mumpton, F.A. 

(Eds.), Natural Zeolites: Occurrence, Properties, Use, Pergamon Press, New York, 

pp. 135‒143. 

Heald, M.T., Larese, R.E., 1974. Influence of coatings on quartz cementation. Journal of 

Sedimentary Petrology, 44, 1269‒1274. 



36 

Helgeson, H.C., 1968. Evaluation of irreversible reactions in geochemical processes 

involving minerals and aqueous solutions – I. Thermodynamic relations. Geochimica 

et Cosmochimica Acta, 32, 853‒877. 

Hellevang, H., Dypvik, H., Kalleson, E., Pittarello, L., Koeberl, C., 2013a. Can alteration 

experiments on impact melts from El'gygytgyn and volcanic glasses shed new light 

on the formation of the Martian surface? Meteoritics & Planetary Science, 48, 1287–

1295. 

Hellevang, H., Pham, V.T.H., Aagaard, P., 2013b. Kinetic modelling of CO2–water–rock 

interactions. International Journal of Greenhouse Gas Control, 15, 3–15. 

Hellmann, R., Tisserand, D., 2006. Dissolution kinetics as a function of the Gibbs free 

energy of reaction: An experimental study based on albite feldspar. Geochimica et 

Cosmochimica Acta, 70, 364–383. 

Helmold, K.P., van de Kamp, P.C., 1984. Diagenetic mineralogy and controls on 

albitization and laumontite formation in Paleogene arkoses, Santa Ynez Mountains, 

California. In: McDonald, G.A., and Surdam, R.C. (Eds.), Clastic Diagenesis, 

American Association of Petroleum Geologists (AAPG) Memoir, 37, pp. 239–276. 

Hillier, S., 1994. Pore-lining chlorites in siliciclastic reservoir sandstones: Electron 

microprobe, SEM and XRD data, and implications for their origin. Clay Minerals, 29, 

665‒679. 

Hoffman, J., Hower, J., 1979. Clay mineral assemblages as low grade metamorphic 

geothermometers application to the thrust faulted disturbed belt of Montana, U.S.A. 

Society of Economic Paleontologists and Mineralogists (SEPM) Special Publication, 

26, 55–79. 

Hower, J., Eslinger, E.V., Hower, M.E., Perry, E.A., 1976. Mechanism of burial 

metamorphism of argillaceous sediment: 1. Mineralogical and chemical evidence. 

Geological Society of America Bulletin, 87, 725‒737. 

Hsieh, P.S., Tien, N.C., Lin, C.K., Lin, W., Lu, H.Y., 2017. A multi-sequestration concept 

of CO2 geological storage: Shale-Sandstone-Basalt system in Northwestern Taiwan. 

International Journal of Greenhouse Gas Control, 64, 137–151. 



37 

Inoue, A., Utada, M., 1991. Smectite-to-chlorite transformation in thermally 

metamorphosed yolcanoclastic rocks in the Kamikita area, northern Honshu, Japan. 

American Mineralogist, 76, 628–640. 

Inoue, A., Utada, M., Nagata, H., Watanabe, T., 1984. Conversion of trioctahedral smectite 

to interstratified chlorite/smectite in Pliocene acidic pyroclastic sediments of the 

Ohyu district, Akita Prefecture, Japan. Clay Science, 6, 103‒116. 

Jollivet, P., Gin, S., Schumacher, S., 2012. Forward dissolution rate of silicate glasses of 

nuclear interest in clay-equilibrated groundwater. Chemical Geology, 330–331, 207–

217. 

Kristmannsdóttir, H., 1979. Alteration of basaltic rocks by hydrothermal-activity at 100-

300°C. Developments in Sedimentology, 27, 359‒367. 

Kristmannsdóttir, H., Tómasson, J., 1978. Zeolite zones in geothermal areas in Iceland. In: 

Sand, L. B. and Mumpton, F. A. (Eds.), Natural Zeolites: Occurrence, Properties, Use, 

Pergamon Press, Elmsford, New York, pp. 277‒284. 

Land, L.S., Milliken, K.L., 1981. Feldspar diagenesis in the Frio Formation, Brazoria 

County, Texas Gulf Coast. Geology, 9, 314–318. 

Larsen, M., Bell, B., Guarnieri, P., Vosgerau, H., Weibel, R., 2016. Exploration challenges 

along the North Atlantic volcanic margins: the intra-volcanic sandstone play in 

subsurface and outcrop. In: Bowman, M., and Levell, B. (Eds.), Petroleum Geology 

of NW Europe: 50 Years of Learning – Proceedings of the 8th Petroleum Geology 

Conference. Geological Society of London, Petroleum Geology Conference series, 

pp. 231–245. 

Lasaga, A.C., 1984. Chemical kinetics of water-rock interactions. Journal of Geophysical 

Research, 89, 4009‒4025. 

Le Deit, L., Flahaut, J., Quantin, C., Hauber, E., Mége, D., Bourgeois, O., Gurgurewicz, J., 

Massé, M., Jaumann, R., 2012. Extensive surface pedogenic alteration of the Martian 

Noachian crust suggested by plateau phyllosilicates around Valles Marineris. Journal 

of Geophysical Research, 117, E00J05. 



38 

Leveille, G.P., Primmer, T.J., Dudley, G., Ellis, D., Allison, G.J., 1997. Diagenetic controls 

on reservoir quality in Permian Rotliegendes sandstones, Jupiter Fields area, southern 

North Sea. In: Ziegler, P.A., Turner, P., Daines, S. R. (Eds.), Petroleum Geology of 

the Southern North Sea: Future Potential. Geological Society Special Publication No. 

123, pp. 105-122. 

Levin, L.E., 1995. Volcanogenic and volcaniclastic reservoir rocks in Mesozoic–Cenozoic 

island arcs: examples from the Caucasus and the NW Pacific. Journal of Petroleum 

Geology, 18, 267‒288. 

Luo, J., Morad, S., Liang, Z., Zhu, Y., 2005. Controls on the quality of Archean 

metamorphic and Jurassic volcanic reservoir rocks from the Xinglongtai buried hill, 

western depression of Liaohe Basin, China. American Association of Petroleum 

Geologists (AAPG) Bulletin, 89, 1319‒1346. 

Lutze, W., Malow, G., Ewing, R.C., Jercinovic, M.J., Keil, K., 1985. Alteration of basalt 

glasses: implications for modelling the long-term stability of nuclear waste glasses. 

Nature, 314, 252–255. 

Maast, T.E., 2013. Reservoir quality of deeply buried sandstones-a study of burial 

diagenesis from the North Sea, Ph.D. thesis, University of Oslo Norway, 74 pp. 

Malow, G., Lutze, W., Ewing, R.C., 1984. Alteration effects and leach rates of basaltic 

glasses: Implications for the long-term stability of nuclear waste form borosilicate 

glasses. Journal of Non-Crystalline Solids, 67, 305–321. 

Mangold, N., Carter, J., Poulet, F., Dehouck, E., Ansan, V., Loizeau, D., 2012. Late 

Hesperian aqueous alteration at Majuro crater, Mars. Planetary and Space Science, 

72, 18–30. 

Maraschin, A.J., Mizusaki, A.M.P., De Ros, L.F., 2004. Near-surface K-feldspar 

precipitation in Cretaceous sandstones from the Potiguar Basin, Northeastern Brazil. 

The Journal of Geology, 112, 317‒334. 

Marzo, G.A., Davila, A.F., Tornabene, L.L., Dohm, J.M., Fairén, A.G., Gross, C., Kneissl, 

T., Bishop, J.L., Roush, T.L., McKay, C.P., 2010. Evidence for Hesperian impact-

induced hydrothermalism on Mars. Icarus, 208, 667–683. 



39 

Mathisen, M.E. 1984. Diagenesis of Plio-Pleistocene Nonmarine Sandstones, Cagayan 

Basin, Philippines: Early Development of Secondary Porosity in Volcanic 

Sandstones: Part 2. Aspects of Porosity Modification. American Association of 

Petroleum Geologists (AAPG) Special Volumes, M37, 177–193. 

Mathisen, M.E., McPherson, J.G., 1991. Volcaniclastic deposits: implications for 

hydrocarbon exploration. In: Fisher, R.V. and Smith, G.A. (Eds.), Sedimentation in 

Volcanic Settings, Society of Economic Paleontologists and Mineralogists (SEPM) 

Special Publication, 45, pp. 27‒ 36. 

McSween Jr., H.Y., Taylor, G.J., Wyatt, M.B., 2009. Elemental composition of the Martian 

crust. Science, 324, 736‒739. 

Mehegan, J.M., Robinson, P.T., Delaney, J.R., 1982. Secondary mineralization and 

hydrothermal alteration in the Reydarfjordur drill core, eastern Iceland. Journal of 

Geophysical Research: Solid Earth, 87, 6511–6524. 

Meunier, A., 2005. Clays. Springer-Verlag, Berlin, Heidelberg, 476 pp. 

Meunier, A., Inoue, A., Beaufort, D., 1991. Chemiographic analysis of trioctahedral 

smectite-to-chlorite conversion series from the Ohyu Caldera, Japan. Clays and Clay 

Minerals, 39, 409–415. 

Mitsuhata, Y., Matsuo, K., Minegishi, M., 1999. Magnetotelluric survey for exploration of 

a volcanic-rock reservoir in the Yurihara oil and gas field, Japan. Geophysical 

Prospecting, 47, 195‒218. 

Morad, S., Bergan, M., Knarud R., Nystuen, J.P., 1990. Albitization of detrital plagioclase 

in Triassic reservoir sandstones from the Snorre Field, Norwegian North Sea. Journal 

of Sedimentary Petrology, 60, 411-425. 

Mudge, D.C., 2015, Regional controls on Lower Tertiary sandstone distribution in the 

North Sea and NE Atlantic margin basins. In: McKie, T., Rose, P.T.S., Hartley, A.J., 

Jones, D.W., and Armstrong, T.L. (Eds.), Tertiary Deep-Marine Reservoirs of the 

North Sea Region. Geological Society of London Special Publication, 403, pp. 17‒

42. 



40 

Murakami, T., Sato, T., Inoue, A., 1999. HRTEM evidence for the process and mechanism 

of saponite-to-chlorite conversion through corrensite. American Mineralogist, 84, 

1080–1087. 

Murchie, S., Arvidson, R., Bedini, P., Beisser, K., Bibring, J.-P., Bishop, J., Boldt, J., 

Cavender, P., Choo, T., Clancy, R.T., Darlington, E.H., Des Marais, D., Espiritu, R., 

Fort, D., Green, R., Guinness, E., Hayes, J., Hash, C., Heffernan, K., Hemmler, J., 

Heyler, G., Humm, D., Hutcheson, J., Izenberg, N., Lee, R., Lees, J., Lohr, D., 

Malaret, E., Martin, T., McGovern, J.A., McGuire, P., Morris, R., Mustard, J., Pelkey, 

S., Rhodes, E., Robinson, M., Roush, T., Schaefer, E., Seagrave, G., Seelos, F., 

Silverglate, P., Slavney, S., Smith, M., Shyong, W.J., Strohbehn, K., Taylor, H., 

Thompson, P., Tossman, B., Wirzburger, M., Wolff, M., 2007. Compact 

Reconnaissance Imaging Spectrometer for Mars (CRISM) on Mars Reconnaissance 

Orbiter (MRO). Journal of Geophysical Research, 112, E05S03. 

Mustard, J.F., Murchie, S.L., Pelkey, S.M., Ehlmann, B.L., Milliken, R.E., Grant, J.A., 

Bibring, J.P., Poulet, F., Bishop, J., Noe Dobrea, E., Roach, L., Seelos, F., Arvidson, 

R.E., Wiseman, S., Green, R., Hash, C., Humm, D., Malaret, E., McGovern, J.A., 

Seelos, K., Clancy, T., Clark, R., Des Marais, D., Izenberg, N., Knudson, A., 

Langevin, Y., Martin, T., McGuire, P., Morris, R., Robinson, M., Roush, T., Smith, 

M., Swayze, G., Taylor, H., Titus, T., Wolff, M., 2008. Hydrated silicate minerals on 

Mars observed by the Mars Reconnaissance Orbiter CRISM instrument. Nature, 454, 

305–309. 

Nadeau, P.H., Wilson, M.J., McHardy, W.J., Tait, J.M., 1985. The conversion of smectite 

to illite during diagenesis: evidence from some illitic clays from bentonites and 

sandstones. Mineralogical Magazine, 49, 393‒400. 

Navarre-Sitchler, A., Brantley, S., 2007. Basalt weathering across scales. Earth and 

Planetary Science Letters, 261, 321–334. 

Neuhoff, P.S., Fridriksson, T., Arnórsson, S., Bird, D.K., 1999. Porosity evolution and 

mineral paragenesis during low-grade metamorphism of basaltic lavas at Teigarhorn, 

eastern Iceland. American journal of Science, 299, 467–501. 



41 

Neuhoff, P.S., Fridriksson, T., Bird, D.K., 2000. Zeolite parageneses in the North Atlantic 

Igneous Province: Implications for geotectonics and groundwater quality of basaltic 

crust. International Geology Review, 42, 15–44. 

Newsom, H.E., 1980. Hydrothermal alteration of melt sheets with implications for Mars. 

Icarus, 44, 207‒216. 

Niu, B., Yoshimura, T., 1996. Smectite conversion in diagenesis and low grade 

hydrothermal alteration from Neogene basaltic marine sediments in Niigata Basin, 

Japan. Clay Science, 10, 37–56. 

Oelkers, E.H., Bjørkum, P.A., Murphy, W.M., 1996. A petrographic and computational 

investigation of quartz cement and porosity reduction in North Sea sandstones. 

American Journal of Science, 296. 420‒452. 

Oelkers, E.H., Helgeson, H.C., 1988. Calculation of the thermodynamic and transport 

properties of aqueous species at high pressures and temperatures: Aqueous tracer 

diffusion coefficients of ions to 1000°C and 5 kb. Geochimica et Cosmochimica Acta, 

52, 63–85. 

Oelkers, E.H., Bjørkum, P.A., Walderhaug, O., Nadeau, P.H., Murphy, W.M., 2000. 

Making diagenesis obey thermodynamics and kinetics: the case of quartz 

cementation in sandstones from offshore mid-Norway. Applied Geochemistry, 15, 

295–309. 

Ólavsdóttir, J., Andersen, M.S., Boldreel, L.O., 2015. Reservoir quality of intrabasalt 

volcaniclastic units onshore Faroe Islands, North Atlantic Igneous Province, 

northeast Atlantic. American Association of Petroleum Geologists (AAPG) Bulletin, 

99, 467–497. 

Osinski, G.R., 2005. Hydrothermal activity associated with the Ries impact event. 

Geofluids, 5, 202‒220. 

Osinski, G.R., Spray, J.G., Lee, P., 2001. Impact-induced hydrothermal activity within the 

Haughton impact structure, arctic Canada: Generation of a transient, warm, wet oasis. 

Meteoritics & Planetary Science, 36, 731‒745. 



42 

Osinski, G.R., Tornabene, L.L., Banerjee, N.R., Cockell, C.S., Flemming, R., Izawa, 

M.R.M., McCutcheon, J., Parnell, J., Preston, L.J., Pickersgill, A.E., Pontefract, A., 

Sapers, H.M., Southam, G., 2013. Impact-generated hydrothermal systems on Earth 

and Mars. Icarus, 224, 347‒363. 

Palandri, J.L, Kharaka, Y.K., 2004. A compilation of rate parameters of water-mineral 

interaction kinetics for application to geochemical modeling. US. Geological survey, 

open report 2004-1068. 

Parkhurst, D.L., Appelo, C.A.J., 2013. Description of input and examples for PHREEQC 

version 3-A computer program for speciation, batch-reaction, one-dimensional 

transport, and inverse geochemical calculations. US Geological Survey and Methods, 

6 A43, 497 pp. 

Paxton, S.T., Szabo, J.O., Ajdukiewicz, J.M., Klimentidis, R.E., 2002. Construction of an 

intergranular volume compaction curve for evaluating and predicting compaction and 

porosity loss in rigid-grain sandstone reservoirs. American Association of Petroleum 

Geologists (AAPG) Bulletin, 86, 2047–2067. 

Pearson, M.J., Small, J.S., 1988. Illite-smectite diagenesis and palaeotemperatures in 

Northern North Sea Quaternary to Mesozoic shale sequences. Clay Minerals, 23, 

109‒132. 

Pham, V.T.H., Lu, P., Aagaard, P., Zhu, C., Hellevang, H., 2011. On the potential of CO2-

water-rock interactions for CO2 storage using a modified kinetic model. International 

Journal of Greenhouse Gas Control, 5, 1002‒1015. 

Pham, V.T.H., Aagaard, P., Hellevang, H., 2012. On the potential for CO2 mineral storage 

in continental flood basalts – PHREEQC batch and 1D diffusion–reaction 

simulations. Geochemical Transactions, 13, 5. 

Poppitt, S., Duncan, L.J., Preu, B., Fazzari, F., Archer, J., 2016. The influence of volcanic 

rocks on the characterization of Rosebank Field – new insights from ocean-bottom 

seismic data and geological analogues integrated through interpretation and 

modelling. In: Bowman, M. and Levell, B. (Eds), Petroleum Geology of NW Europe: 

50 Years of Learning – Proceedings of the 8th Petroleum Geology Conference. 

Geological Society, London. 



43 

Poulet, F., Bibring, J.-P., Mustard, J.F., Gendrin, A., Mangold, N., Langevin, Y., Arvidson, 

R.E., Gondet, B., Gomez, C., 2005. Phyllosilicates on Mars and implications for early 

martian climate. Nature, 438, 623–627. 

Rathbun, J.A., Squyres, S.W., 2002. Hydrothermal systems associated with martian impact 

craters. Icarus, 157, 362‒372. 

Roberson, H.E., Reynolds, R.C., Jr., Jenkins, D.M., 1999. Hydrothermal synthesis of 

corrensite: A study of the transformation of saponite to corrensite. Clays and Clay 

Minerals, 47, 212–218. 

Rogers, K.L., Neuhoff, P.S., Pedersen, A.K., Bird, D.K., 2006. CO2 metasomatism in a 

basalt-hosted petroleum reservoir, Nuussuaq, West Greenland. Lithos, 92, 55‒82. 

Saigal, G.C., Morad, S., Bjørlykke, K., Egeberg, P.K., Aagaard, P., 1988. Diagenetic 

albitization of detrital K-feldspar in Jurassic, Lower Cretaceous and Tertiary clastic 

reservoir rocks from offshore Norway, Journal of Sedimentary Petrology, 58, 1003–

1013. 

Seeman, U., 1979, Diagenetically formed interstitial clay minerals as a factor in 

Rotliegendes sandstone reservoir quality in the North Sea. Journal of Petroleum 

Geology, 1, 55–62. 

Seemann, U., Scherer, M., 1984. Volcaniclastics as potential hydrocarbon reservoirs. Clay 

Minerals, 9, 457‒470. Contributions to Mineralogy and Petrology, 105, 123–142. 

Shau, Y.-H., Peacor, D.R., Essen, E.J., 1990. Corrensite and mixed-layer chlorite/corrensite 

in metabasalt from northern Taiwan: TEM/AEM, EMPA, XRD, and optical studies. 

Contributions to Mineralogy and Petrology, 105, 123–142. 

Sommer, F., 1978. Diagenesis of Jurassic sandstones in the Viking Graben. Journal of the 

Geological Society, 135, 63‒67. 

Stroncik, N.A., Schmincke, H.-U., 2002. Palagonite – a review. International Journal of 

Earth Sciences, 91, 680–697. 

Surdam, R.C., Boles, J.R., 1979. Diagenesis of volcanic sandstones. Society of Economic 

Paleontologists and Mineralogists (SEPM) Special Publication, 26, 227‒242. 



44 

Sætre, C., Hellevang, H., Dennehy, C., Dypvik, H., Clark, S., 2018. A diagenetic study of 

intrabasaltic siliclastics sandstones from the Rosebank field. Marine and Petroleum 

Geology, 98. 335‒355. 

Techer, I., Advocat, T., Lancelot, J., Liotard, J.-M., 2000. Basaltic glass: alteration 

mechanisms and analogy with nuclear waste glasses. Journal of Nuclear Materials, 

282, 40–46. 

Vaniman, D.T., Bish, D.L., Ming, D.W., Bristow, T.F., Morris, R.V., Blake, D.F., Chipera, 

S.J., Morrison, S.M., Treiman, A.H., Rampe, E.B., Rice, M., Achilles, C.N., 

Grotzinger, J.P., McLennan, S.M., Williams, J., Bell III, J.F., Newsom, H.E., Downs, 

R.T., Maurice, S., Sarrazin, P., Yen, A.S., Morookian, J.M., Farmer, J.D., Stack, K., 

Milliken, R.E., Ehlmann, B.L., Summer, D.Y., Berger, G., Crisp, J.A., Hurowitz. J.A., 

Anderson, R., Des Marais, D.J., Stolper, E.M., Edgett, K.S., Gupta, S., Spanovich, 

N., MSL Science Team, 2014. Mineralogy of a mudstone at Yellowknife Bay, Gale 

Crater, Mars. Science, 343, 1243480-6. 

Voigt, M., Marieni, C., Clark, D.E., Gislason, S.R., Oelkers, E.H., 2018. Evaluation and 

refinement of thermodynamic databases for mineral carbonation. Energy Procedia, 

146, 81‒91. 

Walderhaug, O., Bjørkum, P.A., 2003. The Effect of Stylolite Spacing on Quartz 

Cementation in the Lower Jurassic Stø Formation, Southern Barents Sea. Journal of 

Sedimentary Research, 73, 146–156. 

Walker, G.P.L., 1960. Zeolite zones and dike distribution in relation to the structure of the 

basalts of eastern Iceland. The Journal of Geology, 68, 515‒528. 

White, A.F, Brantley S.L., 2003. The effect of time on the weathering of silicate minerals: 

why do weathering rates differ in the laboratory and field? Chemical Geology, 202, 

479–506. 

White, A.F., Peterson, M.L., 1990. Role of reactive-surface-area characterization in 

geochemical kinetic models, in: Chemical modeling of aqueous systems II, American 

Chemical Society Symposium Series, 416, pp. 461–475. 



45 

Wickens, H.D.V. & McLachlan, I.R., 1990. The stratigraphy and sedimentology of the 

reservoir interval of the Kudu 9a-2 and 9a-3 boreholes. Geological Survey of 

Namibia Communications, 6, 9–22. 

Wolff-Boenisch, D., Gislason, S.R., Oelkers, E.H., 2006. The effect of crystallinity on 

dissolution rates and CO2 consumption capacity of silicates. Geochimica et 

Cosmochimica Acta, 70, 858–870. 

Wordsworth, R., Kalugina, Y., Lokshtanov, S., Vigasin, A., Ehlmann, B., Head, J., Sanders, 

C., Wang, H., 2017. Transient reducing greenhouse warming on early Mars. 

Geophysical Research Letters, 44, 665‒671. 

Zhu, C., Lu, P., 2009. Alkali feldspar dissolution and secondary mineral precipitation in 

batch systems: 3. Saturation states of product minerals and reaction paths. 

Geochimica et Cosmochimica Acta, 73, 3171–3200.  

Zhu, C., Lu, P., Zheng, Z., Ganor, J., 2010. Coupled alkali feldspar dissolution and 

secondary mineral precipitation in batch systems: 4. Numerical modelling of kinetic 

reaction paths. Geochimica et Cosmochimica Acta, 74, 3963–3983. 

Zhu, S.F., Zhu, X.M., Wang, X.L., Liu, Z.Y., 2012. Zeolite diagenesis and its control on 

petroleum reservoir quality of Permian in northwestern margin of Junggar Basin, 

China. Science China Earth Sciences, 55, 386–396. 

Zerong, L., Quanlin, X., Yongjie, W., Peiqin, X., Xiaofeng, Z. 1989. Formation conditions 

and distribution regularities of oil-gas pools in Tertiary volcanic rocks in western 

Huimin Depression, Shandong Province. Chinese Journal of Geochemistry, 8, 146-

154. 

Zolotov, M.Y., Mironenko, M.V., 2007. Timing of acid weathering on Mars: A kinetic-

thermodynamic assessment. Journal of Geophysical Research, 112, E07006. 

 

  



46 

  



47 

 

 

 

Papers 
  



48 

 



1

Altered basement rocks on the Utsira High and 
its surroundings, Norwegian North Sea

Lars Riber, Henning Dypvik and Ronald Sørlie

Norwegian Journal of Geology, 2015, Vol. 95, p. 57 - 89

1

Experimental hydrothermal alteration of basaltic 
glass with relevance to Mars

Christian Sætre, Helge Hellevang, Lucie Riu, Henning Dypvik,
Cédric Pilorget, François Poulet and Stephanie C. Werner

Meteoritics & Planetary Science, 2019, Vol. 54, p. 357–378



 



1

Altered basement rocks on the Utsira High and 
its surroundings, Norwegian North Sea

Lars Riber, Henning Dypvik and Ronald Sørlie

Norwegian Journal of Geology, 2015, Vol. 95, p. 57 - 89

2

A diagenetic study of intrabasaltic siliciclastics
sandstones from the Rosebank field

Christian Sætre, Helge Hellevang, Cliona Dennehy, 
Henning Dypvik, Samantha Clark

Marine and Petroleum Geology , 2018, Vol. 98, p. 335–355



 



1

Altered basement rocks on the Utsira High and 
its surroundings, Norwegian North Sea

Lars Riber, Henning Dypvik and Ronald Sørlie

Norwegian Journal of Geology, 2015, Vol. 95, p. 57 - 89

3

Geochemical modelling of an intra-basalt 
sandstone reservoir: Rosebank case study

Christian Sætre, Helge Hellevang, Cliona Dennehy, 
Henning Dypvik

To be submitted.




	Rosebank.pdf
	A diagenetic study of intrabasaltic siliciclastics sandstones from the Rosebank field
	Introduction
	Geological setting
	Method
	Results
	Core description and primary minerals
	Siliciclastic sandstones
	Volcaniclastic units
	Basalt

	Secondary phases
	Siliciclastic sandstones
	Volcaniclastic units
	Basalt

	Geochemistry
	Permeability and porosity
	Homogenization temperatures of fluid inclusions

	Discussion
	Diagenetic temperature
	Basalt rock classification
	Diagenetic phases
	Kaolinite
	Chlorite
	Smectites
	Quartz cement
	Laumontite
	Feldspar overgrowths

	Geochemical relation between mafic and siliciclastic units
	Volcaniclastic units
	Reservoir quality

	Conclusion
	Acknowledgement
	mk:H1_31
	mk:H1_32
	References





