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Abstract  

A study of the Brent Group sandstones, in well 211/13-A33 in the Thistle Field, northern North Sea, 

UK, from a sequence of shoreface, foreshore, delta plain and finally barrier shoreline depositional 

environments, was undertaken with the aim of contrasting the roles of depositional and diagenetic 

processes on reservoir quality. These subarkosic and sublitharenite sandstones were buried to 9,000 

ft TVDSS and have experienced a maximum burial temperature of about 95C. This study utilised 

wireline and core analysis data, with core samples studied using petrography, XRD, SEM-CL, and SEM-

EDS. The dominant diagenetic cements are kaolinite and siderite, with minor quantities of pyrite, 

chlorite, illite, K-feldspar, calcite and quartz cement. A common sequence of diagenetic events 

occurred in sandstones from all four depositional environments.  The dominant reservoir quality 

controlling factors are depth-controlled mechanical compaction and variable kaolinite growth, with 

grain size being an important secondary control. The shoreface sandstones have the highest degree 

of compactional porosity-loss because they have the greatest quantity of detrital ductile grains. Quartz 

cement is a minor phase in all formations because these sandstones have only just exceeded the 

temperature threshold for quartz cement growth. Siderite is found in all formations but with the 

greatest quantity found in the shoreface and delta plain sandstones, since these environments were 

most enriched in detrital iron minerals such as biotite and chlorite. The shoreface sandstones host 

stratigraphically-localised, pore-occluding calcite cement that has compartmentalised the reservoir.  

Overall, the foreshore and delta plain sandstones have the best reservoir quality because they have 

(i) few ductile grains resulting in low degrees of compaction, (ii) low quantities of pore-filling cement 
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and (iii) they tend to be medium-grained. In contrast, the shoreface sandstones and barrier shoreline 

sandstones have poorer reservoir quality as they have (i) moderate to large quantities of ductile grains, 

(ii) moderate quantities of pore-filling cement and (iii) they tend to be fine- or very fine-grained. 

Detrital sand mineralogy and grain size vary as a function of depositional environment and these have 

subsequently played a major role in linking diagenesis and reservoir quality to depositional 

environment. 

Key words: Sandstone reservoir quality, Sandstone diagenesis, Mechanical compaction, Kaolinite 

cement, Siderite cement, Detrital mineralogy, Calcite-cemented layers, Secondary porosity. 

1. Introduction 

There has been much recent focus on the understanding of reservoir quality (porosity and 

permeability) in sandstones buried to depths and temperatures at which quartz cement dominates, 

i.e., significantly greater than approximately 100C (Ajdukiewicz and Lander, 2010; Worden et al., 

2018a).  This has taken the form of studies of the prediction of quartz growth (Lander and Walderhaug, 

1999; Walderhaug et al., 2000) and the efficacy of various processes that inhibit quartz growth such 

as chlorite (Ehrenberg, 1993b; Worden et al., 2020), microcrystalline quartz grain coatings (Aase et al., 

1996a) or early oil emplacement (Worden et al., 2018a; Worden et al., 2018b).  There has been 

somewhat less attention given to sandstones at intermediate depths and temperatures (by which we 

mean approximately 50 to < 100C) although the new imperative of carbon capture and storage (CCS) 

has presented an additional driver to better understand the properties of less deeply buried 

sandstones, since they are likely to be the initial targets for CCS in mature petroleum provinces 

(Alcalde et al., 2019). 

Both primary facies and secondary diagenetic processes can significantly affect sandstone reservoir 

quality (Girard et al., 2002) and thus both can have important impacts on the economic viability of a 

petroleum reservoir and how it would function as a CCS host.  Understanding whether depositional 

processes or diagenetic processes dominate reservoir quality impacts the prediction of porosity and 

permeability, leads to increased accuracy in volumetric reserve estimation (e.g., stock tank oil initially 

in place: STOIIP), or CCS capacity, and enables forecasting of well production or fluid injection rates.  

The accurate understanding and prediction of reservoir quality is therefore key to obtain predictable 

well flow-rates and injection-rates throughout the lifetime of a petroleum field, or CCS site (Alcalde et 

al., 2019; Sneider, 1990).  To understand and predict porosity and permeability, it is important to 

understand the sediment’s composition and texture, and what, why, how and when diagenetic 

changes took place within a reservoir (Ehrenberg, 1990; Girard et al., 2002; Worden et al., 2018a).  The 
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aim of this paper is to determine whether and how the specific environments of deposition, in 

marginal marine to delta-top settings, control reservoir quality in relatively high porosity and high 

permeability rocks buried to intermediate depths and temperatures. 

The fundamental controls on sandstone reservoir quality can be broadly grouped into four categories: 

(i) clastic sediment supply (the sediment factory), (ii) eogenetic (near-surface, relatively low 

temperature), (iii) mesogenetic (typically assumed to be > 70C) and (iv) telogenetic (uplift or 

unconformity-related) (Worden et al., 2018a).  The clastic factory is influenced by a combination of 

the outcrop geology in the sediment’s source terrain, climate, relief, the sediment’s transport path 

length, and the local generation of autochtonous carbonate (e.g., marine carbonate production or 

calcrete). 

Eodiagenesis, also known as early and shallow diagenesis, includes all processes that occur at, or near 

to, the surface of the Earth, or where the chemistry of the interstitial waters is controlled mainly by 

the overlying depositional environment (Berner, 1980; Chapelle, 2001; Worden et al., 2018a; Worden 

and Burley, 2003).  Specifically, this is the regime where the influence of the original depositional pore 

water dominates, and so includes post-depositional weathering and soil development in continental 

depositional settings, and bacterially-mediated redox reactions in marine environments (Worden and 

Burley, 2003).  The term sandstone eodiagenesis has been used to imply different conditions with 

some confining eodiagenesis to sediment within a few metres of the Earth’s surface (Worden and 

Burley, 2003).  However, eodiagenesis can include “open system” (possibly involving material flux) 

systems that extend down to about 2,000 m and about 60-70oC, before compactional porosity-loss 

becomes dominant and leads to lower permeability in both sandstones and neighbouring lithologies 

(Morad et al., 2000; Worden et al., 2018a; Worden and Burley, 2003).  Eodiagenesis involves a range 

of processes including redox reactions, microbial-sediment and animal-sediment (bioturbation) 

interactions, the growth of new low-temperature minerals, and much of the initial stages of 

mechanical compaction (Worden et al., 2018a). 

Mesodiagenesis, also known as burial diagenesis, includes all the diagenetic processes that occur once 

the sediment has passed from the influence of the depositional environment through to the earliest 

stages of low-grade metamorphism (Worden and Burley, 2003).  Mesogenetic processes include 

compaction, grain replacement, grain dissolution, matrix and eogenetic clay replacement, carbonate 

cement alteration and growth, the later stages of mechanical compaction, chemical compaction, and 

quartz cementation.  Mesogenetic processes tend to be 'closed system' (i.e., largely closed to material 

flux, with the exception of highly soluble species such a Na, K and CO2), and occur > 2,000 m and in 

excess of 70oC (Worden et al., 2018a). The Middle Jurassic sandstones in the Thistle Field did not 
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undergo early uplift (Nadir and Hay, 1978; Williams and Milne, 1991) and so there is no need to 

consider telodiagenesis in this context (Worden et al., 2018a). 

The objectives of this study were to address the roles of depositional processes and diagenesis on 

reservoir quality in marginal-marine sandstones buried to between 8,742 ft and 9213 ft true vertical 

depth and with a maximum temperature of about 90C.  The example studied is from Mid Jurassic 

Brent Group sediments from the Thistle Field in the Northern North Sea Basin.  To achieve this, we 

used a multidisciplinary approach integrating wireline data, sedimentary core logging, burial history 

re-construction, porosity-permeability data, and a range of petrographic techniques, quantitative 

mineralogy via scanning electron microscopy techniques, and X-ray diffraction (XRD).  To understand 

whether depositional sub-environment influences reservoir quality, it is essential to link sedimentary 

data to petrographic data to define the precise sub-environment for each petrographic or core analysis 

data-point; this has led to the need for facies analysis of each sample ahead of quantitative reservoir 

quality analysis.  The specific research questions here addressed include: 

1. For these marginal marine to delta-top sediments, do sandstones that were deposited in 

different sub-environments have different reservoir quality? 

2. What was the sequence of post-depositional diagenetic processes that have affected these 

sandstones? 

3. How have diagenetic processes influenced reservoir quality? 

4. What are the origins of the diagenetic cements that affect reservoir quality? 

5. Is there any difference in the diagenetic evolution of sediments deposited in different marginal 

marine to delta-top sub-environments? 

2. Geological Background 

The Thistle Field is located in the East Shetland Basin (Ratley and Hayward, 1993) (Fig. 1) and covers 

an area of about 16 km2 (Williams and Milne, 1991).  The Thistle Field has a Middle Jurassic succession 

of clastic reservoirs known as the Brent Group, that was deposited in a regressive and then 

transgressive marine deltaic sequence (Bayat and Tehrani, 1985; Nadir, 1981; Nadir and Hay, 1978; 

Reynolds, 1995; Williams and Milne, 1991).   Relative sea-level changes controlled the distribution and 

evolution of the Brent Group and post-depositional structural movements in the Viking Graben 

created the trapping geometries in the Brent Province (Yielding et al., 1992).  The Brent Group has 

been divided into five formations that can be correlated regionally, in stratigraphic order these are 



5 
 

the Broom, Rannoch, Etive, Ness and Tarbert Formations (Fig.2) (Budding and Inglin, 1981; Deegan 

and Scull, 1977; Ratley and Hayward, 1993). 

Petroleum geochemical analysis revealed that the Kimmeridge Clay Formation, with its high sapropelic 

kerogen content, is the source rock for the Thistle petroleum and, by analogy to other reservoirs in 

the Brent province, migration probably took place from the early Cenozoic, with filling in the middle 

to later Cenozoic (Scotchman et al., 1989). The initial estimate of oil in place in Thistle was 794 MMBBL 

with an ultimate recovery of 396 MMBBL. Oil production started in 1978 with initial daily output 

averaging 50,000 BOPD. Production has continued to decline over the years, and current production 

is approximately 15,000 BOPD (EnQuest, 2018). 

The Broom Formation represents a regressive-transgressive delta fan complex (Reynolds, 1995; 

Richards, 1992).  The succeeding Rannoch, Etive and Ness Formations represent a linked delta-front 

and delta top depositional system (Fig. 2) (Cannon et al., 1992).  The Rannoch, Etive and Ness 

Formations are pre-rift deposits, representing components of a northwards-building delta, that 

formed during transient doming of the North Sea (Underhill, 2003).  The Rannoch Formation consists 

of an upward-coarsening delta-front to lower shoreface succession typically evolving from mudstone 

to very fine- or fine-grained sandstone (Cannon et al., 1992; Reynolds, 1995; Richards and Brown, 

1986).  Rannoch Formation sandstones are typically parallel laminated and hummocky cross-stratified 

with abundant mica concentrated along laminae (Cannon et al., 1992; Reynolds, 1995; Richards and 

Brown, 1986).  The Etive Formation is a fine- to medium-grained sandstone deposited in an upper 

shoreface to tidal-channel setting, that is mostly poorly-laminated to massive (Cannon et al., 1992; 

Reynolds, 1995; Richards and Brown, 1986).  The Ness Formation consists of a heterolithic, delta-top, 

fluvial sequence of interbedded sandstones, mudstone and coals (Cannon et al., 1992; Reynolds, 

1995).  The overlying Tarbert Formation represents the uppermost part of the Brent Group and 

comprises a transgressive barrier shoreline sandstone that records the onset of syn-rift deposition and 

the subsequent drowning of the Brent delta (Fig. 2) (Cannon et al., 1992; Reynolds, 1995).  The Tarbert 

Formation consists of grey to brown, relatively massive, fine to medium-grained sandstone with 

subordinate thin siltstone, mudstone and localised coal intraclasts inherited from the earlier Ness 

Formation sediments (Cannon et al., 1992). 

Extensive exploration, appraisal and development drilling in the Brent Province, over the last four 

decades, has led to the development of a rich, extensive and sometimes controversial literature on 

the diagenesis of the Brent Group reservoirs, to be addressed in the Discussion (Aase et al., 1996b; 

Ashcroft and Ridgway, 1996; Bjørlykke et al., 1992; Blackbourn, 1984; Cassagnabère et al., 1999; 

Chuhan et al., 2000; Ehrenberg, 1993a; Ehrenberg and Jakobsen, 2001; Giles et al., 1992; Girard et al., 
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2002; Harris, 1992; Huggett et al., 1997; Jahren and Ramm, 2000; Lundegard, 1994; Macaulay et al., 

1998; Marcussen et al., 2010a; Marcussen et al., 2010b; McAulay et al., 1994; McAulay et al., 1993; 

Morad et al., 1990; Morton, 1992; Nedkvitne and Bjørlykke, 1992; Prosser et al., 1993; Ramm, 2000; 

Ramm and Bjørlykke, 1994; Sanjuan et al., 2003; Scotchman, 1990; Walderhaug et al., 2000; Went et 

al., 2013; Wilkinson et al., 2000; Worden et al., 2019; Ziegler et al., 2001). 

3. Methods and materials 

3.1 Wireline and conventional core analysis data 

Wireline data and conventional core analysis data for well 211/18a-A33 were provided by EnQuest 

PLC.  The well reported here was drilled in late 1979 and early 1980, as an oil producing well.  The 

Rannoch, Etive, Ness and Tarbert Formation sandstones are present as thick successions, but the basal 

and mudstone-dominated Broom Formation is no more than a few feet in thickness, and is not part 

of this study of sandstone reservoir quality and diagenesis.  The well was deviated.  The top of the 

uppermost sandy unit (Tarbert Formation) has a measured depth of 10,222 ft and a true vertical depth 

of 8,472 ft.  The base of the lowermost sandy unit (Rannoch Formation) has a measured depth of 

10,767 ft and a true vertical depth of 9,177 ft.  Samples will be identified by reference to their 

measured depths (ft-md).  Continuous core was collected, with minor breaks, from 10,257 to 10,822 

ft-md, including the whole of the regressive and transgressive cycle represented by the Rannoch 

through to Tarbert Formations. 

Core plugs were originally (in 1980) taken every 12 inches (approximately 30 cm).  Helium porosity 

and horizontal and vertical permeability were measured, immediately after the well was drilled, by 

Redwood Corex using industry-standard methods. 

Downhole wireline log data reported include calliper, bulk density, sonic (interval transit time), gamma 

ray, deep resistivity, and neutron porosity.  The sonic log tool failed for the upper part of the cored 

sequence; compressional sonic data are only available at depths > 10,455 (ft-md). 

The proportion of shale was derived using normalised gamma log data and the Vshale calculation: 

𝑉𝑠ℎ𝑎𝑙𝑒 =
GR𝑙𝑜𝑔 − GR𝑚𝑖𝑛

𝐺𝑅𝑚𝑎𝑥 − GR𝑚𝑖𝑛
 

(Equation 1) 
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Where GRmax is the maximum gamma value for the reservoir, GRlog is the measured gamma value for 

the depth of interest and GRmin is the minimum gamma value for the reservoir.  Vshale reveals the 

total quantity of radioactive minerals; this is often treated as being the same as the total quantity of 

clay minerals since these are typically dominated by radioactive potassium-bearing illite (Rider and 

Kennedy, 2011).  Strictly speaking, Vshale does not represent the total quantity “shale” since kaolinite 

and chlorite are not radioactive.  Mica is an important detrital component in the Rannoch Formation 

(Moss, 1992), mica is potassium-rich (and thus radioactive) so its presence leads to locally elevated 

Vshale values for this stratigraphic interval. 

The reported core depths did not initially match the measured (log) depths due to core slippage, core 

rubbling, etc.  Core depths were depth-shifted to log depth, on a core-by-core basis, by matching core 

analysis porosity to density log-derived porosity (Rider and Kennedy, 2011) and by matching known 

depths of shale-rich horizons (from sedimentary logging) in core to spikes in the gamma log.  Core 

shifts varied from 8’ to 13’. 

3.2 Sedimentary core logging 

Detailed sedimentary logging was undertaken from 10,803 to 10,256 ft-md depth with a total 

thickness of 547 ft, equivalent to 435.3 ft true vertical thickness.  The sedimentary logs recorded grain 

size, primary sedimentary structures, ichnofabrics, and visible signs of cementation.  A condensed 

sedimentary log was produced at a scale of 1:120 to allow comparison between wireline and 

sedimentary logs, helping core-to-log shift corrections.  Finally, a condensed sedimentary log at a scale 

of 1:600 was prepared to highlight the sedimentary evolution in conjunction with wireline log and core 

analysis data (Fig. 3). 

A largely process-based (i.e., textural) classification of sedimentary facies was adopted, following the 

method defined by Farrell et al. (2012).  The scheme is independent of composition and geologic 

environment and is closely allied to process-sedimentology. The classification scheme was modified 

to add a category for highly carbonate cemented beds.  Facies codes and their descriptions are 

presented in Table 1. Twelve discrete lithofacies were identified. 

3.3 Optical microscopy and SEM 

To allow petrographic data to be related to petrophysical data, 40 core samples were taken directly 

adjacent to, and in the same bed as, the core plug points; we chose this approach as we did not have 

access to the core plugs.  The 40 petrographic polished thin sections samples cover the range of 
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lithofacies.  In addition, SEM stub samples were made from representative samples of all depositional 

environments.  Polished sections were impregnated with blue resin to highlight porosity during optical 

petrography. 

All samples were examined and point counted using optical light microscopy using an Olympus BX51 

microscope (Emery and Robinson, 1993).  Backscattered scanning electron microscopy (BSEM) was 

carried out using a Hitachi TM3000 table-top SEM at an accelerating voltage of 15 kV and a working 

distance of 17.5 mm.  To help differentiate quartz grains and quartz cement, SEM-CL imaging was 

undertaken using a Philips XL30 at 10 kV by integrating the signals from 16 discrete frames using a 

slow scanning raster; this took about 8 minutes for each image.  

Modal analysis was performed on the 40 sandstone thin sections in order to quantify the various 

detrital and diagenetic phases (Van der Plas and Tobi, 1965).  Compositional point counting of 300 

points per sample was undertaken using a PETROG System developed by Conwy Valley System Ltd 

(CVS), UK. Textural analysis was performed on 200 grains per sample using the PETROG system. 

3.4 Scanning electron microscopy-energy dispersive spectroscopy (SEM-EDS) 

Quantitative evaluation of mineral proportions and mineral-based petrographic imaging were 

undertaken using SEM-EDS, which consists of an automated, spatially-resolved petrography system, 

based within a scanning electron microscope, using energy-dispersive X-ray spectroscopy detectors 

and an extensive mineral database (Armitage et al., 2010; Pirrie et al., 2004).  SEM-EDS analyses give 

quantitative mineral proportions, grain and pore space morphology and distribution, to a minimum 

resolution of 1 μm (the smallest beam-sample interaction volume width).  SEM-EDS cannot identify 

or quantify microporosity and it struggles to quantify any mineral grain that is smaller than about 1 or 

2 μm.  The SEM-EDS instrument used in this study was an FEI WellSite QEMSCAN at the University of 

Liverpool, using a tungsten-filament, operating at 15 kV, equipped with two Bruker EDS detectors 

(Wooldridge et al., 2018). 

3.5 Vitrinite reflectance analysis 

Seven coal-bearing Brent samples were collected from different intervals, three from the Ness and 

Etive Formations, and two from the Rannoch Formation, and analysed for vitrinite reflectance as an 

input to the burial history reconstruction.  Sample preparation and analysis was conducted by Egs-

ploration® Maennedorf, Switzerland.  Whole rock sample preparation for analysis in incident white 

light was performed on crushed (0.55 mm) whole rocks following the guidelines set out in the 



9 
 

International Organization for Standardization publications ISO 7404-2, ISO 7404-3 and ISO 7404-5.  

Crushed particles were cold-set into an epoxy resin block and sequentially ground then polished using 

decreasing abrasives and polishing powders using an automated Buehler Ecomet 3®, Automet 2® head, 

polishing system and isopropanol as a lubricant.  The reflectance of vitrinite particles was determined 

in a dark-room using a Zeiss Standard Universal research microscope-photometer system (UMSP-30) 

equipped with a 12 V, 100 W tungsten-halogen lamp, a 40-power Epiplan oil immersion objective, 

filtered 546 nm non-polarized incident light and Zeiss immersion oil with a refractive index of 1.517 at 

23°C.  Reflectance measurements (% Ro) were recorded on randomly-oriented particles.  A Zeiss triple 

glass standard with reflectances of 0.506 %, 1.025 % and 1.817 % was used in addition to McCrone® 

yttrium-aluminum-garnet (0.917 %), spinel (0.413 %) and cubic zirconium (3.256 %) mineral standards 

for photometer calibration and reflectance determination. 

3.6 Burial history modelling 

Burial history modelling was performed using BasinMod®, provided by Platte River Associates.  The 

stratigraphic data used are based on the whole stratigraphy of the area from Lower Jurassic Cook 

Formation to Uppermost Middle Miocene- to Quaternary-Nordland Group. 

For modelling purposes, lithology mixes were constructed based on the geological and 

biostratigraphical reports in the substantial literature in the Mid-Jurassic Brent Group and for the 

whole of the North Sea stratigraphy (Mitchener et al., 1992; Reynolds, 1995; Richards, 1992).  Thermal 

maturity data (i.e., the new vitrinite reflectance data) and bottom hole temperature values were 

included to help constrain the thermal history of the well.  Compaction was modelled using an 

effective stress fluid flow model to simulate the extent of overburden-induced porosity-loss though 

time. 

4 Results 

4.1 Brent core sedimentary logs, sedimentary facies and depositional environments 

Output from sedimentary core logging and facies analysis is summarized in Figure 3A and Table 1.  The 

various formations of the Brent Group have been discriminated based on sedimentological 

characteristics.  Images of key lithofacies, facies codes and description of the twelve facies are given 

in Figures 4A to 4L and Table 1.  The 12 facies described in Table 1, and shown in Figures 3A and 4, are 

bioturbated muddy sandstone (mSbiot); planar, hummocky and swaley cross-bedded sandstone (Sx-

1); trough cross-bedded sandstone (Sx-2); flaser bedded sandstone (Sf); rippled laminated sandstone 
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(Sr-lam); bioturbated sandstone (Sbiot); massive silty sandstone (zSm); carbonate cemented silty 

sandstone (zScem); finely laminated siltstone (Zlam); bioturbated silty mudstone (zMbiot); massive 

mudstone (Mm); coal (P).  Five facies associations are also listed in Table 1 including fan delta, 

shoreface, foreshore, delta plain and barrier shoreline.  Following the seminal work by Daws (1992) 

and Richards (1992), the Brent Group sediments have here been grouped into four depositional 

environments: shoreface, foreshore, delta plain and barrier shoreline, which represent regressive and 

then transgressive depositional conditions.  The shoreface sediments represent the Rannoch 

Formation; the foreshore sediments represent the Etive Formation, the delta plain sediments 

represent the Ness Formation, and the barrier shoreline sediment represents the Tarbert Formation. 

4.2 Wireline logs analysis and comparison to sedimentary log 

A Vshale log, representing the relative proportions of radioactive clay minerals (i.e., illite and possibly 

smectite), has been plotted in Figure 3B.  We have also plotted a density-neutron crossover diagram, 

following wireline log conventions (Rider and Kennedy, 2011), in which reservoir and non-reservoir 

are depicted (Fig. 3C).  For the shoreface (Etive Formation) and the Delta plain (Ness Formation), there 

is excellent agreement between the identified fine-grained (shaley) sections of core and high Vshale 

and non-reservoir from the density-neutron crossover diagram (Figs. 3A to C).  Similarly, for the 

shoreface (Etive Formation) and the Delta plain (Ness Formation), there is excellent agreement 

between the identified reservoir sandstone sections of core and low Vshale and reservoir from the 

density-neutron crossover plot. 

The shoreface sandstones of the Rannoch Formation have a much higher baseline Vshale 

measurement than the overlying foreshore, delta plain and barrier shoreline sandstones suggesting 

that the shoreface sandstones are more clay- or mica-rich than the other sandstones (Fig. 3B).  The 

density-neutron cross-over area is narrower, suggesting that the reservoir quality is somewhat poorer, 

for the shoreface sandstones than the other sandstones.  There are at least four noteworthy 

exceptions to the agreement between the Vshale and density-neutron crossover in the shoreface 

sandstones at the base of the succession (between 10,600 and 10,750 ft), where there are tight (high 

density, low neutron) intervals that have no detectable Vshale increase.  The low porosity intervals in 

the shoreface sandstones must be due to the presence of pore-filling cement, instead of the presence 

of clay minerals. In core, the low porosity sandstones in the shoreface sandstones are represented by 

carbonate cemented silty sandstone (zScem, Fig. 4H). 
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4.3 Core analysis porosity and permeability 

Core analysis porosity and horizontal permeability data are presented in Figures 3D and E, compared 

in Figure 5A and displayed as a function of depositional environment in Figures 5B and 5C.  Core 

analysis porosity data range from 2.4 to 31.5 %, Fig. 5B).  Core analysis horizontal permeability data 

range from 0.04 to 6,000 mD (Fig. 5C).   

The core analysis data (Figs. 3D and E) match well with the sedimentary log (Fig. 3A) and the Vshale 

(Fig. 3B) and density-neutron cross-over diagrams (Fig. 3C).  The high porosity and permeability tend 

to equate to low Vshale and net reservoir on the density-neutron cross-over diagram.  However, very 

low porosity and permeability values at four intervals in the shoreface sandstones, in facies zScem, do 

not equate to high Vshale values and result from pore-filling cement rather than shale.  All other low 

porosity and permeability layers match with shale horizons in the sedimentary log and high Vshale 

and non-reservoir in the density-neutron cross-over plot. 

The shoreface sediments of the Rannoch Formation progressively increase in porosity and 

permeability up-section, which matches the subtly increasing grain size (Fig. 3A) and the decreasing 

density log signal (Fig. 3C).  The highest porosity and permeability values in the foreshore, delta plain 

and barrier shoreline sandstones are broadly similar, approaching 30% porosity and well over 1,000 

mD. 

Based on the whole collection of core plugs, including sandstone and non-reservoir facies rocks, the 

foreshore and barrier shoreline sediments have the highest porosity and permeability values (Fig. 5).  

The shoreface sediments have poorer reservoir quality than the foreshore and barrier shoreline 

sediments, partly related to the high Vshale and partly related to highly cemented intervals (both 

influences evident in the wireline logs (Fig. 3).  The delta plain sediments have sections with poor 

reservoir quality due to the presence of bioturbated muddy siltstones with their high Vshale values 

also evident in the wireline logs (Fig. 3). 

4.4 SEM-EDS mineralogy 

The SEM-EDS-derived mineral proportions of the 40 polished sections of sandstone are presented in 

Table 2 and illustrated in Figure 6.  SEM-EDS reveals total mineral proportions and cannot discriminate 

between different forms of the same mineral, for example quartz cement from quartz grains.  

Differences in locations of minerals within the rock fabric will be examined in the sections reporting 

on modal analysis. 
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4.4.1 Framework minerals 

Quartz is the dominant mineral in these sandstones, with important but subordinate quantities of K-

feldspar and plagioclase (Figs. 6A to C).  Quartz is found in lowest proportions in shoreface and barrier 

shoreline sandstones with significantly higher proportions in the foreshore and delta plain sandstones.  

Both K-feldspar and plagioclase are least abundant in the foreshore and delta plain sandstones and 

most abundant in the shoreface and barrier shoreline sandstones (Figs. 6B and C).  This reveals that 

there were fundamentally different types of sands deposited in different sedimentary environments. 

This mutual exclusivity of quartz and feldspar has led to a spectrum of sandstones with a large range 

of mineralogical maturity values. 

4.4.2 Mica minerals 

Micas are dominated by muscovite but there are significant quantities of biotite (Figs. 6D and E).  Both 

micas are found in highest quantities in shoreface sandstones with low to negligible quantities in the 

foreshore and delta plain sandstones and minor but significant quantities in barrier shoreline 

sandstones. 

4.4.3 Clay minerals 

Clay minerals are represented by kaolinite, illite and chlorite (Figs. 6F to H).  Kaolinite is the dominant 

clay mineral in all sedimentary environments.  Smectite is effectively absent from these rocks.  All clay 

minerals are found in greatest quantities in shoreface sandstones with lowest quantities in the 

foreshore and delta plain sandstones.  Barrier shoreline sandstones have intermediate quantities of 

clay minerals.  

4.4.4 Pyrite 

Pyrite is ubiquitous but present in small quantities in most depositional environments (Fig. 6I).  The 

greatest quantity of pyrite is found in barrier shoreline sandstones. 
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4.4.5 Carbonate minerals 

The dominant carbonate mineral found in reservoir sandstones is siderite.  Siderite is mostly present 

in small quantities (Fig. 6J).  The shoreface sandstones have the greatest quantity, on average (nearly 

1 %), but the delta plain sandstones have localised concentrations of > 17 % siderite. 

Note that the wholly calcite cemented sandstones with porosity approaching 0 % (zScem, Figs. 3 and 

4H) were not the focus of this study as the calcite has led to negligible porosity and the rock is non-

reservoir.  For most of the Brent reservoir sandstones studied here, calcite is not a reservoir quality 

issue as revealed by Figure 6K, but its presence leads to stratigraphically-controlled flow barriers, as 

evident in Figure 3.  Dolomite concentration is also represented (Fig. 6L); the y-axis reveals small 

quantities that mimic the relative distribution of calcite but that do not influence reservoir quality. 

4.5 Detrital composition and rock fabric  

In general terms, the sandstones studied here are predominantly moderately well-sorted (Fig. 7A) and 

very fine- to medium-grained (Fig. 7B).  Grains are sub-rounded (Fig. 8), and sandstones are classed as 

subarkoses and sublitharenites (Fig. 9), using the McBride (1963) classification scheme, and including 

detrital mica as a lithic grain. 

4.5.1 Sorting 

All sandstones are well- or moderately well-sorted (Figs. 7A and 8).  There is relatively little difference 

between the four depositional environments.  Any systematic differences in reservoir quality are 

therefore unlikely to be related to variations in sorting. 

4.5.2 Grain size 

In contrast to sorting, there are significant variations in the median grain size for the four depositional 

environments (Figs. 7B and 8).  The shoreface sandstones are very fine-grained with a median grain 

size of 0.09 mm.  In contrast the foreshore sandstones straddle the fine- to medium-grain size with a 

median of 0.24 mm.  The delta plain sandstones are fine-grained with a median grain size of 0.19 mm 

and display the widest range of grain sizes.  The barrier shoreline sandstones are very fine-grained 

with a median grain size of 0.11 mm.  The variation of grain sizes found in the various depositional 

environments are likely to be responsible for reservoir quality differences. 
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4.5.3 Quartz-feldspar-lithic (QFL) sandstone classification 

Point count data reveal significant differences in the composition of framework grains from the four 

depositional environments.  The shoreface sandstones predominantly sit in the sub-lithic field since 

abundant detrital micas have here been classed as lithic grains (Fig. 9A).  Given the mica population 

first identified using SEM-EDS (Figs. 6D and E), this is not so surprising.  In contrast, the foreshore 

sandstones and the barrier shoreline sandstones sit in the subarkose field (Figs. 9B and D).  The delta 

plain sandstones straddle the subarkose and sublithic sandstone fields (Fig. 9C).  It can be anticipated 

that the differences in QFL classification will have an impact on reservoir quality. 

4.5.4 Rigid framework grain populations (quartz and feldspars) 

As will be shown, there is very little quartz cement in these sandstones so that most of the quartz is 

present as sand grains.  The SEM-EDS data revealed the dominance of quartz in these sandstones, and 

the point counting subsequently revealed that quartz grains are predominantly monocrystalline (Fig. 

7D) with much lower proportions of polycrystalline quartz grains (Fig. 7E).   

4.5.5 Ductile and lithic grain populations 

The only significant ductile grains in these sediments are detrital muscovite, biotite and possibly 

chlorite, as previously quantified using SEM-EDS (Figs. 6D to 6F).  There are significant variations 

between the four depositional environments with a far greater quantity of ductile grains in the 

shoreface sandstones than the other three environments (Figs. 6D-E and 9).  Lithic grains are mainly 

altered and degraded undifferentiated sedimentary clasts and metamorphic rock fragments.  They 

are generally present in small quantities that do not vary significantly between the four depositional 

environments (Fig. 7F).4.6 Diagenetic mineralogy and textures. 

4.6 Diagenetic components 

Both SEM-EDS and point counting revealed that sandstones from the four depositional environments 

contain a common set of diagenetic, as well as detrital, minerals so that the detrital minerals and the 

secondary effects of diagenetic change will be described in turn.  In approximate order of abundance, 

the cements are kaolinite, siderite, pyrite, chlorite, calcite, feldspar cements, with only trace quantities 

of illite, dolomite and quartz cement.  The quantities and morphologies of the mineral cements differ 

between sedimentary environments.  Mineral cements, grain-replacement, grain deformation, 
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secondary (new) pores and the overall paragenetic sequence are illustrated in light optical images in 

Figure 10, BSEM images in Figure 11, SEM-EDS images in Figures 12 and 13 and CL and SEM images in 

Figure 14. 

4.6.1 Kaolinite cement 

Kaolinite is the most abundant diagenetic mineral (Fig. 6G) and it occurs in four morphologies: (1) 

large platy crystallites with a relics of muscovite precursor (Fig. 10B), (2) vermicular crystallites that 

typically occur in primary and secondary oversized pores related to the dissolution of feldspar (Fig. 

10C), (3) pseudomorphic replacement of detrital muscovite and biotite grains resulting in expansion 

of the mica lamellae (Figs. 10B and 11F), (4) collections of blocky crystals, each about 5 µm, that occupy 

oversized pores (Fig. 11F).  All types of kaolinite morphologies are present in all parts of the Brent 

Group, except blocky kaolinite crystals were not observed in shoreface sandstone (Appendix 1). 

4.6.2 Siderite cement 

Siderite is the second most abundant cement after kaolinite.  Siderite occurs as: (1) coarsely-crystalline 

rhombic and lozenge-shaped crystals sitting in primary pores (Figs. 8B, 10B), (2) disseminated, micro 

rhombic crystals associated with the alteration of biotite (Figs. 11A, B and D), and (3) aggregates of 

microcrystalline rhombs (Figs. 10C, 12, 13A, B and C).  The alteration of biotite to siderite is common 

in the shoreface sandstones, with discrete siderite rhombs growing within delaminated detrital biotite 

(Figs. 11A, B and D).  Siderite is locally abundant in the delta plain sandstones reaching up to 17% (Figs. 

6J and 13A) where it occurs as aggregates of lozenge-shaped, microcrystalline rhombs that typically 

fill large pores between loosely packed framework grains.  In the foreshore and barrier shoreline 

sandstones, siderite occurs predominantly as coarsely crystalline, lozenge-shaped rhombs in primary 

pores (Fig. 13A). 

4.6.3 Pyrite cement 

Pyrite is present in sandstones from all depositional environments (Fig. 6I), occurring as: (1) 

disseminated early diagenetic framboids which occur throughout the pore network (Figs. 11B and E), 

(2) disseminated euhedral crystals within the pore network (Fig. 11B), and (3) pervasive poikilotopic 

masses which locally enclose packed framework grains (Fig. 13D).  Pyrite is not restricted to a subset 

of depositional environments and all three pyrite morphologies were observed in all sedimentary 

environments (Appendix 1). 
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4.6.4 Chlorite (replacive) 

Small quantities of authigenic  chlorite occur in all sedimentary environments (Fig. 6F).  Biotite is locally 

replaced by chlorite in shoreface, delta plain, and barrier shoreline sandstones.  Grain replacive 

chlorite is largely absent in the shoreface sandstone.  No grain-coating chlorite was observed.  SEM-

EDS revealed that the chlorite is typically associated with pore-filling kaolinite and siderite (Figs. 12 A-

D, 13 A-B). 

4.6.5 Calcite and dolomite cement  

Trace quantities of calcite cement are found in sandstones from most depositional environments (and 

see Fig. 6K) but has no role in controlling reservoir quality due to the small volumes.  However, four 

pervasively calcite-cemented intervals are present in shoreface sandstone (Figs. 3A, 4A and 11C) that 

lead to the sandstone being a barrier to flow rather than part of the reservoir system.  Very small 

quantities of dolomite are present (Fig. 6L), that follow the calcite distribution pattern. 

4.6.6 K-feldspar cement 

K-feldspar cement occurs as overgrowths on detrital K-feldspar grains.  K-feldspar cement is present 

as an authigenic mineral throughout the Brent Group.  It ranges from 0 to 1 % of the rock volume (Fig. 

7G).  The thickness of feldspar overgrowths varies but reaches up to 15 µm (Figs. 10F, 11E), K-feldspar 

cement locally grows as discrete rhombic outgrowths that result from the crystallographic complexity 

of the feldspar mineral system (Worden and Rushton, 1992). 

4.6.7 Illite cement 

Modal analysis shows that illite cement is a minor clay mineral (Fig. 6H) and is typically associated with 

pore-filling kaolinite (Fig. 13 C) and mica grain replacement (Figs. 12 A and B, 13 B) in all depositional 

environments except in foreshore sandstones. 

4.6.8 Quartz cement 

Quartz cement was observed throughout the Brent Group, but it represents a relatively minor 

component in these sandstone reservoirs (Fig. 7 H), with averages less than 0.22 % in all depositional 
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environments (Appendix 1).  Quartz cement occurs as minor and incomplete syntaxial overgrowths on 

detrital quartz grains, with a thickness range from 5 to 15 µm (Fig. 14A-H). 

In summary, analysis of diagenetic components of these Brent Group sandstone reveals that barrier 

shoreline and shoreface sandstones contain the greatest quantity of diagenetic kaolinite and siderite 

(Appendix 1).  Barrier shoreline sandstones contain the greatest quantity of diagenetic pyrite followed 

by foreshore sandstones while delta plain sandstones have the lowest quantity.  Diagenetic calcite 

(except for tightly cemented layers in shoreface sandstone), pore-filling chlorite, illite, K-feldspar and 

quartz all constitute minor (< 1 %) diagenetic phases. 

4.7 Burial history models 

The thermal-history of the well from the Lower Jurassic to the present is represented in Figure 15.  

The temperature history is a function of variable heat flow and variable subsidence with heat flow 

being modelled to increase during periods of rifting.  The maximum temperature modelled for this 

well is 95ᴼC.  The new vitrinite reflectance data from the Brent Group at 10,762ft, 10,761ft, 10,500.2ft, 

and 10,317.5ft, are 0.66%R0, 0.59%R0, 0.54%R0, 0.59%R0, 0.51%R0, and 0.49%R0 respectively 

corresponding to temperatures equivalent to the onset of oil generation.  The present temperature is 

95ᴼC is most likely close to the maximum temperature that this well has experienced. 

5. Discussion 

5.1 Paragenetic sequence 

Observations of the textural relationships of the various mineral cements, using light optics, SEM, 

BSEM and SEM-EDS, have allowed us to interpret the order of mineral growth, also known as the 

paragenetic sequence (Fig. 16).  All diagenetic phases (kaolinite, siderite, pyrite, chlorite, calcite, 

feldspar cement, and trace amounts of illite and quartz cement) were observed in all four depositional 

environments although the quantities and morphologies differ. 

The common presence of long, concavo-convex surfaces and locally sutured contacts grain-contacts 

(Fig. 11A) indicates that the sandstone has been subjected to moderate to high degrees of mechanical 

compaction.  Mica flakes that were deformed during mechanical compaction are present in all 

sandstones from all four depositional environments (Figs. 8A, 10B, 11B, 11D, 12B, 12B, 13B and C). 

Diagenetic pyrite is present in sandstones from all depositional environments (Fig. 6I).  Precipitation 

of framboidal pyrite (Fig. 11E) was the first recorded diagenetic mineral phase in sandstones from all 
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depositional environments.  In contrast, poikilotopic pore-filling pyrite represents a late diagenetic 

phase (Fig. 11B), which is present in small quantities in sandstones from all depositional environments. 

Calcite precipitation, strongly localised to stratigraphically-restricted cemented layers (Figs. 3A, 4H), 

occurred before kaolinite precipitation (Fig. 11C).  Calcite tends to be either absent or totally pore-

filling (Fig. 3A, 3C, 3D, 3E) and it leads to rocks that are non-reservoir.  The origin of stratigraphically-

restricted calcite in Brent Group and equivalent sandstones has been discussed many times 

(Lundegard, 1994; Morad and De Ros, 1994; Prosser et al., 1993; Worden et al., 2019) and will not be 

discussed further here. 

Biotite and feldspar dissolution (Figs. 8 A, 8B and 8C) also seem to represent relatively early diagenetic 

events because they have been replaced by the eogenetic minerals, siderite, and kaolinite respectively 

(Figs. 8A, 8B, 8C, 10B, 12A, and 12B).  The breakdown and dissolution of biotite is spatially associated 

with precipitation of siderite in between broken-apart biotite 001-flakes (Figs. 11A, 11B, 11D) but 

some siderite crystals occur in large clusters (Fig. 12B-D) suggesting that siderite growth may have 

started during eodiagenesis and continued into the mesogenetic realm.  The breakdown and 

dissolution of feldspar grains is spatially associated with precipitation of kaolinite leading to clusters 

of kaolinite that are the same size as sand grains (Figs. 11A, 11D, 11F).  Some clusters of kaolinite seem 

to have been deformed, acting as ductile “grains” (Fig. 10B) suggesting that at least some kaolinite 

replacement of feldspar occurred before mechanical compaction was complete (i.e., before grain 

stabilisation). 

K-feldspar cement overgrowths on feldspar grains represents a later diagenetic event as shown by the 

absence of this cement at K-feldspar grain-grain contacts (Figs. 10F and 11E).  Traces of K-feldspar 

cement are present in sandstones from all depositional environments, but the greatest quantity was 

found in foreshore and delta plain sandstones (Fig. 7G).  Textural relationship indicates that feldspar 

overgrowth post-dated mechanical compaction (Fig. 11E).  Some K-feldspar cements have undergone 

subsequent dissolution whereas the detrital substrate seems to have remained intact suggesting a 

complex relationship between K-feldspar crystallography, strained cement crystals and evolving pore-

water geochemistry (Worden and Rushton, 1992). 

Small amounts of authigenic pore-filling chlorite and grain replacive chlorite occur in sandstones (Figs. 

12A, 12B, 12D, 13A-B) from all depositional environments within the Brent Group (Fig. 6F).  Chlorite is 

most abundant in biotite-rich sandstones (Fig. 6D), suggesting a genetic relationship. 
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Authigenic illite is a minor diagenetic phase (Fig. 6H) and was only identified using the SEM-EDS (Fig. 

6H); illite mainly appears to be an alteration product of diagenetic kaolinite (Figs. 12A-B, 13B, 13C-E). 

Fibrous pore-filling illite was not observed in any samples. 

Authigenic quartz overgrowths are a minor phase observed in sandstones from all four environments 

of deposition (Fig. 7H).  Most of the syntaxial quartz overgrowth are within the size range of 5-15 m 

(Fig. 14A-H). Numerous long intergranular concavo-convex contacts between individual quartz grains, 

and some suture contacts, were observed (Figs. 11A, 12D).  Application of the thermal history model 

(Fig. 15) linked to an empirically-derived kinetic quartz growth model (Walderhaug, 1994a) shows that 

the expected maximum volume of quartz cement is in the range 2.5% to 3.5%.  The range is a function 

of grain size and the proportion of detrital quartz in the various sandstones (Fig. 9).  The small observed 

volume of quartz cement (Fig. 7H) is thus a function of the subdued thermal history of this well as 

opposed to inhibition of quartz cement by, for example, grain coating microquartz (Worden et al., 

2012), grain coating chlorite (Worden et al., 2020), or early oil emplacement (Worden et al., 2018b). 

Sandstones from all depositional environments have similar paragenetic sequences as all contain the 

same types of the diagenetic phases and only differ in terms of the quantities.  The overall paragenetic 

sequence is presented in Figure 16. 

5.2 Sources of mineral cements 

5.2.1 Processes that led to kaolinite cement 

Kaolinite is the most abundant cement in sandstones from all the four depositional environments, 

with the shoreface sandstones having the greatest quantity (Fig. 6G).  Kaolinite is spatially associated 

with partly dissolved feldspar grains (Figs. 8A-D, and 12A-C) and there are good and significant 

correlations between the quantity of kaolinite and the quantities of K-feldspar and plagioclase (Table 

3).  Based on these lines of evidence, it is likely that kaolinite formed because of the alteration of 

detrital feldspar (Bauluz et al., 2008; Harris, 1992; Marfil et al., 2003).  Stoichiometric breakdown 

reactions for K-feldspar and plagioclase to kaolinite may be described: 

2KAlSi3O8 + 2H+ + H2O  Al2Si2O5(OH)4 + 4SiO2 + K+ 

K-feldspar  kaolinite silica 

(Equation 2) 

[(2/(1+X)](CaXNa1-X)Al1+XSi3-XO8 + 2H+ + H2O   

plagioclase 
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Al2Si2O5(OH)4 + [(4-4X).2/(1+X)]SiO2 + [(1-X).2/(1+X)]Na+ + [X.2/(1+X)]Ca2+ 

kaolinite quartz 

(Equation 3) 

Where X is proportion of calcium replacing sodium in the detrital plagioclase.  Feldspar breakdown 

reactions require protons (i.e., acidic pore waters) and release metals into the aqueous medium. 

Note that there is also a strong association between the quantity of muscovite and the quantity of 

kaolinite (Fig. 17A, Table 3).  This might suggest that muscovite breakdown during diagenesis was 

another source of kaolinite (Morad, 1990), although some have presented evidence, from 

Carboniferous clastic rocks, that muscovite does not breakdown to kaolinite (Crowley, 1991).  A 

stoichiometric breakdown reaction for muscovite to kaolinite may be described: 

2KAl3Si3O10(OH)2 + 6H+ + 3H2O  3Al2Si2O5(OH)4 + 6K+ 

muscovite    kaolinite 

(Equation 4) 

Like the feldspar alteration reactions (equations 2 and 3), the theoretical breakdown of muscovite to 

kaolinite also requires protons (i.e., acidic pore waters) and releases metals into the aqueous medium.  

The potential sources of acidic formation waters, especially in the early stages of clastic diagenesis, 

have been discussed at length; acid waters may be related to meteoric water influx, e.g. during sea 

level lowstands (Morad et al., 2010) or inversion events (Osborne et al., 1994).  Acidic formation 

waters are most likely linked to microbial and thermal organic breakdown reactions during eo- and 

meso-diagenesis (Worden and Burley, 2003) in the dominant fine-grained clastic fill of basins resulting 

in large volumes of CO2 (Andresen et al., 1994) as well as more exotic organic acids (Barth and Riis, 

1992). 

The fate of the released potassium can include increasing K+ concentration in formation water, growth 

of K-feldspar overgrowths (Figs. 11B, (11E), and incorporation into associated mudstones during the 

illitisation of smectite (Gier et al., 2018).  The fate of the released sodium is probably limited to 

increasing Na+ concentration in the formation water as there are few Na-bearing diagenetic minerals 

and Thistle formation waters have relatively low salinity at roughly half seawater concentration of 

sodium and chloride (Warren and Smalley, 1994).  If the detrital plagioclase had an anorthite 

component, the calcium released during the formation of kaolinite was probably incorporated into 

the calcite-cemented layers in the delta front- lower shoreface sandstones (Worden et al., 2019). 

The greater quantity of kaolinite in the shoreface sandstones compared to other depositional 

environment, may be due to the greater quantities of reactant aluminosilicate minerals such as K-
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feldspar, plagioclase and muscovite (Fig. 6B, 6C, 6E) (Bjørlykke and Brendsdal, 1986; Hurst and Irwin, 

1982).  The relics of dissolved feldspar, with little infilling secondary cement (Fig. 10A), testify to the 

relative lateness of some of the feldspar dissolution. 

5.2.2 Siderite cement sources 

Siderite (FeCO3) is the second most abundant diagenetic cement.  The shoreface and barrier shoreline 

sandstones have the highest median values, but the highest local concentrations are found in the delta 

plain sandstone (Fig. 6J).  Siderite has been reported to be common in Brent-equivalent sandstones 

(Kantorowicz, 1985). 

Siderite is typically precipitated in low redox/reducing conditions, where there is a supply of iron, 

where carbonate concentration is high and where sulphide concentration is low (Matsumoto and 

Iijima, 1981; Mozley, 1989; Mozley and Wersin, 1992).  In situations where sulphide concentration is 

high, Fe-sulphide minerals tend to develop at the expense of siderite.  Where there is a supply of iron 

but both sulphide and bicarbonate concentrations are low, Fe-silicate minerals, such as berthierine, 

will tend to form (Worden et al., 2020).  In these sandstones, siderite is intimately associated with 

altered detrital biotite (Figs. 10B, 11A, 11B, 11D) suggesting that the short-range supply of iron from 

the decomposing mica is a key control on siderite growth (Bjørlykke and Brendsdal, 1986).  A 

stoichiometric breakdown reaction for Fe-biotite to siderite and, in this case, kaolinite, may be written: 

2KFe3AlSi3O10(OH)2 + 6H2CO3 + 2H+   6FeCO3 + Al2Si2O5(OH)4 + 4SiO2 + 7H2O + 2K+ 

Fe-biotite carbonate siderite kaolinite silica 

Equation 5 

The aqueous carbonate was probably supplied by organic sources undergoing bacterial breakdown, 

but such processes must have happened in low salinity and non-marine (low sulphate concentration) 

pore waters since otherwise Fe-sulphide minerals would have developed (see 5.2.3).  The presence of 

low salinity water may have been due to (1) onshore water table-driven flux of groundwater through 

these sand-dominated deltaic sediments or (2) the transient fall in relative sea level which exposed 

these marginal marine sediments to meteoric water influx (Morad et al., 2010). 

5.2.3 Pyrite cement sources 

Framboidal pyrite is present in all samples from the four depositional environments (Appendix A, Figs 

11B, 11E, 12D, 13D); this type of pyrite is typically assumed to be the result of colonies of sulphate-

reducing bacteria acting where organic matter, available iron and aqueous sulphate coincide (Berner, 
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1984; Wilkin et al., 1996).  The most likely source of the iron was detrital biotite, which, even after 

alteration, still represents up to several percent of the rock by volume.  However, the Brent river may 

also have fed Fe-oxyhydroxides into the depositional environment (Worden et al., 2020).  The Brent 

delta top sediments had lush vegetation, as indicated by the presence of coaly horizons, so there was 

likely no shortage of organic substrate.  The greater volume of siderite than pyrite in the whole 

sedimentary Brent system (Figs. 6I and 6J) suggests that access to aqueous sulphide was relatively 

limited during eodiagenesis.  The barrier shoreline sandstones contain the greatest quantity of pyrite 

(Fig. 6I) suggesting that inundation by sulphate-rich seawater may have been locally important for the 

formation of this mineral. 

Formation of late diagenetic pyrite (Fig. 11B) entailed continued alteration of biotite in the presence 

of reduced sulphur sources, such as H2S or aqueous sulphide.  The presence of late stage H2S in 

sedimentary systems is not unusual with the sulphide either coming from thermal breakdown of 

source rocks or oils, or via thermochemical sulphate reduction (Worden and Smalley, 2001; Worden 

et al., 2003).  The former seems more likely in the Brent sediments because formation waters have 

negligible aqueous sulphide (Warren and Smalley, 1994). 

5.2.4 Chlorite cement sources 

Chlorite is present in small quantities throughout these Brent sediments; it is most enriched in the 

micaceous shoreface sediment (Fig. 6F).  The chlorite identified by SEM-EDS includes detrital chlorite 

or chlorite that has partly replaced detrital biotite (Figs. 12A, and 12B), and detrital lithic grains (Fig. 

12B).  The development of replacive chlorite could have occurred at a range of locations including the 

weathering zone in the hinterland, in soils, in transient fluvial sediment accumulations or during in-

situ eodiagenesis. 

Significantly, no grain-coating chlorite was observed in sediments from any of the depositional 

environments even though the sediments are relatively iron-rich, as revealed by the quantities of 

detrital Fe-rich biotite, siderite and pyrite (Figs. 6D, 6I and 6J).  Other parts of the North Sea Basin have 

Fe-rich Lower and Middle Jurassic deltaic sediments that are characterised by abundant, grain-coating 

Fe-rich chlorite (Jahren et al., 1998; Martinius et al., 2005; Skarpeid et al., 2017) and rather less siderite 

than is present in the Brent sediments (Ashcroft and Ridgway, 1996; Wilkinson et al., 2000).  Brent 

delta sediments contain abundant plant remains and thin coal seams (Fig. 4L) (Powell, 2010; Ruau et 

al., 1996) which resulted from accumulation of the remains of lush vegetation on the coastal plain.  It 

is likely that partial decomposition of the delta-top vegetation led to bicarbonate-enriched 
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groundwater explaining why siderite is dominant and both grain-coating and pore-filling chlorite are 

absent despite the Fe-enrichment of primary Brent sediments (Worden et al., 2020). 

5.2.5 Illite cement sources 

Illite is a minor diagenetic phase (Fig. 6H) which has locally replaced muscovite (Fig.12 A-B), detrital 

lithics grains and pseudomatrix (Fig. 13B-C).  Illite abundance follows the abundance of muscovite and 

kaolinite (Figs. 6E, 6G, 6H) suggesting genetic relationships (Table 3).  Only replacive illite was found 

(Figs. 12A and 13C) with an absence of fibrous illite, as can be found in some deeper North Sea 

reservoirs (Matthews et al., 1994).  At temperatures significantly greater than 100C, i.e., higher than 

the 90C for the Brent sandstones in the Thistle Field at the present day, kaolinite reacts with K-

feldspar to produce abundant illite and quartz cement (Bjorkum and Gjelsvik, 1988; Bjørlykke, 1980; 

Bjørlykke and Aagaard, 1992; Ehrenberg and Nadeau, 1989; Ramm and Ryseth, 1996).  The 

coexistence of kaolinite and K-feldspar suggests that the Brent Group in the Thistle Field is at its 

maximum temperature (i.e., there has been no uplift or cooling). 

5.2.6 K-feldspar cement sources 

K-feldspar overgrowths occur as individual euhedral crystals dispersed over the surface of detrital 

feldspar grains (Fig. 11B, 11E). The diagenetic feldspar has a different extinction angle that the 

substrate when observed in cross-polarised light.  This is due to the difference in crystallography of 

high temperature detrital (monoclinic) and low temperature diagenetic (triclinic) K-feldspar (Worden 

and Rushton, 1992).  The boundary between the detrital and diagenetic feldspar will be site of strain 

due to the different lattice parameters; this may have led to local dissolution of K-feldspar cement 

(Fig. 11E).  Diagenetic K-feldspar may be the product of dissolution of the unstable high temperature 

detrital feldspar and local recrystallisation of the more stable low temperature feldspar (Ali and 

Turner, 1982; Deros et al., 1994; Glover and Hosemann, 1970; Worden and Rushton, 1992). 

5.2.7 Quartz cement sources 

Minor quartz overgrowths, present in sandstones from all environments of deposition (Figs. 11B, 14A-

H), occur as thin and discontinuous euhedral and syntaxial crystals.  The small volume of quartz 

cement can be attributed to the temperature being at, or about, a maximum of 90ᴼC (Fig. 15); quartz 

cement growth is a kinetically controlled process that can be shown to need temperatures, in 

Mesozoic sediments, in excess of 100C for quartz cement to be abundant (Walderhaug, 1994a, b).  
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Intergranular concavo-convex contacts and suture contacts (Figs. 11A and 12D) between quartz grains 

seem to suggest that incipient pressure solution has occurred and was a source for quartz cement (Fig. 

14A-H) (Girard et al., 2001; Worden and Barclay, 2000).  Alteration of feldspars and micas into clay 

minerals (Equations 2 to 5) may also have been a source of silica (McKinley et al., 2003; Worden and 

Morad, 2003), this typically occurs at temperatures significantly lower than for quartz cement derived 

from pressure solution (Worden and Morad, 2000). 

5.3 Reservoir quality 

5.3.1 Primary depositional controls on reservoir quality 

Reservoir quality varies as a function of depositional environment (Figs. 3 and 5).  Primary depositional 

factors that influence reservoir quality are grain size, grain morphology, sorting and clay or matrix 

content in the sands (Bjørlykke et al., 1992; Daws, 1992; Gier et al., 2008; Giles et al., 1992; Hamlin et 

al., 1996; Olaussen et al., 1984).  Sorting is similar for sandstones from all depositional environments 

(Fig. 7A) but grain size varies considerably with the foreshore sandstones and delta plain sandstones 

being significantly coarser grained than sandstones from the shoreface and barrier shoreline 

sandstones (Fig. 7B). 

The trough cross-bedded (Sx-2, Fig. 4C) and flaser bedded (Sf, Fig. 4D) sandstones from foreshore and 

delta plain environments have the best reservoir quality (Figs. 5 and 18).  The fundamental reason for 

this is because sandstones from these  environments have the highest detrital (and total) quartz 

concentrations and are coarsest grained (Figs. 6A, 7D, 7E) which are functions of the palaeohydraulic 

energy inherent to those environments compared to foreshore and barrier shoreline environments. 

In contrast, the planar, hummocky and swaley cross-bedded sandstones (Sx-1, Fig. 4B) from the 

shoreface environment are fine to very fine-grained (Fig. 7B) and have the greatest quantity of mica 

(Figs. 6D and 6E) have the lowest reservoir quality characteristics (Figs. 5 and 18).  The shoreface 

sandstone exhibits a coarsening upward sequence (Figs. 3A and 18B), with reductions in the quantities 

of mica and clay matrix (Fig. 18F) and a corresponding increase in reservoir quality (especially 

permeability) up the succession (Fig. 18B). Micas and clay minerals were re-worked and winnowed 

out from the upper shoreface and transported out to sea and redeposited in the lower shoreface. 

We have directly compared porosity and permeability to grain size and sorting, split by depositional 

environment to assess the roles of textural variables (Fig. 19).  Finer grained sandstones tend to have 

lower porosity (Fig. 19A) and permeability (Fig. 19C) than coarser grained sandstones.  There appears 
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to be no simple relationship between sorting and porosity (Fig. 19B) or permeability (Fig. 19D); this 

seems to be the result of sandstones from different depositional environments having a limited range 

of sorting coefficients. 

There is a crude split between fair and excellent reservoir quality as a function of grain size and 

depositional environment (Fig. 20A).  The finer grained sandstones, especially from the shoreface 

environment, tend to have lower permeability values than coarser grained sandstones (and see Fig. 

19C).  The relationship between permeability and grain size is well established with finer grained 

sandstones leading to narrower pore throats and thus smaller capillaries for fluids to pass through 

(Beard and Weyl, 1973; Cade et al., 1994; Swanson, 1981).  However, there is no simple relationship 

between porosity and grain size (and see Fig. 19A to support this) since the porosity of packed spheres 

has been shown to be independent of grain size (Beard and Weyl, 1973).  We have already shown that 

there is no relationship between sorting and porosity (Fig. 19B) so there must be another control at 

play.  In the following section we will show that this is due to greater compaction in the shoreface 

sandstones compared to sandstones from other environments with the degree of compaction being 

controlled by the greater quantity of ductile mica minerals (see Fig. 18F). 

We have graded all core analysis porosity and permeability data separately for the four depositional 

environments as a function of wireline log-derived Vshale (equation 1, Fig. 3) to illustrate the effects 

of the radioactive clay content on reservoir quality (Fig. 21).  The highest porosity and permeability 

samples tend to have the lowest Vshale, suggesting an absence of biotite, muscovite and illite in the 

best reservoir quality rocks.  The very high Vshale samples tend to have low porosity and permeability 

suggesting an abundance of biotite, muscovite and illite.  The lowest porosity and permeability 

samples are from the calcite cemented layers in the shoreface sandstones and these have lower 

Vshale than the rest of the shoreface sandstones suggesting either that the growth of calcite occurred 

only in the cleanest sandstones, or that calcite growth led to dissolution of clay minerals.  The 

shoreface samples tend to have relatively high Vshale for a given porosity, compared to other 

depositional environments, as illustrated by the high volume of muscovite and biotite in shoreface 

sandstones (Fig 18F).  However, the relationship between Vshale and reservoir quality is not simple 

with some low Vshale samples having relatively low porosity and permeability; this is probably a 

consequence of non-radioactive (and thus gamma-ray invisible) kaolinite having a major effect on 

reservoir quality (Figs. 17B, 20B). 
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5.3.2 Diagenetic controls on reservoir quality 1: compaction 

Mechanical compaction leads to volume-reduction due to applied effective stress and occurs by grain 

repacking and rearrangement, ductile grain deformation and brittle grain fracture from the due to 

progressive burial (Worden et al., 2018a; Worden and Burley, 2003).  The extent of these processes is 

addressed below.  If chemical compaction (pressure solution) has occurred in these sandstones, it is a 

minor process due to the limited thermal stress experienced by these sandstones (i.e., temperature < 

100C, Fig. 15).  Chemical compaction has had little overall impact on reservoir quality and will not be 

addressed further. 

Houseknecht (1987) presented a method to assess the relative extents of both compaction and 

cementation based on the measurement of intergranular volume and an assumed initial porosity 

value.  Intergranular volume (IGV) represents the addition of porosity and pore-filling cement, both 

measured using optical point counting.  The assumed initial porosity and the intergranular volume are 

used to define the compactional porosity-loss (COPL), and cementation porosity-loss (CEPL).  We have 

displayed sandstones from the four depositional environments on separate diagrams in Figures 22A-

D which show that reservoir quality has been controlled by both cementation and compaction.  The 

stratigraphic distributions of compactional and cementation porosity-loss (COPL and CEPL) are 

displayed in Figures 18D and 18E. 

Shoreface sandstones have the highest degree of compactional porosity-loss (mean 30.2 %) followed 

by foreshore sandstones (mean 21.5 %), delta plain sandstones (mean 16.0 %), and barrier shoreline 

sandstones (mean 16.1 %) (Fig. 18D).  Overall, the shoreface sandstones are anomalous in terms of 

the amount of compaction.  The difference in the degree of compaction between the shoreface and 

other sandstones cannot be explained by any sort of differential compaction as a function of depth as 

the 450 ft maximum difference in depth between the shoreface and other sandstone has a negligible 

effect on the degree of mechanical compaction in rocks at 9,000 ft (Paxton et al., 2002).  The 

difference in the extent of compaction can, however, be explained by reference to the elevated 

quantity of micas (muscovite and biotite) in the shoreface sandstones compared to the other three 

depositional environments (Figs. 6D, 6E, 12A, 12B, 18F).  Micas are weak minerals that undergo ductile 

compaction and grain breakage, thus facilitating greater vertical strain than rigid minerals such as 

quartz.  The higher degree of compactional porosity-loss in the shoreface sandstones compared to the 

other depositional environments explains why these sandstones have lower porosity and at least 

partly explain why they have lower permeability (Fig. 20A), noting that the finer grain size of shoreface 

sandstones also contributes to their lower permeability (Fig. 19C). 
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5.3.3 Diagenetic controls on reservoir quality 2: cementation 

As well as compaction, diagenetic cements also exert controls on reservoir quality.  The growth of 

pore-filling cement explains why porosity values are lower than they would be had only compaction 

occurred (Bloch and Helmold, 1995; Gier et al., 2008; Luo et al., 2009; Meadows and Beach, 1993; 

Tamar-Agha, 2009; Vinchon et al., 1996; Worden and Burley, 2003).  Both early and late diagenetic 

cement can have an impact on the reservoir quality of sandstones (Gier et al., 2008; Higgs et al., 2007; 

Worden and Burley, 2003). 

Kaolinite cement represents the most volumetrically significant pore-filling cement (Fig. 6G).  

Comparison of the quantities of kaolinite and porosity reveals a strong inverse correlation (Fig. 17B, 

R2 = 0.85) confirming that kaolinite is a major diagenetic control on porosity in Brent Group 

sandstones.  Kaolinite has the highest concentrations in the shoreface sandstones (Fig. 6G, 17B).  Core 

analysis porosity plotted versus permeability further illustrate the roles of kaolinite and depositional 

environment on reservoir quality (Fig. 20B).  The more kaolinite-rich sandstones, especially from the 

shoreface environment, tend to have lower porosity and permeability values than kaolinite-poor 

sandstones (Fig. 20B).  The relationship between porosity, permeability and pore-filling cement, such 

as kaolinite, is well established, with more cement leading to narrower pore throats and thus smaller 

capillaries for fluids to pass through (Cade et al., 1994; Swanson, 1981).  The quantity of authigenic 

kaolinite directly correlates with the quantity of detrital muscovite (Fig. 17A) so that the extent of 

reduction of porosity and permeability during diagenesis (i.e., by kaolinite growth) is a result of 

depositional processes concentrating reactive detrital grains in shoreface environments, such as mica 

and feldspar, that led to preferential kaolinite growth during diagenesis (Equations 2 to 5). 

Siderite represents the second most volumetrically significant pore-filling cement (Fig. 6J).  Siderite 

can lead to anomalously low permeability (Figs. 12A-D, 13A, 18F and 20B). 

Pervasive calcite cement layers in the shoreface sandstone create impermeable zones and thereby 

stratigraphically compartmentalise the shoreface sandstones reservoirs (Figs. 3A-E and 5).  Calcite 

cement is not a reservoir quality issue since it is either totally pore-filling (Fig. 11C) or present in such 

low quantities that it has a negligible effect on reservoir quality (Fig. 6K).  

Pyrite and smectite constitute minor cements in all the samples analysed, representing the four 

depositional environments (Table 2). Pyrite and smectite do not exert significant effects on reservoir 

quality of these sandstones. Pearson correlation analysis (Table 3) of pyrite and smectite with porosity 

and permeability suggest statistically non-significant relationships.   
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5.3.4 Implications for shallower (cooler) and deeper (hotter) Brent Group reservoirs 

We have compared data from numerous Brent Group reservoirs, in the Northern North Sea, in terms 

of depth, permeability and temperature, with data taken directly from the Millennium Atlas (Husmo 

et al., 2003).  The subject of this study, the Thistle Field, sits centrally within the ranges of depth, 

temperature, and permeability.  Deeper reservoirs tend to be hotter and tend to have lower 

permeability, as expected, and vice versa.  Based on the data presented in this study, the Thistle Field 

represents a moderately compacted sandstone with, except for kaolinite, relatively little development 

of pore-filling cement, such as quartz, illite or dolomite, that are typical of greater depths of burial 

(Giles et al., 1992).  Shallower Brent Group sandstones tend to have relatively high permeability, 

probably because they have experienced lower effective stress and thus have undergone less 

compaction and perhaps less kaolinite growth.  Deeper and hotter Brent Group sandstones tend to 

have lower permeability as they have undergone kinetically-controlled growth of quartz, illite and, 

possibly, dolomite cements, and pressure solution, at temperatures significantly greater than 100C 

(Bjørlykke et al., 1992).  The lack of a simple straight-line relationship in the data, and specifically the 

wide range of permeability values for a given depth of burial in Figure 23, is probably the result of 

locally variable initial sand composition in terms of the initial amounts of detrital mica, matrix and 

feldspars, different quantities of pore-occluding calcite cement, the possibility of localised uplift and 

cooling and reservoir-specific variable thermal histories and effective stress histories.  Figure 23 shows 

that regional overviews of reservoir quality are useful but each geographic site, each reservoir, must 

be examined to make specific predictions of porosity and permeability. 

6 Conclusions 

1. Brent Group sediments, from continuous core through a wide series of depositional 

environments (in stratigraphic order: shoreface, foreshore, delta plain and barrier shoreline) 

in the Thistle Field well, 211/18a-33A, buried to 9,178 ft TVDSS, are at their maximum burial 

temperature of 95ᴼC today. They are predominantly very fine to medium grained, subarkoses 

to sublitharenites. 

2. Reservoir quality is best in delta plain sandstone followed by foreshore, barrier shoreline, and 

shoreface sandstones. This trend is largely controlled by primary grain size amd depositional 

composition of the sediment; mica and feldspar concentrations control subsequent eogenetic 

and mesogenetic processes of compaction and cementation. 
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3. Reservoir quality was strongly by controlled by compaction.  Compactional porosity-loss 

decreases stratigraphically, up the succession, associated with decreasing quantities of 

detrital mica and diagenetic kaolinite.  The role of ductile mica and clay minerals suggests that 

variable extents of mechanical compaction had a major secondary control on reservoir quality. 

4. Grain size exerts a subordinate controls on the reservoir quality of the sandstones, with the 

highest permeabilities associated with the coarsest grained sandstones. 

5. Reservoir quality was also controlled by cementation. The main diagenetic phases include 

kaolinite and siderite, with minor quantities of pyrite, calcite, chlorite, K-feldspar, and quartz 

cement.  Oil emplacement was relatively late compared to the cementation events and has 

not had a detectable effect on sandstone diagenesis of these Brent Group sandstones. 

6. The shoreface sandstones are locally characterised by five intervals of pervasive poikilotopic 

calcite cementation that formed impermeable barriers and stratigraphically 

compartmentalised the reservoir. 

7. The regressive and transgressive sandstones of the shoreface, foreshore, delta plain and 

barrier shoreline succession have a similar paragenetic sequence that only differs in terms of 

the quantities and morphologies of cements.  Early diagenetic events include mechanical 

compaction, framboidal pyrite precipitation, biotite dissolution, feldspar dissolution, siderite 

precipitation, early calcite precipitation, and early kaolinite precipitation. Later diagenetic 

events include minor pressure solution, K-feldspar overgrowth, chlorite, illite, late pyrite 

precipitation, and quartz overgrowth. 

8. Quartz, K-feldspar and illite cements constitute, at most, minor amounts. The minor quantity 

of these kinetically-controlled cements can be attributed to the relatively low maximum burial 

temperature (< 950C) for a limited period of time (approximately 20 Myrs).  

9. Pearson correlation analysis revealed a significant negative correlation between reservoir 

quality and some detrital and authigenic minerals.  Greater quantities of K-feldspar, 

plagioclase, biotite, and muscovite, are associated with greater quantities of diagenetic 

kaolinite, siderite and illite. This implies a genetic relationship between the detrital minerals 

and their authigenic products that reflects the controlling effects of the clastic factory, 

depositional sorting and winnowing as well as eogenetic, and mesogenetic processes. 

10. Siderite is the most abundant Fe-mineral in the Brent Group; it is associated with detrital 

biotite replacement and therefore reflects the importance of original sediment composition 
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and provenance of the sediments.  Minor amounts of grain-replacive and pore-filling chlorite 

have been found, although these rocks, like other reported examples of Middle Jurassic Brent 

Group sandstones, do not contain grain-coating chlorite, probably because iron was 

preferentially locked up in siderite and minor pyrite at, or soon after, deposition. 

11. The primary control on the variable reservoir quality, observed in this study, is the 

depositional clastic factory which determined the QFL-grain type, grain size and sorting.  

Secondary controls are eogenetic and mesogenetic processes such as grain rearrangement, 

ductile compaction, grain replacement and kaolinite and siderite growth, that collectively 

controlled the reduction of depositional porosity and permeability. 
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Figure captions 

Figure. 1 Regional and Location map of the case study showing the Thistle Field highlighted in black, 

after Williams and Milne (1991). 

Figure. 2 General Stratigraphy of the Brent Thistle Field. Brent Group succession highlighted in red. 

Modified after Brown and Richards (1989). 

Figure 3. Brent Thistle well 211/18a-A33 (A) Summary sedimentary log for all formations, lithofacies 

shown by colour, grain size and dominant sedimentary structure (SF = Shoreface, FS = Foreshore, DP 

= Delta Plain, BS = Barrier Shoreline) (B) Wireline log-derived Vshale (equation 1). (C) Wireline log-

derived neutron-density cross-over. (D) Core porosity. (E) Core permeability.  Sandstone permeability 

and porosity increase up-section in the shoreface sandstones of the Rannoch Fm. and its tight 

carbonate cemented intervals plus the highly variable porosity and permeability of the foreshore(Etive 

Fm.) and delta plain (Ness Fm.) sandstone and the decreasing permeability and porosity up-section in 

the barrier shoreline sandstones (Tarbert Fm.). 
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Figure 4. A-L Core photographs of the sedimentary facies from the Brent Group sandstones, with 

descriptions and interpretations of the facies given in Table 1. Twelve lithofacies were discriminated 

base on lithology, grain size, sedimentary structures, and bioturbation. 

Figure 5. Core porosity and horizontal permeability data split by depositional environments.  

Shoreface (SF) sandstones are present in the Rannoch Formation.  Foreshore (FS) sandstones are 

present in the Etive Formation.  Delta Plain (DP) sandstones are found in the Ness Formation.  Barrier 

Shoreline (BS) sandstones are present in the Tarbert Formation.  Shoreface sandstones and delta plain 

sandstones have highly variable reservoir quality. (A) Core porosity versus horizontal permeability 

revealing significant differences in reservoir quality of the four depositional environments.  (B) Boxplot 

of core porosity data, where “n” is the number of samples and “m” is the median value.  Each boxplot 

shows the median and upper and lower quartile (> and < 25 % of the median); the whiskers reveal the 

maximum and minimum values.  Outliers are defined as > 1.5 times the upper or lower quartile. The 

shoreface sandstones have much lower porosity than the other three environments.  The delta plain 

sandstones show the greatest spread of the data.  (C) Boxplot of horizontal permeability data, broadly 

showing the same variation of properties as the porosity data in part B. 

Figure 6. SEM-EDS minerals proportions in Brent Group sandstones split by depositional environment, 

where SF are Shoreface sandstones (Rannoch Formation), FS are Foreshore sandstones (Etive 

Formation), DP are delta plain sandstones (Ness Formation, and BS are barrier shoreline sandstones 

(Tarbert Formation). Part A shows the count  size for all environments in all parts of this figure (m 

represents the median in all figures). (A) Quartz varies significantly between depositional 

environments with the greatest volume found in the foreshore and delta plain sandstones.  (B) K-

feldspar varies significantly between depositional environments with the smallest volume found in the 

foreshore and delta plain sandstones.  (C) Plagioclase varies significantly between depositional 

environments with the smallest volume found in the foreshore and delta plain sandstones.  (D) 

Muscovite is present in greater volumes in shoreface sandstones than all other depositional 

environments.  (E) Biotite is found in greater volumes in shoreface sandstones than all other 

depositional environments.  (F) Chlorite is found in greater volumes in shoreface sandstones than all 

other depositional environments.  (G) Kaolinite is found in greater volumes in shoreface sandstones 

than all other depositional environments.  (H) Illite is found in greater volumes in shoreface 

sandstones than all other depositional environments.  (I) Pyrite is present in low volumes in most 

samples in most depositional environments. (J) Siderite is found in intermediate quantities in most 

samples in most depositional environments.  One outlier is a delta plain sandstones with about 17 % 

siderite.  (K) Calcite is present at low concentrations in most samples but is present in greatest 
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quantities in the shoreface sandstones.  (I) Dolomite is negligible in all samples but is also present in 

greatest quantities in the shoreface sandstones.  

Figure 7. Selected optical point count data on texture, intergranular porosity, grain type and quartz 

and K-feldspar cement with sandstones split by depositional environment.  SF are shoreface 

sandstones of the Rannoch Formation; FS are foreshore sandstones of the Etive Formation; DP are 

delta plain sandstones of the Ness Formation; BS are barrier shoreline sandstones of the Tarbert 

Formation.  Part A shows the count  size for all environments in all parts of this figure (m represents 

the median value of all boxplots).  (A) Sorting does not seem to vary significantly between depositional 

environments.  (B) Grain size varies significantly between depositional environments with shoreface 

and barrier shoreline sandstones significantly finer grained than the foreshore and delta plain 

sandstones.  (C) Intergranular mesoporosity, broadly matching the core analysis porosity (Fig. 5B).  (D) 

Point count detrital monocrystalline quartz showing some significant differences between 

depositional environments.  (E) Point count detrital polycrystalline quartz showing significant 

differences between depositional environments.  (F) Point count detrital rock fragments revealing low 

quantities and little difference between depositional environments.  (G) Point count K-feldspar 

cement showing low quantities, with most in foreshore and delta plain depositional environments.  

(H) Point count quartz cement showing negligible quantities and no significant differences between 

depositional environments. 

Figure 8. Plane polarised photomicrographs illustrating variation in texture in different depositional 

environments of the Brent Group.  (A) Fine grained shoreface (SF) sandstone with muscovite (Mu), 

biotite ( Bt ), K feldspar ( Ksp ), sideritised biotite (Sd-Bt ) (10712 ft-md).  (B) Foreshore (FS) sandstone 

showing dissolved K feldspar (Ksp), kaolinite cement (ka), siderite (sid ) (10541 ft-md).  (C) Delta plain 

(DP) medium grained sandstone with quartz (Qz) and localised secondary porosity due to feldspar 

grain dissolution (10425 ft-md.  (D) Barrier shoreline (BS) fine to medium grained sandstone with 

secondary porosity and siderite cement (Sid) (10259 ft-md). 

Figure 9. Ternary sandstone compositional diagram; (A) shoreface sandstones of the Rannoch 

Formation; (B) foreshore sandstones of the Etive Formation; (C) delta plain sandstones of the Ness 

Formation; (D) barrier shoreline sandstones of the Tarbert Formation, using the diagram of McBride 

(1963).  All foreshore, delta plain and barrier shoreline sandstones plot within the subarkose field with 

the exception of only two samples from Ness Formation that plots in the quartz arenite field.  Most 

foreshore samples are sublitharenites due to the presence of detrital mica. 

Figure 10. Plane polarised images summarising the key detrital reservoir quality controls.  (A and B) 

Shoreface, very fine sandstone with abundant detrital mica flakes deformed around more competent 
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quartz grains (Qz) and biotite (Bt) partly replaced by siderite (Sd) in A (10705 ft-md). Note the 

abundant pore-filling kaolinite (Ka) and  the bent muscovite (Mu) flakes and the splayed biotite grains 

(Bt) in B (10712 ft-md).  (C and D) Foreshore, medium grained sandstone with aggregates of lozenge 

shaped pore-filling siderite (Sd) in C, and abundant pore-filling kaolinite (Ka) in D  (10521 ft-md). (E 

and F) Delta plain, medium grained sandstone with pore-filling siderite (Sd) (10425 ft-md). Note the 

clean fluvial sandstone in F with feldspar overgrowth (Koc) (depth 10443 ft-md).  (F and G) Barrier 

shoreline, medium grained sandstone with open pores (depth 10259ft-md) 

Figure 11. Photomicrographs illustrating the key reservoir quality controls of the very fine-grained 

micaceous shoreface sandstones of the foreshore sandstones of the Rannoch Formation. (A) BSEM 

image showing feldspar dissolution; a common diagenetic feature in these shoreface sandstones. Also 

note the grains compaction and the splayed biotite (Bt) with siderite (Sd) within the flakes (10754ft-

md). (B) BSEM image showing framboidal pyrite (Pf), pore-filling pyrite (Ppf), lozenge-shape siderite 

(Sd) within the flakes of replacive biotite grains and syntaxial quartz overgrowths (10566 ft-md). (C) 

BSEM image of pervasive carbonate cemented interval in the shoreface sandstones of the Rannoch 

Formation, note the poikilotopic calcite (Cc) cement with floating quartz (Qz) grains (10711.42 ft-md). 

(D) BSEM image depicting the compaction of the detrital grains with grain contacts and deformed mica 

grains (10754 ft-md). (E) BSEM image showing pore-filling framboidal pyrite (Pf) clay matrix and 

feldspar cement growth (Koc) (10517ft-md). (F) BSEM image illustrating the major reservoir quality 

controlling, pore-filling kaolinite (Ka) (10673ft-md) . 

Figure 12. SEM-EDS images illustrating the key reservoir quality controls.  (A) Image of pore-filling 

kaolinite in the fine-grained shoreface sandstone.  Note the grains compaction and the splayed biotite 

with siderite within the flakes (10566 ft-md).  (B and C) Images showing the very fine grained shoreface 

sandstone with chlorite replacing biotite grain (Bt) and abundant pore-filling kaolinite within the 

pores. Note the siderite (Sd) sits within the flakes of biotite (Bt) (10754 ft-md) g pore-filling kaolinite; 

a common porosity occluding cement in the moderately well sorted foreshore sandstone. Also note 

the plagioclase grain enclosed by kaolinite (Ka) (10521 ft-md)  (D) Image showing the lozenge-shape 

pore-filling siderite in foreshore sandstone (10485 ft-md).  Colour key to SEM-EDS images shown to 

the right of the image. 

Figure 13. SEM-EDS images illustrating further key reservoir quality controls.  (A) Abundant pore-filling 

siderite; a common porosity occluding cement in the bioturbated delta plain sandstones (10337 ft-

md).  (B) Pore-filling kaolinite in channel-fill delta plain sandstones (10425 ft-md).  (C) Abundant pore-

filling siderite and kaolinite; a common porosity-occluding cement in the fine-grained, barrier 
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shoreline sandstones (10257 ft-md).  (D) Medium grained sandstone with sparse pore-filling kaolinite 

in the barrier shoreline sandstones (10274 ft-md). Key to SEM-EDS images shown in Figure 12. 

Figure 14. SEM-CL and SEI images of polished thin sections and stubs showing evidence of relatively 

small quantity of authigenic quartz cement in the Brent Group (SF: shoreface sandstones of the 

Rannoch Fm., UFS: foreshore sandstones of the Etive Fm., DP: delta plain sandstones of the Ness Fm., 

BS: barrier shoreline sandstones of the Tarbert Fm. (A and B) CL and SEM images of minor quartz and 

K-feldspar cement (10614 ft-md).  (C and D) CL and SEM images of minor quartz cement (Qoc) and K-

feldspar dissolution (10451 ft-md) (E and F) CL and SEM images of minor quartz cement and vermicular 

kaolinite (10377 ft-md). (G and H) CL and SEM images of minor quartz cement (Qoc) and abundant K-

feldspar cement (10257 ft-md). 

Figure 15. Burial history diagrams of a well 211/18a-A33 modelled using BasinMod® software package. 

Plot of temperature (ᴼC) and age of the whole drilled succession.  Vitrinite reflectance data collected 

from the five coaly intervals of the Brent Group succession were used to constrain the model.  The 

Brent Group burial history is highlighted in grey.  Note the relatively shallow and slow burial during 

the Middle Jurassic to Early Cretaceous and then rapid burial during the Late Cretaceous and Tertiary.   

Figure 16. Overall paragenetic sequence common for all depositional environments (and formations) 

represented by the Brent Group, highlighted with porosity destruction processes (red) and porosity 

enhancement processes (blue).  The various processes have been split between early and late by the 

black line,  Early are eogenetic processes; late are Mesogenetic processes. Evidence of the paragenetic 

sequence from the petrographic observation are as follows: mechanical compaction (Figs. 10B and G, 

11A and 12A), framboidal pyrite (Fig. 11B and E, 12D and 13D), biotite dissolution (Fig. 11A, 12A and 

B), feldspar dissolution (Figs. 8B, C and D, 11A) siderite precipitation, early (Figs. 8A, 11 A-C, 12 A-B) 

and late (Fig. 8B and D, 10C-E and G, 12C and D, 13 A-B) , calcite precipitation; early (Fig. 11 C) and late 

(Figs. 12B and 13C), kaolinite precipitation (Figs.10B, 11C and F, 12A-C, 13 B), K-feldspar overgrowth 

(Fig. 11E), chlorite precipitation (Figs. 12A-B and 13A-B) , illite replacement (Figs.12A-B, 13B-C), pore-

filling pyrite (Figs. 11B, 12D, 13D)  chemical compaction (Figs. 11A, 14C), quartz overgrowth (Figs. 11B, 

14A-H).   

Figure 17. Comparison of kaolinite to porosity and muscovite, with all data derived from SEM-EDS 

analysis.  Sandstones have been split into different depositional environments; SF: shoreface 

sandstones (Rannoch), FS: foreshore (Etive), DP: delta plain (Ness) and BS: barrier shoreline (Tarbert).  

(A) Kaolinite versus muscovite showing good positive correlation suggesting that kaolinite may have 

been sourced from muscovite.  (B) Kaolinite versus porosity showing good negative correlation of 
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increasing kaolinite content with decreasing porosity indicating that kaolinite is a major control on 

reservoir quality. 

Figure 18. Bar diagrams with a display of reservoir quality parameters versus depth (n=40) from the 

shoreface (Rannoch), foreshore (Etive), delta plain (Ness) and barrier shoreline (Tarbert) sandstones.  

Note the variation of the various reservoir quality parameters with depth; a general trend of porosity, 

permeability and grain size decrease with depth and the percentage of compactional porosity loss 

(COPL) increase with depth indicating that compactional processes dominated porosity loss in the 

sandstones.  Sample from delta plain sandstone at depth 10337ft marked by (*) cannot have CEPL and 

COPL due to the presence of pore-filling siderite and abundant grain replacive siderite that are hard 

to differentiate. 

Figure 19. Plots of reservoir properties, defined using point counting, split by different depositional 

environments; SF: shoreface (Rannoch), FS: foreshore (Etive), DP: delta plain (Ness) and BS: barrier 

shoreline (Tarbert) sandstones: (A) core permeability versus mean grain size, (B) core permeability 

versus sorting (Trask) (C) core porosity versus mean grain size, (D) core porosity versus sorting (Trask). 

Note the plots indicate that grain size control the reservoir quality of the sandstones with the best 

reservoir quality in delta plain and foreshore sandstones and worst in shoreface and barrier shoreline 

sandstones. Sorting does not seem to have any effect on the reservoir quality. 

Figure 20. Comparison of porosity to permeability with data divided by the two main reservoir quality 

controls and split into different depositional environments; SF: shoreface sandstones (Rannoch), FS: 

foreshore (Etive), DP: delta plain (Ness) and BS: barrier shoreline(Tarbert).  The symbols in these 

diagrams are all the same shape to facilitate better comparison of the fourth variables: kaolinite and 

grain size; the data points have also been sized according to SEM-EDS-derived kaolinite content.  (A) 

Grain size exerts a significant control on reservoir quality of the Brent sandstones with finer grain size 

equating to lower core analysis porosity and permeability.  (B) Kaolinite also exerts a significant control 

on reservoir quality of the Brent sandstones with more kaolinite equating to lower core analysis 

porosity and permeability. The samples arrowed (i) and (ii) in parts A and B are anomalous. Sample (i) 

is foreshore sandstones that is unusually matrix rich (See Appendix A, Etive Formation sample 10521ft 

(DD).  Sample (ii) is a delta plain sandstone that contains an anomalous quantity of siderite (16%) that 

has blocked pore throats but left pores relatively open thus diminishing permeability more than 

porosity (See Figure 13A). 

Figure 21. Plot of core analysis porosity and permeability with the data split by depositional 

environment (parts A to D) and coloured by the wireline log-derived Vshale (equation 1) for each core 

analysis plug point.  Small red symbols equate to low Vshale.  Large blue symbols equate to high 



36 
 

Vshale.  (A) Shoreface sandstones tend not to have the lowest Vshale values found in the three other 

depositional environments, although the very low-porosity, highly calcite-cemented samples 

(marked), have low Vshale (radioactive, K-rich clay-mineral content). There is a subtle decrease in 

Vshale as porosity increases, which is a common pattern for all four environments.  (B) The foreshore 

sandstones tend to have high porosity and permeability and low Vshale.  (C) Delta plain samples have 

a wide range of reservoir quality commensurate with the log data (Fig. 3) and the wide range of Vshale 

values; Vshale increases as porosity decreases but there is no simple relationship between the ranges 

of permeability for a given porosity and Vshale.  (D) The barrier shoreline samples broadly resemble 

the foreshore samples in terms of porosity, permeability and Vshale. 

Figure 22. Plots of intergranular volume (IGV) versus volume of cement (Houseknecht, 1988) from the 

four depositional environments.  (A) Shoreface sandstones (Rannoch Fm), (B) Foreshore sandstones 

(Etive Fm), (C) Delta plain sandstones (Ness Fm.) and (D) Barrier shoreline sandstones (Tarbert Fm.). 

The plot shows that the porosity-loss is due to both compaction and cementation. Samples from the 

pervasively calcite cemented intervals of the shoreface sandstone (part A) are anomalous compared 

to the other sandstones.  The lower intergranular porosity (and core analysis porosity) of the shoreface 

sandstones is a result of more compaction-dominated porosity-loss compared to the other 

sandstones. 

Figure 23. Plot of field-average permeability for Brent Group sandstones from the northern North Sea 

area versus depth to the crest of each field, with symbols graded by the temperature of the reservoir; 

all data taken from Figure 10.21 from the Millennium Atlas (Husmo et al., 2003).  The Thistle Field, the 

subject of this study, is present in the middle of the ranges of depth, temperature and permeability. 

Deeper reservoirs are hotter, as expected, and tend to have lower permeability, and vice versa.  The 

Thistle Field represents a moderately compacted sandstone with relatively little development of pore-

filling cement.  Shallower Brent Group sandstones tend to have higher permeability as they are less 

compacted and probably have less kaolinite.  Deeper Brent Group sandstones tend to have lower 

permeability as they undergo kinetically-controlled growth of quartz, illite and, possibly, dolomite 

cements at temperatures significantly in excess of 100C.  The spread in the data is the result of locally 

variable initial sand composition, unknown degrees of localised uplift and cooling, variable thermal 

histories and effective stress histories,  

Table captions 

Table. 1 Brent Thistle well 211/18a-A33 sedimentary facies details description tabulated with facies 

code, descriptions of grain size, structures/bioturbation, interpreted depositional environment of the 
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Brent sandstones. The facies were arranged by; (a) broad group sandstone facies and (b) silty-

sandstone, siltstones, mudstone and coal.  

Table 2. SEM-EDS normalised mineralogy data for the 40 sandstone samples selected from the 

Rannoch, Etive, Ness and Tarbert Formations from the Brent Group from well 211/18a-A33.  

Table 3. Pearson’s Correlation Coefficient matrix calculated from the SEM-EDS mineral map and 

background data. For P=values <0.05
x
, the correlation is statistically significant. P values of P<0.01

xx
 

and P<0.001
xxx

 represent very and extremely significant correlations. 

Appendix 1. Point count data for the 40 sandstone samples selected from the Rannoch, Etive, Ness 

and Tarbert Formations from the Brent Group from well 211/18a-A33. (proposed to be an online 

resource) 
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Figure 23
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Table. 1 Brent Thistle well 211/18a-A33 sedimentary facies details description tabulated 
with facies code, descriptions of grain size, structures/bioturbation, interpreted 
depositional environment of the Brent Formations. The facies were arranged by; (a) 
broad group sandstone facies and (b) silty-sandstone, siltstones, mudstone and coaly 
bed. 

Facies 
type Facies Code Descriptions Formation Sedimentary structures and bed types Trace fossils

Facies associations 
(FA)

Depositional 
environments

Sa
nd

st
on

es

mSbiot

Bioturbated muddy sandstone. The facies is characterised 
by grain size that ranges from coarse to very coarse and is 
highly unsorted and slightly argillaceous. This facies locally 
contain sideritised lithoclast and carbonaceous laminae.

Broom Mud lenses, bioturbated. sand lenses separated by 
the silty shaly partings with abruptly bed-bases.  

Thallasinodes, 
Planolites and 
Paleophycus

FA1-Fan delta

Sx-1

Planar, hummocky and swaley cross-bedded. sandstone. 
This facies association is characterised by interbedded 
parallel laminated and hummocky cross bedded and locally 
massive very fine to fine micaceous sandstone. The facies 
occasionally has thin rippled beds and swaley sedimentary 
structures.

Rannoch, 
Etive

Lamination, hummocky beds and locally massive and 
swaley beds Low bioturbated FA2- Shoreface

Sx-2

Trough cross-bedded sandstone. The facies range from fine 
to very coarse grained cross-bedded moderately sorted 
sandstone but locally becomes faintly to massive unit. The 
facies is non-bioturbated and non-micaceous. 

Etive, Ness 
and Tarbert

Cross bedding. Cross-beds are characterise by 
moderate or low angle stratification and are defined 
by marked changes in grain size and/ or by 
truncation of underlying laminae

Non-bioturbated
FA3-Foreshore, 
FA4-Delta plain

FA5- Barrier shoreline

Sf

Flaser bedded sandstone. Non bioturbated, fine to medium 
grained sandstone with mud flasers and locally mud drapes. 
The facies is characterised by uni-directional flow ripple 
sedimentary structures in the mud flaser

Ness Wave and flow ripple, mud flasers and  drapes Non-bioturbated FA4-Delta plain

Sr-lam

Rippled laminated sandstone. Characterised by combined 
wave and uni-directional flow rippled, fine-medium 
sandstone with interbedded mud and sand lenses. The mud 
and sand lenses show a division into a light coloured upper 
half and a dark coloured lower half with a horizontal 
separation between the two.

Ness
Ripples and cross lamination. The unit is 

predominantly rippled and occasionally has low 
angle cross beds.

Non-bioturbated FA4-Delta plain

Sbiot
Bioturbated sandstone. This facies is characterised by highly 
bioturbated fine-medium sandstone. Burrows are distinct; 
mostly U-shaped and vertical type.

Etive, Ness

The upper part of this unit is rootlets sandstone 
characterise by thin, subvertical, irregular, 

discontinues carbonaceous rods of 1mm wide and 1-
4cm long.

Heavily 
bioturbated. 

Diplocraterion, 
Skolithos, 

Teichicnus and 
Bergaueria.

FA3- Foreshore
FA4-Delta plain

.

Si
lty

 sa
nd

st
on

e,
 s

ilt
st

on
e,

 m
ud

st
on

e 
an

d 
co

al zSm

Massive silty sandstone. This facies is characterised by very 
fine to fine grained light brown massive sandstone. The 
facies has a sharp based with the underlying and overlying 
facies.

Rannoch Massive Non-bioturbated FA2- Shoreface

zScem

Carbonate Cemented silty sandstone. This facies is same 
with facies Sx-1 in grain size and sedimentary structures but 
differs only in cementation. The unit is pale grey very fine to 
fine completely carbonate cemented and is interbedded 
with facies Sx1. 

Rannoch Lamination, hummocky beds and occasionally 
massive and swaley beds. Non-bioturbated FA2- Shoreface

Zlam

Finely laminated siltstone. The facies is characterised by 
pale grey, silty to very fine, highly micaceous silty sandstone 
dominantly parallel laminated with minor rippled bed. This 
facies is interbedded with massive silty sandstone of facies 
zSm.

Rannoch Parallel lamination Non-bioturbated FA2-Shoreface

zMbiot
Bioturbated silty mudstone. This facies includes silty 
moderately bioturbated mudstone. The facies typically 
contains silty lenses within the dark grey mud.

Ness Silty lenses, lamination

Thallasinodes, 
Paleophycus, 
Planolites and 
Teichichnus.

FA4-Delta plain

Mm

Massive mudstone. This facies is characterised by dark 
colouration and is massive with a rare and very few silty 
streaks. The dark colouration is an indicative of high organic 
matter content.

Ness Massive and few silt lenses Non-bioturbated FA4-Delta plain

P

Coaly bed. This facies is characterised by dark colour and 
contains granule and pebble sized fragments of 
carbonaceous materials. This facies gradationally overlie the 
bioturbated and rooted sandstone of facies Sbiot. 

Ness Rip up clast and silt lenses Massive FA4-Delta plain
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