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ABSTRACT 

Grain-coating chlorite preserves porosity and permeability through the inhibition of quartz 

cement whereas pore-filling chlorite blocks pore-throats and diminishes reservoir quality. The 

aim of this study is to determine the origin and principal mechanisms which govern the 

distribution of grain-coating and pore-filling chlorite in Jurassic deltaic sandstones (Tilje 

Formation, Smørbukk field, Mid Norwegian Shelf). The study focussed on very high-density 
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sampling for petrographic analysis, from three sections of sandstone core from the same well 

with contrasting reservoir quality, rather than the low-density sampling approach typically 

employed. The aim was to gain new understanding of specific controls on porosity and 

permeability based on core description, porosity and permeability measurements and a suite of 

petrographic techniques. Results of this study show grain-coating chlorite originated from the 

thermally-driven recrystallisation of detrital clay coats and/or clay mineral precursors. Pore-

filling chlorite has principally derived from the ductile deformation of chlorite-rich Fe-ooids, 

that were possibly reworked from an evaporitic setting. The distribution of chlorite precursor 

material, detrital clay coats, and subsequently the distribution of grain-coating and pore-filling 

chlorite, were controlled by the relative dominance of tidal and fluvial processes active during 

sediment deposition. Optimum grain-coating chlorite is found in tidal-fluvial sandstones with 

moderate fluvial influence. Pore-filling chlorite is pervasive in tidal-fluvial channel sandstones 

deposited during periods of high fluvial discharge, or proximal to the central turbidity 

maximum zone; marked by an abundance of fluid mud. Tidal channel sandstones with no 

fluvial influence are pervasively quartz cemented due to an absence of grain-coating chlorite. 

Grain-coating chlorite and good reservoir quality occurs in heterolithic distributary mouth bar 

sandstones, however mixing of mud- and sand-prone facies due to intense bioturbation has 

reduced permeability. Results from this study can be used to predict reservoir quality in the 

Smørbukk field and in analogous shallow-marine sandstones worldwide.  

1. INTRODUCTION 

Reservoir quality is quantified through the measurement of porosity, which limits the volume 

of oil or gas in place, and permeability, which controls the rate at which oil or gas flow from 

the reservoir to the wellbore (Gluyas and Swarbrick, 2004). Porosity and permeability 

(reservoir quality), and thus economic viability of quartzose sandstone reservoirs, typically 
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reduce with increasing burial depth and prolonged thermal-exposure primarily due to 

compaction and quartz cementation (Lander et al., 2008; Ramm, 1992; Worden and Burley, 

2003). Paradoxically, in the search for cost-competitive ‘advantaged oil and gas’, operators are 

targeting high-temperature and deeply buried reservoirs in the quest for high permeability 

reservoirs that can be produced at an economic rate. One possible mechanism of preserving 

exceptionally high-porosity and permeability in Mesozoic (and older), and even some 

Palaeogene, deeply buried and thermally stressed sandstones (> 2.5 to 3 km; > 80 to 100 ℃) is 

the inhibition of quartz cementation. Quartz cement may be retarded due to a number of factors, 

such as chlorite- (Ehrenberg, 1993), microcrystalline quartz- (Aase et al., 1996), and siderite- 

(Karim et al., 2010) grain coats, and, under some circumstances, early oil-emplacement 

(Worden et al., 2018b). The focus of this study is understanding the origin and distribution of 

authigenic grain-coating chlorite (Ehrenberg, 1993; Stricker and Jones, 2016; Worden et al., 

2020). Chlorite grain coats are important since individual chlorite flakes, in clay coats, preserve 

porosity by acting as barriers to the lateral coalescence of epitaxial micro-quartz cement and 

subsequent growth of pore-filling syntaxial quartz overgrowths (Ajdukiewicz and Larese, 

2012; Billault et al., 2003; Bloch et al., 2002; Stricker and Jones, 2016; Zhu et al., 2017). 

Despite being over 60 years since grain-coating chlorite was discovered to preserve high-

porosity in deeply-buried sandstones (Heald and Anderegg, 1960; Pittman and Lumsden, 

1968), the energy industry struggles to predict its occurrence and distribution. To complicate 

matters, chlorite may be pore-filling, for example, if chlorite grain-coats are too thick they can 

block pore throats and lower permeability, as observed in the Krechba field, Algeria (Armitage 

et al., 2010). In contrast, if chlorite grain-coats are too thin, or discontinuous, quartz cement 

will form between the gaps in the coat and degrade reservoir quality, as reported in the Petrel 

field, Australia (Saïag et al., 2016). In this study we refer to the optimum authigenic grain coat 

thickness and continuity as the ‘chlorite Goldilocks zone’ in which grain coats are neither too 
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thin, or too thick, and instead are “just right”, after “The story of the three bears” by Southey 

(1837), and first used by Wooldridge et al. (2017b) in the context of grain coats.  

Authigenic chlorite grain-coats have been reported to originate from (i) clay precursor at 

shallow burial depth (< 1,000 m, < 40C)  which have undergone thermally-driven 

recrystallisation (Beaufort et al., 2015; Virolle et al., 2021), and (ii) through in situ growth from 

the authigenic alteration of precursor and early-diagenetic minerals, which interact with pore 

fluids during burial (Aagaard et al., 2000; Ajdukiewicz and Larese, 2012; Bloch et al., 2002; 

Hillier, 1994; Worden et al., 2020; Worden and Morad, 2003; Zhu et al., 2017). Clay precursors 

such as berthierine originate from detrital clay coats, which demonstrates the importance of 

depositional environment characterisation in understanding the occurrence of chlorite in 

sedimentary strata. As a result, recent modern analogue studies have been designed in order to 

establish how detrital clay coats and precursor minerals (detrital and early-diagenetic) are 

distributed in the primary depositional environment (Dowey et al., 2017; Griffiths et al., 2018; 

Griffiths et al., 2019a; Griffiths et al., 2019b; Virolle et al., 2019a; Virolle et al., 2019b; Virolle 

et al., 2020; Wooldridge et al., 2017a; Wooldridge et al., 2017b; Wooldridge et al., 2018). The 

aim of this study was to establish the origin and controls on the distribution of pore-filling and 

grain-coating chlorite in Jurassic deltaic sandstones based on the sedimentological and 

petrophysical characterisation of the Tilje Formation, Smørbukk field (Mid Norwegian Shelf, 

part of the Åsgard Unit; Fig. 1).  

Based on an unusually high-density sampling strategy from three sandstone sections of cores, 

from the same well, that have entirely contrasting reservoir quality, the specific objectives of 

this paper are to:  

(1) establish primary depositional processes active during sediment deposition and so 

reconstruct palaeoenvironment conditions, 
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(2) determine the major controls on sandstone reservoir quality, 

(3) determine the origin of grain-coating and pore-filling chlorite, 

(4) determine the principal mechanisms which govern the distribution of grain-coating and 

pore-filling chlorite, 

Addressing these objectives is needed to better understand the distribution of grain-coating and 

pore-filling chlorite on a play fairway scale in the Smørbukk field and to develop a prospect-

scale understanding of the controls on reservoir quality to maximise ultimate recovery.  

2. SMØRBUKK FIELD (TILJE FORMATION), HALTEN TERRACE, 

OFFSHORE NORWAY 

The Halten Terrace (Fig. 1) is a 130 km by 80 km rhomboidal tectonic section of the 

Haltenbanken area. The Halten Terrace is a mature hydrocarbon province with offshore 

production principally derived from heterolithic Early and Middle Jurassic synrift siliciclastic 

shallow-marine sandstones deposited during the opening of the North Atlantic Ocean (Ichaso 

and Dalrymple, 2009, 2014; Ichaso et al., 2016; Martinius et al., 2001; Martinius et al., 2005). 

Gas and condensate were sourced from the thermal maturation of coals of the Early Jurassic 

Åre Formation while oil was derived from the Late Jurassic Spekk Formation (Martinius et al., 

2005) which charged two main reservoir groups (Båt and Fangst Groups). The Early Jurassic 

Tilje Formation forms part of Båt Group and is a significant reservoir interval in several large 

North Sea hydrocarbon fields, including the Smørbukk field (the focus of this study; Fig. 1B). 

Together Smørbukk, Smørbukk Sør and Midgard prospects form the Åsgard field (Klefstad et 

al., 2005). 

The Smørbukk field was discovered in 1984 and is located 230 kilometres west of the 

Norwegian mainland (Corfield and Sharp, 2000; Ehrenberg et al., 1992) and is comprised of 

five reservoir intervals (Åre, Tilje, Ile, Tofte, and Garn Formations) (Martinius et al., 2005). 
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Gas condensate and volatile oil (43 – 48 APIº) are structurally trapped in a tilted fault block, 

with booked recoverable reserves totalling 57 x 106 standard m3 (359 MMbbl) of oil and 91 x 

109 standard m3 of gas (3.2 tcf) (producing or sanctioned for development, as of 2003) 

(Martinius et al., 2005). 

Several studies over the past three decades have focused on better understanding reservoir 

architecture of the 100 to 300 m thick, highly heterogeneous, Lower Jurassic Åre and Tilje 

Formations to aid hydrocarbon extraction (Dreyer, 1992; Ichaso and Dalrymple, 2009; Ichaso 

et al., 2016; Martinius et al., 2001; Martinius et al., 2005). The Åre and Tilje successions 

represent synrift deposits that accumulated in a 130 km by 80 km north-northeast south-

southwest orientated (Fig. 2), structurally controlled embayment that formed during the early 

phase of Jurassic rifting in the Halten area (Ichaso and Dalrymple, 2014; Marsh et al., 2010). 

Shallow-marine sedimentation patterns were strongly governed by tidal currents with 

occasional significant river influence and minor wave action with exception to distal locations 

(Ichaso and Dalrymple, 2009, 2014; Ichaso et al., 2016; Martinius et al., 2001; Martinius et al., 

2005). In addition to complex facies heterogeneity, the economic viability of the Tilje 

Formation in the Smørbukk field has been reported to be further controlled by the distribution 

and completeness of grain-coating chlorite, and thus quartz cementation (Ehrenberg, 1993).  

3. METHODS 

Based on facies and reservoir quality (porosity and permeability) variability three Tilje 

Formation core intervals was chosen by the operator (Equinor) from the Smørbukk field (block 

6506-12; well 6506/12-N-4H); a base interval (S1) from 5,986 to 5,974 m RKB, a middle 

interval (S2) from 5,956 to 5,939 m RKB, and a top interval (S3) from 5,907 to 5,893 m RKB).  

These samples all derive from the upper part of the Tilje where tidal-fluvial processes 

dominated (Ichaso and Dalrymple, 2014).  This was a deviated well; the true vertical depths 
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below mud line for these intervals are 4,263 to 4,257 m TVD, a middle interval (S2) from 4,248 

to 4,239 m TVD), and a top interval (S3) from 4,223 to 4,216 m TVD.  The development well 

6506/12-N-4H was drilled in the year 2000 in a water depth of 272 m and was plugged in 2017. 

Rather than use the conventional approach of thinly spreading sampling for quantitative 

petrographic study over an entire length of core, we have instead focussed high density 

sampling over three sections of sandstone in the core that represent extremes of core analysis 

and basic log characteristics. We here acknowledge that the 100 to 300 m thick Lower Jurassic 

Åre and Tilje Formations represent a highly-heterogeneous succession (Dreyer, 1992; Ichaso 

and Dalrymple, 2009; Ichaso et al., 2016; Martinius et al., 2001; Martinius et al., 2005). 

Additional studies would be required to create a predictive scheme for the entire succession 

across the whole basin; however, this study highlights the detailed, time-consuming, and thus 

expensive approach required to unravel such sedimentological and petrophysical complexity. 

This study involved the integration of core description, core analysis data (porosity and 

permeability), and high-density sampling for light microscopy and optical point-counting 

(sediment composition and grain size), Backscattered Scanning Electron Microscopy (BSEM), 

and cathodoluminescence (SEM-CL) and Scanning Electron Microscopy-Energy Dispersive 

Spectroscopy (SEM-EDS) data to better understand the distribution of reservoir quality in the 

three studied intervals. 

3.1 Core Description: Facies Associations and Depositional Elements 

Core description (at the centimetre scale) was undertaken to define the different facies (F), 

subfacies (SF), and Facies Associations (FA) in each interval to better understand the primary 

depositional environment. Facies and subfacies were principally discriminated based on 

lithology, sand-mud ratio, physical sedimentary structures, as well as the type and degree of 
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bioturbation.  The common co-occurrence of specific facies was used to establish facies 

associations (FA). 

Mud content was used to differentiate heterolithics, based on Ichaso and Dalrymple (2014); (1) 

heterolithic sandstones (<10% mud interbeds), (2) sand-dominated heterolithics (10-40% mud 

interbeds), (3) mixed sand-mud heterolithics (40-60% mud interbeds), (4) mud-dominated 

heterolithics (60-90% mud interbeds), and (5) mudstone (> 90% mud interbeds). Bed thickness 

was assigned based on Ingram (1954), i.e., laminae (< 1 mm thick), very thin-bedded (1 mm 

to 3 mm), thin-bedded (3 mm to 1 cm), medium bedded (1 cm to 3 cm), thick bedded (3 cm to 

10 cm), and very thick-bedded (> 10 cm). Bedding styles, which includes flaser, wavy, 

lenticular and pin-stripe types, was described based on Reineck and Wunderlich (1968). The 

determination of grain size and sorting are based upon methods defined by Folk and Ward 

(1957) and calculated through point-counting (see light microscopy and point counting 

section). The degree of sediment bioturbation was classified using a bioturbation index (BI) 

proposed by Taylor and Goldring (1993): 0 – no bioturbation, 1 – sparse bioturbation, bedding 

distinct, few discrete traces and/or escape structures, 2 – low bioturbation, bedding distinct, 

low trace density, escape structures often common, 3 – moderate bioturbation, bedding 

boundaries sharp, traces discrete, overlap rare, 4 – high bioturbation, bedding boundaries 

indistinct, high trace density with overlap common, 5 – intense bioturbation, bedding 

completely disturbed (just visible), limited reworking, later burrows discrete, 6 – complete 

bioturbation, sediment reworking due to repeated overprinting. 

3.2 Core Analysis and Subsampling 

Conventional core analysis data for 43 m of core (172 horizontal core plugs) were made 

available by the operator (Equinor). Porosity and permeability were measured on all core plugs 

using modern industry-standard methods and corrected for confining stress. Core analysis 
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porosity data incorporates all types of pores, and thus includes microporosity (e.g., in altered 

framework grains or microporous clays) which cannot be quantified by modal or SEM-EDS 

analyses. 

Petrographic and X-ray diffraction analyses at the University of Liverpool were performed on 

56 of the 172 core plugs. A previous study on chlorite grain-coat distribution by Ehrenberg 

(1993) in the Smørbukk field did not include low porosity zones as it was considered that low 

porosity intervals were “unrelated to the problem of porosity preservation by chlorite”. 

However, recent studies by Wooldridge et al. (2017a), Griffiths et al. (2019a), and Virolle et 

al. (2020) have shown the importance of understanding both the fine- and coarse-fraction with 

regards to understanding how precursor minerals and detrital clay-coats are distributed in the 

primary depositional environment. As a result, this study has studied the mineralogical 

variability within both high and low net-to-gross facies, including strata bounding fluid mud. 

3.3 Light Microscopy and Optical Point-Counting 

Light microscopy and optical point-counting (Emery and Robinson, 1993) was undertaken on 

polished sections made from horizontal core plugs, previously used for conventional core 

analysis. Point counting was undertaken to quantify grain-size (mean grain-size and sorting; 

through measuring the long- and short-axis of detrital grains), detrital framework-grain 

mineralogy, porosity (type and percentage), fine-grained matrix (type and abundance,) and the 

mineralogy and morphology of authigenic components, e.g., grain-coating versus pore-filling 

chlorite. Furthermore, point-counting can distinguish between detrital quartz grains and 

authigenic quartz cement, as well as quantify different types of quartz grains, namely 

polycrystalline versus monocrystalline, which can be used to infer a change in sediment 

provenance (Dickinson and Suczek, 1979; Weltje, 2006). An Analysis of Variance (ANOVA) 
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approach was used to assess whether there is a statistical difference (p < 0.05) in grain 

populations, as described by Dickinson and Suczek (1979), between each facies association.  

Petrog (PETROG System, Conwy Valley Systems Ltd (CVS), UK), a statistical point-counting 

system with an automated stepping stage (Pantopoulos and Zelilidis, 2012; Wooldridge et al., 

2017a), was used to accurately record and quantify the point count data. We here acknowledge 

that the reliability of modal analysis is highly dependent on the user’s experience level 

including their ability to identify the presence of clay minerals, as opposed to oxides, organics 

and fine-grained carbonate minerals (e.g., siderite), and then to discern chlorite from other clay 

minerals such as illite and smectite. Furthermore, the spatial resolution of optical point-

counting is approximately 1 to 5 m (dependent on textural and mineralogical complexity) and 

microporosity, by definition, cannot be accounted for. In addition, studies have shown that 

statistical uncertainty is associated with point counting due to stereology, which may be 

reduced but not eliminated with an increase in the number of points counted. For example, Van 

der Plas and Tobi (1965) show that 10 % point counted chlorite has an uncertainty of about 3.5 

% for 300 points counted per section, compared to around 1.8 % for 1000 points counted per 

section. A pragmatic approach was adopted for this study; 300 points were counted for both 

compositional and textural analysis. 

3.4 Backscattered Electron Microscopy (BSEM), Cathodoluminescence (SEM-CL) and 

Energy-Dispersive Spectroscopy (SEM-EDS) 

Backscattered Electron Microscopy (BSEM) was carried out using a Hitachi TM3000 table-

top SEM at an accelerating voltage of 5 or 15 kV and a working distance of 17.5 mm to capture 

high-resolution images of diagenetic phases.  

Quantitative evaluation of minerals by scanning electron microscopy and energy-dispersive 

spectroscopy (SEM-EDS) was achieved using polished section in a FEI WellSite QEMSCAN. 
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A tungsten filament produced the focused electron beam, running at 15kV, with a sample 

current of 7nA measured at the Faraday cup. During routine operation of the SEM-EDS, the 

system was re-calibrated for beam current and backscatter signal every time a new sample was 

loaded. The SEM system was programmed to collect secondary X-ray spectroscopic data 

across a pre-defined area of the sample using the iMeasure® software that controls the SEM-

EDS. For this work, 2 µm spacing between data collection points was employed for high 

resolution images, e.g., capturing chlorite grain coats.  In contrast, 20 µm spacing between data 

collection points was employed to calculate the bulk mineralogy across the entire thin section. 

Analysis at systematically varied step-sizes for the same sample has previously shown that the 

mineral quantities remain credible up to 50 m spacing between analysis points on a grid across 

a sample (Pirrie et al., 2004). Once the elemental concentration has been measured at each 

point by the EDS detectors, the software automatically matches it with a library of mineral 

definitions. These mineral definitions are called SIPs (Species Identification Protocols) and are 

assembled in a SIP list that is effectively an archived mineral library. Each mineral is assigned 

a colour, and these data points are combined to form a contiguous false colour image of the 

sample. In addition to the images, the sum of each occurrence of an identified mineral is 

tabulated so that minerals and groups of minerals may be quantified. 

Two energy dispersive X-ray spectrometers, produced by Bruker, recorded the discrete 

secondary X-rays that are emitted by the sample excited by the focused electron beam. The X-

ray spectrum from each analysis point was processed to identify and quantify the elements 

present and output a chemical composition. The chemical composition that was recorded was 

matched to the SIP library of pre-defined chemical compositions for various phases including 

minerals, glasses and other amorphous materials. SEM-EDS does not measure or use 

crystallographic features and so cannot discriminate between amorphous and crystalline 

phases, or crystallographic polymorphs. Furthermore, SEM-EDS is also not capable of 
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differentiating minerals with the same composition, for example rutile and anatase (TiO2). 

However, SEM-EDS can be used to define similar minerals with subtle difference in 

composition, for example chlorite with different Fe-Mg ratios (Worden et al., 2018b).  

To accurately distinguish between quartz overgrowths and detrital quartz grains in heavily-

quartz cemented sandstones SEM-CL images were taken using a Philips XL30 SEM equipped 

with a K.E. Developments Ltd cathodoluminescence (CL) detector (D308122) by integrating 

the signal of 16 frames using a slow scanning raster at 10 kV and spot size 7. 

4. RESULTS 

In this section, we present results from detailed core descriptions (facies scheme), conventional 

core analysis (porosity and permeability), light microscopy and optical point-counting, BSEM, 

SEM-CL and SEM-EDS analyses.  

4.1 Facies and Facies Associations 

In summary, the three studied core intervals from well 6506/12-N-4H display a great deal of 

heterogeneity in terms of grain size, bedding style, sedimentary structures, bed thickness, and 

bioturbation type and intensity, over relatively short vertical distances (typically < 1 m) (Fig. 

4). In total eight facies, which divide into fourteen subfacies, and three facies associations have 

been identified. The interpreted facies boundaries defined in the sedimentary log (Fig. 4) can 

be observed on core photographs in Figures 4, 5 and 6.  Table 1 provides detailed facies and 

subfacies descriptions and environmental interpretations, based on grain size, bedding style, 

sedimentary structures, bed thickness, and bioturbation type and intensity. Sediment grain size 

and sorting, derived from point-counting for each facies, are presented alongside core 

photographs (Figs. 5B, 6B & 7B), and summarised, as a function of facies and subfacies, as 

box and whisker plots in Figure 8A-B. 
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The common co-occurrence of specific facies was used to establish the following three facies 

associations (FA): tidal-channel (FA 1), tidal-fluvial channel (FA 2), and distributary-mouth 

bar (FA 3), which broadly correlates with sections S1, S2 and S3, respectively (Fig. 9). Section 

1 (Fig. 5; bottom interval) is comprised almost entirely of FA 1 and is interpreted to be the 

result of tidal-channel processes. Tidal-channel facies association-1 (FA 1) contains facies 2.2, 

3, 4.1, 4.2, 5.1, 5.2, 6.1, 6.2 and 8.1. The interpretation of a tidal channel depositional 

environment (singular flow path), with little to no fluvial or wave influence, was selected due 

to the common occurrence of  sand-mud couplets (facies 4), flow reversal structures or double 

mud-drapes (facies 3 and subfacies 5.2) and stacked-sets of current-rippled and cross-laminated 

sandstones (facies 3; Fig. 9C). 

Section 2 (Fig. 6; middle interval) is comprised almost entirely of FA 2 and is interpreted to be 

the result of tidal-fluvial channel processes. Tidal-fluvial channel facies association-2 (FA 2) 

contains facies 1, 2.2, 2.4, 2.5, 6.2, 6.3, 7 and 8.1. The interpretation of a tidal-fluvial channel 

depositional environment (negligible wave influence) was selected due to the coarse and 

angular nature of the sand grains and common occurrence of quartz granules and pebbles 

(facies 1, and subfacies 2.4) and fluid mud layers (facies 7, 2.5, 2.1, and 2.4; Fig. 9D). 

Section 3 (Fig. 7; top interval) is comprised almost entirely of FA 3 and is interpreted to be the 

result of unconfined distributary mouth bar processes. Distributary-mouth bar facies 

association-3 (FA 3) contains facies 2.3, 6.2, 6.3, 7 and 8.2. The interpretation of distributary 

mouth bar was made based on the overall coarsening- and thickening-upward organisation, 

persistent current-generated structures, and abundant tidal ichnofacies assemblages (Cruziana 

and Skolithos). Furthermore, unlike FA 1 and FA 2, there is a distinct lack of sand-mud 

couplets, double mud-drapes, or flow-reversal structures that suggests that FA 3 was not a 

channelised depositional environment.  Similarly the absence of coarse angular sand grains or 

fluid mud, that would signal a high-suspended load at or close to the central turbidity 
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maximum, suggests that FA 3 did not have a strong fluvial influence. The high net-to-gross 

sections (subfacies 2.3) are interpreted to have developed from the migration of dunes and 

ripples over the top of the low net-to-gross sections (subfacies 6.2 and 6.3), which are 

interpreted as subaqueous tidal flats.  

Figure 9 provides a sedimentological summary of sections 1, 2 and 3 and highlights key 

palaeoenvironment indicators which has led to each facies association being positioned on a 

palaeogeographic reconstruction, modified after Ichaso and Dalrymple (2014).  An 

interpretation of the dominant coastal processes (fluvial, wave, and tidal) active during the 

deposition of each facies association, using a classification scheme proposed by Ainsworth et 

al. (2011), is presented in Figure 9B.  

4.2 Porosity, Permeability, Texture and Mineralogy 

Conventional core analysis (porosity and permeability), optical point-counting (texture; grain 

size and sorting) and SEM-EDS (composition) data are presented in this section for each facies 

association. The relationships between grain size and porosity and permeability as a function 

of facies and percentage of grain-coating chlorite are presented in Figure 10 and Figures 11A 

to 11D. Analysis Of Variance (ANOVA) test results show no statistically significant difference 

(p > 0.05) in grain populations (i.e., quartz, feldspar, lithics, and the relative abundance of 

mono- versus polycrystalline-quartz) between each facies association.   

4.2.1 Tidal Channel (FA 1; section 1)  

Tidal-channel sandstones (facies association 1) typically have low porosity (< 10%) and 

permeability (< 10 mD) with exception to cross-stratified sandstone with flasers (subfacies 2.2) 

which in some cases have up ~ 15 % porosity and 10’s to 150 mD permeability (Figs. 5, 8 and 

10). The grain-size and sorting for each individual facies and subfacies are presented alongside 
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core photographs (Fig. 5B), and as box and whisker diagrams (Fig. 8A and B). It should be 

noted that grain-size of facies 4, derived from optical point-counting, carries a high-level of 

uncertainty due to intense stylolite-formation and quartz cementation.  

Mineralogical variations are presented below core-photographs (Fig. 5E). Total chlorite 

abundance (derived from SEM-EDS) is typically between 2 to 5 % throughout the succession, 

excluding facies 4 which has negligible chlorite (< 1%).  Fine-grained current rippled and 

cross-laminated sandstones (facies 3) and bioturbated sand-dominated heterolithics (subfacies 

6.1) are relatively phyllosilicate-rich (combined total of ~ 8 to 10%) in comparison to the rest 

of the coarser grained succession.  

4.2.2 Tidal-Fluvial Channel (FA 2; section 2)  

Tidal-fluvial channel sandstones (facies association 2) have highly variable porosity and 

permeability (Fig. 6). Cross-stratified sandstone with quartz pebbles (facies 1) has the highest 

porosity and permeability out of all facies (typically 15 to 20% porosity; 100’s to 1000’s of 

mD permeability; Fig. 6A). Tidal-fluvial channel sandstones show a stratigraphic increase in 

porosity and permeability, mirroring an increase in mean grain size and sorting, from 

approximately 5953 to 5949 meters (Fig. 6A and B; Fig. 10) punctuated by subfacies 5.2 

(homogenised sandstone with large-scale Diplocraterion which represents a hiatus in 

deposition). The second highest porosity and permeability in this facies association are found 

in cross-stratified sandstone with flasers (subfacies 2.2) which also has a slight stratigraphic 

increase in porosity and permeability (typically 10 to 15% porosity: 10’s of mD permeability). 

Mineralogical variations are presented below core-photographs (Fig. 6E). Total chlorite 

abundance (derived from SEM-EDS) is relatively uniform in FA2 (typically 2 to 5%) with 

exception to trough-cross stratified tidal-fluvial dunes (facies 2.4; sample 5939.58) which has 

an abundance of chlorite (~ 13%).  
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4.2.3 Distributary Mouth Bar (FA 3; section 3)  

Distributary mouth bar sandstone has highly variable porosity and permeability (typically 13 

to 20 % porosity; 100’s of mD permeability) throughout section 3 which reflects the 

heterolithic nature of the bioturbated stratified sandstone succession (subfacies 2.3). Good 

porosity (20 to 25%) and permeability (~ 800 to 1000 mD) are present, but they are highly 

dependent on local grain-size, sorting, clay-content and bioturbation intensity (Fig. 7).  

Mineralogical variations are presented below core-photographs (Fig. 7E). Total chlorite 

abundance (derived from SEM-EDS) is relatively uniform (typically 5 to 10 %), with the 

exception of relatively depleted chlorite abundance (< 2 %), and enrichment in illite and 

muscovite (combined total of 10 to 15 %) in some of the finer-grained heterolithics (facies 6 

and 8). 

4.3 Cementation, Framework-grain Dissolution and Bioturbation  

The degree of quartz cementation of each sample is presented alongside core photographs in 

Figures 5C, 6C and 7C and shown as a function of facies in Figure 13A. In summary, quartz 

cementation is highly-variable throughout the three sections, however, cross-stratified 

sandstone with quartz pebbles (facies 1), cross-stratified sandstones with flasers (facies 2.2) 

and bioturbated cross stratified sandstones (facies 2.3) tend to have low quantities of syntaxial 

quartz overgrowths (Fig. 13A). The relationship between quartz cement and porosity and 

permeability as a function of percentage of grain-coating chlorite is further represented in 

Figure 11B; this figure demonstrates that the highest reservoir quality sandstones (> 15 % 

porosity) are those that have negligible quartz cement and that also have an intermediate 

volume (5 to 10 %) of grain-coating chlorite. 
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Cathodoluminescence (CL) and paired backscattered electron microscopy (BSEM) images in 

Figures 12E to 12H provide examples of quartz cement overgrowths and intense stylolite-

formation in relatively clean sandstones (typically at grain-to-grain contacts separated by 

muscovite/illite) in facies 4 within tidal channel sandstones (Fig. 5D). Pearson’s correlation 

coefficient test results reveal that there is no statistically significant relationship between the 

relative abundance of polycrystalline quartz and abundance of quartz cement (p > 0.05). 

Dolomite cement is a minor phase in lenticular-bedded, ripple cross-laminated sandstone 

(facies 8) and is only found in one sample (Figs. 12D and 13C).  

Secondary porosity is present in dissolved framework grains (typically feldspar and lithic 

fragments) and “exploded” phyllosilicates (typically biotite) (Fig. 12C). However, secondary 

porosity is relatively minor in all sandstones, typically being less than 3 % (Fig. 13B). 

The bioturbation type and intensity for each facies and subfacies are presented in Table 1. 

Optical microscopy and SEM-EDS images, presented in Figure 12A and B, illustrate how early 

sediment bioturbation in subfacies 2.3 may have led to an increase in vertical permeability due 

to an abundance of mud-lined and sand-filled Skolithos burrows. However, intense bioturbation 

has also entrained fine-grained material from overlying relatively muddy-facies (subfacies 6.2 

and 6.3) into relatively clean cross-stratified sandstones (subfacies 2.3).  

4.4 Chlorite Morphology and Distribution 

Six morphology classes of chlorite are observed and summarised in Figure 14. The 

morphological classes are as follows: (1) diagenetic grain-coating chlorite, (2) detrital grain-

coating chlorite in which 10 m flakes of detrital silt-grade chlorite are embedded (3) pore-

filling chlorite, (4) chlorite-rich Fe-ooids, (5) grain-replacive chlorite, and (6) chlorite clasts 

(Figs. 14A-E and 15A-F). Note that we have no information about the initial mineralogy of the 

chlorite-rich Fe-ooids, but they are presently predominantly composed of chlorite with minor 
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quantities of illite within the concentric layers. The presence of silt-grade chlorite in the chaotic 

detrital clay coats (Fig. 15b) suggests that, unlike (Virolle et al., 2021), at least some of the 

components for diagenetic chlorite were supplied by detrital chlorite. 

Grain-coating chlorite, where present, occurs on the surface of all detrital framework-grains 

regardless of grain mineralogy (Fig. 15). Grain-coating chlorite can be split into two phases, 

an inner, detrital coat in which chlorite flakes are typically subparallel to the grain surface, and 

an outer authigenic coat in which chlorite crystals are more fibrous and are orientated 

perpendicular to the grain surface (Fig. 15B).  Grain-coating chlorite commonly preserves the 

outline of rotted K-feldspar grains which have been subject to grain dissolution (Fig. 15C) but 

are not seen on authigenic K-feldspar or quartz overgrowths (Fig. 15D). Breaks in chlorite 

grain coats, on the micrometre scale, have permitted the growth of authigenic quartz cement 

(Fig. 15D) and stylolite-formation (further exacerbated by the presence of illite and muscovite) 

(Fig. 15E). 

Where pore-filling chlorite is abundant (> 10 %), reservoir quality tends to be relatively low 

(porosity < 15 %) (Fig. 11C). It is important to note that it is the type of chlorite (grain-coating 

or pore-filling) that controls porosity and permeability and not the total abundance of chlorite 

(Fig. 11D). Pore-filling chlorite is subdivided into five types: (a) bridging structures between 

sand-grains and within grain-embayments (Fig. 15A), (b) amorphous mass (Fig. 15F), (c) an 

abundance of detrital chlorite-flakes (Fig. 16B), (d) deformed chlorite-rich Fe-ooids (Fig. 17C-

E), and (d) chloritized balls (Fig. 18).  

Fe-ooids are present in most samples but may be classified as pore-filling chlorite where they 

have undergone considerable deformation, as mentioned above. Fe-ooids appeared to have 

nucleated on small detrital grains, such as rotted feldspars and quartz fragments (Fig. 17A and 

B). Authigenic chlorite grain-coats have formed on the surface of Fe-ooids after they have 
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experienced soft-sediment deformation (Fig. 17A-F). The common occurrence of sodium 

chloride (NaCl; salt) is notable between the layers of chlorite ooids (Fig. 17C to F).  Sodium 

chloride (NaCl) cannot be the product of precipitation from present-day formation waters 

because the formation water, with salinity values in the range of 102,000 to 118,000 ppm in 

the Tilje Fm in the Smørbukk field (Bybee, 2006), is highly undersaturated with respect to 

sodium chloride. Based on the observed textures, halite must have been present between 

concentric Fe-ooid layers prior to soft-sediment deformation, during early burial-compaction 

(Fig. 17C to F) suggesting that the halite must been present within Fe-ooids at a very early 

diagenetic stage. It is not easy to establish the origin of the halite, but it may imply formation 

of Fe-ooids in an evaporitic setting, perhaps in lagoons, on the margins of the upper part of the 

delta. 

Minor grain-replacive chlorite is observed in most samples through the alteration of Fe-rich 

framework grains (i.e., mafic lithics; Fig. 14D) and phyllosilicates (i.e., biotite; Fig. 14D and 

16A). In intensely bioturbated sandstones, pyrite is typically observed to have grown within 

the burrow-network instead of chlorite (Fig. 18C). 

Detrital chlorite clasts are of minor abundance in nearly all samples except in cross-stratified 

sandstones bound by fluid mud (facies 2.1 and 2.4; Fig. 16). SEM-EDS mineral quantification 

shows that fluid-mud layers are relatively chlorite-depleted and relatively illite- and muscovite-

enriched (Fig. 16A).  

The relative abundance of grain-coating chlorite, pore-filling chlorite, chlorite-rich Fe-ooids, 

grain-replacive chlorite, and chlorite clasts is summarised, for each section, in Figure 19 and 

plotted as a function of facies in Figure 20.  In summary, tidal channel sandstones (FA 1; 

section 1) contains much less chlorite than tidal-fluvial channel (FA 2; section 2) and 

distributary mouth bar (FA 3; section 3) sandstones, and most of this chlorite in FA 1 is pore-
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filling as opposed to grain-coating (Fig. 19C). Chlorite is typically either grain-coating or pore-

filling in tidal-fluvial channel (FA 2; section 2) and distributary mouth bar (FA 3; section 3) 

sandstones (Fig. 19A and B), however their distribution is heterogeneous.  Grain-coating 

chlorite is most abundant and well-developed in cross-stratified sandstone with quartz pebbles 

(facies 1) in tidal-fluvial channel bars and in bioturbated cross-stratified sandstone (subfacies 

2.3) in distributary mouth bars (Fig. 20B). Pore-filling chlorite is most abundant in cross-

stratified sandstones with fluid mud (facies 2.1 and 2.4) in tidal-fluvial channels (Fig. 20C). 

4.5 Timing of Key Diagenetic Processes (Paragenetic History)  

The timing of key diagenetic processes is summarised in Figure 21, including pre-requisites to 

pore-filling and grain-coating chlorite. Since Fe-ooids are mechanically weak (Fig. 17E), ooid 

formation must have happened near, or within, the depositional environment. Partially 

dissolved K-feldspar (Fig. 21) occurs as a nucleation point for Fe-ooid formation showing that 

dissolution started before deposition of the sediment (Fig. 17A). K-feldspar dissolution also 

occurred late in the diagenetic sequence the formation of diagenetic chlorite coats and quartz 

cementation (Fig. 12C and D). Clay mineral segregation occurred in the primary sedimentary 

environment, as shown by the illite-rich fluidised mud and chlorite-rich sandstones (Fig. 16). 

Partial detrital clay coats (Fig. 15B) formed on the surface of sand grains in the primary 

depositional environment. It is noteworthy that early-pyrite growth seems to correlate with 

sediment bioturbation (mud-filled burrows). The generation of pyrite has occurred at the 

expense of chlorite due to Fe-sequestration (Fig. 18C). 

The halite layers within Fe-ooids (Fig. 17) probably formed at the same time as the ooids 

themselves and formed prior to compaction.  Since the Fe-ooids are ductile (weak), their 

compaction occurred relatively early so that the halite must have been present before the 

earliest stages of mechanical compaction. As previously discussed, K-feldspar dissolution is a 
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continuous process and therefore secondary porosity, generated through the dissolution of K-

feldspar and explosion of biotite, often postdates quartz cementation. K-feldspar overgrowths 

are observed on the surface of, and therefore postdate, authigenic syntaxial quartz cement 

overgrowths (Fig 13D). 

5. DISCUSSION 

Controls on facies distribution and compositional variation in the primary depositional 

environment and their implications on diagenesis and reservoir quality are discussed in this 

section. Attention is paid to the fundamental controls on the origin and occurrence of pore-

filling and grain-coating chlorite, which are the dominant controls on reservoir quality in all 

three sedimentary successions.  

5.1 Deltaic Facies in the Smørbukk Field: Nature and Organisation 

Previous regional studies (Ehrenberg et al., 1992; Ichaso and Dalrymple, 2014; Martinius et 

al., 2001) have shown that the synrift Tilje Formation was deposited in a relatively narrow, but 

long, seaway during a period of significant crustal extension during the Jurassic. The seaway 

connected the Boreal and Tethys Oceans (Corfield and Sharp, 2000). Results presented here 

(summarised in Figure 9) concur with earlier studies which suggested that the Tilje Formation 

accumulated in a shallowing-upward heterolithic deltaic setting in which fluvial and tidal 

processes predominated (Ichaso and Dalrymple, 2009, 2014; Ichaso et al., 2016; Martinius et 

al., 2001; Martinius et al., 2005).   

Based primarily on sedimentary structures and ichnofacies, the three studied sections from well 

6506/12-N-4H are interpreted to transition from a tidal-channel (S1; basal interval; FA 1), to a 

tidal-fluvial channel (S2: middle interval; FA 2), and then into a distributary mouth-bar setting 

(S3: top interval; FA 3). As illustrated by Ainsworth et al. (2011) the relative dominance of 
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fluvial, tidal, and wave processes exert a strong control on the spatial and temporal changes in 

depositional processes, and thus facies, within marginal-marine settings. Results of this study 

show that the distribution and abundance of grain-coating and pore-filling chlorite is strongly 

controlled by primary depositional processes, as reflected by the relationship between facies 

and reservoir quality (Figs. 8, 9 and 10).  For example, where fluvial influences are strong, 

there is a marked increase in the presence of chlorite-rich Fe-ooids and fluidised mud (Fig. 16 

and 18F).  

The relative decrease in the abundance of tidal indicators in facies association 2 (Fig. 6), 

coupled with the presence of the coarsest channel deposits and an abundance of fluid-mud, 

suggests that the tidal-fluvial channel deposits are the most proximal in the succession and 

were probably deposited at, or close to, the tidal limit (Figs. 6 and 9), in broad agreement with 

Ichaso and Dalrymple (2014) and Ichaso and Dalrymple (2009). The interpretation of 

distributary mouth bar deposits in facies association 3 (Fig. 7) is based on abundant tidal 

structures and moderate to intense bioturbation of mixed Cruziana-Skolithos ichnofacies, in 

agreement with the interpretation by Ichaso and Dalrymple (2014).  

The transition from strictly tidal (FA 1) to tidal-fluvial deposits (FA 2) and then distributary 

mouth deposits (FA3) is here interpreted to be the result of longitudinal shifting of depositional 

environments (proximal and distal) in response to autogenic lobe switching, eustatic sea-level 

change and tectonic generated accommodation space.  The Tilje Formation was deposited 

during warm climatic conditions at the  mid-palaeolatitudinal location  (Ichaso and Dalrymple, 

2014). However, strong seasonal differences in temperature and rainfall led to fluctuation 

between the two relative dominant processes, fluvial and tidal (Ichaso and Dalrymple, 2014). 

As a result, parts of the delta typically dominated by tidal action experienced an increased input 

of coarser grained sediment, and localised increases in fluid mud, chlorite-rich Fe-ooids and 

detrital clay (facies 1, and subfacies 2.1 and 2.4; Figs. 6D and 16).  
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5.2 Fundamental Controls on Reservoir Quality: Coastal Hydrodynamics and Eo- 

and Meso-Diagenesis 

In this section, the interplay between primary depositional processes (facies), eodiagenesis and 

mesodiagenesis are discussed in relation to their impact on reservoir quality. Eodiagenesis 

occurs at temperatures less than approximately 60 to 70°C, at which sediment can be influenced 

by surface conditions and is in the biologically active zone (Griffiths et al., 2019a; Morad et 

al., 2000; Worden and Morad, 2003). Mesodiagenesis occurs at temperatures greater than 70 

to 80°C, away from surface conditions and the biologically active zone. One of the major 

processes during mesodiagenesis is kinetically-controlled quartz cementation (Worden et al., 

2018a). The timing of key primary depositional and diagenetic processes (paragenetic history) 

is summarised in Figure 21. 

5.2.1 Influence of Coastal Hydrodynamics on Textural and Compositional Distribution 

Patterns: Implications for Sandstone Diagenesis and Reservoir Quality 

Reservoir quality (porosity and permeability) of sandstone is initially governed by sediment 

texture (i.e., grain size and sorting) and composition (i.e., ductile versus brittle grains) (Beard 

and Weyl, 1973; Griffiths et al., 2019a; Scherer, 1987) (Fig. 11). During sediment transport, 

relatively weak framework grains (e.g., feldspars) typically reduce in size compared to more 

resistant grains (i.e., quartz) (Griffiths et al., 2019a; Odom et al., 1976). As a result, sediment 

comprised of a high abundance of weak framework grains tend to have finer-grain size and/or 

a wider grain-size distribution (Griffiths et al., 2019a; Odom et al., 1976). In the Tilje 

Formation (at least for well 6506/12-N-4H) the relationship between grain size and 

permeability is not simple (Fig. 9 and Fig. 11A), because of grain-coating and pore-filling 

chlorite (Figs. 5-7, 11B-C). However, in cross-stratified sandstones (e.g., facies 1) with chlorite 
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grain coats, which preserve porosity by inhibiting quartz cementation, permeability increases 

with an increase in grain size (Figs. 6A and B).  

As previously discussed, sediment composition is a primary control on reservoir quality due to 

the relative abundance of ductile (e.g., mica) versus brittle (e.g., quartz) grains governing the 

extent of compaction (Aagaard et al., 2000; Ramm, 1992; Ramm and Bjorlykke, 1994). During 

eodiagenesis, mechanical compaction and pseudo-matrix formation is intensified by an 

abundance of ductile grains (Bloch, 1991; Morad et al., 2010; Ramm and Bjorlykke, 1994; 

Scherer, 1987; Worden et al., 2000). Sediment entry points being reported to switch from the 

north toward the west during the deposition of the Tilje Formation in the Smørbukk field (Doré, 

1991; Hallam, 1994; Ichaso and Dalrymple, 2014). Our analysis of variance (ANOVA) tests 

show broadly constant QFL proportions between the studied intervals which possibly indicate 

a relatively constant drainage of broadly similar continental block lithologies (Dickinson and 

Suczek, 1979) and overall, there is evidence for a relatively stable mid-palaeolatitudinal 

climate and generally uniform sediment provenance (Doré, 1991; Hallam, 1994; Ichaso and 

Dalrymple, 2014). In shallow-marine environments, mineral distribution patterns are 

controlled by a combination of the grain size of specific minerals and coastal hydrodynamics, 

and thus vary as a function of depositional environment (Griffiths et al., 2018; Griffiths et al., 

2019a; Griffiths et al., 2019b; Virolle et al., 2019a; Virolle et al., 2019b). Results of this 

Smørbukk study show that tidal-channel, fine-grained, current rippled and cross-laminated 

sandstones (facies 3) are relatively enriched in phyllosilicates (i.e., illite and muscovite; Fig. 

5D) which has led to exacerbated porosity-loss during burial due to grain re-arrangement and 

soft-sediment deformation (Fig. 5A; Fig. 21). In contrast, coarse-grained tidal-fluvial channel 

dunes, deposited during periods of high riverine influx, close to the turbidity maximum (facies 

2.4) are relatively enriched in pore-filling chlorite (Fig. 16).  In addition to detrital chlorite 

flakes, coastal hydrodynamics also exert a strong control on the distribution of Fe-ooids in the 
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Smørbukk field, leading to a concentration of Fe-ooids in relatively coarse-grained deposits 

(Fig. 19). Sandstones deposited in a confined tidal-channel environment away from fluvial 

input have a distinct lack of Fe-ooids and pore-filling and grain-coating chlorite.  However, 

illite and muscovite is concentrated at the toe-sets of tidal dunes, as sand-mud couplets, which 

has led to enhanced chemical compaction (stylolite-formation) and quartz cementation (Figs. 

9C and 12G). Quartz cement abundance is strongly limited by the presence of chlorite grain 

coats (Figs. 5-7, 11B) and thus masks any theoretical relationship between quartz cement and 

the abundance of polycrystalline quartz, as previously reported by Worden and Morad (2000) 

and Lander et al. (2008). 

5.2.2 Bio-Physicochemical Processes and Early-Mineral Alteration (Eodiagenesis): 

Implications for Sandstone Mesodiagenesis and Reservoir Quality 

Clay minerals and clay-grade material (<2 µm in grain-diameter) can be added to sediment 

soon after deposition due to bioturbation (Griffiths et al., 2018). Sediment bioturbation in the 

Tilje Formation has led to the juxtaposition of coarse- and fine-grained material from 

overlying- or underlying-facies (Figs. 5 to 7) which may alternately enhance or degrade 

reservoir quality. For example, very fine-grained thin-beds of subaqueous tidal-flat sandstones 

(subfacies 6.2 and 6.3) may benefit from the entrainment of coarse-grained sediment due to 

sediment bioturbation in the overlying distributary mouth bar sandstones (subfacies 2.3). 

Furthermore, sediment composition may be altered due to bioturbation through the direct 

ingestion and excretion of clay- and silt-grade material (McIlroy et al., 2003; Needham et al., 

2004, 2005; Worden et al., 2006). Burrows in the Tilje Formation tend to be pyritised (Fig. 

18C) which inhibits the growth of chlorite during diagenesis due to reduced Fe-availability 

(Griffiths et al., 2018). 
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5.3 Origin and Distribution of Grain-Coating and Pore-Filling Chlorite: 

Implications for Sandstone Diagenesis and Reservoir Quality 

Thick and continuous authigenic grain-coats originated from the thermally-driven 

recrystallisation of precursor detrital clay coats that formed in the primary depositional 

environment (Fig. 15B); this supports experimental evidence (Aagaard et al., 2000; 

Ajdukiewicz and Larese, 2012). Modern analogue studies of the Anllóns, Ravenglass and 

Gironde Estuaries (Dowey et al., 2017; Griffiths et al., 2018; Griffiths et al., 2019a; Griffiths 

et al., 2019b; Virolle et al., 2019a; Virolle et al., 2019b; Virolle et al., 2020; Wooldridge et al., 

2017a; Wooldridge et al., 2017b; Wooldridge et al., 2018) show that detrital clay coats in 

marginal marine sediments are most common in fine-grained depositional environments. While 

fine grain facies in this study (e.g., facies 6 and 8) may host grain-coating chlorite they have 

very low permeability due to an abundance clay-grade material that blocks or narrows pore-

throats (Fig. 6). As a result, a ‘Goldilocks zone’ scenario (Wooldridge et al., 2017b) is needed 

in order to achieve sufficient detrital clay coat coverage to produce continuous authigenic grain 

coats to inhibit quartz cement but without blocking pore throats (Figs. 9B and 11B). In the 

Smørbukk Field, medium- to coarse-grained, chlorite coated tidal-fluvial channel bars (facies 

1 in FA 2) and distributary mouth bars (subfacies 2.3 in FA 3) are in the ‘Goldilocks zone’ and 

have well-developed chlorite coats that inhibit quartz cement, resulting in excellent reservoir 

quality (Figs. 6, 9B and 11B). Tidal-fluvial channel point bars (subfacies 2.2 in FA 1) have 

intermediate reservoir quality as they are silty so that any chlorite coats cannot be as effective 

as in the cleaner related facies (facies 1). Tidal-fluvial sandstones (subfacies 2.1 and 2.4) that 

were deposited during periods of high fluvial influx, or close to the central turbidity maximum 

zone (in beds associated with an abundance of fluid mud), are dominated by pore-filling 

chlorite (Fig. 16) suggesting that an excess of fluvial sediment leads to an ultimate excess of 

chlorite. 
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Thick grain-coats may block pore throats; however, the majority of pore-filling chlorite in this 

study has originated from the thermally-driven recrystallisation of Fe-rich clay precursors such 

as berthierine, Fe-rich lithics (Fig. 14D), chlorite clasts/flakes (Figs. 14E and 16B), and Fe-

ooids (Fig. 17). Fe-ooids have been reported from a wide range of depositional environments 

(i.e., continental to deep marine settings) (Van Houten & Bhattacharyya, 1982; Odin, 1988) 

and are known to occur in the Tilje Formation (Ehrenberg, 1993). Fe-ooids have been reported 

to develop from a volcanic origin or weathering-derived iron solutes (Bhattacharyya & 

Kakimoto 1982; Sturesson 1995). Fe-ooids in this study present seem to have evidence of their 

formation in an evaporitic lagoonal-setting due to the abundance of sodium-chloride which has 

formed between ooid-layers (Fig. 17). Sodium-chloride has developed during the formation of 

ooids and has not resulted from any NaCl-saturated  oil field formation brines, since both the 

concentric-ooid-layers and interlayered sodium-chloride have experienced early soft-sediment 

ductile deformation during burial (Fig. 17C-F) and the present-day formation water is highly 

undersaturated with respect to NaCl; salinities for the Tilje Fm. in the Smørbukk field are 

102,000 to 118,000 ppm (Bybee, 2006). As a result, we here make a novel proposal  that the 

Fe-ooids in the Tilje Formation formed in a transiently isolated evaporitic lacustrine, lagoon or 

tidal-flat setting and were subsequently transported throughout the delta during periods of high 

fluvial discharge (Fig. 9). We note that there is a paucity of known modern analogues for Fe-

ooid formation but there seems to be no other process that could lead to the combination of Fe-

clay accumulation and halite precipitation. 

6. Conclusions 

(1) In agreement with published literature on the Tilje Formation, deltaic sandstones in well 

6506/12-N-4H were dominated by tidal and fluvial processes during sediment 

deposition.  The relative dominance of tidal and fluvial processes has had a profound 
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impact on the nature and organisation of the facies. Complex reservoir architecture 

associated with the three facies associations (namely, tidal channel, tidal-fluvial 

channel, and distributary mouth bar deposits) is here interpreted to result from 

switching between the relative dominance of tidal and fluvial processes and lateral and 

longitudinal (proximal and distal) shifting of depositional environments. The changes 

probably occurred in response to seasonal variability in rainfall (possibly climatic 

variability), autogenic lobe switching, eustatic sea-level change and tectonic generated 

accommodation space.   

(2) Over-and-above the well-established first-order controls on porosity and permeability 

(grain size, sorting, composition, detrital clay content), here the major control on 

sandstone reservoir quality in well 6506/12-N-4H is the presence or absence of grain-

coating and pore-filling chlorite. Grain-coating chlorite has locally prevented quartz 

cement growth and led to anomalously high porosity and permeability. Sandstones 

without chlorite grain-coats are extensively quartz cemented. Pore-filling chlorite 

blocks pore-throats and has significantly reduced permeability.  

(3) Grain-coating chlorite originated from the thermally-driven recrystallisation of Fe-rich 

detrital clay coats comprised of clay mineral precursors, such as berthierine. The growth 

of grain-coating chlorite has also likely resulted from a supply of Fe from precursor Fe-

rich lithics (e.g., biotite) and Fe-ooids. Pore-filling chlorite principally originated from 

the ductile deformation of Fe-ooids which have been squeezed into pore-throats during 

shallow-burial and the breakdown of Fe-rich lithics such as biotite during diagenesis. 

An important output of this study is the identification of NaCl layers between concentric 

Fe-ooid layers, suggesting that Fe-ooids formed in evaporitic-lacustrine, -lagoon, or -

tidal flat settings. Understanding the spatial distribution and potential drainage of such 
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Fe-ooid factories is likely to be crucial when trying to understand the distribution of 

both pore-filling and grain-coating chlorite.  

(4) Grain-coating chlorite is not present in tidal channel sandstones with little to no fluvial 

influence. Optimum grain-coating chlorite (known as the ‘chlorite Goldilocks zone’), 

leading to excellent reservoir quality, is found in tidal-fluvial channel bars deposited 

during times of low suspended load (i.e., away from the central turbidity maximum and 

deposited during periods of normal fluvial discharge).  Grain-coating chlorite is present 

in distributary mouth bar sandstones although primary intergranular porosity is 

typically reduced due to sediment bioturbation mixing interbeds of silt-prone 

subaqueous tidal flat sediment with sand-prone mouth bar sands. In addition, 

bioturbation has locally led to the growth of pyrite at the expense of chlorite due to the 

sequestration of Fe, which may limit the quality (extent and completeness) of chlorite 

grain coats. Pore-filling chlorite is found in very high concentrations in tidal-fluvial 

channel sands deposited under flood conditions and/or close to the central turbidity 

maximum due to an over-abundance of Fe-ooids and chlorite precursors (high 

suspended load). As a result, the presence of fluid mud provides a useful visual 

indicator of the likely presence of substantial pore-filling chlorite.  

 

Figure captions 

Figure 1: Location of the Smørbukk field, offshore Norway, modified after Ichaso and 

Dalrymple (2014). (A) Position of the Halten Terrace area (yellow). (B) Position of 

hydrocarbon fields in the Halten terrace area: (1) – Heidrun, (2) Smørbukk (Åsgard; blue), (3) 

Morvin, (4) Kristin, (5) Lavrans, (6) Smørbukk Sør (Åsgard), and (8) Njord. (C) Map of the 

Smørbukk field with approximate position of well 6506/12-N-4 used in this study (yellow & 

black rings).  
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Figure 2: Stratigraphic context of the Early Jurassic Tilje Formation (this study) and 

associated tectonic extension, modified after Ichaso et al. (2016).  

Figure 3: Wireline logs and the locations of the three sections of core intensively analysed in 

this study. (A) Wireline-log derived lithology, with porosity calculated using the density log 

and the pore-fluids derived using the Archie equation and the deep resistivity log (Rider and 

Kennedy, 2011).  The solid fraction of the rock was arbitrarily split between sandstone and 

“shale” by using a Vshale calculation (Rider and Kennedy, 2011) based on the gamma log.  

The Vshale calculation relies on clay minerals being dominated by radioactive illite, as 

opposed to non-radioactive chlorite, and so may not be wholly accurate in the context of the 

chlorite-rich clay mineral suite in the Tilje Fm. (B) A conventional neutron-density cross-

over diagram with nominal pay (density to the left of the neutron value) and non-pay (density 

to the right of the neutron value).  This diagram may not wholly reflect pay and non-pay in 

the Tilje Formation as these sandstones are relatively rich in chlorite which has a 

disproportionately high neutron response (Worden et al., 2020). The three sections of core are 

marked to the right of Figure 3A with Section 1 represented in Figure 5 containing facies 

association 1, Section 2 represented in Figure 6 containing facies association 2, and Section 3 

represented in Figure 7 containing facies association 3. 

Figure 4: Sedimentary logs through the three selected sections of sandstone-dominated core 

with interpreted facies scheme presented. The colour-scheme selected for the facies is the 

same as that used in boxplots in Figures 8, 13 and 20. 

Figure 5: Summary panel of section one (S1; base interval, Fig. 3) from 5986 to 5974 m 

(measured depth), interpreted to be deposited in a tidal-channel setting. Note that this core is 

wholly in facies association 1. (A) Porosity (%; dark brown circles with orange rim) and 

permeability (mD; hollow blue circles) versus depth. (B) Grain-coating chlorite (%; yellow 
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circles with green rim) and grain size (average; blue square with red rim) versus depth. (C) 

Pore-filling chlorite (%; yellow cross in green square) and quartz cement (%; black cross) 

versus depth. (D) Core photographs overlain with facies boundaries (white dashed lines), 

facies association or subfacies codes, and location of sub-samples (orange star with green 

rim) used for textural and composition analyses. (E) Mineral abundance measured through 

SEM-EDS, analysis. Note that mineral percentages start at 55% to better visualise changes in 

phyllosilicate, pyrite and feldspar abundances.  

Figure 6: Summary panel of section two (S2; middle interval, Fig. 3) from 5956 to 5939 m 

(measured depth), interpreted to be deposited in a tidal-fluvial channel setting.  Note that this 

core is wholly in facies association 2. (A) Porosity (%; dark brown circles with orange rim) 

and permeability (mD; hollow blue circles) versus depth. Black arrows highlight cycles of 

increasing permeability which corresponds to an increasing sediment grain size (average; blue 

square with red rim) observed in panel B. (B) Grain-coating chlorite (%; yellow circles with 

green rim) and grain size versus depth. (C) Pore-filling chlorite (%; yellow cross in green 

square) and quartz cement (%; black cross) versus depth. (D) Core photographs overlain with 

facies boundaries (white dashed lines), facies association or subfacies codes, and location of 

sub-samples (orange star with green rim) used for textural and composition analyses. (E) 

Mineral abundance measured through SEM-EDS analysis. Note that mineral percentages start 

at 55% to better visualise changes in phyllosilicate, pyrite, and feldspar abundances.  

Figure 7: Summary panel of section three (S3; top interval, Fig. 3) from 5907 to 5893 m 

(measured depth), interpreted to be deposited in a distributary mouth bar setting.  Note that this 

core is wholly in facies association 3. (A) Porosity (%; dark brown circles with orange rim) 

and permeability (mD; hollow blue circles) versus depth. (B) Grain-coating chlorite (%; yellow 

circles with green rim) and grain size (average; hollow red circle) versus depth. (C) Pore-filling 

chlorite (%; yellow cross in green square) and quartz cement (%; black cross) versus depth. 
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(D) Core photographs overlain with facies boundaries (white dashed lines), facies association 

or subfacies codes, and location of sub-samples (orange star with green rim) used for textural 

and composition analyses. (E) Mineral abundance measured through SEM-EDS analysis. Note 

that mineral percentages start at 55% to better visualise changes in phyllosilicate, pyrite and 

feldspar abundances. 

Figure 8: Grain size, sorting, porosity and permeability as a function of the 16 different facies 

and subfacies and for the three facies associations. (A) Average grain-size (µm) for facies. (B) 

Average grain-size (µm) for facies associations. (C) Grain-size sorting (σ1) for facies. (D) 

Grain-size sorting (σ1) for facies associations. (E) Porosity (%) for facies. (F) Porosity (%) for 

facies associations. (G) Permeability (mD) for facies. (H) Permeability (mD) for facies 

associations. Measurements that are numerically distant from the rest of the data (i.e., a value 

that is 1.5 times the interquartile range below the lower quartile and above the upper quartile) 

are defined as outliers (open circles). Median values per facies and facies association are shown 

above each boxplot in each of Figures 8A to 8G.  

Figure 9: Gross depositional environment and reservoir quality summary of facies associations 

1, 2 and 3. (A) Interpreted gross depositional environment of facies associations 1, 2 and 3, 

superimposed on a modified palaeogeography from Ichaso and Dalrymple (2014).  The 

turbidity maximum zone is approximately aligned with the area marked for FA 2. (B) 

Interpreted dominant coastal processes (fluvial, wave, and tidal) active during the deposition 

of facies associations 1, 2 and 3 using a standardised classification scheme proposed by 

Ainsworth et al. (2011). The abundance of chlorite associated with the relative dominance of 

fluvial and tidal influence is highlighted; chlorite ‘Goldilocks zone’ refers to sufficient 

quantities of chlorite to form near-continuous grain coats leading to moderate to exceptional 

reservoir quality. Strong tidal conditions, evidenced in FA 1, lead to a scarcity of chlorite (and 

so become quartz cemented), whereas settings that are subject to substantial (excessive) fluvial 
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input are prone to pore-filling chlorite, as evidenced in FA 2. The optimum conditions for 

intermediate quantities of chlorite are mixed tidal-fluvial, as evidenced in facies 1 which is part 

of FA 3.  (C-D) Examples of key diagnostic sedimentary structures that have led to interpreted 

palaeogeographic reconstructions in panels A and B. Reservoir quality, based on permeability, 

is highlighted for each facies by stars, where gold stars indicate exceptional reservoir quality 

(~ 100’s to 1000’s of  mD), green stars indicate good reservoir quality (100’s of mD), white 

stars indicate moderate reservoir quality (10’s of mD), and red stars indicate bad reservoir 

quality (< 10 mD).  

Figure 10: Relationship between porosity, permeability, facies and grain size. (A) Permeability 

versus porosity as a function of the 16 different facies and subfacies. (B) Permeability versus 

mean grain size as a function of facies 

Figure 11: Comparison of core analysis porosity and permeability plotted as a function of a 

variety of reservoir quality controls denoted by colour and sample size. (A) Porosity and 

permeability plotted as a function of grain size (symbol size) and the volume of grain-coating 

chlorite (colour). (B) Porosity and permeability plotted as a function of quantity of quartz 

cement (symbol size) and the volume of grain-coating chlorite (colour). (C) Porosity and 

permeability plotted as a function of pore-filling chlorite (symbol size) and volume of grain-

coating chlorite (colour). (D) Porosity and permeability plotted as a function of total chlorite 

(symbol size and colour.   

Figure 12: Diagenetic features which impact reservoir quality to variable extents throughout 

the three studied sections. (A-B) Optical microscopy and SEM-EDS images of distributary 

mouth bar sandstone (subfacies 2.3) showing a relatively high-porosity mud-lined burrow in 

which chlorite-coated sand grains and Fe-ooids are situated. (C) Optical image of heavily 

quartz-cemented tidal-channel sandstone (subfacies 4.1) with secondary porosity due to 
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framework grain dissolution (i.e., biotite and feldspar). (D) SEM-EDS image of a dolomite 

cemented tidal-fluvial channel margin sandstone (subfacies 8.1). Dolomite cement is observed 

in one sample only and is not considered to be a major impact on reservoir quality in this study. 

(E and F) Cathodoluminescence (CL) and paired backscattered scanning electron microscopy 

(BSEM) images of a distributary mouth bar sandstone (subfacies 2.3) with poorly developed 

chlorite coats leading to authigenic quartz cementation at clean sand-grain surfaces. (G and H) 

CL and BSEM images of a tidal-channel sandstone showing intense stylolite-formation 

(exacerbated by illite and/or mica) along sand-mud couplets deposited in the toe-sets of tidal 

dunes (subfacies 4.2). 

Figure 13: Quartz cement, secondary porosity and dolomite cement as a function of of the 16 

different facies and subfacies. (A) Quartz, (B) Secondary porosity, (C) Dolomite. 

Measurements that are numerically distant from the rest of the data (i.e., a value that is 1.5 

times the interquartile range below the lower quartile and above the upper quartile) are defined 

as outliers (open circles). Median values per facies are shown above each boxplot in each of 

Figures 13A to 13C.  

Figure 14: SEM-EDS images showing examples of the different types of chlorite present. (A) 

Grain-coating chlorite in distributary mouth bar sandstone (subfacies 2.3). (B) Pore-filling 

chlorite in fine-grained tidal-channel bar sandstone deposited during slow-moving currents 

(facies 3). (C) Fe-ooids in distributary mouth bar sandstone (subfacies 2.3). (D) Chlorite 

replacement of framework grains (principally biotite) in distributary mouth bar sandstone 

(subfacies 2.3). (E) Chlorite lithics (flakes) in tidal-fluvial channel margin heterolithics (facies 

8.1). 

Figure 15: Backscattered scanning electron microscopy (BSEM) images of pore-filling and 

grain-coating chlorite. (A) Examples of grain-coating and pore-filling chlorite in distributary 
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mouth bar sandstone (subfacies 2.3); much detrital chlorite is preserved in grain indentations, 

suggesting that there may have been episodes of in-situ detrital coat creation followed by 

transient erosion of the initial detrital coat except where the coat was protected in grain 

embayments (Verhagen et al., 2020). (B) A zoomed-in image of chlorite coating on a sand 

grain surface showing an inner detrital and outer authigenic coating. (C) Example of grain-

coating chlorite covering both quartz grains and rotted K-feldspars (creating secondary 

porosity; labelled S-Pore) in distributary mouth bar sandstone (subfacies 2.3). (D) 

Discontinuous chlorite grain coat allowing for the growth of a single syntaxial quartz 

overgrowth, which has later provided the surface for K-feldspar cementation, in a tidal-fluvial 

channel bar sandstone (facies 1). (E)  Discontinuous chlorite grain coat has led to quartz grain 

to quartz grain contacts forming stylolites in a tidal-fluvial channel bar sandstone (facies 1). 

(F) Pore-filling chlorite with an abundance of randomly distributed apatite (bone) crystal, as 

well as grain-coating chlorite on neighboring quartz grains in a tidal-fluvial channel bar 

sandstone (facies 1). 

Figure 16: Pore-filling chlorite in cross-stratified sandstones bound by fluid-mud; tidal-fluvial 

channel bar at or close to the central turbidity maximum (subfacies 2.1) and tidal-fluvial dunes 

at or close to the central turbidity maximum (subfacies 2.4). (A) Mineral abundance measured 

through SEM-EDS for two fluid-mud samples and backscattered scanning electron microscopy 

(BSEM) image (5950.05; subfacies 2.1) which captures both the mica-rich fluid-mud and 

overlying host-rock. A zoomed in image of the host-rock shows an abundance of pore-filling 

chlorite with minor fibrous illite (subfacies 2.1). (B) Core photograph of subfacies 2.4 and 

sample location of BSEM image which shows an abundance of pore-filling chlorite and detrital 

chlorite flakes within the foresets of trough-cross stratified sandstones bound by fluid mud 

layers.  
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Figure 17: Compilation of backscattered scanning electron microscopy (BSEM) images of Fe-

ooids from distributary mouth bar sandstone (subfacies 2.3). (A-B) Fe-ooid (nucleated on a K-

feldspar) which has deformed during compaction and then subject to chlorite coating. (C-F) 

Fe-ooids which show concentric sodium chloride (NaCl; salt) layers, which has later been 

deformed due to compaction, and then subject to chlorite coating. Note that, sodium chloride 

is not observed in the pore-space, and has also been deformed with the ooid, and is therefore 

likely to be a primary depositional feature.  

Figure 18: Bio-sediment interaction. (A-B) Backscattered scanning electron microscopy 

(BSEM) images of chloritised pellets (pore-filling), interpreted to be faecal-pellets, or mud 

clasts, in both distributary mouth bar and tidal-fluvial channel sandstones (subfacies 2.3 and 

facies 1 respectively). (C) SEM-EDS image of a pyritised and biotite-rich mud-lined burrow 

(Diplocraterion) surrounded by a host-rock which has an abundance of pore-filling chlorite 

(tidal-channel bar margin or point-bar; subfacies 5.2). 

Figure 19: Total chlorite (black square with yellow cross) and proportion of different chlorite 

types, namely grain-coating (light green), pore-filling (red), clasts (blue), Fe-ooids (yellow), 

and replacive (black) versus measured depth. (A) Distributary mouth bar (facies association 3), 

excluding samples 5905.50 and 5906.50 which are facies association 2, (B) Tidal-fluvial 

channel (facies association 2), (C) Tidal-channel (facies association 1).  

Figure 20: The abundance of chlorite and chlorite types as a function of the 17 different facies 

and subfacies. (A) Total chlorite. (B) Grain-coating chlorite. (C) Pore-filling chlorite. (D) 

Replacive chlorite. (E) Chlorite clasts. (F) Fe-ooids (chloritised). Measurements that are 

numerically distant from the rest of the data (i.e., a value that is 1.5 times the interquartile range 

below the lower quartile and above the upper quartile) are defined as outliers (open circles). 

Median values per facies are shown above each boxplot in each of Figures 20A to 20F.  
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Figure 21: Paragenetic sequence highlighting the timing of key primary depositional and 

diagenetic processes that have impacted reservoir quality either directly (e.g., quartz cement) 

or indirectly (e.g., growth of pyrite at the expense of chlorite due to sediment bioturbation). 

Stages/processes which have impacted the formation and/or distribution grain-coating and 

pore-filling chlorite are highlighted in green and labelled Ch. Note that, K-feldspar is a 

chemically relatively unstable mineral and is subject to dissolution throughout time (e.g., 

formed nucleation points for Fe-ooids in the primary depositional environment, as well as 

providing a source potassium for K-feldspar overgrowths during late-stage burial diagenesis).  
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Table captions 

Table 1: Facies scheme for the three sedimentary intervals used in this study. Bioturbation 

index (BI) has been classified after Taylor and Goldring (1993): 0 – No bioturbation, 1 – Sparse 

bioturbation, bedding distinct, few discrete traces and/or escape structures, 2 – Low 

bioturbation, bedding distinct, low trace density, escape structures often common, 3 – Moderate 

bioturbation, bedding boundaries sharp, traces discrete, overlap rare, 4 – High bioturbation, 

bedding boundaries indistinct, high trace density with overlap common, 5 – Intense 

bioturbation, bedding completely disturbed (just visible), limited reworking, later burrows 

discrete, 6 – Complete bioturbation, sediment reworking due to repeated overprinting.  
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