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I 

Preface
Siliciclastic sandstones constitute important reservoirs for water, oil and gas around the globe. The 

most important reservoir properties are porosity and permeability, which accommodate 

accumulation and flow of fluids in the subsurface. This thesis aims to better constrain geological 

processes resulting in porosity preservation in siliciclastic reservoir rocks, using sandstone 

successions of the Barents Shelf as a case study.

In accordance with the requirements for the degree of Philisophiae Doctor (PhD), this article-based 

dissertation was submitted to the Faculty of Mathematics and Natural Sciences at the University 

of Oslo (UiO). The candidate was enrolled as a PhD research fellow at the Department of 

Geosciences between June 2016 and May 2020, and a compilation of the work conducted during 

the four-year period is presented herein. The work was primarily funded by VISTA (project 6270) 

– A basic research collaboration program between the Norwegian Academy of Science and Letters,

and Equinor (former Statoil). Professor Helge Hellevang was the Project Director and Professor 

Jens Jahren acted as co-supervisor.

Findings from the conducted research are based on material and observations collected at the core 

storages of Norwegian Petroleum Directorate and Stratum Reservoir (formerly Weatherford 

Laboratories). It is important to note that the work of UiO master students was partially 

incorporated in the research investigation. Collaborations with the Trias North and ISBAR projects 

(under grant from the Research Council of Norway), OMV Norway and former Tullow Oil 

Norway were also beneficial to the work reported herein.

The thesis is organized by chapters covering an introduction to the research project, a review of 

state-of-the art concepts and geological framework of the study area, a summary of four research 

papers, a synthesis and conclusive remarks. Finally, a compilation of published articles and 

submitted manuscripts concludes the thesis.
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1 Introduction
Siliciclastic sandstone reservoirs are containers of the most vital and life-supporting resources 

on the planet: water, oil and natural gas. By housing fluids essential to society, reservoirs have 

been of great life-sustaining significance in ancient and modern civilizations. Subsurface 

reservoirs act as groundwater aquifers, oil- and gas reserves, conveyors of geothermal heat and 

also represent potential sites for CO2 storage. As the latter is considered a viable option for 

reducing atmospheric carbon emissions on short time scales, subsurface reservoirs will 

continue to be a lifeline for future generations. 

Although their applications largely depend on the fluids they host, most sandstone 

reservoirs condition the presence of porosity and permeability. These petrophysical properties 

define the reservoir quality and are a function of the primary sediment composition and texture, 

and its burial history (Bjørlykke, 2014). Consequently, geological processes enhancing or 

reducing porosity and permeability need to be understood in order to facilitate sustainable 

exploitation and management of all subsurface reservoirs. The overall aim of this thesis is 

therefore to investigate geological factors controlling reservoir properties in siliciclastic 

sandstones.
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1.1 The sedimentary rock cycle – from source to sink

Porosity and permeability are required to support fluid flow in siliciclastic reservoirs and these 

petrophysical properties are principally controlled by tectonic setting and basin architecture. 

Predicting properties of siliciclastic sandstone reservoirs therefore requires knowledge of 

where the sediment is derived from (“source”) and what processes it was exposed to during the 

journey to its present location in the subsurface (“sink”). During the source-to-sink passage, 

sandstone characteristics are influenced by chemical and mechanical processes involving both 

basin-external and -internal factors.

External factors affecting the primary sediment composition include the tectonic 

regime, surface relief and climatic conditions of the basin and surrounding hinterland terrains, 

whereas transport mechanisms and depositional processes represent internal factors within the 

basin that mainly control the textural properties of sedimentary particles (von Eynatten and 

Dunkl, 2012). Consequently, the sedimentary detritus is primarily composed of detrital 

framework grains reflecting the lithology of their provenance region, and fine-grained particles 

formed from mechanical abrasion of larger grains and/or as weathering products. Source-to-

sink models aim to reconstruct the sediment pathways from provenance terrain to depositional 

site. 

Once the sediment pathway from provenance to basin is established and initial 

sandstone properties are assessed, post-depositional processes – collectively referred to as 

diagenesis – must be considered when reconstructing the sediment’s burial history. Diagenetic 

processes start modifying the initial sandstone properties immediately after deposition and 

continue to do so with progressive burial. Open system diagenesis strongly dominates in the 

upper meters of burial, whereas the flow rates necessary for maintaining dissolution and 

precipitation of minerals are significantly reduced with increasing burial depth and sediment 

compaction (Bjørlykke, 1993, 1994). Consequently, the geochemical environment within the 
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sandstone transitions from open to closed, offering a possibility to predict reservoir quality 

based on assumptions about primary sediment composition from facies and provenance 

interpretations (Bjørlykke & Jahren, 2012). With these assumptions as input parameters, basin 

models aspire to reconstruct the post-depositional burial history of the sediment. 

Ultimately, the primary porosity and permeability properties at the surface are greatly 

reduced once subjected to burial. At shallow to intermediate burial depths, compaction is 

mainly mechanical as a result of increasing effective stress (Fawad et al., 2011). At deep burial 

depths, on the other hand, the primary destructor of porosity is quartz cementation, which 

initiates at temperatures of about 70ºC (Walderhaug, 1994). Grain-coatings, however, may 

inhibit this chemical compaction process, resulting in anomalously high reservoir quality in 

deeply buried sandstones (Bloch et al., 2002). Alas, predicting the presence of grain-coatings 

in a reservoir is presently at an immature stage due to the limited understanding of how these 

porosity-preserving features form (Dowey et al., 2012). 

After burial and compaction of sedimentary strata, tectonic uplift may lead to basin 

inversion and, hence, surface exposure of the sedimentary basin infill. Once subaerially 

exposed, uplifted sedimentary strata may take on the role as provenance rock within a new 

sedimentary rock cycle. In other words, the “sink” of one sedimentary cycle may act as the 

“source” for subsequent sedimentary sequences (Andersen et al., 2016) – thereby completing 

the sedimentary rock cycle (Fig. 1-1).
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Figure 1-1: The sedimentary rock cycle.

1.2 Objectives and scope of study

In this thesis, emphasis is given to how reservoir quality in siliciclastic sandstones responds to 

physiographic reconfigurations of the host basin and associated hinterland terrains. The 

integration of regional tectonism with sedimentology and diagenesis is presently regarded as 

key to successfully locate and evaluate reservoir prospects. As such, an equally important aim 

of the study is to improve our ability to predict reservoir quality by integrating methods and 

datasets ranging from basin- to microscopic scale. 

Surrounded by several tectonic provenance terrains, its central position places the 

Barents Shelf in an ideal position for studying responses in reservoir quality to physiographic 

reconfigurations (Fig. 1-2). In addition to its hydrocarbon potential, the Lower-Middle 

Mesozoic succession provides an opportunity to investigate the impact of climate on reservoir 

properties due to the documented increase in annual precipitation across the Triassic-Jurassic 
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boundary (Bonis & Kürschner, 2012; Nystuen et al., 2014; Decou et al., 2017). A particularly 

interesting feature of siliciclastic sandstone reservoirs from the Triassic sequence is the 

extensive development of grain-coating chlorite, offering a chance to study factors controlling 

the distribution of this porosity-preserving clay mineral in siliciclastic sandstones. Attempts to 

delineate the grain-coating origin and formation processes were of special interest. 

Figure 1-2: The Barents Sea is surrounded by several ancient orogenic terrains that were 

tectonically active in the past. These hinterland regions represent potential source areas for 

Mesozoic sediments. Figure modified by B.G. Haile after Rosa et al. (2016).
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Findings from this investigation are applicable within a general framework as it 

provides insights into development of reservoir quality with shifting tectonic configurations 

and climate. Obtained knowledge may therefore transfer to other sedimentary basins with 

structural similarities and siliciclastic sandstones of comparable texture and mineralogy.

1.3 Data and methods

Using an extensive sample database from offshore drill cores covering Triassic and Jurassic 

successions (>130 collected samples) on the western Barents Shelf, this study aims to build a 

better understanding of the link between sedimentary provenance, depositional setting, and 

reservoir quality. Such analyses require integration of a variety of geoscientific disciplines, 

including tectonic modelling, sedimentology, sequence stratigraphy, geochemistry and 

mineralogy. Consequently, a number of core sample analyses were incorporated with 

sedimentological facies analyses of drill cores and results from previously conducted basin 

modelling and seismic sequence stratigraphic studies reported in the literature (Table 1-1).

Table 1-1: Data of multiple scales were incorporated in this thesis investigation.

Tectonic scale 
(literature-based)

Basin scale 
(literature-based) Wellbore scale Microscopic scale

Lithospheric 
modelling.
Orogenic 
evolution of 
provenance 
regions.
Climate models.

Seismic sequence 
stratigraphy.
Onshore analogues 
from the Svalbard 
archipelagos.
Regional uplift 
estimates.

Sedimentological 
facies analysis.
Wireline log 
analysis.

X-ray diffraction (XRD).
Scanning Electron microscopy 
(SEM).
Cathodoluminescence (CL) 
spectroscopy.
Modal analysis.
U-Pb zircon geochronology.
Fluid inclusion 
microthermometry.
Core plug data.
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2 Scientific framework
Several geological factors influence the extrabasinal sediment supply, basin infill dynamics 

and burial history of sedimentary basins. Basin analyses aims to reconstruct the transport and 

burial pathways that led the sediment from its origin to its present residence in the subsurface. 

Although findings from this research are highly relevant for hydrocarbon exploration efforts in 

the Barents Sea, the processes governing the evolution of reservoir quality may also apply to 

siliciclastic sandstone reservoirs deposited within basins of equally complex structural 

development. Principles of basin analysis and characteristic traits of the Lower-Middle 

Mesozoic basin of the Barents Shelf therefore constitute the scientific framework for this thesis. 

Chapter objectives:

Establish a scientific framework for the synthesis.

Basin characterization of the Lower-Middle Mesozoic Barents Shelf.

7



2.1 Concepts of basin analysis

Building on conceptual principles in sedimentology and diagenesis, basin analyses trace the 

sedimentary basin infill back to its source terrain and reconstruct its post-depositional burial 

history. The following chapter sections present important physical and chemical processes that 

produce and modify siliciclastic sediment along the source-to-sink profile through geological 

time (Fig. 2-1).

Figure 2-1: Sedimentary particles are subjected to numerous modification processes during 

their transport, burial and uplift history (black solid line). This chapter covers external (2.1.1) 

and internal (2.1.2) forcing factors controlling basin infill dynamics, diagenetic alterations 

during burial (2.1.3) and post-burial uplift and particle recycling (2.1.4).

 

2.1.1 External forcing factors controlling sedimentary basin infill dynamics

Sediment production and supply from erosional catchment to depositional basin depends 

primarily upon the lithology of rocks in the hinterland, climatic conditions and source-to-sink 

gradient (Leeder et al., 1998). These external forcing factors consecutively control the 
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mineralogical and textural properties of the primary sedimentary basin infill and thereby 

execute major influence on the resulting reservoir quality (Eide et al., 2017; Fig. 2-2).

Figure 2-2: Climate, hinterland lithology and the physiographic architecture of the basin 

dictate the textural and mineralogical properties of sandy sediment along the source-to-sink 

profile.

The mineralogical assemblage of the basin infill is primarily determined by the 

extrabasinal sediment supply from the surrounding hinterland drainage basins (Armitage et al., 

2011). Consequently, the lithology of catchment areas largely determines the assortment of 

minerals delivered to the basin. Although the most abundant minerals in the upper continental 

crust are feldspars and quartz (Meissner et al., 1986), lithospheric deformation may expose 

lower crustal rocks at the surface and thereby introduce mafic minerals to the lithological 

assembly of the catchment area (Coney and Harms, 1984). The associated sedimentary basin 

may as a result receive higher concentrations of chemically labile mineral components 

particularly prone to surface weathering and diagenetic alterations. 
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Simultaneously, annual precipitation rates influence weathering and erosion rates in 

hinterland drainage basins and thereby control production and supply of sediments from the 

catchment area to the basin (Armitage et al., 2011). By influencing the number of freeze and 

thaw events, and the development of soils, temperature (linked to paleo-latitude and -altitude) 

also impact erosion intensity (Thodsen et al., 2008). In addition, climate governs the 

predominant type of weathering (physical or chemical), sediment transport mechanisms 

(section 2.1.2) and early diagenetic reactions (section 2.1.3.1). Physical weathering is likely to 

dominate in arid and semi-arid landscapes and at high latitudes with cold climates. Under these 

conditions, eroded detritus is subjected to abrasion and particle-size reduction by 

disaggregation during transport (Joo et al., 2016; McFadden et al., 2005). In humid climatic 

conditions, erosion products are expected to contain higher concentrations of argillaceous clay 

material due to increased chemical weathering in the catchment area (White and Blum, 1995). 

Other climate-sensitive features that influence the sedimentary basin infill are soil 

profile development and vegetation. As vegetation contributes to stabilization of soil in the 

catchment area, the type of plant species, vegetation coverage and the length of the growth 

season of terrestrial plants indirectly influences sediment supply to the basin (Woodward and 

Williams, 1987; Sevink, 1991; Gray and Sotir, 1996; Patterson et al., 1999; Lesschen et al., 

2008; Mickovski et al., 2009). Variation in vegetation type and density along channel profiles 

also influence sediment retention, river bank stability and channel erosion in the basin 

(Sandercock and Hooke, 2011). Incorporation of organic matter into sediments influence pore 

water chemistry and diagenetic alterations in sandstones during and/or immediately after 

deposition (Imam and Shaw, 1985, 1987; Hornibrook and Longstaffe, 1996; Islam, 2009; 

Gould et al., 2010). Organic matter serve as an important oxygen consumer and reducing agent 

at the redox boundary (section 2.1.3.1) and a source of acids that accelerate weathering and 

soil formation.
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The basin physiography, as defined by eustacy and tectonics, influences the 

modification of extrabasinal sediment supply, mainly by controlling the duration of weathering 

(Johnsson and Stallard, 1989). Steep source-to-sink profiles (e.g. active terrestrial rift valleys) 

favour deposition of poorly sorted sediment because the time available for textural 

modification in the basin is limited (Armitage et al., 2011). When the residence time of 

minerals within soils is short, cation-rich weathering products with an abundance of unstable 

mineral phases accumulate. By contrast, flat terrains (e.g. post-rift passive margins and 

epicontinental basins) facilitate advancement of fine-grained and well sorted sedimentary basin 

infill, where rates at which loose solids are weathered may exceed rates at which slope 

processes can remove this material (Johnsson and Stallard, 1989). Long transport distances and 

prolonged textural modification are therefore promoted in basins with low source-to-sink 

gradients (Armitage et al., 2011). Shallow sedimentary basins with water depths less than 200 

m are sensitive to variations in relative sea-level that relocate the shoreline significantly, 

alternating between submergence and exposure of large shelf areas over distances exceeding 

several hundred kilometres (Glørstad-Clark, 2011). 

2.1.2 Sediment transport and facies distribution

Eroded particles shed from the hinterland regions are fractionated according to grain size, shape 

and density by gravity, abrasion and weathering along the transport profile (von Eynatten and 

Dunkl, 2012). The interaction of sedimentary particles and the transporting media (i.e. water, 

air or ice) has significant implications for the distribution of textural parameters of the 

sedimentary basin infill (Nichols, 2009). The size, shape and sorting of sedimentary particles 

relate to proximity to the hinterland terrain, weathering intensity and the hydrodynamic 

conditions active during sedimentary transport and within the depositional environment 
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(Krumbein, 1941; Twenhofel, 1945; Kuenen, 1959; Crook, 1968; Visher, 1969; Cleary & 

Conolly, 1971; Glaister & Nelson, 1974; Folk, 1980; Dott Jr., 2003). 

Transport of material under permanent water saturated conditions is by far the most 

significant of all transport mechanisms (Nichols, 2009; Fig. 2-3). Particularly in humid 

systems, common transport mechanisms are subaqueous suspension, saltation and creep in 

fluvial channels (Shi et al., 2012), where river discharge, competence and capacity increase as 

a function of higher annual precipitation (Thodsen et al., 2008; Armitage et al., 2011). By 

contrast, bedload makes a far greater contribution to sediment yield in desert environments 

(Laronne and Reid, 1993). 

Figure 2-3: Modes of aqueous sediment transport. Fine-grained particles (silt and clay) often 

constitute the suspended load, while coarse particles are typically transported by sliding and 

rolling at the bottom of the stream. Sandy particles tend to be transported by intermittent jumps, 

termed saltation. The stream competence varies with current velocity.

The duration, frequency and fierceness of particle transport also influence the primary 

texture and layering of sedimentary deposits. For example, rapid and violent particle transport 

during ephemeral sedimentation in arid areas can be up to 400 times more efficient at 

transporting coarse material than perennial counterparts in humid zones. Poor layer 
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development associated with rapid rise and fall in water discharge also reduce the size-selective 

transport of clasts and winnowing of argillaceous material in ephemeral streams (Laronne and 

Reid, 1993).

The environment at any point on the land surface or under the sea may be characterized 

by the physical and chemical processes operating there and the organisms that live under those 

conditions (Nichols, 2009). As relicts of diagnostic processes may be preserved in the 

stratigraphic record, sedimentary facies are bodies of rock that contain distinct characteristics 

representative for specific depositional conditions (Reading and Levell, 1996). Dividing and 

categorizing sedimentary strata into facies and facies associations is therefore essential when 

interpreting past depositional environments, and strengthens our abilities to predict rock 

properties in the subsurface (Bjørlykke, 2014). Facies analyses are commonly based on the 

recognition of lithology, texture, bedding characteristics, sedimentary structures, fossil content 

and grain sizes. 

2.1.3 Diagenesis in siliciclastic sedimentary basins

The term diagenesis collectively refers to all post-depositional physical, chemical or biological 

processes that transform loose sediment into consolidated rock, prior to onset of 

metamorphism. As the surface temperature, pressure and fluid chemistry change with 

increasing burial, the original sedimentary assemblage respond in a manner that constantly 

attempts to reach a state of equilibrium with the current environment (Curtis, 1977; Burley et 

al., 1985). Consequently, the primary composition of the sediments is progressively altered by 

the transformation of labile minerals into stable secondary phases produced locally within the 

basin (Bjørlykke and Jahren, 2015). 
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2.1.3.1 Early diagenesis
The highest potential for sediment alteration occurs at shallow burial depths (1 – 10 m), where 

the sediment is in constant disequilibrium with the atmosphere and meteoric groundwater and 

sharp geochemical gradients develop. This chemically open system allows for the addition or 

removal of dissolved solids from the original sediment assemblage, as long as disequilibrium 

is maintained by meteoric water flow. The total flow of meteoric water through the sandstone 

will be an inverse function of the sedimentation rate, and the freshwater flux will be a function 

of the slope of the groundwater table above sea level and the permeability and connectedness 

of the sand bodies (Bjørlykke, 2014). Rise or lowering of the water table associated with 

changing annual precipitation rates therefore controls early diagenetic processes, where the 

most important reactions are: 1) meteoric leaching of labile framework grains (e.g. feldspar, 

mica and lithics), 2) early carbonate cementation, and 3) redox-driven reactions at the sea 

water-sediment interface (Bjørlykke, 1993). 

Dissolution of feldspar and mica grains in favour of kaolinite precipitation is amongst 

the most common leaching reactions in siliciclastic sandstones (Bjørlykke and Jahren, 2015). 

Kaolinite formed during early diagenesis typically displays a vermicular growth pattern, where 

individual crystals are stacked in pseudohexagonal plates termed “booklets”. Due to the 

specific hydrodynamic conditions required to form kaolinite during early diagenesis, the 

relative content of this authigenic clay mineral is extensively used as a proxy for humid climatic 

conditions (Nystuen et al., 2014). The degree of meteoric leaching can also provide an 

indication about sedimentation rates and the permeability and connectedness of sand bodies at 

shallow depth (Bjørlykke, 2014). While some scholars entertain the thought of secondary 

porosity as a significant contributor to reservoir quality enhancement (Loucks et al., 1984;

Schmidt and McDonald, 1979; Mathisen, 1984; Taylor, 1990; Ehrenberg and Jakobsen, 2001),

others claim that secondary pore space created by early diagenetic leaching represents a minor 
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proportion of total porosity as it is quickly destroyed by mechanical compaction (Taylor et al., 

2010; Bjørlykke and Jahren, 2015).

Marine organisms composed of aragonite dissolve during relatively shallow burial and 

calcite precipitates either as replacements within the fossils or as cement in pore space between 

the grains (Bjørlykke and Jahren, 2015). Carbonate cement may form layers or concretions in 

sandstones and depending on its geometrical distribution, carbonate-cemented zones may have 

a profound influence on reservoir quality and lateral connectivity properties (Walderhaug and 

Bjørkum, 1998). The original distribution of biogenic carbonate controls the occurrence of 

calcite-cemented zones, which are often associated with marine-influenced environments with 

high biological productivity and low clastic input. Carbonaceous debris may also be 

incorporated into siliciclastic sediment by reworking processes. Volumetrically uniform 

dispersal of carbonate in sedimentary packages advances the formation of randomly scattered 

carbonate concretions, whereas pelagic deposition of biogenic carbonate debris forms 

stratabound concretions or continuously cemented layers (Bjørkum and Walderhaug, 1990). 

Although a volumetrically negligible constituent of the sedimentary basin, the 1-20 cm 

thin redox boundary is a significant sediment alteration agent. This interval represents a zone 

of rapid oxygen decrease associated with decomposition of organic matter at the sea water-

sediment interface. The oxygen depletion largely influences concentrations of ions with very 

different solubilities in oxygenated and reducing pore water conditions (Bjørlykke and Jahren, 

2015). Because of its low solubility in the oxidised state, reduced iron may be transported 

upwards through the sediment and precipitate as iron oxides on the sea floor, or as pyrite or 

siderite below the redox boundary. The early diagenetic formation of Fe-rich clay minerals, 

such as odinite and berthierine, may play an essential role in the development of porosity-

preserving grain-coatings (section 2.1.3.3) and occur only in sediments that have not been 

buried more than a few cm beneath the sediment-water interface (Odin and Gupta, 1988).
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Bioturbation accelerates modification processes at the redox boundary by mixing and 

oxidising the sediment at the sea or lake floor (Bjørlykke and Jahren, 2015). Accelerated 

weathering and mineral authigenesis occur through the combined process of digestion, 

ingestion and excretion of sediment by annelid worms (Needham et al., 2004, 2006). 

Neoformed minerals and biofilms produced by animal-sediment and bio-sediment interactions 

may also form attachment surfaces (i.e. “glue”) for grain-coating precursor clays and thereby 

pose a plausible control on reservoir quality (McIlroy et al., 2003; Wooldridge et al., 2017b). 

However, bioturbation may also significantly reduce the porosity and permeability of 

sandstone reservoirs by mixing clay with clean sand.

2.1.3.2 Burial diagenesis
With increasing burial, the porosity and bulk volume of sediments are reduced by different 

compaction processes. The shift from stress-dependent compaction to temperature-dependent 

compaction necessitates a distinction between mechanical and chemical compaction domains 

(Lander and Walderhaug, 1999; Bjørlykke, 2003). Although fundamentally different, the two 

compaction domains collaborate in driving the sedimentary basin infill towards higher 

mechanical and thermodynamic stability (Bjørlykke, 1999).

Mechanical compaction initiates immediately after deposition and is the dominant 

compaction process at shallow to intermediate burial depths. The effective stress generated by 

the weight of overburden strata cause reorientation, bending and breaking of sand grains, 

leading to a denser and more stable packing of the grain framework. As a consequence, the 

intergranular volume (IGV) is reduced until stabilized at around 26%, which represents the 

highest density packing that can be achieved by spheres (cubic close-packing) (Ramm, 1992; 

Paxton et al., 2002). The rate of mechanical compaction is governed by the initial sandstone 

composition and texture, where lithic and poorly sorted sands compact more readily than well-

sorted and quartz-rich sands (Pittman and Larese, 1991; Chuhan et al., 2002; Fawad et al., 
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2011; Fig. 2-4). Due to the lower number of load-bearing grain contacts, coarse-grained 

sandstones have higher compressibility compared to fine-grained sandstones (Chuhan et al., 

2002, 2003). Pore fluids entrapped during compaction of rapidly deposited sediment or gas 

released from source rocks may increase the pore pressure and effectively counteract 

mechanical compaction (Swarbick and Osbourne, 1998). This may be critical for the 

preservation of porosity in sandstones prone to mechanical compaction, such as grain-coated 

reservoirs (section 2.1.3.3). 

Figure 2-4: Compaction experiments of A) quartz arenites (Chuhan et al., 2003) and B) lithic 

sands (Pittman and Larese, 1991) show that the degree of mechanical compaction is related to 

the mineralogy and texture of framework grains.

When burial depths correspond to temperatures around 70℃, the precipitation rate of 

quartz become sufficient for syntaxial overgrowths to nucleate on detrital grain surfaces 

(Bjørlykke and Egeberg, 1993; Walderhaug 1994; Bjørlykke, 2003). The precipitation of only 
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2-4% quartz cement will significantly strengthen the rock and stabilize the grain framework to 

avert further mechanical compaction (Bjørlykke and Jahren, 2015). Thus, the onset of quartz 

nucleation marks the transition from the mechanical to the chemical compaction domain. 

Quartz cementation is a slow, continuous and precipitation-controlled process governed by 

temperature and availability of nucleation sites (Bjørlykke and Egeberg, 1993). The current 

paradigm states that the source of silica is local and that detrital quartz grains dissolve along 

stylolites and clay laminae by clay-induced dissolution at these interfaces (Oelkers et al., 1996, 

2000; Walderhaug et al., 2004). The apparent IGV stabilization at 26%, even in deeply buried 

sandstones, suggests that grain-to-grain pressure solution may be an insignificant source of 

silica in most sandstones (Paxton et al., 2002).  Porosity will continue to decline proportionally 

to the amount of quartz cement precipitated and the quartz cementation process can be 

modelled accurately by the time-temperature integral after Walderhaug et al. (2001) (Fig. 2-5). 

Ultimately, initial porosity and permeability properties of loose sediment at the surface

are reduced by stress-sensitive mechanical compaction during shallow burial and by 

temperature-sensitive chemical compaction at greater depths (Bjørlykke, 2003). However, 

anomalously high porosity may be preserved in deeply buried sandstone reservoirs by the 

presence of grain-coating clay minerals (Block et al., 2002; Taylor et al., 2010). 
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Figure 2-5: Thickness reduction of a 100 m thick sandstone due to quartz cementation at 

constant temperature (after Walderhaug et al., 2001).

2.1.3.3 Porosity-preservation at deep burial
By occupying possible nucleation sites for quartz, grain-coating clay minerals may preserve 

porosity in deeply buried sandstones by retarding precipitation of authigenic quartz cement on 

detrital grains (Ehrenberg, 1993). Although illite, smectite, kaolinite and microquartz may 

serve a similar purpose with respect to porosity-preservation (Aase et al., 1996; Ramm et al., 

1997; Storvoll et al., 2002), the most important grain-coating clay mineral is chlorite. 

A number of chemical variations can form within the 2:1:1 tetrahedral-octahedral-

tetrahedral crystal lattice of chlorite, but iron- and magnesium-rich endmembers are the main 

constituents incorporated in coatings (Dowey et al., 2012). While Mg-rich chlorite-coatings are 

mostly fixated by evaporation of clay-containing pore waters in continental environments 

(Hillier, 1994), Fe-rich (ferriferous) chlorite-coatings formed under permanent water-saturated 

conditions are more common in marginal-marine to fluvial reservoir sandstones (Dowey et al., 

2012). As a significant portion of all sandstone reservoirs occur in deltaic and coastal 
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environments (Ahlbrandt et al., 2005), ferriferous chlorite-coatings are exclusively addressed 

in this thesis.

As inferred from the chemical composition of chamosite, availability of iron is 

necessary for the development of ferriferous chlorite-coatings. In most documented cases, iron 

is thought to derive from i) dissolution and/or alteration of detrital lithic rock fragments, ii)

mechanical infiltration of Fe-rich argillaceous material, iii) flocculation of iron oxides and 

hydroxides at river inputs and/or iv) syn-/post-depositional biogenic activity (Ehrenberg, 1993; 

Martin et al., 1994; Hornibrook and Longstaffe, 1996; Baker et al., 2000; Grigsby, 2001; 

McIllroy et al., 2003; Salem, 2005; Peng et al., 2009). Although production of neoformed 

minerals by sea floor diagenesis and micro-/macrobiotic activity occurs locally in the basin 

(e.g. bacterial clay authigenesis and faecal pellets), it is clear from the published record that 

river-supplied iron is essential to the generation of chlorite-coatings (Dowey, 2012). As such, 

most ferriferous ions, grains and argillaceous material ultimately reflect the lithology of rocks 

exposed in the hinterland drainage basins (Worden and Morad, 2003). The role of tectonics 

and weathering in the generation of material suitable to the formation of chlorite is therefore 

evident, and a strong tie to continents and latitudes favouring chemical weathering is inferred 

(Dowey et al., 2012).

In some sandstone reservoirs, ferriferous chlorite-coatings display a two-fold nature 

with an inner, tangentially oriented and anhedral coating enclosed by an outer rim of euhedral, 

radially oriented crystals (Berger et al., 2009; Dowey et al., 2017; Wooldridge et al., 2019). 

This two-fold appearance is thought to reflect the progressive growth mechanism of chlorite-

coatings, where a detrital precursor coating recrystallizes at shallow- to intermediate burial 

depths and constitutes the nucleation substrate for an in situ authigenic chlorite-coating at 

greater depth (Aagaard et al., 2000; Fig. 2-6). Consequently, the link between provenance and 
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the development of chlorite-coatings is indirectly connected via syn-depositional precursor 

phases that were incorporated into sands at or close to the surface. 

Multiple studies of ancient and modern shallow marine systems target the mineralogy 

and formation process of Fe-rich precursor phases (Ehrenberg, 1993; Grigsby, 2001; Huggett 

et al., 2015; Wooldridge et al., 2019). Most authors refer to the work of Odin et al. (1988) and 

Odin (1990), who described development of Fe-rich clays in modern marine sediments where 

syn-depositional interaction between sea water and sediment facilitates formation of 

metastable clays such as odinite and berthierine (section 2.1.3.1). Primary crystallization of 

berthierine requires a supply of iron and reducing conditions (Curtis and Spears, 1968; Curtis, 

1985), which is facilitated in brackish or fresh waters with low concentrations of sulphate and 

organic carbon (Hornibrook and Longstaffe, 1996). As neither odinite nor berthierine are found 

in ancient sediments exposed to temperatures exceeding 70℃, Odin (1990) postulated that 

these Fe-rich precursors transform into more stable clay mineral phases during early 

diagenesis. Odinite and berthierine may also form from biological activity (Stonecipher and 

May, 1990; Konhauser & Urrutia, 1999; McIllroy et al., 2003; Needham et al., 2004, 2006) or 

by dissolution of pellets, ooids or flocculated clays deposited close to river inlets (Huggett et 

al., 2015). 
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Figure 2-6: The evolution of clay-coating morphology from detrital- to diagenetic clay-coating 

phases. Figure after Wooldridge et al. (2019).

Fe-rich smectite is another frequently reported precursor phase that may have formed 

from dissolution or early diagenetic alteration of volcanic rock fragments, before being 

incorporated into sandy sediment by mechanical infiltration (Anjos et al., 2003; Lou et al., 

2009). As opposed to the Fe-rich marine clays, smectite is often associated with terrestrial 

deposits and thus represents a possible precursor for grain-coatings in continental sandstones 
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(Walker et al. 1978; Moraes and De Ros 1990; Remy 1994; Tang et al. 1994; Salem et al., 

2005).

Although the hydrodynamic conditions facilitating emplacement of precursor phases 

onto detrital grain surfaces are said to be of essential importance, reservoir modelling of 

chlorite-coated sandstones remains challenging due to poor control on factors constraining the 

distribution of precursor coating phases. Subtle petrographic differences between various 

deltaic sub-environments are expressed in both composition, texture and diagenesis, suggesting 

that distinct hydrodynamic conditions are required to emplace precursor coating phases onto 

detrital framework grains (Nentwich and Yole, 1997; Wooldridge et al., 2017; Haile et al., 

2018). Available laboratory experiments targeting mechanical infiltration of clays in sandy 

sediment are unable to explain all modes of coating occurrences in the stratigraphic record 

(Matlack et al., 1989). Linking precursor coating emplacement to diagenesis, facies and 

regional-scale geology is presently at an immature stage but attempts to attribute the potential 

for porosity-preservation to depositional settings have recently become more common (Haile 

et al., 2018). 

The growth of chlorite-coatings is regarded as a gradual, continuous process reflecting 

progressive instability of lower-temperature precursor clays with increasing burial. By a 

process referred to as Ostwald ripening, amorphous or poorly crystalline precursor phases are 

progressively rearranged into highly crystalline Fe-chlorite via interstratified, mixed-layered 

phases (Jahren, 1991; Ehrenberg, 1993; Ryan and Reynolds, 1996). Chemical variations in 

individual chlorite crystals of diagenetic origin indicate a temperature-dependent chemical 

zonation, where grain-coating chlorite appears to form from Fe-rich precursors at temperatures 

around 90℃ (Jahren, 1992; Aagaard et al., 2000). Additional iron supply during authigenic 

chlorite growth is often interpreted to derive from alteration of detrital ferriferous rock 

fragments, such as ooids, faecal pellets and volcanic/metamorphic/sedimentary epiclasts 
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(Baker et al., 2000; Anjos et al., 2003; Salem et al., 2005; Berger et al., 2009; Lou et al., 2009; 

Huggett et al., 2015).

The development of rock properties in chlorite-coated reservoirs during burial is 

different from uncoated reservoirs. The reduction of quartz cement nucleation rates allow 

mechanical compaction to continue at higher temperatures in coated sandstone reservoirs. 

Consequently, the reservoir quality remains a function of the initial compositional and textural 

properties of the sandstone and how the sediment responds to mechanical compaction. 

2.1.4 Sedimentary basin recycling

During tectonic uplift, the sedimentary basin infill may be brought back up to the zone of 

meteoric water flow or even to levels of surface exposure (Siever, 1979). In addition to 

exposing sedimentary rocks to surface weathering and erosion, the vertical displacement of the 

basin infill may slow down or stagnate diagenetic sequences, thereby complicating subsurface 

reservoir predictions in structurally complex basins (Nieto et al., 2005). Understanding the 

uplift and erosion history of sedimentary basins therefore play a critical role in the evaluation 

of petroleum system prospectivity (Henriksen et al., 2011a). 

Sedimentary particle recycling associated with oscillatory burial and uplift sequences 

represents the most elusive problem in provenance analyses, particularly in the distinction 

between primary first-cycle and multi-cycle grains (Blatt, 1967; Campbell et al., 2005). 

Primary first-cycle grains consist of igneous or meta-igneous minerals that crystallized during 

the orogenic event that created the topography from which the particles were eroded off in the 

most recent sedimentary cycle (Campbell et al., 2005). By contrast, multi-cycle grains derive 

from sedimentary or meta-sedimentary rocks that were caught up in tectonic deformation and 

do not display a direct source-to-sink relationship with the orogeny responsible for mineral 

crystallization. As such, sedimentary recycling has fundamental implications for source-to-sink 

reconstructions.
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The presence of recycled detritus is qualitatively revealed by the occurrence of quartz 

grains with abraded overgrowths, together with a series of parameters including high 

quartz/feldspar and zircon-tourmaline-rutile (ZTR) indices and low plagioclase/feldspar and 

heavy-mineral concentration (Garzanti et al., 2018). As labile grain components are 

progressively removed from the grain assembly by weathering and diagenetic processes over 

geological time, recycled sedimentary detritus tend to be enriched in stable mineral 

components, such as quartz grains (Garzanti, 2017). Strong diagenetic overprint in most 

ancient sandstones devours grains that are not chemically resistant, leaving a scanty residue of 

provenance indicators difficult to interpret. This is particularly true when diagenetic effects 

accumulate through multiple sedimentary cycles (Garzanti and Andò, 2019).
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2.2 The Lower-Middle Mesozoic Barents Shelf 

Compared to its well-established counterparts in the North and Norwegian seas, the Barents 

Shelf offshore northern Norway remains the last underexplored area of the Norwegian 

Continental Shelf (NCS) and is still considered an immature geological region. The following 

chapter sections highlight characteristic traits of the Lower-Middle Mesozoic Barents Sea 

basin.

2.2.1 Hydrocarbon prospectivity of the Barents Shelf

Norwegian authorities estimate that more than 60% of the remaining petroleum resources on 

NCS are located in the Barents Sea (NPD, 2018). Amongst the undiscovered resources, more 

than half are expected to reside in Triassic or older plays, although the Jurassic succession 

contains the most prolific reservoir intervals (Fig. 2-7). Despite optimistic resource 

assessments from the Norwegian Petroleum Directorate, the region has yet to live up to its high 

expectations as a hydrocarbon province as few major discoveries have materialized after more 

than 150 wells drilled (Equinor, 2020). Disappointing drilling results have largely been related 

to the shelf’s complicated and extensive uplift history, resulting in unexpected hydrocarbon 

spillage and poor reservoir quality assessments for Triassic prospects. Reservoir quality 

predictions still pose a great challenge in this structurally complex hydrocarbon province. An 

important objective of this thesis was therefore to obtain conceptual and regional knowledge 

important for reservoir assessments and prospecting of Lower-Middle Mesozoic sandstones in 

the Barents Sea. 
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Figure 2-7: Recoverable undiscovered resources in each area of the NCS by stratigraphic 

interval (NPD, 2018).

2.2.2 Tectonic configuration of the Mesozoic Barents Sea Basin

Underlying structural architecture inherited from the collapse of the Caledonian Orogeny had 

a profound influence of the subsequent Mesozoic basin development (Dorè, 1991). Following 

the Caledonian Orogeny, Late Palaeozoic rifting led to the development of half grabens and, 

subsequently, a regional sag basin covering large parts of the current Barents Shelf 

(Gudlaugsson et al., 1998). The combination of regional subsidence, large-scale transgression 

and a shift toward warm and arid climate led to the development of a regional carbonate 

platform with evaporate deposition in deep marine environments and sabkhas and salinas 

during the Late Carboniferous (Henriksen et al., 2011b). These conditions prevailed until Late 

Permian, when carbonate sedimentation was replaced by siliciclastic deposition attributed to 

uplift in the east, induced by the onset of the Uralide Orogeny (Henriksen et al., 2011b). 

During the entire Triassic period, the Barents Sea Basin comprised a several hundred 

kilometers wide epicontinental basin characterized by its exceptional width (more than 1000 

km from the Uralide thrust front) and foredeep subsidence (Glørstad-Clark et al., 2010; 
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Klausen et al., 2019). Exceptionally high subsidence in the eastern Barents Sea facilitated the 

accommodation of up to 4 - 7 kilometer thick siliciclastic successions. Most authors agree that 

crustal movements associated with the formation of the Uralian Mountain Belt, uplift of 

Novaya Zemlya and activity in the Taimyr Fold Belt affected the formation of accommodation 

space in this part of the basin (Glørstad-Clark et al., 2010). Adding to the tectonic load enforced 

by orogenic thrust sheets in the east, the extraordinary subsidence during the Permo-Triassic 

can only be supported by additional mechanisms such as sediment loading and/or metamorphic 

loading by a high-density lower crustal body (Gac et al., 2012). Variations in sediment supply 

throughout the Triassic remain poorly understood. 

Another dominant stratigraphic feature of the Barents Shelf is the major unconformity 

truncating Mesozoic strata across large areas of the shelf (Henriksen et al. 2011b). Late 

Cenozoic uplift and erosion affected large parts of the shelf, where up to three km of 

overburden have been removed in the northern regions (Cavanagh et al., 2006). Most burial 

diagenesis concepts (section 2.1.3.2) were developed from basins where progressive 

subsidence has occurred without subsequent uplift (e.g. North Sea). In contrast to its 

neighbouring shelves in the south, the complex structural and stratigraphic development of the 

Barents Shelf has left the area with a complicated exhumation and subsidence history (Baig et 

al., 2016). With this complex tectonic history, maximum burial conditions prior to uplift and 

erosion must be restored in order to apply diagenesis concepts in the Barents Sea Basin. 

Accordingly, reservoir characterization must be addressed by combining information from 

multiple methods and techniques ranging from tectonic- to microscopic scales.

2.2.3 The Triassic Barents Sea basin

Due to its significant petroleum potential, the tectono-sedimentary evolution of the Triassic 

succession on the Barents Shelf has been under particular examination in recent years 

(Glørstad-Clark, 2010, 2011; Klausen et al., 2014, 2015, 2017a, 2017b; Anell et al., 2014, 
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2016; Eide et al., 2017; Faleide et al., 2018). These studies describe a basin where an unusually 

thick Triassic sedimentary package was accumulated during the Induan stage. Following a 

substantial increase in sedimentation rates at the Permo-Triassic boundary, relative sea-level 

stability and tectonic quiescence from the Olenekian to the Late Norian facilitated supply-

driven delta progradation into a relatively shallow (>500 m) and almost constantly overfilled 

basin (Klausen et al., 2019). As the relatively shallow water depths suppressed vertical stacking 

of sediments, lateral and progradational stacking was promoted. Moderate to low 

sedimentation rates is inferred from prolonged arid- to semi-arid climatic conditions, 

punctuated by shorter periods of increased annual precipitation (Huchuli and Vigran, 2010; 

Mueller et al., 2016). 

The Triassic succession is subdivided into five sequences of north-westerly prograding 

clinoforms that can be traced back to the Uralide Orogeny southeast of the Barents Shelf 

(Glørstad-Clark, 2010). Siliciclastic sandstones are mostly concentrated within major (up to 20 

km wide), stable and meandering channel systems located in clinoform topsets (Glørstad-

Clark, 2011; Klausen et al., 2014, 2015). Separated by pronounced flooding surfaces covering 

the entire shelf area, progradational clinoform sequences are grouped into lithostratigraphic 

formations where the Anisian Kobbe Formation, Ladinian-Carnian Snadd Formation and 

Norian-Rhaetian Fruholmen Formation were targeted for this thesis investigation (Fig. 2-8).
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Figure 2-8: Lower-Middle Mesozoic lithostratigraphy of Svalbard and its subsurface 

equivalents in the Barents Sea. Sandstones analysed for this thesis constitute parts of the 

formations from the Barents Sea (indicated by red squares). Chart modified after Lord et al. 

(2019).

2.2.4 The Jurassic Barents Sea basin

From the Late Triassic to the Early Jurassic, the western Barents Shelf transitioned from a high-

to a low-accommodation basin (Ryseth, 2014). This transition is reflected in the vertical 
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distribution of sedimentary strata across the shelf, where the Triassic sequence is significantly 

thicker than the condensed Jurassic sequence above (Fig. 2-9). The transition is also associated 

with a pronounced increase in reservoir quality. Jurassic sandstones represent the most prolific 

petroleum reservoirs in the Barents Sea hydrocarbon province, whereas the Triassic reservoirs 

display a wider range of properties.  

Figure 2-9: Stratigraphic cross section across the southwestern Barents Shelf showing the 

vertical distribution of Triassic (purple) versus Jurassic (light blue) strata. Figure modified

from the CO2 Storage Atlas of the southern Barents Sea (NPD, 2019).

The majority of published petrography studies from the Upper Triassic and Jurassic 

successions in the Barents Sea has been conducted in areas open to hydrocarbon exploration 

activity, which, until recently, has concentrated around the southern margins of the basin 

(Bergan & Knarud, 1993; Ryseth, 2014). Conversely, data points covering the Triassic-Jurassic 

transition in the offshore basin interior are scarce in published literature (Mørk, 1999; Fleming 

et al., 2016), making special correlations with onshore data from Svalbard and associated 

archipelagos on the northern Barents Shelf challenging (Mørk et al., 1982). A strong 

petrographic contrast documented across the Early Norian flooding surface along the southern 
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basin margin is, however, correlated to similar observations from the northern Barents Shelf. 

Based on this correlation, the compositional shift in the Early Norian has been described as 

“the most distinct and regionally important petrographic turn-around in the whole Arctic 

region” (Bergan & Knarud, 1993). The compositional shift has been related to rejuvenation of 

the Fennoscandian and Caledonian hinterland terrains, increased annual precipitation and 

reduced subsidence rates (Ryseth, 2014). 

Despite its obvious influence on reservoir properties, the shift at the Triassic-Jurassic 

boundary, and the geological processes responsible for it, are still poorly understood. Was the 

shift abrupt or gradual? Does it display the same signature throughout the basin, or are there 

spatial differences? Is the increase in reservoir quality associated with provenance or climatic 

shifts, reworking, or perhaps a combination? These questions constituted a starting point for 

the thesis investigation. 

32



3 Article summaries
A compilation of article summaries, where main findings and conclusions are laid out, is 

presented in this chapter. For the complete version of each article or manuscript, the reader is 

referred to the Appendix section.  

Chapter objectives:

Present main findings from conducted investigations.
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3.1 Reservoir quality of chlorite-coated sandstone reservoirs (Article I)

Factors controlling the reservoir properties of channelized sandstones from the Triassic Kobbe 

and Snadd formations in the southwestern Barents Sea were investigated. Petrographic samples 

from offshore wells penetrating Anisian and Carnian channel systems sourced from the Uralide 

Orogeny reveal fine-grained, litharenithic sandstones with extensive chlorite-coating 

development. Hence, a considerable part of this investigation was allocated to the distribution 

of chlorite-coatings and the consequences for reservoir quality. 

Chemical analyses of samples from the Barents Sea reveal an iron-rich endmember in 

all studied specimens from the Triassic succession. Two generations of chlorite coatings were 

distinguished by their crystal morphologies and iron content: 1) An anhedral, tangentially-

oriented and relatively iron-depleted chlorite-coating observed in grain surface indentations 

and at grain-to-grain contacts, and 2) a euhedral, radially-oriented and iron-rich chlorite-

coating enclosing detrital framework grains. Its absence on grain-to-grain contacts suggests a 

recrystallized origin for the second coating, which likely used the inner coating as growth 

substrate. As the tangentially oriented chlorite-coating was observed at grain-to-grain contacts 

and around detrital grains in early calcite cemented samples (IGV up to 40%), its emplacement 

must have occurred prior to significant packing and compaction of the sediment. The iron-

enrichment of the outer coating is believed to reflect a purification process where specific 

mineral species are concentrated in the crystal state, while other species are remobilized into 

the aqueous state (Jahren and Aagaard, 1992; Jahren, 1991; Hillier, 1994). Dissolution of 

detrital ferric rock fragments may represent an additional supply of iron that could have 

contributed to the enrichment process.

By comparing intergranular volumes measured from thin sections with established 

burial depth trends for the study area, the coatings were found to efficiently inhibit quartz 

cementation and thereby preserve porosity at burial temperatures exceeding 70°C. As quartz 
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cementation and internal strengthening of the grain framework is hindered by the presence of 

chlorite-coatings, mechanical compaction prevails as the main porosity-reducing agent with 

progressive burial. Lithic grains compensate for the increasing pressure by squeezing into the 

intergranular volume and around more rigid monocrystalline grains, thereby enhancing the 

compressibility of the sandstone. This is reflected in the abundance of long or concavo-convex 

grain contacts. The ductile grain deformation appears to limit grain fracturing, although the 

intergranular volume is greatly reduced. Overall, about 70% of the volume loss in the 

investigated samples is related to mechanical compaction.

3.2 Petrographic responses to physiographic reconfigurations (Article II)

In this study, mechanisms behind the increased reservoir quality across the Triassic-Jurassic 

boundary were investigated by coupling petrography with geochronological zircon data. In 

contrast to the unified litharenithic sandstone compositions in the Anisian and Carnian channel 

systems (Article I), Norian-Rhaetian sandstone compositions shift and scatter into three 

distinctly different compositions representing different basin locations:

1) Channelized sandstones along the southern basin margin displays a quartz arenitic 

composition with extreme mineralogical maturity. Geochronological zircon data 

confirm a Fennoscandian source terrain for these deposits. 

2) In the west, K-feldspar becomes a larger part of the framework grain assembly 

compared to the plagioclase-rich sandstones of the underlying Triassic formations. The 

concentration of ferric mineral components is also significantly reduced across the 

Carnian-Norian boundary in this part of the basin. Detrital zircons reveal a mixed 

geochronological signature, including Uralian, Caledonian and Fennoscandian age 

peaks. 

3) In the basin interior, compositional contrasts between Norian sandstones and 

underlying Triassic strata are less pronounced. The subarkosic sandstones contain 
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similar ferric mineral components that characterize the Carnian litharenites but the 

characteristic chlorite-coatings of the Carnian Snadd Formation are replaced by pore 

filling chlorite in the Norian Fruholmen Formation, which has no impact on porosity-

preservation at greater burial depths. Uralide age peaks are prominent, but minor 

contributions from Caledonide- and Fennoscandia-sourced material are also inferred 

from geochronological analyses.

The strong compositional contrast documented across the Early Norian flooding surface 

along the southern basin margin can unquestionably be related to renewed supply from the 

Fennoscandian source terrain. The documented age signatures in the west may indicate mixing 

of sandy material from multiple provenance terrains, or possibly recycling of underlying 

Triassic units in combination with renewed supply from rejuvenated hinterlands in the south. 

A particularly interesting feature here is the occurrence of zircons with ages that are close to 

the depositional age, indicating that an igneous source terrain was supplying sediments to the

western Barents Shelf during the Late Triassic. The basin interior appears to have received an 

abundance of younger zircon grains associated with the Uralide hinterland, but also here we 

document ages that approximates the depositional age. 

The most striking petrographic change across the Carnian-Norian boundary in the basin 

interior is the abrupt reduction or disappearance of igneous rock fragments and chloritized 

pseudomorphs from the framework grain assembly. Secondly, the petrographic shift is 

associated with the incoming of recycled quartz grains, indicating sediment supply from a 

novel provenance terrain with exposed sedimentary rock types (Article III). A third 

petrographic distinction is the replacement of extensive chlorite-coatings by pore filling 

chlorite in Norian channels. Finally, a major increase in kaolin clay material is registered in 

Norian-Rhaetian strata (section 3.3). 
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During the Jurassic, sandstone compositions shifted towards a quartz-dominated 

mineralogy in all basin locations. The poorly sorted Tubåen Formation contains a mixture of 

large quartz grains likely sourced from the Caledonian and Fennoscandian hinterlands, and 

smaller grains that could represent recycling of uplifted strata on the Barents Shelf, as indicated 

from the geochronological zircon data. A recycled Uralide signature is also indicated from 

detrital zircon data in the Nordmela Formation in the basin interior, which share textural 

characteristics with the underlying Fruholmen Formation, although significantly more quartz-

rich. Signatures from all three hinterland terrains are documented in the Stø Formation in the 

basin interior. These sandstones typically display quartz arenitic compositions and have higher 

textural maturity compared to the underlying formations. 

Recycling of underlying formations, in combination with increasing quartz supply from 

the Caledonian and Fennoscandian hinterlands, are likely responsible for the compositional 

maturity increase documented across the Triassic-Jurassic boundary. As a consequence of 

structural reorganization in the basin and surrounding hinterland terrains, a gradual shift 

towards higher compositional and textural maturity have enhanced the reservoir quality of 

siliciclastic sandstones in the western Barents Sea over time. By integrating mineralogical and 

textural analyses with geochronological zircon data, compositional changes associated with 

provenance shifts can be distinguished from processes related to climatic changes, diagenesis 

and sedimentary facies.

3.3 Reservoir quality responses to climatic shift (Article II)
A gradual increase in the kaolin content was documented towards the top of the cored 

Fruholmen Formation at several basin locations. An average drop of 10% in total feldspar 

content coincides with a similar increase in kaolin, indicating a shift towards higher diagenetic 

weathering from Carnian to Norian. Although kaolin booklets are documented in the Norian 

basin record, the significant kaolin increase is rather attributed to an abundance of small, 
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anhedral kaolin crystals that occur in a mixed assembly with other clay fraction particles. Based 

on the morphology and mixed composition of the pore-fill, aluminium-rich clay particles are 

interpreted as the remnants of floodplain clays that were incorporated into channelized 

sandstones during fluvial erosion and river bank collapse under humid climatic conditions.

3.4 Evidence for sedimentary particle recycling (Articles III and IV)
Detailed analyses of quartz overgrowths collected from onshore and offshore successions on 

the Barents Shelf reveal, for the first time, evidence of grain recycling in Norian - Bajocian 

strata. The presence of authigenic cements in unconsolidated sediment on Svalbard, clearly 

demonstrates that grains covered by overgrowths are allogenic and must derive from older, 

consolidated sedimentary rock. Quartz cement was distinguished from detrital quartz by their 

different SEM-CL luminescence spectra. Recycled grains were also detected from optical 

microscopy, but only in the presence of dust rims or fluid inclusions outlining detrital grain 

surfaces. The existence of rounded authigenic quartz overgrowths, multiple cement 

generations, overgrowths at sutured grain contacts and early burial diagenetic phases 

(microquartz) enclosing high-temperature authigenic cements is regarded as compelling 

evidence for particle recycling. Evidence from fluid inclusion microthermometry 

measurements further indicates that the quartz cement crystallized at significantly deeper burial 

depths than established temperatures trends would suggest for the Norian – Bajocian strata on 

the Barents Shelf. 

These observations have implications for the structural configuration of the Barents 

Shelf and the surrounding hinterland terrains, as the recycled grains most likely originate from 

exposed sedimentary rocks that were uplifted more than 3.5 km, denudated and deposited in 

the Barents Sea basin during the Norian. Several potential provenance terrains surrounding the 

Barents Shelf are established as sediment suppliers on the basis of detrital zircon 

geochronology documented from the basin infill (Bue & Andresen, 2014; Fleming et al., 2016; 
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Klausen et al., 2017a). The nearest source candidate for these recycled grains is the Novaya 

Zemlya archipelago to the east, where the whole Mesozoic succession is missing. The regional 

occurrence might also suggest that recycled grains are overlooked and more common in the 

Late Triassic-Middle Jurassic strata than previously recorded. 
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4 Synthesis
The Triassic-Jurassic transition on the Barents Shelf displays an extensive compositional and 

textural maturation of siliciclastic sandstone intervals, resulting in a drastic shift in reservoir 

play concept. In this chapter, findings from the conducted investigation are used to demonstrate 

how sandstone composition and reservoir quality respond to physiographic reconfigurations. 

Reflections regarding future research efforts are also addressed herein. 

Chapter objectives:

Physiographic controls on evolution of Lower-Middle Mesozoic sandstone 

compositions on the Barents Shelf.

Reservoir quality distribution and prospectivity.

New multidisciplinary approach for assessing sedimentary recycling.

Suggestions for future research efforts.
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4.1 Evolution of sandstone composition 

The evolution of sandstone compositions in the Lower-Middle Mesozoic succession of the 

Barents Shelf appears to be related to provenance, basin physiography and recycling processes 

– all of which are governed by climate and the tectonic configuration of the basin and 

surrounding hinterland terrains. A generalized model for evolution of sandstone compositions 

with changing basin and hinterland configurations is hypothesized in this section (Fig. 4-1).

Figure 4-1: The QFL diagram illustrates the evolution of sandstone compositions across the 

Triassic-Jurassic boundary on the western Barents Shelf. Predominantly sourced from the 

southeastern Uralide (green arrow) and Caledonian/Fennoscandian catchments in the south 

(blue arrow), sandstone compositions evolved with changing climate, hinterland and basin 

configurations. Numbers indicate three main compositional trends (described below).

Litharenitic- to sub-litharenitic compositions dominate sandstone successions 

deposited in the Barents Sea basin from the Anisian to the Late Carnian (point 1, Fig. 4-1). 

Eroded detritus delivered to the basin carry mineralogical signatures from eastern catchment 

areas of igneous and metamorphic lithologies. Weathering of such terrains has consequently 

yielded an extrabasinal sediment supply with mafic and labile mineral constituents (Mørk, 
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1999; Article I). Despite the Barents Sea basin displaying an extensively wide and low-

gradient configuration promoting chemical weathering (Johnsson and Stallard, 1989), regional 

preservation of labile minerals such as epidote, pyroxene, amphibole and feldspars have been 

facilitated hundreds of kilometers away from the provenance terrain (Mørk, 1999; Haile et al., 

2018; Article I). Supply-driven basin infill dynamics enabled by relative sea-level stability and 

tectonic quiescence (Klausen et al., 2019) may have limited the time each volume of sediment 

resided within the early diagenetic realm, thereby restricting leaching processes in the basin. 

In addition, prolonged arid- to semi-arid conditions may have been an important physiographic 

control for preserving labile sedimentary constituents by decelerating chemical weathering and 

by constraining the distribution and growth period of terrestrial vegetation. A flat delta system 

gradient would also be prone to marine incursions and without a significant potentiometric 

gradient between the groundwater table and base level, leaching processes would be slow or 

stagnate. 

After more than 30 million years of predominantly litharenitic sediment supply, 

siliciclastic sandstones with Uralide provenance signatures shifted towards subarkosic 

compositions in the Latest Triassic (point 2, Fig. 4-1). Because fluvial channel deposits of the 

Norian-Rhaetian Fruholmen Formation are strikingly similar to the channel systems of the 

underlying Snadd Formation, a continuation of the Late Carnian fluvial architecture and basin 

infill dynamics is inferred. During the Latest Triassic, petrographic and geochronological 

signatures of the Uralide Orogeny were progressively diluted by Caldeonian and 

Fennoscandian provenance signatures. As such, the relative feldspar increase in the QFL-

diagram is likely a combined consequence of minor sediment contribution from rejuvenated 

provenance terrains in the south and removal of lithic components from the framework grain 

assembly. The entering of recycled sedimentary particles in the Norian suggests that the 

removal of labile grains may be related to uplift and erosion of older sedimentary rocks with 

43



Uralide age signatures (Article III). This provenance shift involved the tectonic inversion of a 

deep (3-4 km) paleo-basin that may have constituted an ancient part of the Uralide foreland 

basin system. As this foreland basin was progressively caught up in tectonic deformation, the 

uplifted sedimentary basin infill – carrying diagnostic signatures from its Uralide proto-source 

– was introduced as a novel provenance region for the Barents Sea basin. The compositional 

shift in the Norian may thus reflect a change in provenance rock type – from an 

igneous/metamorphic provenance terrain to a drainage basin composed of sedimentary rock. 

As the novel hinterland terrain is chronologically and mineralogically linked to the ancient 

Uralide provenance, this sedimentary recycling event can only be identified by combining 

geochronology, geothermometry and geochemical analyses techniques (Article III).

A shift towards more humid climatic conditions in the Norian-Rhaetian is indicated 

from a regional increase in kaolin ratios (Nystuen et al., 2014; Decou et al., 2017; Article II).

Increased chemical weathering following higher annual precipitation would likely amplify 

compositional maturation of sandstones by removing labile mineral grains from the framework 

grain assembly (section 2.1.3). However, this relationship has not been confirmed from the 

present study due to the limited distribution of authigenic kaolin booklets. Instead, the mixed 

clay composition and anhedral morphology of the kaolin pore fill suggests syn-sedimentary 

incorporation of floodplain clays into channel sandstones during fluvial erosion and river bank 

collapse. Although the development of aluminum-rich soil profiles can be attributed to higher 

annual precipitation in the Latest Triassic, the subarkosic sandstone assembly indicates that 

climate was a subordinate modifier of primary sandstone compositions compared to 

provenance shift and sedimentary recycling. Climate-enhanced mineralogical maturation in the 

Barents Sea have likely been obscured by contemporaneous quartz-enrichment from 

provenance shifts and recycling.
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In the Jurassic, compressional forces from the protruding Novaya Zemlya Fold and 

Thrust Belt transformed the western Barents Shelf from a depositional sink to an area of uplift 

and erosion which was prone to sea level fluctuations (Müller et al., 2019). Supply-driven delta 

progradation from the southeast was replaced by sediment starvation and bypass through the 

development of a foreland bulge (Müller et al., 2019). The contemporaneous development of 

a foredeep basin on the eastern Barents Shelf likely terminated the direct sediment supply from 

eastern provenance terrains (Klausen et al., 2017a). Uralide age signatures documented from 

Jurassic strata on the western Barents Shelf have been linked to uplift-induced recycling of the 

underlying Triassic succession (Article II). This interpretation is supported by a 

stratigraphically upwards dilution of Uralide age signatures, until only Caledonian and 

Fennoscandian prevail in Middle Jurassic strata (Klausen et al., 2017a, 2018). Uplift-induced 

recycling, in combination with quartz-rich sediment supply from rejuvenated hinterland 

terrains and established humid climatic conditions, are therefore considered as the main factors 

driving siliciclastic sandstones towards unified quartz arenitic compositions (point 3, Fig. 4-1). 

Textural maturation of Jurassic sandstones has been associated with prolonged low 

sedimentation rates and multiple cycles of intra-basinal reworking in marginal marine 

environments. 

4.2 Reservoir quality and prospectivity

By following established principles of sandstone compaction (section 2.1.3), subsurface 

reservoir quality can be assessed if initial sandstone compositions, texture and 

burial/temperature histories are known (Bjørlykke, 2014). As such, the reservoir quality and 

prospectivity of Lower-Middle Mesozoic sandstones of the Barents Shelf are largely connected 

to the physiographic development of the basin and surrounding hinterland terrains (section 

4.1).
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Channelized Triassic sandstone reservoirs of the Barents Shelf are characterized by 

extensive development of chlorite-coatings (Article I). By inhibiting nucleation of syntaxial 

quartz cement, chlorite-coated reservoirs are largely relieved from chemical compaction 

processes and thereby display a potential for preserving porosity in deeply buried prospects. 

However, as the detrital grain framework must carry the load from overburden sediments 

without assistance from cement stiffening, these reservoirs are prone to mechanical compaction 

processes. High compressibility of polycrystalline and polymineralic lithic rock fragments 

(Pittman & Larese, 1991) is evident from the case study, where the best Triassic reservoir 

prospects are found in sandstone units subjected to shallower burial depths (Figure 4-2). 

Although the permeability of Triassic sandstone reservoirs probably suffers from narrow pore 

throat diameters in fine-grained sediment, the large number of load-bearing grain contacts 

enhances the sediment’s resistance to mechanical packing compared to coarser sandstones of 

similar composition (Chuhan et al., 2003; Fawad et al., 2011). Reservoir quality predictions 

for chlorite-coated litharenites depend on the initial composition, texture and burial history of 

the sediment, which can be modelled through mechanical compaction experiments of sediment 

of similar mineralogy and texture. Prospectivity of chlorite-coated sandstone reservoirs on the 

western Barents Shelf must therefore be assessed from experimental compaction trends and 

accurate reconstructions of the temperature/burial history of the basin. 
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Figure 4-2: Reservoir quality of chlorite-coated, channelized Snadd Formation sandstones, 

color-coded by maximum burial depth.

The chlorite detected in Norian-Rhaetian sandstones primarily distributes as 

argillaceous pore fill and has no impact on porosity-preservation at greater burial (Article II).

This demonstrates that an initial iron-rich composition is not the sole prerequisite for grain-

coating development. In the absence of chlorite-coatings, the reservoir quality of Norian-

Rhaetian sandstones depends on the distribution of compositional maturity and sediment burial 

depth. As lithic grains deform more readily compared to quartz and feldspar grains (Pittman 

and Larese, 1991), litharenites are generally more compressible and acquire a greater loss of 

primary porosity by mechanical compaction as opposed to sandstones of higher compositional 

maturity. The sampled Norian-Rhaetian interval displays a diverse sandstone assembly where 

high compositional maturity is related to Caledonian and Fennoscandian hinterland proximity 

(Article II). Higher compositional maturity is also associated with removal of labile grain 

components through sedimentary recycling in eastern hinterland regions (Article III).

Reservoir quality predictions of Norian-Rhaetian prospects thus rely on knowledge of 
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provenance terrains and regional sediment routing patterns. The compositional maturity is 

expected to be high along the southern basin margins and decreasing towards the basin interior, 

where a higher portion of the framework grains are fine-grained lithic particles sourced from 

the east (Article II). However, mixing of quartz-rich sediment supply from the south and 

recycled grains from the east may also produce high-quality sandstone reservoirs in the basin 

interior. The best reservoir properties of the Norian-Rhaetian sequence are expected in high-

energy depositional settings with low accumulation of pore filling argillaceous material. 

Jurassic quartz arenites generally display the best reservoir prospects on the Barents 

Shelf, as long as the intergranular pore space is clean and the target interval has remained below 

threshold temperature for onset of chemical compaction (Fig. 4-3). In contrast to the Triassic 

reservoirs, the potential for chlorite-coating development is negligible to absent due to a lack 

of sufficient iron in the Jurassic sedimentary system. However, a scattered and sparsely 

distributed illite-coating unveils a porosity-preservation potential in deeply buried quartz 

arenites. A possible facies-dependent relationship may exist for illite-coatings but as the origin 

and formation processes are poorly understood, their distribution is currently impossible to 

predict. The mechanical strength of the quartz-rich grain assembly makes the Jurassic 

reservoirs more resistant to mechanical compaction compared to the underlying Triassic 

reservoirs. In general, most Jurassic quartz arenites are prone to quartz cementation at greater 

burial and stratigraphic intervals subjected to shallower burial depths (<2 km) prior to uplift 

have the best prospect potential.
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Figure 4-3: Reservoir quality of Triassic and Jurassic sandstones, color-coded by formation.

4.3 Novel approach for assessing sedimentary recycling

One of the greatest challenges in petrographic interpretation of sandstones is to evaluate the 

abundance of first-cycle detritus and sedimentary particles of polycyclic origin (Blatt, 1967). 

Geochemistry, geothermometry and geochronology analyses of individual detrital grains 

constitute the most conventional techniques for extracting such information from the 

sedimentary record (von Eynatten and Dunkl, 2012). Although routinely used in sedimentary 

provenance studies, sand routing information using single-grain analysis alone may be 

obscured by repeated sedimentary reworking cycles and mineral fertility variations (Andersen 

et al., 2013; Flowerdew et al., 2019). Another unfortunate effect of sedimentary recycling is 

the apparent increase in grain size associated with inherited authigenic overgrowths. In the 

absence of dust rims or fluid inclusions outlining the surface of the primary grain, inherited 
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overgrowths are impossible to detect by optical microscopy alone. Interpreters may, as a 

consequence, assign the measured grain size properties to the primary sediment and thereby 

jeopardize provenance, transport and facies interpretations. Validation therefore relies on 

combining multiple analytical techniques, which is the only solution to overcome ambiguous 

information from the sedimentary rock record.

In Article III and IV, we demonstrate the combined use of high-resolution petrography 

techniques (SEM, CL and optical microscopy) and fluid inclusion microthermometry in 

assessing sedimentary recycling. Microtextural surface properties of authigenic quartz 

overgrowths may reveal signs of abrasion and/or corrosion, which infer post-burial surface 

exposure. Such observations can be used to identify and quantify recycled particles in 

sedimentary successions and point towards provenance drainage basins containing exposed 

sedimentary rocks. When combined with fluid inclusion microthermometry, overgrowth 

crystallization temperatures may yield additional information about the tectonic history of the 

provenance region. In the Barents Shelf case study, this combined approach narrowed down 

potential provenance candidates significantly (Article III), and has the potential to do so in 

other siliciclastic basins worldwide (Article IV).

The use of authigenic phases as evidence for sedimentary recycling is not novel (Henry 

and Dutrow, 1992; Morton and Hurst, 1995; Bouch et al., 2002; Meinhold, 2010). Advantages 

of the approach presented herein, as opposed to other single- and multidisciplinary techniques 

(Campbell et al., 2005; Tyrell et al., 2009), are the volumetric significance of quartz 

constituents in polycyclic sediments and quartz overgrowth resilience to weathering, 

sedimentary transport and diagenetic overprinting. Besides, most authigenic phases carry no 

permanent temperature record of past burial cycles. If automated mapping procedures by 

Scanning Electron Microscopy (SEM/EDS), cathodoluminescence spectroscopy (CL) and 

optical microscopy of quartz are applied, this combined single-grain technique can be routinely 
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employed in source-to-sink reconstructions in sedimentary basins. However, it should be 

emphasized that the concept only applies to grains previously subjected to the chemical 

compaction domain (>70℃). Recycled grains subjected to shallower burial temperatures bear

no diagenetic imprint from former burial cycles. 

The generic value of the investigation exhibited in Articles III and IV derives 

primarily from the methodology used to link microtextural and temperature properties of 

diagenetic quartz overgrowths to past tectonism and provenance candidates. The novel 

approach presented herein does not replace information retrieved by geochemical and 

geochronological single-grain analyses, but should be regarded as supplementary and 

complementary to conventional techniques.

4.4 Future research opportunities

A number of opportunities to expand on the research reported herein exist. Petrographic data 

from the Barents Shelf is scarce in published literature and a general recommendation is to 

pursue more efforts in sediment characterization through petrographic analysis in this 

geological province in the future.

4.4.1 Basin infill dynamics through time

Due to the hydrocarbon potential in the Late Triassic – Middle Jurassic stratigraphic intervals, 

these depositional sequences received particular attention during this thesis investigation. 

However, to understand sediment transport networks and geodynamic changes in the sediment 

source areas through time, the work presented herein ought to be expanded to include the entire 

Triassic succession and eastern parts of the Barents Shelf. Proper distinction between sand 

types derived from various hinterland terrains is a prerequisite for determining mixing ratios 

and variations in reservoir characteristics through time. The basinward extent of southerly-
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derived sandstones is particularly interesting for reservoir prospectivity purposes in the region 

and ought to be further investigated. 

Variations in sedimentation rate through time remain poorly understood. Sedimentary 

influx rates were very large (exceeding present-day Amazon) during the Induan, decreasing in 

the Olenekian, very low during the Anisian to Ladinian time interval, increasing again during 

Carnian and low in the Norian-Rhaetian. What forcing factors were responsible for this 

alternating trend in sediment supply rates throughout the Triassic period? Petrographic, 

geochronological and geochemical provenance data should be integrated with sediment 

volumes and –transport directions from regional seismic to gain a better understanding of the 

basin infill history and geodynamics of eastern and southern provenance regions.

4.4.2 Development of chlorite-coatings in fluvial sandstone reservoirs

Most documented chlorite-coating occurrences are observed in delta-related environments 

(40%), with fluvial environments accounting for around 20% (Dowey et al., 2012). Only two 

out of ten fluvial/floodplain environments display abundant arid- or semi-arid control on 

chlorite-coating development (Taylor, 1978; Moraes and De Ros, 1990). This demonstrates 

that accumulation of Fe-rich precursor phases under arid conditions is rarely reported, and the 

Triassic Barents Shelf case study represent a unique recording of extensive chlorite-coating 

accumulation under prolonged arid- to semi-arid conditions worthy of further investigation. 

The widespread distribution of chlorite-coatings in the Triassic fluvial channel complexes also 

contrasts with modern examples, where accumulation of grain-coating clays are typically 

restricted to distinct depositional sub-environments (Dowey et al., 2017; Wooldridge et al., 

2017a; Griffiths et al., 2018). Processes responsible for regional accumulation of chlorite-

coatings in continental channel sandstones therefore require further inquiry. 

A topic deserving of particular attention in future research endeavours are precursor 

coating emplacement processes. Even though alternating hydrodynamic conditions in intertidal 
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sub-environments facilitate mixing of sand and clay particles, these facies do not constitute 

typical high-quality reservoir sequences due to the simultaneous concentration of pore filling 

clays. Moreover, chlorite-coatings are also documented in sandstones with clean pore spaces 

and in sedimentary facies without evident tidal- or bioturbation signatures. Future research 

ventures should therefore aim to delineate conditions and processes that promote grain-coating 

clay emplacement, while suppressing accumulation of argillaceous material in the pore space. 

Clay particles may overcome the hydrodynamic segregation by sticking to adhesive 

biofilm coats produced in sand-rich sediments (Wooldridge et al., 2017b). However, the link 

between biofilms and grain-coatings remain unconstrained. 

Sedimentary reworking could also oppress accumulation of argillaceous pore fill in 

sandy sediment, as indicated by the stability and preservation of grain-coating clays in flume 

experiments (Verhagen et al., 2020). The presence of anhedral and tangential chlorite crystals 

at grain-to-grain contacts reported from the Barents Sea case study may suggest that the 

precursor coating material did not form in situ, but was emplaced prior to final sedimentary 

transport. Thus, the link between clay-coating emplacement processes and the depositional 

environment of the host sediment may be challenged by the reworking hypothesis and ought 

to be further explored. 

Understanding the factors controlling mode of clay occurrence in sandy sediment is 

critical for the advancement of subsurface reservoir quality prediction. Experimental 

approaches targeting chemical and physical conditions facilitating clay-coating emplacement 

is therefore needed. More than 30 years have passed since the last laboratory experiment 

investigating clay-coating distribution processes in sandy sediment was conducted (Matlack et 

al., 1989). With recent advances in the study of post-depositional compaction processes, earlier 

interpretations should be revisited and viewed in light of established diagenetic models. Fluid 
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flow experiments simulating mechanical infiltration of clay-sized particles in sands of various 

texture and mineralogy could measure the movement of fine-grained sediment through various 

lithologies. 

4.4.3 Mapping and quantification of recycled grains

We are currently in the early stages of recognizing recycled particles in the Lower-Middle 

Mesozoic succession of the Barents Shelf. Their regional occurrence might suggest that 

recycled grains are overlooked and more common in the Late Triassic-Middle Jurassic strata 

than previously recorded. As corroded quartz overgrowths are only detectable from optical 

microscopy if the original surface of the grain is outlined by fluid inclusions or dust rims, 

underreporting may be linked to choice of method and scope of study. Spatial and stratigraphic 

mapping and quantification of these grains through confident identification by detailed SEM-

CL analyses may therefore constrain the timing and distribution limits of this extrabasinal 

sediment supply. 

Recycled grains may yield direct temperature measurements of their former burial 

cycles, and a systematic compilation of homogenization temperatures may therefore provide 

input for tectonic models, refined paleogeographic reconstructions and aid in deciphering the 

geodynamic evolution of hinterland regions surrounding the Barents Shelf. 
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5 Conclusive remarks
The articles included in this thesis collection investigate geological factors controlling 

composition and reservoir properties of siliciclastic sandstones, using data from the Barents 

Shelf as case study. Although the motivation for this investigation was to improve subsurface 

reservoir quality predictions and prospectivity in the Barents Sea, the presented findings are 

generally applicable and transferable to other geoscientific purposes – independent of the 

nature of the hosting fluid. Methods and concepts derived from geological characterization of 

siliciclastic reservoirs during this study may therefore be of relevance for CO2 storage 

assessments, enhanced oil recovery and subsurface heat and contaminant transport.

Based on the reported findings, the following statements are synthesized:

During the Triassic, supply-driven basin infill dynamics and prolonged arid climate likely

facilitated regional preservation of litharenitic sediment sourced from 

igneous/metamorphic drainage basins in the Uralide hinterland. The accumulation of Fe-

rich precursor clay-coatings has been linked to the ferriferous extrabasinal sediment 

supply but the grain-coating emplacement process remains elusive. The subsequent 

development of chlorite-coatings effectively inhibit chemical compaction in Triassic 
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sandstone reservoirs. The high compressibility of polycrystalline and polymineralic lithic 

rock fragments make litharenites susceptible to mechanical compaction. The best 

reservoir properties are therefore found in sandstones subjected to shallower (< 2 km) 

burial depths prior to uplift.

The Norian-Rhaetian sandstone succession holds records of geodynamic changes in the 

surrounding hinterland regions. Rejuvenation of southern provenance terrains appears to 

align with the tectonic inversion of a 3-4 km deep sedimentary basin that probably 

constituted an ancient part of the Uralide foreland basin system. Climate-enhanced 

mineralogical maturation is likely obscured by quartz-enrichment from provenance shifts 

and recycling. Prospectivity therefore relies on knowledge of regional sediment routing 

patterns. High-quality sandstone reservoirs are expected along the southern basin 

margins, but also in high-energy depositional settings with low accumulation of pore-

filling argillaceous material in the basin interior.

In the Jurassic, supply-driven delta progradation was replaced by sediment starvation and 

bypass through the development of a foreland bulge associated with the protrusion of the 

Novaya Zemlya Fold and Thrust Belt. The direct sediment supply from eastern 

provenance terrains terminated due to a contemporaneous foredeep development in the 

eastern Barents Sea. Quartz arenitic compositions are linked to uplift-induced recycling 

of underlying Triassic successions and quartz-rich sediment supply from southern 

hinterland terrains. Textural maturation is associated with prolonged low sedimentation 

rates and multiple cycles of intra-basinal reworking in marginal marine environments. 

The quartz arenites are prone to chemical compaction at greater burial and stratigraphic 

intervals subjected to shallower burial depths (<2 km) have the best prospect potential. 

Although the potential for chlorite-coating development is negligible to absent, a 
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scattered and sparsely distributed illite-coating unveils a porosity-preservation potential 

in deeply buried quartz arenites.

Despite their volumetric significance and stability under sedimentary and diagenetic 

conditions, the use of single quartz grains as indicators of past tectonism is presently 

underexplored.

From the synthesis outlined herein, future research opportunities include:

Enhance understanding of variations in sedimentation rate, sediment transport networks 

and geodynamic changes in the sediment source areas through time.

Unveil processes responsible for regional accumulation of chlorite-coatings in 

continental channel sandstones.

Unravel physical and chemical processes facilitating emplacement of grain-coating 

precursor clays in sandy sediment. Experimental approaches targeting chemical and 

physical conditions facilitating clay-coating emplacement is needed.

Constrain the timing and distribution limits of recycled sediment supply. Spatial and 

stratigraphic mapping and quantification of recycled grains through confident 

identification by detailed SEM-CL analyses is advised. 

The use of diagnostic luminescence spectra for igneous, metamorphic and diagenetic 

quartz as a complementary provenance indicator to detrital zircon and heavy mineral 

analyses should be assessed.
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A B S T R A C T

The relationship between diagenetic evolution and reservoir quality in large-scale Middle – Late Triassic aged
channel systems (up to 20 km wide) in the southwestern Barents Sea is investigated through core plug data, XRD,
SEM- and modal analyses. The studied channel systems are likely sourced from the southeastern Uralide
mountain range and are characterized by chemically unstable clastic sediment and well-developed, porosity-
preserving chlorite coatings. Chlorite coatings occupy potential quartz nucleation sites on the framework grain
surfaces and likely prevent significant chemical compaction in deeply buried sandstones. Porosity-reduction is
believed to follow mechanical compaction trends of similar sandstone compositions. Modelling and prediction of
porosity preservation in Middle - Late Triassic channel sandstones in the study area is therefore possible, if
temperature histories and sandstone compositions are well constrained.

The tidally influenced channel and fluvial-dominated channels in this study show significant variation in
reservoir quality. These differences are found to be linked to amount of allogenic matrix and grain size, which
significantly reduces the permeability in the tidally influenced channel. If seismic distinction between different
channel types is impossible, the distribution of permeability is considered unpredictable.

Chlorite coatings in the investigated channels are interpreted to be diagenetic overprints of a precursor clay
phase, which appears to have a strong link to the Uralian provenance. Coating precursor emplacement likely
occurs prior to significant burial, but the exact physical conditions enabling this process remain elusive without
systematic laboratory and analogue studies.

1. Introduction

Chlorite coatings are responsible for preserving anomalously high
porosities in deeply buried Middle – Late Triassic sandstone reservoirs
in the structurally complex southwestern Barents Sea. Efficient inhibi-
tion of quartz nucleation on detrital grain surfaces retard the onset of
significant chemical compaction, making these sandstones a unique
natural laboratory for studying mechanical compaction in siliciclastic
sandstones at various burial depths.

Channel sandstone systems sourced from the Uralian Orogeny have
been the subject of intense petroleum exploration and research cam-
paigns in the southwestern Barents Sea during recent years, with a well-
defined sequence stratigraphic framework being established (Glørstad-
Clark et al., 2010, 2011; Klausen et al., 2014, 2015; Eide et al., 2017;
Haile et al., 2017). Despite optimistic predictions from Norwegian state
authorities (Directorate, 2016), recent exploration well results have
proven disappointing due to key risk factors such as reservoir quality,
hydrocarbon charge and migration and seal capacity. Differential uplift

and chemically unstable sandstone composition challenge the estab-
lished prediction methods. Increasing the ability to predict the presence
of high-quality reservoirs units prior to drilling has great economic
potential. Chlorite coating development has been described in multiple
publications from laboratory studies (Matlack et al., 1989; Aagaard
et al., 2000; Haile et al., 2015) and natural sandstones all over the
world (Ryan and Reynolds, 1996; Billault et al., 2003; Gould et al.,
2010; Dowey et al., 2012), but few published studies describe chlorite
coatings in Triassic channels in the southwestern Barents Sea in detail
(Haile et al., 2017).

This paper investigates the diagenetic evolution and reservoir
quality of Middle – Late Triassic channel sandstones of the Kobbe and
Snadd formations (Fig. 1b), and evaluates the predictability of high-
quality sandstone reservoirs within the Triassic petroleum play in the
southwestern Barents Sea. The origin, distribution and emplacement of
chlorite coatings are also discussed. Results from this study may provide
useful input for modelling of compaction in chlorite-coated sandstones
with chemically unstable compositions.
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2. Geological background

The Norwegian sector of the Barents Sea includes the area bordered
by the Norwegian mainland to the south, the deep Atlantic Ocean
margin to the west, the Svalbard archipelago to the north and the
Norwegian-Russian maritime delimitation line as its eastern boundary
(Fig. 1c). In contrast to the large and deep sag basins characterizing the
eastern Russian sector, the western Norwegian Barents Sea region is
characterized by a complex mosaic of structural highs, platforms and
basins bound to the west by a continental margin (Fig. 1b). The present
basin configuration is the result of two major tectonic phases post-
dating the compressional movements that prevailed during the Cale-
donian Orogeny, and subsequent rescission and erosion (Henriksen
et al., 2011).

During Late Devonian to mid-Permian, intra-cratonic rifting re-
sulted in the development of deep basins, such as the Nordkapp and
Sverdrup Basins, along weakened crustal sutures inherited from the
Caledonian Orogeny. The latitudinal position of the Barents Shelf at the

time facilitated arid conditions, and the deep basins were filled by thick
evaporate and carbonate deposits. The shelf experienced regional sub-
sidence and increased clastic sedimentation during the Middle Permian,
as a response to the Uralide hinterland development in the east
(Ronnevik et al., 1982).

Decreasing subsidence rates and cessation of major tectonic events
characterize the Triassic period, and post-Permian transgression created
accommodation space on the shelf (Lundschien et al., 2014). Several
sequences of major deltaic progradations towards northwest filled the
basin during the Triassic and Early Jurassic, where sediments deposited
on the southwestern Barents Shelf likely originated from the southern
Caledonian and southeastern Uralian provenance regions (Glørstad-
Clark et al., 2010, 2011; Høy and Lundschien, 2011; Anell et al., 2014;
Bue and Andresen, 2014; Klausen et al., 2015; Eide et al., 2017).

The distribution of high-quality Triassic sandstone reservoirs, typi-
cally bearing a Caledonian provenance signature, appears to be re-
stricted to the southern Hammerfest Basin and the Finnmark Platform
margins (Fleming et al., 2016). Remaining areas on the southwestern

Fig. 1. a) The greater Barents Sea region
(yellow frame) covers an area of approxi-
mately 1.3 million km2 (figure modified
Google Earth, 2016). b) Simple strati-
graphic chart of the Triassic period in the
southwestern Barents Sea, modified after
Mørk et al. (1999). Cored sections used in
this study cover the Anisian Kobbe and the
Carnian Snadd formations, indicated in
yellow frame. c) The well database is lo-
cated in the southwestern part of the Nor-
wegian Barents Shelf. Figure modified from
NPD Factpages and Worsley (2008). Red
and blue frames indicate the position of
Fig. 2a and b. (For interpretation of the re-
ferences to color in this figure legend, the
reader is referred to the Web version of this
article.)

L.H. Line et al.
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Barents Shelf are dominated by Triassic sediments with a Uralian sig-
nature (Bergan and Knarud, 1993; Mørk, 1999; Fleming et al., 2016;
Haile et al., 2017). Extensional tectonism during the mid- Late Jurassic
generated deep, anoxic basins along the present-day Norwegian con-
tinental shelf, which facilitated deposition of organic-rich source rocks
from the southern North Sea Basin to the Barents Sea Basin in the north.
This Kimmeridgian rifting eventually led to the development of the
Euramerican Basin at the northern margins of the Barents Shelf, ac-
companied by widespread magmatism and uplift of the northern flank.
The opening of the Norwegian-Greenland Sea led firstly to uplift and
erosion throughout the Late Cretaceous, which was followed by a
transpressional and subsequent transtensional regime across the shelf
during the Cenozoic (Worsley, 2008; Henriksen et al., 2011).

Cenozoic strata are absent on platform areas (e.g. Finnmark and
Bjarmeland Platforms), at parts of the Loppa High and generally in the
northeastern regions of the Barents Sea. Truncated Cretaceous strata
below Quaternary sediments indicate a significant regional erosional
hiatus, likely associated with the opening of the Norwegian-Greenland
Sea and post-uplift glaciations in Late Pliocene-Pleistocene. Rocks in the
uplifted regions are currently not at their maximum burial depths
(Henriksen et al., 2011; Baig et al., 2016), and the net erosion in the
southwestern Barents Sea has been estimated to range from 0.7 to
3.5 km, with significant local variations within the basin (Cavanagh
et al., 2006). An overall increase in net erosion magnitude towards east
and northeast is observed (Baig et al., 2016). The estimated geothermal
gradients of the southwestern Barents Sea, calculated based on present-
day bottom hole temperatures (BHT) and drilling stem tests (DST) are
31 °C and 38 °C, respectively (Smelror et al., 2009).

For a thorough review of the tectonic history of the Barents Shelf,
the reader is referred to Rønnevik et al. (1982), Faleide et al. (1984),
Gabrielsen et al. (1990), Gudlaugsson et al. (1998) and recent revision
studies by Worsley (2008), Glørstad-Clark et al. (2010), Glørstad-Clark
et al. (2011), Høy and Lundschien (2011) and Henriksen et al. (2011).

2.1. Anisian sedimentation - Kobbe Formation

The Anisian Kobbe Formation on the southwestern Barents Shelf
comprises four coarsening upward clinoform sequences, each separated
by three discrete maximum flooding surfaces (Glørstad-Clark et al.,
2010; Klausen et al., 2017b). The clinothems contain records of con-
formably stacked facies associations ranging from organic-rich offshore
marine to shallowing upwards deltaic successions. Anisian clinoform
surfaces likely developed after repeated gradual progradations of plat-
form deltas punctuating the overall transgressive trend that persisted
throughout the Early Triassic in the western Barents Sea (Worsley,
2008; Klausen et al., 2017b). Previous studies have concluded that
Anisian sediments in the western and central basin are derived from the
southeastern Uralian Provenance, whereas deposits located in areas
south of the Loppa High have a prominent Caledonian signature (Mørk,
1999; Bue and Andresen, 2014; Fleming et al., 2016). The seismic at-
tribute map in Fig. 2a shows the geometry of a 1–2 km wide, late An-
isian channel located on the Loppa High. The channel is interpreted as a
slightly amalgamated distributary channel in a distal position on a mud-
rich delta, where the deltatop gradient is low and tidal influence is
expected to migrate several kilometers upstream (Klausen et al.,
2017b). This is also reflected in palynological signatures from the
Nordkapp Basin, where Hochuli and Vigran (2010) found a slightly
higher marine influence in the Anisian/Ladinian Kobbe Formation in-
terval compared to the overlying Snadd Formation. Early Triassic cli-
matic records indicate a moderately humid climate (Mangerud and
Rømuld, 1991) and both warm temperate and cool temperate char-
acteristics for high latitudes (Ziegler et al., 1994).

2.2. Carnian sedimentation – Snadd Formation

The western Barents Sea region developed from a marine shelf in

the Anisian to a paralic platform in the late Carnian (Høy and
Lundschien, 2011). Kapp Toscana sediments range from Ladinian to
Bajocian/Bathonian in age and are characterized by coarser-grained
sediments compared to underlying units (Vigran et al., 2014). The
Snadd Formation represents a time-transgressive unit that developed as
marginal marine deposits on top of the prograding shelf clinoforms
during Ladinian (Riis et al., 2008). Regional sequence stratigraphic
development of the Snadd Formation was thoroughly investigated by
Klausen et al. (2015) and facies associations ranging from offshore shale
through shallow marine to fluvial regimes were described. Most sedi-
ment derived from the southeastern Uralian source and was transported
into the basin via large-scale (5–20 km wide) channel systems during
periods of platform emergence (Glørstad-Clark et al., 2011; Klausen
et al., 2014). A variety of fluvial seismic geometries have been docu-
mented by Klausen et al. (2014), including point-bar systems in high-
sinuosity, meandering channel belts and low-sinuosity, ribbon channel
fills, as exemplified in Fig. 2b. It is possible that the northern extension
of the Ural orogeny, Novaya Zemlya, became a source area for sedi-
mentation on the Barents Shelf in Middle Triassic (Mørk, 1999). Geo-
metries and spatial distributions of Carnian aged De Geerdalen For-
mation channel deposits on the Hopen island was studied by Klausen
and Mørk (2014) and Lord et al. (2014). These authors documented a
combination of massive, highly cross-stratified, laterally accreting
sandstone bodies representing fluvial deposits, and heterolithic, stacked
channel systems indicative of a tidally influenced paralic depositional
environment. Several smaller channel bodies were also recognized and
interpreted to represent a distributive part of the delta system.

Seismic offlap break trajectories strongly indicate a general ag-
grading to slightly prograding depositional style with a gentle platform
slope (Høy and Lundschien, 2011; Glørstad-Clark et al., 2010, 2011).
Thus, repeated cycles of sea level rise and fall would likely submerge
and emerge areas on the Triassic platform over several hundred kilo-
meters inland. Brackish- and fresh water green algae have been docu-
mented in the Nordkapp Basin from the Anisian/Ladinian to Late Car-
nian intervals (Hochuli and Vigran, 2010). The Carnian stage is divided
into an early Carnian dry period and a late Carnian humid and warmer
period, abruptly separated by the “Carnian pluvial event” (Hochuli and
Vigran, 2010; Mueller et al., 2016). Calcite nodules, hematite and
goethite has been documented in Carnian palaeosols, which suggests
seasonal variations in soil moisture, potentially related to fluctuating
groundwater levels (Stensland, 2012; Enga, 2015; Haugen, 2016).

3. Materials and methods

3.1. Dataset

The study is based on core material from the Anisian Kobbe and
Carnian Snadd formations in five wells located within different basin
configurations in the southwestern Barents Sea (Fig. 1b-c, Table 1).
Parameters investigated during sedimentological logging of the core
material were lithology, grain sizes, sedimentary structures, unit
thicknesses and unit boundaries.

3.2. Sample preparations

Six samples from the Kobbe Formation and 49 samples from the
Snadd Formation were collected from facies interpreted as fluvial
channels with varying degree of tidal influence. Where possible, sam-
ples were collected close to intervals previously sampled for core plug
analyses. Thin sections were prepared at the Department of Geosciences
(University of Oslo) and all sandstone samples were prepared for
powder X-ray diffraction (XRD). Consolidated rock samples were cru-
shed down to smaller particles in a mortar and later milled in a
McCrone micronizer for 12min, using 3 g of sample material liquidized
in 9ml ethanol. The micronized material was left to dry overnight in a
cupboard heated to 50 °C. The dried material was carefully loaded in a
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sample holder, ensuring a random orientation of the particles. A D8
Bruker Powder X-ray diffractometer was used to collect data from 2 to
65 °2θ with a step size of 0.01° and a count time of 0.3 s per step.
Instrumental parameters for the D8 Bruker device are listed in Table A1
in Appendix. Scanning electron microscopy (SEM) analyses were con-
ducted in the Department of Geosciences at the University of Oslo, on a
subset of 11 samples representing channelized deposits from both
Kobbe and Snadd formations. A JEOL JSM-6460LV scanning electron
microscope equipped with LINK INCA Energy 300 (EDS) and a standard

wolfram filament of 15 kV from Oxford Instruments was used during
this study.

3.3. Mineral quantification and distribution

Relative quantification of mineral phases from X-ray diffraction data
was modelled and analyzed using Rietveld refinement through the
software BGMN-Profex (raw data presented in Appendix). Due to
complexity in clay mineral structures, quantitative measurements of

Fig. 2. a) Palaeogeographic reconstruction of the fourth Anisian sequence after Klausen et al. (2017b), seismic attribute map of the Kobbe Formation channel at
Loppa High investigated in this study (Langlitinden survey) and associated interpretation after Klausen et al. (2017b). b) Reconstruction of the southwestern Barents
Shelf during the third Carnian sequence, after Klausen et al. (2015). RGB-blended spectral-decomposition volume from the Caurus survey (with interpretation) and
RMS attribute map from the Ververis survey show various Carnian channel signatures at Loppa High and the Bjarmeland Platform (Klausen et al., 2014, 2015). Red
dashed lines indicate the approximate northern distribution limit of the Caledonian sand type, as proposed by Fleming et al. (2016). (For interpretation of the
references to color in this figure legend, the reader is referred to the Web version of this article.)
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specific clay phase abundances from bulk XRD results have to be treated
with care based on these analytical approaches.

Mineralogical and textural characteristics were described through
modal analysis on 400 counts per thin section. Compositional variations
are illustrated in quartz-feldspar-lithics (QFL) diagrams, where mono-
granular grains (e.g. quartz, K-feldspars, plagioclases, biotite, musco-
vite) are distinguished from polygranular grains, termed lithic rock
fragments (e.g. microcrystalline chert, igneous/volcanic epiclasts, mica
schist and recycled sedimentary rocks). Completely dissolved and re-
crystallized framework grains, termed pseudomorphous replacements,
were treated as part of the rock fragment assembly. Distribution and
amount of allogenic matrix, authigenic minerals (e.g. quartz, chlorite,
kaolinite, illite and various carbonate minerals) and intergranular
porosity were also quantified through modal analysis.

The longest axis of> 100 grains were measured in each sample to
produce grain size distribution plots, and the sorting parameter was
calculated from the grain size measurements using the standard de-
viation method after Folk (1980). Grain contacts of> 100 grains were
investigated using the visual comparator after Santin et al. (2009) in
order to qualitatively evaluate the degree of mechanical compaction in
the sandstone samples.

3.4. Characterization of clay mineral morphology and chemistry

Secondary electron (SEI) and back-scattered electron (BEI) analyses
were conducted on gold-coated stubs and carbon-coated thin sections
using the JEOL JSM-6460LV scanning electron microscope. Elemental
mapping analyses were also conducted on carbon-coated thin sections.
Elemental distributions of Si, Al, Fe, Na and K were particularly in-
vestigated.

3.5. Reservoir quality evaluation

Porosity and permeability values from core plug analyses were ob-
tained from the Diskos National Data Repository by the Norwegian
Petroleum Directorate and compared to petrographic observations from
modal analyses. Interpretations following comparisons between core
plug data and petrographic data must be treated with care, as one is
comparing 3D volumes with 2D sections. Helium porosity and hor-
izontal permeability for liquids were used as reservoir quality para-
meters for the channelized sandstone samples. The cut-off values for
reservoir quality evaluation are presented in Table 2.

4. Results

Sedimentary and petrographic characteristics of the cored Kobbe
and Snadd Formations channels are described separately, followed by a
section documenting clay fraction characteristics.

4.1. Anisian Kobbe Formation

4.1.1. Sedimentological characteristics of the cored section
Description: The Anisian core interval from well 7222/11-2 drilled at

the Loppa High and shown in Fig. 3, covers a 23-m thick succession of
silt and very fine sandstone. The lower 3m comprises grey shale with
thin silt stringers, minor bioturbation and abundant siderite nodules.
An 18-m thick unit of very fine to fine sand overlies this unit with an
erosive base. Frequently occurring mud clast intervals and cm-scale
mud layers are present. Layers of siderite clasts also occur in this unit,
notably at the base and in the upper part. The sandstone fines upwards
to silt and the unit is overlain by an interval consisting of laminated
clay deposits.

Interpretation: The fine-grained deposits in the lower part of the
cored succession represent deposition of hypopycnal sediments. Lack of
sedimentary structures and bioturbation indicate restricted current
conditions and marine influence. The presence of siderite concretions
found within the shale are indicative of fresh-to brackish water condi-
tions (Woodland and Stenstrom, 1979) and suggest proximity to a flu-
vial outlet facilitating supply of Fe2+. An interfluvial bay environment
is interpreted for this part of the succession. The frequency of mud clast
layers might reflect channel instability. The uppermost heterolithic and
plane-parallel laminated shale is interpreted as representing tidal flat
and floodplain facies deposited in a delta top environment.

4.1.2. Petrographic character of the Anisian channel
Samples recovered from the Anisian channel show an abundance of

quartz and plagioclase, comprising 65–85% of the bulk volume (Fig. 3).
Microcline is observed in small amounts (averaging at 1.5%). The most
common clay minerals are chlorite and muscovite/illite, and the con-
centrations of kaolinite range from 0 to 11% of the bulk sample. The
total clay mineral content of the bulk sand appears to increase in
sandstone intervals containing large mud flakes. Where present, siderite
and calcite account for< 1.5% of the bulk. No traces of igneous mi-
nerals (e.g. pyroxene, amphibole, epidote, fluorapatite) were en-
countered in these samples.

The channelized Anisian sandstone is classified as litharenithic
(Fig. 4a). The framework is primarily composed of moderately well
sorted fine to very fine sand grains and with the majority of grain
contacts being long (Fig. 4b). The litharenithic composition indicates
that the high plagioclase concentrations registered from the bulk XRD
analysis must be contained within the lithic rock fragment assembly.
Recycled sedimentary rock fragments, detrital mica and igneous epi-
clasts are the major components of the rock fragment assembly.

The intergranular volume (IGV) of samples collected from the
Anisian channel is presented graphically in Fig. 4c. IGV values range
from 18% to 33% (averages at 28%) and allogenic matrix accounts for
40–65% of the IGV. Pore-filling and pore-lining chlorite cement make
up 3–13% of the IGV, whereas registered concentrations of kaolinite

Table 1
Core location, depths, age intervals and number of samples collected from the Kobbe and Snadd Formation database presented in this study. Samples from the Snadd
Formation account for 90% of the petrographic database.

Well Location Core interval [m MD] Age Formation Samples

7228/7-1 A Nordkapp Basin 2059–2102 Early Carnian Snadd 18
7321/7-1 Fingerdjupet Sub-basin 2386–2395 Late Carnian/Norian Snadd 2
7226/2-1 Bjarmeland Platform 1365–1418 Early Carnian Snadd 18
7222/11-1 Loppa High 778–807 Late Carnian Snadd 11
7222/11-2 Loppa High 2095–2132 Late Anisian Kobbe 6

Table 2
Cut-off values for reservoir quality evaluation used in this study, after Tissot
and Welte (1984).

Reservoir quality Helium porosity [%] Horizontal liquid permeability [Kl]

Poor < 10% <10 mD
Fair 10%–15% 10–100 mD
Good 15%–20% 100–1000 mD
Very good >20% >1000 mD
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and authigenic quartz cement ranges from 0.75 to 5.5% and 1–2.5%,
respectively. The primary porosity obtained from modal analysis ranges
between 0 and 3%.

Core plug data from the Anisian channel show that horizontal
porosities plot above the cut-off value of 10% for fair reservoir quality
(Fig. 4d). However, with horizontal permeability values lower than 10
mD, the channelized Anisian sandstone is characterized as a poor-
quality reservoir (Tissot and Welte, 1984). When comparing core plug
data with corresponding petrographic results, the sample containing
the lowest matrix concentration (2121.97m MD) displays the highest
permeability value of the samples investigated. Although this sample
contains the lowest concentration of cements, the low IGV places the
core plug sample close to the cut-off boundary for fair porosity. High
cement and matrix concentrations result in extremely poor perme-
ability and fair porosity values (2118.85m MD). Helium porosities
approaching 20% are found in samples with less than 10% cement
(2120.80m MD). Matrix content of 15% in this sample limits the per-
meability below the cut-off value for fair reservoir quality.

The petrographic thin section in Fig. 4e shows the abundance of
monocrystalline quartz grains (Qz) mud rock fragments (MRF), partly
dissolved framework grains that have transformed into mixtures of il-
litic and chloritic clay minerals (chl/ill) and allogenic matrix (Mtx).
Lithic rock fragments (LRF) and pore-filling chlorite cement (Chl) are

also observed. The blue-colored epoxy indicates the porosity in the 2D
section. The most common grain contact is long and the grains are sub-
angular to sub-rounded.

4.2. Carnian Snadd Formation

4.2.1. Sedimentological characteristics of Carnian cored sections
Description: Heterolithic shale units at the bottom of the cored

Carnian sections depicted in Fig. 5 are often associated with<2m
thick, fine-grained sand packages with large, sub-angular mud and
quartz clasts. Homogeneous, fine-grained and crossbedded sandstone
overlies the small channel packages and comprise the dominant part of
the cored section (22–50m vertical thickness). Calcite-cemented in-
tervals are frequently observed within the homogeneous section and
overprint sedimentary structures. The boundaries between calcite-ce-
mented and non-cemented lithologies are sharp and do not coincide
with sedimentary boundaries. The upper boundary of the thick sand-
stone section was only cored in well 7228/7-1 A from the Nordkapp
Basin, where the channelized deposit measure 37m in vertical thick-
ness (Fig. 5b). This sandstone package is conformably overlain by a 20-
cm thin, mottled shale unit.

Interpretation: The lowermost heterolithic shale units are interpreted
as floodplain deposits that were cut by distributary channels, equivalent

Fig. 3. Left) Logged section and sample locations collected from the Anisian Langlitinden (7222/11–2) core drilled on the Loppa High. Heterolithic lithology, mud
drapes and frequent mud clast intervals indicate strong tidal influence and channel instability. Right) Bulk mineralogy from X-ray diffraction data shows a dominance
of quartz and plagioclase feldspars, chloritic and kaolin clay minerals and limited distribution of carbonate minerals.
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Fig. 4. Petrographic characteristics of samples collected from the Anisian Kobbe Formation channel at the Loppa High. a) The QFL diagram shows that all sandstone
samples classify as litharenites. b) Grain size distribution plot of very fine to fine sandstone from the Kobbe Formation channel. The shape of the curve indicates
moderate to well sorting. c) Detrital matrix fills about 70% of the intergranular volumes (IGV) registered in the Kobbe Formation channel. d) Horizontal liquid
permeability versus Helium porosity from core plug data. Reservoir quality is defined based on cut-off values: poor (red), good (yellow) and very good (green). Most
samples show good porosity values, but due to poor permeability the Kobbe Formation classify as a poor-quality reservoir. e) Petrographic thin section image from a
sample located at 2120.80m MD, with blue epoxy impregnation. Long grain contacts are indicated in red lines. PPL = Plane polarized light, Mtx=Matrix,
Qz=Quartz, LRF= Lithic rock fragments, Chl= chlorite, ill = illite, MRF=mud rock fragment. (For interpretation of the references to color in this figure legend,
the reader is referred to the Web version of this article.)

L.H. Line et al.

82



(caption on next page)

L.H. Line et al.

83



to the smaller channel bodies documented at the Hopen island by
Klausen and Mørk (2014) and Lord et al. (2014). The crossbedded and
homogeneous sections are interpreted as channel fills and fluvial dune
deposits in deep, stable channels that developed on the delta top during
the Middle – Late Triassic. We interpret the smaller distributary channel
units to represent the first sequence of channel erosion on the delta
plain, deposited prior to the establishment of the deep and stable
channel belts. Channel belt systems have been detected on seismic data
across large distances on the southwestern Barents Shelf (Klausen et al.,
2014, 2015) and in outcrops analogues on the Svalbard archipelagos
(Klausen and Mørk, 2014; Lord et al., 2014). Clastic sediments de-
posited in these channel systems likely constitute a combination of
suspended load and bedload from the provenance, mixed with erosional
products from the floodplain upstream. Homogeneous and fine-grained
particles might testify to long transport distances. The mottled shale
unit overlying the deep channel in the Nordkapp Basin is interpreted as
a palaeosol section.

4.2.2. Petrographic character of Carnian channels
Quartz and feldspars make up>80% of the average mineral as-

sembly in the Snadd Formation channels in this study. Plagioclase is the
most common feldspar and accounts for 10–20% of the bulk in all
channels. The concentration range of K-feldspar varies with location;
5–13% at the Loppa High (Fig. 5c), 3–6% in the Nordkapp Basin
(Fig. 5b) and 1–4% in the northernmost wells (Fig. 5a and d). The
dominating clay mineral is chlorite, mostly ranging in concentration
from 5 to 10% of the bulk sample. Muscovite accounts for 2–3%, al-
though slightly higher concentrations (5–8%) were encountered in the
channel on the Loppa High. Less than 2% biotite was observed in
samples from the Bjarmeland Platform and in a few samples from the
Loppa High. Kaolinite concentrations range from 2 to 5% in the
Nordkapp Basin and Loppa High channels, but only trace amounts of
kaolinite were observed in channels from the Fingerdjupet Sub-basin
and the Bjarmeland Platform. Carbonate minerals such as calcite,
siderite and ankerite occur sporadically throughout the Carnian chan-
nels. Whenever present, calcite comprises 25–35% of the bulk miner-
alogy in a sample. Most siderite is observed in the lower part of the
channel from the Bjarmeland Platform, where it accounts for 5–15% of
the bulk. Ankerite was detected in minor amounts (< 2%) in the
Nordkapp Basin channel. Samples from the Carnian channels in the
Nordkapp Basin, Fingerdjupet Sub-basin and Bjarmeland Platform
contain 0.5–4% pyroxene. Amphibole and fluorapatite were only ob-
served in the Nordkapp Basin channel and usually account for< 1% of
the bulk mineralogy.

The Carnian channels are classified as litharenites, but samples from
the Bjarmeland Platform and Loppa High display slightly more mature
compositions compared to channels in the Nordkapp Basin and
Fingerdjupet Sub-basin (Fig. 6a). A few samples from the Bjarmeland
Platform classify as sub-litharenites. Slightly higher feldspar content is
noted for the channel on the Loppa High. Lithic rock fragments are
usually detrital chert grains, recycled sedimentary fragments, mica
grains and metamorphic/igneous epiclasts. These grains generally show
poor preservation (secondary pores and rough surfaces). Medium to
fine-grained sand is registered within the channels from the Fingerd-
jupet Sub-basin and Nordkapp Basin, fine-grained sandstone beds
dominate the Bjarmeland Platform channel and very fine to fine-
grained sandstone beds dominate the Loppa High channel of the Snadd
Formation (Fig. 6b). The most common grain contact in the channels
from the Nordkapp Basin and Fingerdjupet Sub-basin is long, whereas

tangential grain contacts dominate in the Loppa High and Bjarmeland
Platform channels.

The helium porosity versus permeability plot in Fig. 6c shows that
most samples from the Carnian channels in this study contain porosity
values defined as very good (> 20%). Liquid permeability values plot
above good quality (> 100 mD). Samples that plot within the poor
reservoir quality area, showing both low porosity and permeability, are
carbonate-cemented. Samples from the Carnian channel at Loppa High
display the best reservoir quality, with measured porosities above 30%.
The Nordkapp Basin channel data show slightly more varied reservoir
quality, but a clear trend between porosity and permeability is ob-
served. The channel on the Bjarmeland Platform shows consistently
good reservoir quality. Inset boxes in Fig. 6c show matrix content, ce-
ment concentration and IGV for a few sandstone samples in the dataset.
There appears to be a relationship between matrix content and re-
servoir quality, where samples with the best reservoir quality contain
limited amounts of detrital matrix. However, matrix concentrations up
to 16% (as seen in the sample at 1406.60 m MD from the Bjarmeland
Platform) appear to be acceptable for good quality reservoirs. Siderite
cement up to 10% appears to have limited effect on the reservoir
quality. Pore-filling chlorite cement and detrital matrix reduces both
helium porosity and liquid permeability values in the Nordkapp Basin
sample.

Non-cemented samples from the Carnian channels show an average
IGV of 29% (Fig. 7). The average amount of matrix material varies
between the channels;< 3% on the Loppa High (Fig. 7c), 5% in the
Nordkapp Basin (Fig. 7b), 9% on the Bjarmeland Platform (Fig. 7a) and
12% in the Fingerdjupet Sub-basin (Fig. 7d). Chlorite and kaolinite
make up an average of 12% in the Carnian channel on the Loppa High,
8% in the Nordkapp Basin and Fingerdjupet Sub-basin channels and 4%
in the Bjarmeland Platform channel. Quartz cement comprises< 3% in
all samples. The average primary porosities obtained from modal ana-
lysis range from 10 to 13%. The average IGV of the carbonate-cemented
samples is 40% in the Nordkapp Basin channel, 31% in the Fingerdjupet
Sub-basin, 38% on Loppa High and 34% in the channel at the Bjar-
meland Platform. Pore-filling cements are mostly calcite, but these
samples also contain minor amounts of siderite, chlorite, illite and
kaolin cements. The average porosity in the cemented samples is< 3%.

The petrographic thin section from the Carnian channel on the
Bjarmeland Platform shows slightly higher compositional maturity
compared to the other Carnian channels, and both tangential grain
contacts (Fig. 7e) and long grain contacts are observed in these sand-
stones. Samples from the lower half of this channel are characterized by
clusters of Fe-rich, zoned sphaerosiderites (Sphr.siderite) and smaller
spheroidal siderites. Both siderite types are attached to chlorite-coated,
detrital quartz grains. These cements are included as part of the inter-
granular volume and are also observed in samples from the Nordkapp
Basin.

Fig. 7f shows the typical immature composition of a sample from the
Nordkapp Basin as seen in crossed polarized light (XPL). The grains are
sub-angular and the most common grain contact is long. Pseudomor-
phous replacements (PsMR) are grains where fine-grained chlorite has
replaced precursor minerals of detrital framework grains, while pre-
serving the shape of the original grain (Fig. 9a-b). Other dissolved rock
fragments are replaced by pore-filling chlorite and kaolinite cements.

The sample from the channel studied at the Loppa High shows im-
mature sandstone composition with sub-angular grains and tangential
grain contacts (Fig. 7g). Dissolution of framework grains is common
and higher bulk kaolinite content is registered in this channel compared

Fig. 5. Sedimentary features, sample overview and bulk XRD mineral assemblies from the Carnian channels cored in the a) Bjarmeland Platform (Early Carnian), b)
Nordkapp Basin (Early Carnian), c) Loppa High (Late Carnian) and d) Fingerdjupet Sub-basin (Latest Carnian/Norian). The core signature is dominated by fine to
medium-grained cross-beds alternating with massive sandstone lacking any primary sedimentary structures. Coal fragments and clay stringers occur frequently.
Coarse conglomerates with mudrock clasts and/or quartz pebbles usually occur at the base of the channelized sections. The dominating minerals are quartz and
plagioclase, and chlorite is the dominating clay mineral. Calcite-cementation occur at irregular intervals.
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to the other Carnian channels (Fig. 7c). Rock fragments are composed
of mineral aggregates of K-feldspar, quartz and chlorite (Figs. 8, 9g-h).
Albite is often the remaining material outlining the original shape of the
detrital framework grain (Figs. 9c-d, 9g-h).

4.3. Clay fraction characteristics in Anisian and Carnian channels

The clay fraction in the Carnian and Anisian channels is dominated
by chloritic clay minerals, but kaolin was also identified from XRD, SEM
and modal analyses. Most clay material is distributed as pore-filling
crystals, often within proximity to partially dissolved rock fragments.
Pore-filling chlorite crystals often display pipe cleaner morphologies or
bridges between detrital grains (Fig. 10a), whereas kaolin minerals
(kaolinite and dickite) are characteristic by their stacked booklet
morphology.

Well-developed chlorite coatings were observed in SEM and are
characterized by two coating generations (Fig. 10b): The first-genera-
tion coating (Chlorite 1) consists of a chloritic material with small,
anhedral crystals that fill in indentations of grain surfaces. Large
thickness variations are observed for the first-generation coating and a
sub-parallel orientation to the grain surface is registered. The second-
generation chlorite (Chlorite 2) displays larger, euhedral crystals and
show a growth orientation perpendicular to the grain surface. Carnian
channel sandstones from the Fingerdjupet Sub-basin contain euhedral
crystals with thickness up to 12 μm, whereas euhedral coating thick-
nesses between 2 and 6 μm are registered in the other channels of this
study.

The grain coating coverage appears to be complete on most grain
surfaces in the Snadd Formation (Fig. 10c), whereas chlorite coatings
are less developed in the Kobbe Formation. Large chlorite crystals are
absent at grain-to-grain contacts, but smaller crystals have been ob-
served in these areas through SEM (inlet micrograph in Fig. 10c).
Chlorite coatings are also observed in calcite-cemented samples
(Fig. 10d) and around secondary pore space, outlining the shapes of

completely dissolved grains (Figs. 9a-b, 9g-h).

5. Discussion

The discussion based on this study will focus on; 1) the relationship
between provenance, initial sandstone composition and distribution of
precursor clay coatings, 2) the relative impact of early diagenesis and
mechanical compaction on reservoir quality, and 3) palaeo-
temperatures indicated from clay mineralogy.

5.1. Sandstone provenance and composition

Previous studies describe Middle – Late Triassic sandstones north of
the Hammerfest Basin as immature and compositionally varied, with
abundant concentrations of polygranular rock fragments. Reported rock
fragment assemblies throughout the basin include polycrystalline me-
tamorphic fragments, metasediments (e.g. schists), micas, chert and
granitic grains (Bergan and Knarud, 1993; Mørk, 1999; Fleming et al.,
2016). The abundant minerals in the Snadd and Kobbe formations are
quartz and albite, whereas the distribution of K-feldspar is limited.
Observed accessory minerals are pyroxene, epidote and black ore mi-
nerals, but these are mostly restricted to the Carnian Snadd Formation
sandstones located in the eastern areas of the Barents Shelf. Kaolinite,
chlorite and mica/illite dominate the clay fraction throughout the
basin, but smectitic clays have been observed in Carnian deposits in the
northern and eastern regions of the Barents Shelf (Bergan and Knarud,
1993; Mørk, 1999). Mineralogical results from previous investigations
comply well with the results from the present study, indicating a
common provenance. Detrital zircon age signatures from the Late
Triassic De Geerdalen Formation on the Svalbard archipelagos contain
populations of Carboniferous and Permo-Triassic age signatures that
have been linked to the Uralides and Taimyr source areas (Bue and
Andresen, 2014). As sandy equivalents of the Anisian Kobbe Formation
never reached the northern position of the present-day Svalbard

Fig. 6. Petrographic characteristics of samples from the Carnian channels. a) The QFL-diagram after Folk (1980) classifies most samples as lithic arenites, but the
samples from the Bjarmeland Platform show a more mature composition. b) The grain size distribution graph shows variety from very fine to medium-grained sand.
There appears to be a correlation between grain size and location, where the grain size is coarser in the Fingerdjupet Sub-basin and finer on the Loppa High. c)
Horizontal liquid permeability versus Helium porosity from core plug data. Cut-off values are the same as in Fig. 4 and most Snadd Formation samples plot within the
good reservoir quality field. Highlighted colors represent point-counted samples. Poor-quality samples are associated with calcite cementation. Matrix values up to
16% are acceptable for good-quality reservoirs with high IGV.
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archipelago, we assume a common provenance for both Snadd and
Kobbe formations in the southwestern Barents Sea based on the mi-
neralogical similarities documented in this study. Combined with
seismic evidence of northwestward prograding clinoforms in the
southwestern Barents Sea during the Triassic (Glørstad-Clark et al.,
2010, 2011), most data point towards a southeastern Uralide prove-
nance for the Middle – Late Triassic sandstones in this study.

The hardness of albite and microcline (6.0–6.5) would suggest that
the physical endurance of feldspars is comparable to that of quartz
(hardness 7.0). This implies that, in terms of physical transport, fine-
grained sandstones comprised of 70–80% quartz and plagioclase, as
documented in the present study, could be considered as a physically
mature sediment. The general consensus state that reservoir quality in
Uralian-sourced sandstones in the Barents Sea is challenging to predict
due to compositional variability (Fleming et al., 2016). In published
literature, sandstones north of the Hammerfest Basin vary from feld-
sarenites and lithic arkoses to feldspathic arenites and litharenites, re-
presenting the whole range of sandstone classes with less than 80%
quartz (Fig. 11). Plagioclase dominates over K-feldspar in sandstones
investigated by Bergan and Knarud (1993), Haile et al. (2017) and in
the present study, whereas Mørk (1999) registered K-feldspar as the
dominant feldspar. Clearly, sandstone classification from modal ana-
lysis is prone to inconsistent registration due to poor preservation of
twins in feldspar grains, making feldspar separation difficult in micro-
scope. Untwinned feldspars may thus represent a characteristic feature
of the Uralian provenance. Mapping of aggregate grains in this study
revealed a significant amount of feldspathic minerals as dominant
constituents of the rock fragment assembly (Figs. 8 and 9). Sandstone
classification diagrams, e.g. Folk (1954) and Dott (1964), would be
affected by inconsistent separation between feldspar-rich lithic rock
fragments (e.g. polycrystalline granitic grains) and detrital, mono-
crystalline feldspar grains, as exemplified by litharenithic samples from
the present study (colored circled in Fig. 11). In the present study, it

appears as the bulk XRD results are better aligned with elemental dis-
tribution maps obtained from SEM, compared to results from modal
analysis. As modal analysis is considered semi-quantitative and prone to
subjective interpretation, such analyses should be coupled with SEM
and XRD analyses, and detailed facies descriptions. Most publications
do not make a clear facies distinction when describing Triassic sand-
stones from the southwestern Barents Sea petrographically, which
could also account for the observed compositional variability depicted
in published literature (Fig. 11).

5.2. Emplacement of precursor clay coatings in fluvial sandstones

While pore-filling chloritic clays generally have a negative impact
on the reservoir quality, the presence of grain coating chlorite is con-
sidered a necessity for preserving porosity in sandstones exposed to
temperatures exceeding 70 °C (Ehrenberg, 1993; Walderhaug, 1996;
Bloch et al., 2002). In the following section we discuss the physical
emplacement process of the precursor clay material on detrital grain
surfaces. The precursor material is not to be confused with the crys-
talline chlorite coatings documented in this study (Fig. 10), which re-
present the diagenetic overprint of the detrital coating precursor.

As grain-coatings were observed in completely calcite-cemented
samples with IGV values in the range of 33–40% (Fig. 10d), petro-
graphic relations suggest that the emplacement of the precursor coating
pre-dates the formation of early carbonate cementation. The first-gen-
eration coating is thicker in grain surface indentations and the pre-
cursor clay was likely emplaced on the grain surfaces prior to sig-
nificant sediment packing. Small chloritic crystals observed at grain-to-
grain contacts indicate movement of the grain framework simulta-
neously with the onset of the coating emplacement process. Few em-
pirical studies exist on the physical mechanisms for emplacing clay
coatings on detrital sand grains, but Matlack et al. (1989) found that
four criteria facilitated such a process: 1) coarse sediment, 2) high

Fig. 7. Intergranular volumes for Carnian channel samples (presented in m MD) located in the a) Bjarmeland Platform, b) Nordkapp Basin, c) Loppa High and d)
Fingerdjupet Sub-basin. Figures e) – g) show petrographic thin sections from three samples. Examples of tangential grain contacts are indicated in yellow dots and
long grain contacts are indicated in red lines. Abbreviations: PPL= plane-polarized light, XPL= cross-polarized light, LRF= lithic rock fragments, Qz=quartz,
Sphr.side= sphaerosiderites, Chl= chlorite, Sid.coat= siderite coating, Diss.Fld= dissolved feldspar, Kao=kaolinite cement, PsMR=pseudomorphous replace-
ment, Sed. RF= sedimentary rock fragment. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this
article.)

Fig. 8. Elemental distribution map of Na, Si, K, Ti and Fe
in a sample from the Bjarmeland Platform (sample
depth= 1417.80m MD) shows the relative abundance of
albite grains (blue), chorite coatings and iron-rich clasts
(red), quartz grains (white) and K-feldspar grains (green).
Lithic rock fragments (LRF) are mineral aggregates of
iron-rich minerals, albite, rutile (pink), K-feldspars and
quartz, and often display long grain contacts. (For inter-
pretation of the references to color in this figure legend,
the reader is referred to the Web version of this article.)
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concentrations of clay in suspension, 3) fluctuating water levels and 4)
little sediment reworking. These criteria raise several implications for
the Triassic channels in this study:

1) The first criteria would suggest that the Uralian-sourced Anisian and
Carnian channels display grain sizes too small for grain coating
emplacement to be efficient. The presence of well-developed grain

(caption on next page)
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Fig. 9. Backscatter (BSE) micrographs and elemental mapping of Na, Si, K and Fe from two Snadd Formation channels located at the Bjarmeland platform (a–f) and
Loppa High (g–h). a) – b) Lithic and sedimentary rock fragments consist of mineral aggregates of quartz, K-feldspar and iron-bearing minerals that produce long grain
contacts (indicated with red lines). Chlorite coating is almost completely distributed around framework grains. Pseudomorphous replacements (PsMR) solely consist
of iron-rich, authigenic chloritic cements with ductile deformation response to mechanical stress. c) – d) Quartz overgrowths grow into the intergranular pore space.
Rock fragments containing K-feldspar (green) and albite (blue) are significantly altered. Albite is also found as overgrowth on detrital K-feldspar grain (seen on the
left). e) – f) Altered mica clast replaced by iron-rich authigenic cement (chlorite?). Chlorite coating crystals are well-defined and distributed around detrital
framework grains. g) – h) Albite is often the remnant material that outlines the shape of dissolved framework grains. Abbreviations: LRF= lithic rock fragment,
PMR=pseudomorphous replacement, SRF= sedimentary rock fragment, Qz=Quartz, K-feld=K-feldpar (microcline), Kao=Kaolinite. (For interpretation of the
references to color in this figure legend, the reader is referred to the Web version of this article.)

Fig. 10. Backscatter (BSE) micrographs showing chlorite coating characteristics in Anisian and Carnian channels. a) Pore-filling chlorite often display “pipe cleaner”
morphology or bridges between detrital grains (indicated by black dashed line). b) Two generations of chlorite coatings are observed on a detrital quartz grain in the
Kobbe Formation channel at Loppa High: small, anhedral first-generation coatings (Chlorite 1) and larger, euhedral second-generation coatings (Chlorite 2). c) High
grain-coating coverage of framework grains was registered in the Snadd Formation channel at the Loppa High. Grain-to-grain contact areas (highlighted by dashed
white lines) are coated with small, anhedral chlorite crystals (inlet micrograph). d) Chlorite coating was observed rimming detrital framework grains in a calcite-
cemented sample (IGV=34%) from the Carnian Fingerdjupet Sub-basin channel.

Fig. 11. Sandstone classification diagram
(Folk, 1954) showing Snadd Formation
samples in this study (colored circles)
compared to published results from modal
analyses of Middle – Late Triassic samples
in various basin locations after Mørk (1999)
and Haile et al. (2017). By registering feld-
spar-rich granitic grains as lithic rock frag-
ments, samples from the present study are
placed in the litharenithic class. Mørk
(1999) included polygranular quartz grains
in the lithic rock fragment assembly, and
thereby placing the samples closer to the
lithic rock fragments (LRF) axis compared
to studies without the mono-polycrystalline
distinction. Sedimentary facies were not

distinguished. Samples from Haile et al. (2017) appear significantly more feldspar-rich, which could be an effect of the distal position of Edgeøya relative to the
Uralide provenance.
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coating chlorite in fine-grained Kobbe and Snadd formation sand-
stone beds contradicts the statement. In a recent study of grain
coatings in the Ravenglass Estuary, NW England, Wooldridge et al.
(2017) found that fine-grained sediment together with>5% matrix
content facilitated development of uniform, well-developed clay
coats on detrital grains. As the coating in the Kobbe Formation
channel is thinner relative to the coatings in the coarse-grained
Carnian channels, sediment grain size might still impact the coating
thickness. Thin grain coatings would be preferable in regards to
reservoir quality, as they have reduced effect on the pore neck
diameters, which influence the sandstone permeability. This effect is
not observed in the data presented in this study, as the permeability
values registered in the Kobbe Formation channel is significantly
lower compared to the Snadd Formation channels. The coating
thickness effect on permeability in the studied samples is believed to
be camouflaged by high concentrations of pore-filling matrix that
have a significantly higher impact on reservoir permeability.

2) With the Triassic Barents Shelf being characterized as a clay-rich and
low-gradient deltaic system (Klausen et al., 2017b), high suspended
clay concentrations in the Anisian channels would be expected. Both
the Carnian and the Anisian delta systems were likely very sensitive to
sea level variations, and tidal influence is believed to migrate several
kilometers upstream during sea level highstand. In this scenario, tidal
currents could facilitate deposition of suspended clay particles into the
channelized sand by counteracting and stagnating the fluvial current,
making settling of the suspended clay material possible. Physical
disaggregation of lithic aggregate grains and mud rock fragments
eroded from the floodplain is also believed to contribute to high
suspended clay concentrations in the channels.

3) Sedimentary structures observed in the Anisian channel at Loppa
High would suggest a strong tidal component in this channel and
thereby attest to fluctuating conditions. Strong tidal influence could
also explain the high matrix concentrations documented in this
channel. The Carnian Snadd Formation channels show very few
sedimentary structures that would attest to a strong tidal influence,
but sporadic occurrence of calcite cement would suggest marine
influence. This is also supported by palynological evidence from the
Nordkapp Basin core, where fresh-to brackish-water algae were
documented in the Carnian interval (Hochuli and Vigran, 2010).
The tidal influence in the Triassic channels is interpreted to reflect a
shallow-gradient delta plain, similar to that described from onshore
Svalbard (Knarud, 1980) and from clinoform studies in the Barents
Sea (Anell et al., 2014).

4) Little petrographic evidence of significant physical sediment re-
working is found in the studied channels. The presence of unstable
lithic rock fragments would also suggest dumping of sediments
without significant physical reworking. Evidence of detrital grain
dissolution is found, but this is more likely related to post-deposi-
tional groundwater leaching.

A statistical study of chlorite coatings from a wide range of sub-
surface examples conducted by Dowey et al. (2012) concluded that
prediction of porosity-preserving chlorite coatings must be related to
hinterland geology, soil development and river systems. Based on re-
sults from the present study, we claim that an understanding the phy-
sical process behind grain coating emplacement, and its link to de-
positional environments and climate conditions that facilitate such
processes, are of equal importance for reservoir quality prediction in
hydrocarbon plays containing chlorite coatings. Laboratory studies that
investigate the physical mechanisms facilitating grain coating empla-
cement in sediment of various composition and textures is strongly
advised.

5.3. Meteoric leaching

Although we have characterized the Middle – Late Triassic channel

deposits in this study as physically mature, feldspathic sandstones are
considered chemically immature and would be prone to post-deposi-
tional chemical alteration by meteoric leaching. Evidence of framework
grain dissolution is found in almost all studied samples, but the leaching
intensity is generally low and varies between the channels. On average,
3–7% secondary porosity was preserved in the Snadd Formation
channels, as opposed to 1% in the Kobbe Formation channel.
Feldspathic and metamorphic rock fragments and micas are the most
commonly leached framework grains, and dissolution of minerals such
as albite, microcline and muscovite result in precipitation of pore-filling
authigenic kaolinite. Metamorphic aggregate grains and biotite may
have precipitated iron-bearing clays when dissolved (Fig. 9 a–b and e-f).
Despite albite and microcline being abundant components in the lithic
rock fragment assembly (Figs. 8 and 9), authigenic kaolinite content
varies from 0 to 6% in all studied channels (Figs. 4c and 7a-d). As
limited kaolinite concentrations cannot be explained by an initial
feldspar-poor sediment composition, it is likely the result of restrictions
on meteoric leaching.

Consistently low kaolinite concentrations, regardless of channel age
and basin location, suggest a temporally stable, regional factor limiting
the feldspar dissolution in the basin. Arid and warm climatic conditions
are interpreted for the Boreal realm during most parts of the Middle –
Late Triassic (Preto et al., 2010; Decou et al., 2017), although periods of
increased humidity have been documented (Hochuli and Vigran, 2010;
Ogg, 2015; Mueller et al., 2016). The most renown humid interval, the
Carnian Pluvial Event (CPE), was assigned to an early Carnian (Julian
1) age in the Boreal region by Mueller et al. (2016) and corresponds to
an abrupt short-term sea level increase in the global eustatic sea level
curve after Haq et al. (1987) (Fig. 12). The early Carnian channels on
the Bjarmeland Platform and the Nordkapp Basin may have been de-
posited during this climatic phase, but this correlation remains spec-
ulative due to inexact dating of the core intervals. Leaching capacity of
meteoric water requires gravitational potential, as defined by the ele-
vation above sea level (Bjørlykke, 1993). During marine inundations on
the shelf, the gravitational potential is zero and meteoric leaching
would stagnate. High sea level coupled with a flat platform gradient
could thus explain the limited authigenic kaolinite concentrations
(0–3%) in the early Carnian channels. Temporal variations in sea level
and climate might explain slight variations in leaching intensity and
clay mineralogy between the studied channels, but the overall trend
during the Middle – Late Triassic points toward limited chemical
weathering and a dominance of mechanical weathering in the basin.

Increased sediment supply from the Ural mountain range could re-
duce the sediment residence time in the leaching zone. As connate pore
water becomes oversaturated with respect to dissolved minerals, effi-
cient replacement of meteoric water is required for leaching to proceed.
Weathering rates of K-feldspar and albite at surface temperatures are
520.000 and 190.000 years/mm respectively (Busenberg and
Clemency, 1976; Chou and Wollast, 1985), and a stable supply of un-
dersaturated meteoric water over long periods is required before sig-
nificant leaching of feldspathic sediment is possible. The mineralogy of
the investigated channels rather indicates rapid subsidence and burial
of the sediment, and thereby favoring preservation of albite and K-
feldspar.

Aquifer (channel) permeability may also constrain groundwater
leaching capacity by affecting the water flux through the sediment
(Bjørlykke, 1993). High concentrations of allogenic matrix in the in-
tergranular volume, as documented in the tidally influenced Kobbe
Formation channel, reduce the channel permeability and consequently
the leaching capacity. Finer grain sizes in the Anisian channel result in
smaller pore neck diameters, and thereby imprisoning infiltrated clay
particles and reduce the channel permeability. Variations in leaching
intensity could thus relate to an uneven distribution of allogenic clay
matrix and varying grain sizes in tidally influenced and fluvial-domi-
nated channels.
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5.4. Palaeotemperatures indicated from clay mineralogy

Crystallization temperatures of authigenic cements were used to
infer temperature ranges and associated burial depths of the studied
cores, by using the present-day average geothermal gradient of 31 °C/

km for the southwestern Barents Sea (Smelror et al., 2009). As quartz
nucleation initiates around 65–70 °C, the presence of quartz over-
growths indicates a minimum burial depth of approximately 2 km for
all the studied channels. Chloritic cements are interpreted as diagenetic
overprints concealing the identity of an amorphous precursor clay

Fig. 12. Long-term and short-term global eustatic sea level
curves for the Triassic, modified after Haq et al. (1987). Stage
boundaries were retrieved from ICS's chronostratigraphic
chart (2017), while substage boundaries were obtained from
www.stratigraphy.org. The Carnian Pluvial Event (CPE) in
the Boreal region was assigned to a Julian 1 age by Mueller
et al. (2016), indicated by the red column. Relative age of
core intervals (black columns) were obtained from strati-
graphic correlations after Klausen et al. (2015) and palyno-
logical records after Hochuli and Vigran (2010). (For inter-
pretation of the references to color in this figure legend, the
reader is referred to the Web version of this article.)

L.H. Line et al.

91



material. Aagaard et al. (2000) found that authigenic chlorite crystals
form from iron-rich precursor clays at around 90 °C, adjusting the
minimum burial estimate for the investigated channels to 2.9 km. Upper
palaeotemperature limits are difficult to estimate using clay miner-
alogy, but can be inferred from the kaolinite - illite transformation,
which occurs at temperatures exceeding 120 °C (Lanson et al., 2002).
The presence of vermicular kaolinite and lack of fibrous illite crystals in
the studied channels would suggest that the maximum temperature did
not exceed 120 °C in any of the investigated channels, yielding a max-
imum burial depth of 3.8 km.

5.5. Mechanical compaction

Following the arithmetic average net exhumation map after Baig
et al. (2016), maximum burial depths differ significantly according to
well location (Fig. 13a). Maximal burial depths of the cored intervals,
calculated from the exhumation map, were plotted against point
counted IGV and compared to experimental compaction curves for
various lithologies (Fig. 13b): Well-sorted sands containing 25% me-
tamorphic, sedimentary or volcanic lithics were obtained from Pittman
and Larese (1991), a medium-grained quartzite with 20% clay from
Chuhan et al. (2003), and feldspathic greywacke after Fawad et al.
(2011). Mismatch between natural sandstones and experimental sands
is likely related to varying matrix content, which has significant effect
on mechanical compaction of sandstones.

Clay mineralogy suggests all studied samples were buried into the
chemical compaction regime. However, as extensive quartz over-
growths are absent, chlorite coatings appear to be efficient in inhibiting
quartz cement from nucleating on the grain surfaces. The intergranular
volume in non-calcite cemented samples appears to stabilize around
20–30% after 2 km burial, suggesting that less than 3% quartz cement is
needed to stabilize the grain framework and counteract further me-
chanical compaction (Fig. 13b). Formation of quartz overgrowths in the
studied sandstones thus appear to have a slightly positive influence on
reservoir quality as the grain framework become more resistant to
mechanical compaction.

Grain contacts reflect the stress level inflicted on the grain frame-
work (Santin et al., 2009) and the sediment response to mechanical
stress is linked to mineralogy and textural composition (Fawad et al.,
2011). Higher concentrations of lithic aggregate grains with ductile
deformation response, e.g. metasediments, volcanic and granitic lithics
and sedimentary mudrocks, affect the compressibility of the sandstone
(Pittman and Larese, 1991). These grains will likely deform more easily
than monocrystalline mineral grains. Ductile framework grain de-
formation reduces the intergranular volume during mechanical com-
paction but inhibit grain fracturing and onset of quartz cementation on
uncoated surfaces at burial temperatures exceeding 70 °C. Long grain
contact dominance in samples from the Nordkapp Basin reflects the
high amounts of lithic aggregate grains characterizing this channel
(Fig. 7f). Higher relative quartz content in the Bjarmeland Platform

Fig. 13. a) Arithmetic average net exhumation map after Baig et al. (2016), with well locations indicated in colored dots. Calculated maximum burial estimates for
cored intervals and associated maximum temperatures calculated from the present-day geothermal gradient in the southwestern Barents Sea (Smelror et al., 2009)
are presented in the table below. b) Estimated maximum burial depths versus point-counted IGV from the studied Snadd and Kobbe formations (legend same as listed
in table), compared to published experimental compaction curves for various lithologies (Pittman and Larese, 1991; Chuhan et al., 2003; Fawad et al., 2011).
Carbonate-cemented samples are indicated with dark circles. Although buried into the chemical compaction regime, the IGV appears to stabilize around 20–30% due
to chlorite coatings.
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channel (Fig. 11) results in a dominance of tangential grain contacts
and higher resistance to mechanical compaction, which might explain
slightly higher IGV and reservoir quality in this channel (Fig. 7e). The
late Carnian channel on the Loppa High has similar mineralogical
composition as the channel from the Nordkapp Basin, but the dom-
inance of tangential grain contacts indicates less mechanical compac-
tion in this channel, possibly related to the tectonic evolution of the
Loppa High. This is reflected in the reservoir quality, as the best por-
osity and permeability measurements were located in this channel.

IGV from calcite-cemented samples provide information about in-
tergranular porosities prior to mechanical packing of the sediment.
Depending on the amount of matrix material, the initial porosity might
have been around 40–45% immediately after deposition. If so, 20% of
the intergranular volume has been lost to mechanical compaction in the
studied channels. As the mechanical compaction appears to be the main
porosity-reducing agent in these sandstones (Fig. 14), future reservoir
quality assessments of Middle – Late Triassic channels should include
the use of experimental compaction curves for lithologies that are
comparable to the Uralian-sourced, feldspathic sandstones.

5.6. Predicting reservoir quality in Middle – Late Triassic channels

5.6.1. Porosity prediction
Intergranular volumes attest to a potential for preserving primary

porosity in Anisian and Carnian channels investigated in this study.
This is linked to fine grain sizes and precipitation of up to 3% quartz
overgrowth, that likely contribute to mechanical strengthening of the
grain framework prior to significant burial. Although estimated max-
imum burial temperatures are above the quartz nucleation threshold,
the limited distribution of quartz overgrowth indicates that chlorite
coatings efficiently inhibit significant chemical compaction. Porosity
prediction in Middle – Late Triassic channels in the Barents Sea is
therefore possible if temperature histories and initial sediment com-
positions are known.

Extensive distribution of porosity-preserving chlorite coatings in the
investigated channels provides a unique natural laboratory to study
mechanical compaction in deeply buried sandstones. Mechanical com-
paction experiments should be conducted on sand with the same tex-
tural and mineralogical composition as Uralian-sourced sandstones, in
order to improve maximum burial estimates. Porosity upside potentials

and downside risks should be modelled using various amounts of lithic
grains of different types and textures, and various amounts of clay.
Early calcite-cemented samples contain information about initial tex-
tural properties of the sediment at the surface.

5.6.2. Permeability prediction
Although the potential for porosity preservation appears to be ap-

proximately the same for the tidally influenced Anisian channel and
fluvial-dominated Carnian channels, the fluvial channels show sig-
nificantly better permeability compared to the tidally influenced
channel in this study. Low permeability measurements correspond to
high concentrations of allogenic matrix in this study. Very fine grain
sizes with narrow pore neck diameters could have facilitated the en-
trapment of allogenic clay material, as observed in the Anisian channel
on the Loppa High. Fine-grained, clay-rich sandstones may be linked to
mud-rich delta sequences that likely developed under repeated influ-
ence by marine inundation. Subsidence induced accommodation on a
low-gradient delta top could only facilitate transport of fine-grained
clastic material to the delta front and basin, which left the Anisian
channelized deposits fine-grained and heterolithic in composition
(Klausen et al., 2017b). Analogous deposits to the upper part of the
Snadd Formation from the De Geerdalen Formation on Hopen island
show that tidal and fluvial channels have equal size and geometries, but
distinct differences in internal heterogeneities and sedimentary struc-
tures (Klausen and Mørk, 2014; Lord et al., 2014). At present, the dis-
tinction between mud-rich, tidally influenced channels and clean, flu-
vial-dominated channels can only be resolved through the study of
outcrop analogues or in core. Tidally influenced channels are often
associated with other tidal deposits (e.g. channels incising into tidal flat
deposits) and marine proximity. Thus the influence of marine processes
may therefore be inferred by observing the relationship between the
location of a channel and its proximity to known shoreface deposits or
palaeocoastlines (Lord, pers. comm., 2018). As subsurface seismic data
are unable to resolve distinctive depositional features in various
channel reservoirs, pre-drill permeability prediction is considered im-
possible at present.

5.6.3. Predicting chlorite coating occurrence
Chloritic cements detected in the studied channels are interpreted as

diagenetic overprints, representing recrystallization products from a

Fig. 14. Intergranular volume plotted versus total cement for
the studied samples (modified after Houseknecht, 1987;
Ehrenberg, 1989). The dashed line represents a set of points
where equal amounts of original porosity (assumed 40%)
have been lost to mechanical compaction and cementation.
Apart from the calcite-cemented samples plotting in the
upper right corner of the diagram, an indisputable abun-
dance of samples has lost their initial intergranular porosity
to mechanical compaction, as presented in the pie chart to
the right.
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precursor clay material that was incorporated into the sandstone prior
or subsequent to deposition. If sourced from the Uralide mountain
range, the channels located in the southwestern Barents Sea represent a
distal position on the Triassic delta, which explains the fine grain sizes
documented in the fluvial facies. Lithic grains are more abundant in
samples collected from eastern parts of the Barents Sea (Mørk, 1999),
which represents a proximal position relative to the Uralian prove-
nance. It is likely that the physical endurance of polycrystalline lithic
rock aggregates (e.g. metamorphic rock fragments and epidote schists)
during fluvial transport is significantly lower compared to mono-
crystalline quartz and feldspars. Disaggregation of lithic grains with
iron-bearing minerals (e.g. epidote, biotite and pyroxene) along the
transport profile could represent the origin of the precursor clay ma-
terial. Continuous contribution from disaggregated mud rock fragments
eroded from the floodplain also represents an additional source of the
suspended clay fraction in the channels. The clay precursor could have
been incorporated into coarser clastic bedload within the channel
during high-tide, when the tidal current stagnated the fluvial current. In
a mud-rich delta system frequently flooded by marine inundation, it is
not unlikely that a clay precursor might have been re-transported into
the channels via tidal currents and incorporated into the sediment
during slack tide.

From this interpretation, it follows that the distribution of precursor
clay material in the Middle – Late Triassic channels (and thus re-
crystallized chlorite coatings) is provenance-controlled. This hypothesis
is supported by an abrupt decrease in chlorite concentrations associated
with a shift from dominating Uralian zircon age signatures to more
pronounced Fennoscandian and Caledonian age signatures (Bergan and
Knarud, 1993; Klausen et al., 2017a). Coatings from Jurassic sandstones
in the southwestern Barents Sea usually have illitic chemistry and are
scarcely distributed compared to the Triassic chlorite coatings (Clark,
2017). We therefore expect the presence of chlorite coatings within
large-scale Uralian-sourced Triassic channels in the southwestern
Barents Sea.

From their study of the modern Ravenglass Estuary in northwestern
England, U.K., Wooldridge et al. (2017) claimed that the distribution of
detrital clay-coated grains can be predicted if specific depositional en-
vironment, clay fraction percentage and grain size is known. These
authors concluded that the most extensive clay coatings, and conse-
quently the best porosity potential, are expected to occur in fine-
grained, clay-bearing inner tidal flat facies sands. However, porosity-
preservation alone does not yield the best reservoir quality, as de-
monstrated in the low-permeable, tidally influenced Kobbe Formation
channel. Well-developed and efficient chlorite coatings consistently
occur in both fluvial and tidal channel systems, independent of grain
size, allogenic matrix concentrations, or basin location. This observa-
tion indicates that the precursor coating material develops regardless of
channel type (fluvial versus tidal) and is rather the product of prove-
nance and repeated marine inundations. The link to depositional facies
can only be obtained by identifying the precursor phase in transmission
electron microscopy. Physical mechanisms behind the grain coating
emplacement process remains elusive without dedicated laboratory and
analogue studies.

6. Conclusion

The Anisian Kobbe Formation channel located on the Loppa High
represents a disappointing drilling prospect, where the best reservoir
quality is characterized as fair. Despite acceptable intergranular

volumes and the presence of efficient chlorite coatings, low perme-
ability properties due to high matrix concentrations reduce the re-
servoir potential in this channel. The Carnian channels investigated in
this paper show good reservoir quality, mainly due to the presence of
chlorite coatings and intergranular matrix concentrations below 15%.
Mineralogical and textural properties, and basin burial and uplift his-
tory are interpreted to control the compaction of Anisian and Carnian
sandstones in this study. Development of precursor coatings in the
fluvial channel facies is considered vital for later inhibition of chemical
compaction by quartz cementation.

It is our understanding that porosity in Middle – Late Triassic fluvial
sandstone reservoirs is predictable by coupling initial sediment com-
position and depositional facies with basin burial history. Chlorite
coatings are present in all studied samples from the fluvial sandstone
facies, indicating a potential for preserving porosity in reservoirs ex-
ceeding temperatures of 70 °C. Mechanical compaction is the abundant
porosity-reducing agent, and IGV can likely be predicted by using ex-
perimental compaction curves for sandstones with similar petrography
as Uralian-sourced sandstones. The abundance of fine grain sizes in
distal delta positions yields a large number of grain contacts that me-
chanically strengthen these sandstone reservoirs.

Allogenic matrix concentration is considered unpredictable and re-
presents the major risk factor for reservoir quality in the Middle – Late
Triassic petroleum play. Results from this study indicate that pore-
filling matrix material above 15% have a negative impact on reservoir
permeability. A link between matrix concentration, grain size and
channel type was detected. Distinction between the very fine-grained,
matrix-rich tidally influenced channels and clean, fluvial-dominated
channels is only possible in outcrop analogue and core studies.

Future exploration strategies for Uralian-sourced sandstone re-
servoirs should target large-scale, seismically resolvable Carnian
channels of the Snadd Formation, as the probability of encountering
good reservoir quality is higher in these channels compared to under-
lying formations such as the Kobbe Formation. Future assessments of
the Triassic hydrocarbon play in the southwestern Barents Sea should
emphasize temperature and uplift history, as these parameters are un-
derstudied and remain highly speculative. Constraining uplift and
erosion events are critical for determining the maximum burial depths
and the time spent at given temperature conditions (Baig et al., 2016).
Regional maps displaying maximum burial temperature distributions in
the southwestern Barents Sea are necessary inputs for reservoir and seal
properties modelling.
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Appendixes

Table A.1
Instrumental parameters used for X-ray diffraction analyses at the
Department of Geosciences, University of Oslo (2017). *Clay frac-
tion samples.

Instrumental parameter Value

Lambda 1.5418 (Cu)
Divergence slit 2 mm
Goniometer radius 280mm
Soller slit 1 2.5mm
Soller slit 2 2.5mm
Sample length 5 mm/*2.5 mm
Sigmaster 12
Mustar 45
Exchange capacity 0.36

Fig. A.1. Bulk XRD raw data for all channel sandstone samples collected from the Kobbe Formation in well 7222/11–2 (Langlitinden).
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Fig. A.2. Bulk XRD raw data collected from the channel sandstone in Snadd Formation in well 7222/11–1 (Caurus).

Fig. A.3. Bulk XRD raw data for all channel sandstone samples collected from the Snadd Formation in well 7226/2–1 (Ververis).
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Fig. A.4. Bulk XRD raw data for all channel sandstone samples collected from the Snadd Formation in well 7228/7-1 A (Nordkapp Basin).

Fig. A.5. Bulk XRD raw data for all channel sandstone samples collected from the Snadd Formation in well 7321/7–1 (Fingerdjupet Sub-basin).
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Abstract
A general shift towards higher mineralogical and textural maturity changes the res-

ervoir character across the Triassic–Jurassic transition in the southwestern Barents 

Sea basin (SWBSB), largely affecting the hydrocarbon prospectivity in the region. 

Petrographic and geochronological provenance data presented in this paper suggest 

that the shift from mineralogically immature to mature sandstones initiated during 

the deposition of the Norian–Rhaetian Fruholmen Formation, and varies with basin 

location. Strong contrasts between the Fruholmen Formation and underlying forma-

tions are associated with proximity to the rejuvenated Caledonian and Fennoscandian 

hinterlands and are mainly restricted to the southern basin margins. In the basin in-

terior, subtle petrographic variations between the Fruholmen Formation and older 

Triassic sandstones reflect a distal position relative to the southern hinterland. The 

long-lived misconception of a regional compositional contrast in the Arctic at the 

turn of the Norian can be attributed to higher sampling frequency associated with 

hydrocarbon exploration activity along the southern basin margins, and masking 

by increased annual precipitation and subsequent reworking during the Jurassic. 

Geothermal signatures and rearrangement of ferric clay material across the Carnian–

Norian transition support a recycled origin for the Fruholmen Formation in the basin 

interior. As the closest tectonically active region at the time, the Novaya Zemlya 

fold-and-thrust belt represents the best provenance candidate for polycyclic com-

ponents in Norian–Rhaetian strata. In addition to recycling in the hinterland during 

the Late Triassic, local erosion of exposed intrabasinal highs and platforms at the 

Triassic–Jurassic transition represents a second process where thermodynamically 

unstable mineral components originally sourced from the Uralides may be removed. 

Textural and mineralogical modification may also have occurred in marginal-marine 

depositional environments during periods with elevated sea level. Mature sediment 

supply from the rejuvenated hinterland in the south, multiple cycles of reworking 

and gradual accumulation of polycyclic grains have likely led to the extreme com-

positional maturity registered in the Tubåen, Nordmela and Stø formations in the 
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1 |  INTRODUCTION

Over a 30-million-year period, the southwestern Barents Sea 

basin (SWBSB) went from being dominated by high rates 

of sedimentation and accommodation in the Triassic to the 

development of regionally condensed sections characterized 

by low sedimentation rates and bypass in the Early-Middle 

Jurassic (Ryseth, 2014). Accompanying this major shift in 

basin configuration is an extensive mineralogical and textural 

maturation of sandstone packages that have been registered 

throughout the Greater Barents Sea (Fleming et al., 2016; 

Flowerdew et al., 2019; Mørk, 1999). Although most com-

mercial hydrocarbon discoveries have been made in Upper 

Triassic to Middle Jurassic sandstones, few published studies 

target the mechanisms behind the increased reservoir quality 

across the Triassic–Jurassic (T–J) boundary in the SWBSB 

on a regional scale.

The majority of published petrographic studies from 

Upper Triassic and Jurassic successions in the SWBSB has 

been conducted in areas open to hydrocarbon exploration 

activity, which, until recently, has concentrated around the 

southern margins of the basin. In these areas, infill differ-

ences between the Triassic and Jurassic periods have been at-

tributed to rejuvenation of the Fennoscandian and Caledonian 

hinterlands, increased annual precipitation and reduced 

subsidence rates (Ryseth, 2014). This change is associated 

with a dramatic increase in sediment maturity and is thor-

oughly documented across the Early Norian flooding surface 

along the southern basin margins (Bergan & Knarud, 1993; 

Fleming et al., 2016; Mørk, 1999). By contrast, the petro-

graphic development in the offshore basin interior has largely 

been neglected in previous investigations targeting the Upper 

Triassic–Middle Jurassic succession. Fleming et al. (2016) 

recorded geochemical and compositional discrepancies be-

tween a petrographic dataset from the basin interior and data 

from the southern basin margin. The geographical differences 

were linked to extensive fluvial input from the rejuvenated 

Fennoscandian provenance along the southern basin margins, 

and widespread recycling of underlying Uralide-sourced sed-

iments in the northern areas (Fleming et al., 2016). An Upper 

Triassic–Middle Jurassic petrography database also exists 

from Svalbard and the surrounding archipelagos at the north-

western edge of the shelf (Haile et al., 2018; Mørk, Knarud, 

& Worsley, 1982; Mørk, 1999) but spatial correlation with 

the SWBSB is challenging without substantial data control 

from the offshore basin interior.

For the first time, an extensive petrographic database is 

available for the Upper Triassic–Middle Jurassic succession 

in the offshore interior of the SWBSB. By comparing petro-

graphic and provenance signatures from the basin interior to 

the southern basin margin, our results allow for a more nu-

anced interpretation of the Triassic–Jurassic transition than 

previously recorded in published literature. We investigate 

temporal changes in provenance and sediment supply at var-

ious locations in the SWBSB. Other sandstone maturation 

processes, such as climatic weathering and reworking, are 

also investigated. The development of the Norian–Rhaetian 

Fruholmen Formation is of particular interest as this strati-

graphic unit constitutes half of the Triassic time interval and 

likely represents a transitional depositional sequence be-

tween the high-accommodation setting and the subsequent 

SWBSB. It is likely that increased annual precipitation since the latest Carnian had an 

amplifying effect on sandstone maturation across the Triassic–Jurassic boundary, but 

we consider the effect to be inferior compared to provenance shifts and reworking. 

Findings from this study are important for understanding compositional and textural 

maturity enhancement processes in siliciclastic sedimentary basins.

K E Y W O R D S
Barents sea, Jurassic, petrography, provenance, Triassic

Highlights

• A shift from compositionally immature to mature 

sandstones initiated in the southwestern Barents 

Sea basin during deposition of the Norian-

Rhaetian Fruholmen Formation. 

• Compositional maturity of siliciclastic sandstones 

is linked to proximity to rejuvenated hinterlands, 

mainly restricted to southern basin margins.

• Geothermal and petrographic signatures support 

a recycled origin for the Fruholmen Formation in 

the basin interior.

• Novaya Zemlya represents the best provenance 

candidate for polycyclic components in Norian-

Rhaetian strata.

• Sediment modification occurred through multi-

ple stages of reworking and in marginal-marine 

environments. 
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low-accommodation basin configuration that became pro-

nounced in the Jurassic. The findings from this study are rel-

evant for all interested in basin-scale processes influencing 

sediment texture and composition, ultimately leading to im-

proved reservoir quality.

2 |  GEOLOGICAL BACKGROUND

The Barents Sea is presently a wide continental shelf bor-

dered by two steep shear margins separating the Norwegian 

and Greenland seas from the Eurasian Basin in the north 

(Figure 1a). The present basin configuration is the result of 

several compressional phases related to orogenic events in 

the Precambrian–Cambrian (Timanian), Silurian–Devonian 

(Caledonian), latest Devonian–earliest Carboniferous 

(Ellesmerian–Svalbardian), Carboniferous–Permian (Uralian), 

Late Triassic (Taimyr, Pai Khoi and Novaya Zemlya) and 

Palaeogene (Spitsbergen–Eurekan; Faleide et al., 2018). In ad-

dition, two major extensional phases occurred during the Late 

Devonian to mid-Permian and in mid-Late Jurassic (Henriksen 

et al., 2011). Changing orientation of rift systems has resulted 

in a fan-shaped array of half-grabens and structural highs 

(Figure 1b) that appears to follow zones of crustal weakness 

inherited from the Caledonian orogeny 420–359 million years 

ago (Gudlaugsson, Faleide, Johansen, & Breivik, 1998). Each 

extensional event was followed by post-rift subsidence, fa-

cilitating deposition of carbonate, evaporite and siliciclastic 

F I G U R E  1  The greater Barents Sea is situated along two shear margins separating the Norwegian Sea and Greenland Sea from the Arctic Ocean 

in the north (a). The well database is located in the southwestern Barents Sea basin, which is characterized by a fan-shaped array of NE–SW oriented 

half-grabens and structural highs (b). Formations of the Realgrunnen Subgroup comprise the lithostratigraphic interval of interest in this study (c). 

Figures are modified from Vigran (2014), Cohen, Harper, and Gibbard (2018), Arctic Ocean relief location map.png. (2014) and NPD Factmaps (2019)
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sediments (Worsley, 2008). The Barents shelf has also been 

affected by at least three episodes of regional-scale magma-

tism: the Siberian Traps Large Igneous Province (LIP) at the 

Permian–Triassic transition, the High Arctic LIP during Early 

Cretaceous and the North Atlantic rifting at the Paleocene–

Eocene transition (Faleide et al., 2018).

The Triassic–Jurassic succession in the SWBSB was 

deposited on an epicontinental platform located between 

45° and 70°N (Scotese, 2004). During the Mesozoic, the 

Barents Sea platform was surrounded by hinterland massifs 

of the Greenland and Norwegian Caledonides to the west 

and southwest, Paleoproterozoic and Archean complexes of 

Fennoscandia to the south and the Uralide-Taimyr Orogen 

to the east. High subsidence rates following the mid-Perm-

ian rifting enabled deposition of thick, mudstone-dominated 

successions during Triassic. The distribution of compo-

sitionally mature sandstones was mainly restricted to the 

southern basin margins, where prograding, westward-dip-

ping clinoforms constituting the Havert, Klappmyss and 

Kobbe formations thicken eastwards (Eide, Klausen, 

Katkov, Suslova, & Helland-Hansen, 2017; Worsley, 2008).

Moderately humid climate conditions in the Early-Middle 

Triassic were replaced by warmer and drier conditions in 

the Boreal region during most of the Middle-Late Triassic 

(Hochuli & Vigran, 2010; Mangerud & Rømuld, 1991). 

During deposition of the Snadd Formation, the SWBSB was 

dominated by extensive delta progradation from the south-

eastern Uralide Orogeny. Overall coarsening-upwards se-

quences range from offshore shales, through shallow marine 

to fluvial sandstones with predominantly immature compo-

sitions (Klausen, Ryseth, Helland-Hansen, Gawthorpe, & 

Laursen, 2015; Mørk, 1999). High concentrations of un-

stable lithic components have often been attributed to the 

bedrock lithology of the southeastern hinterland (Fleming 

et al., 2016; Line, Jahren, & Hellevang, 2018), although the 

mineralogy of the Polar Uralides is scarcely documented in 

published literature. In Late Carnian–Early Norian, signif-

icant changes in fluvial channel body geometries are inter-

preted to reflect changes in the hinterland to the southeast 

(Klausen, Ryseth, Helland-Hansen, Gawthorpe, & Laursen, 

2014). Palynological and sedimentological evidence also 

record a humidity increase in the Boreal realm in the Late 

Triassic (Hochuli & Vigran, 2010; Ryseth, 2014).

An Early Norian flooding surface caps the Snadd 

Formation and marks the base of the final, widespread pro-

gradational unit of the Triassic high-accommodation basin: 

the Norian–Rhaetian Fruholmen Formation. At the southern 

basin margin, a strong petrographic contrast is documented 

between litharenithic sandstones of the Snadd Formation and 

mature quartz arenites of the Fruholmen Formation (Fleming 

et al., 2016). This contrast has been referred to as the most sig-

nificant petrographic turn-over in the Arctic region (Bergan & 

Knarud, 1993; Mørk, 1999). Similar to the Snadd Formation 

below, the Fruholmen Formation comprises a lower, coars-

ening upwards interval of dark mudrocks and sandstones, 

overlain by coal-bearing, heterolithic deposits (Ryseth, 2014). 

Although the Fruholmen Formation exceeds 200  m in the 

Hammerfest Basin, the succession is poorly defined in seismic 

from platform areas and highs due to numerous erosional hia-

tuses and significant thickness variation (Müller et al., 2019).

Most of the accommodation space left by Late Paleozoic 

structural lows and Permian carbonate reef platforms was 

filled during the Triassic. In the earliest Jurassic, high ac-

commodation and sedimentation rates were replaced by 

limited accommodation and bypass. Decreasing subsid-

ence rates in the SWBSB were accompanied by paleogeo-

graphic re-configurations and rejuvenation of hinterlands 

to the south (Ryseth, 2014). As syn- and post-depositional 

uplift and erosion have left the Upper Triassic and Jurassic 

successions partially preserved and condensed on plat-

form areas and structural highs, regional investigations 

have proven difficult using conventional seismic (Klausen, 

Müller, Slama, & Helland-Hansen, 2017). However, a re-

cent study equipped with high-resolution P-Cable seismic 

documented regional angular unconformities between the 

Upper Triassic and Lower Jurassic strata across the Barents 

shelf that were linked to the development of forebulge up-

lift related to the Novaya Zemlya fold-and-thrust belt in 

the eastern part of the Barents Sea (Müller et al., 2019). 

This far-field compressional stress is postulated to have 

facilitated the transition from high- to low-accommoda-

tion settings in the SWBSB, and thereby reworking of up-

lifted Triassic strata and mixing of sediment with Uralide, 

Caledonian and Fennoscandian provenance signatures.

3 |  MATERIALS AND METHODS

The present study is based on observations and samples from 

core material from five wells in the SWBSB (Figure 1b). 560 m 

of core from the Fruholmen, Tubåen, Nordmela and Stø for-

mations were logged, where lithology, grain size, sedimentary 

structures, unit thicknesses and unit boundaries constituted the 

basis for sedimentological interpretations. Formation bounda-

ries were defined based on available biostratigraphic reports. 

Collected petrography samples were prepared and analysed at 

the Department of Geoscience, University of Oslo. Preparation 

and analysis of detrital zircon grains were conducted at the 

Department of Earth Science, University of Bergen.

In all, 84 core samples were prepared for Powder X-ray 

diffraction (XRD). Raw data diffractograms, preparation and 

instrumental details are listed in supplementary material. 

Rietveld refinement in BGMN-Profex was used to model 

the relative amounts of mineral phases from bulk XRD data. 

Modelling results were normalized after excluding mineral 

remnants from the drilling fluid and core flushing.
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In all, 74 epoxy-impregnated thin sections were prepared 

for optical microscopy. Oil-stained sandstone samples were 

washed prior to epoxy impregnation by solvent separation of 

dichloromethane (DCM + MeOH) with a volume ratio of 93:7 

and left to soak for approximately 24 hr. Compositional and tex-

tural analyses were conducted through point count analyses of 

300 counts per thin section. Framework grains were classified 

as monogranular quartz, feldspars (plagioclase and K-feldspar) 

and polygranular rock fragments after Dott (1964). For com-

positional classification, mica grains and completely dissolved 

or recrystallized framework grains (pseudomorphous replace-

ments, as described in Wilson & Pittman, 1977) were treated 

as part of the rock fragment assembly. The amount and distri-

bution of argillaceous matrix were quantified through modal 

analysis. Grain sizes were registered by measuring the longest 

axis of >100 grains per sample, and the roundness and spheric-

ity of framework grains were classified in accordance with the 

roundness scale after Powers (1953). Counts were normalized 

to 100% and averaged for each formation.

Mineral compositions of argillaceous material were iden-

tified using scanning electron microscopy (SEM). SEM anal-

yses were performed on a subset of 17 carbon-coated thin 

sections using a Hitachi SU5000 FE-SEM (Schottky FEG) 

scanning electron microscope with a Bruker XFlash30 EDS.

A subset of nine samples were prepared for detrital zircon 

age analysis. To link petrographic characteristics to geochro-

nological provenance data, samples collected for detrital zir-

con age analysis were taken from the same depth intervals as 

the petrographic samples. The samples were hand-crushed, and 

individual zircon grains were mounted in 1-inch epoxy-filled 

blocks and polished to expose surfaces for cathodolumines-

cence imaging and laser-ablation. A Nu AttoM high-resolution 

ICP-MS coupled to a 193  nm ArF excimer laser (Resonetics 

RESOlutionM-50 LR) was used to measure the Pb/U and Pb 

isotopic ratios in zircons. No common Pb correction was applied 

to the data. The concordance-discordance criterion used herein 

is 10%. Histograms and probability density plots (PDP) were 

generated with the ISOPLOT program v. 3.70 (Ludwig, 2008).

4 |  RESULTS

4.1 | Sedimentary facies associations

A diverse sedimentary facies assembly ranging from marine 

to continental environments is documented in the cored sec-

tions (Figure 2) and summarized in Table 1. Core photo ref-

erences are provided in supplementary material.

Fining upwards sandstone units with root structures and 

coal intervals documented in the Snadd Formation from 

the southern basin margin are interpreted to record conti-

nental floodplain facies (Figure 2a). These are overlain by 

bioturbated, coarsening upward sandstone units interpreted 

as marginal-marine facies, observed below the Early Norian 

flooding surface. The Norian–Rhaetian Fruholmen Formation 

displays a regressive facies trend, with shaly prodelta and 

sandy, upwards-coarsening and bioturbated delta front depos-

its at the base. These deposits are overlain by stacked braided 

and distributary channels and floodplain facies, as indicated 

by interdistributary bay, small channel- and overbank depos-

its. The Tubåen Formation comprises stacked successions of 

cross-stratified and coarse-grained braided channel deposits, 

as indicated by coarse and imbricated pebbles.

In the west, the Fruholmen Formation shows a more het-

erolithic signature with bioturbation, some root structures 

and syneresis cracks indicative of tidal influence (Figure 

2b). The topmost 15 m below the Triassic–Jurassic boundary 

consist of cross-stratified, fine sandstone with mud stringers 

and pyrite concretions (outlined in yellow frame, Figure 2b), 

suggesting a channelized feature with tidal influence. Above 

the Triassic–Jurassic boundary, the Hettangian Tubåen 

Formation displays medium-grained and cross-stratified 

sandstone units indicative of braided channels. Mixed tidal 

flat facies were recognized by heterolithic lithologies, syner-

esis cracks, coal bed and root structures.

Core from the Fruholmen Formation in the northern basin 

interior consists primarily of continental and marginal-ma-

rine facies, including meandering channel systems and point 

bars with rip-up mud clasts, ripple-laminated levee deposit 

and heterolithic mixed tidal flat facies (Figure 2c). In the 

Hoop Fault Complex, the transition into the Pliensbachian 

Nordmela Formation is characterized by a thin, erosive and 

very coarse-grained lag deposit, overlain by an extensively 

bioturbated and upwards-coarsening shoreface deposit. At 

the base of the Toarcian Stø Formation, a 5-m thick, medi-

um-grained sandstone interval is subdivided into multiple 

fining-upwards units containing pebble-sized clasts at the 

base, overlain by cross-stratified and bioturbated sandstone. 

Similar facies characteristics are documented from Early 

Jurassic strata on East-Greenland, where the individual fin-

ing-upwards units are interpreted as transgressive lags cov-

ered by wave/tide-influenced cross-beds (Eide et al., 2016). 

In the Hoop Fault Complex, the transgressive deposits are 

overlain by a fine-grained and cross-bedded section with 

weak bioturbation, interpreted as a channel fill deposit.

At the Mercurius High, a cross-stratified, fine-grained 

sandstone unit of the Norian Fruholmen Formation is in-

terpreted to represent parts of a meandering channel system 

(Figure 2d). A vertical burrow structure at the top of a fin-

ing-upwards channel deposit indicate tidal influence (outlined 

in yellow, Figure 2d). Above the Triassic–Jurassic boundary, 

the Pliensbachian Nordmela Formation displays a fining-up-

wards trend. Based on the clay stringers and basal mud chips, 

the Nordmela Formation was interpreted as a tidal channel in 

this core. The clay-rich and intensely bioturbated lowermost 

Stø Formation was interpreted as offshore transition facies, 
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which is erosively overlain by another lag deposit similar 

to the one described from the Hoop Fault Complex, which 

contains coal fragments and intra-formational clasts. As the 

topmost fine-grained and massive sandstone in this core con-

tains coal fragments and lacks marine trace fossils, this sec-

tion of the Stø Formation is interpreted to represent a fluvial 

channel fill.

4.2 | Petrographic signatures across the 
Triassic–Jurassic boundary

4.2.1 | Southern basin margin

A sharp contrast was documented between the mineralogi-

cally diverse Snadd Formation and the extremely quartz-rich 

Fruholmen Formation in the southern basin location (out-

lined by dashed yellow lines in Figures 3a–c and 4c). Rock 

fragments are scarce (1%–3%) above and below the Early 

Norian flooding surface and the assemblies consist solely of 

mica. Although grain sizes vary from fine sand to coarse silt 

in both Triassic formations (Figure 3b), minerals that char-

acterize the Snadd Formation sandstones (chlorite, siderite, 

pyroxene and fluorapatite) are absent above the Early Norian 

transgressive surface (Figure 3c). The braided channel depos-

its in the Fruholmen Formation contain only quartz, plagio-

clase and traces of kaolin (Figure 4c), whereas the stacked 

distributary channels above contain additional muscovite/il-

lite, K-feldspar and significantly higher kaolin content (20%–

40%; Figure 4b).

Apart from minor grain size differences, no significant 

contrast is registered between the Fruholmen and Tubåen for-

mations in the south (Figure 4a–c). Extreme compositional 

maturity is registered on either side of the Triassic–Jurassic 

boundary (overlapping compositions in Figure 3a) and the 

formations are only distinguished by a larger grain size diver-

sity and higher kaolin content in the Fruholmen Formation. 

The braided channel facies in the Fruholmen Formation 

contains slightly higher plagioclase content compared to the 

braided channels in the Tubåen Formation.

F I G U R E  2  Summary of interpreted sedimentary facies and sampled intervals from the Snadd, Fruholmen, Tubåen, Nordmela and Stø 

formations in the Nysleppen Fault Complex (a), Bjørnøyrenna Fault Complex (b), Hoop Fault Complex (c) and Mercurius High (d). As the cored 

sections in wells 7324/8-1 and 7324/7-2 from the Hoop Fault Complex display similar facies distributions, only 7324/7-2 is presented in the 

figure. Kaolin-enriched intervals below the Triassic–Jurassic boundary are indicated in yellow. Referenced core photos are found in supplementary 

material
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4.2.2 | Western basin interior

Rhaetian Fruholmen Formation sandstones in the western 

basin interior are characterized as subarkoses to sublitharen-

ites, with grain sizes varying from very fine sand to coarse silt 

(outlined by dashed blue lines in Figures 3d–f and 4e–f). The 

rock fragment assembly contains scarce distributions (<2%) 

of mica and mudrock fragments. One sample contains 15% 

chert. The mineral assembly includes quartz, plagioclase, 

K-feldspar, muscovite/illite and kaolin, where plagioclase 

appears to be slightly favoured over K-feldspar (Figure 3f). 

Biotite, calcite, siderite and pyrite were registered in trace 

amounts. A distinct increase in the kaolin content is docu-

mented just below the Triassic–Jurassic boundary (indicated 

by arrow in Figure 3f). This interval is annotated by a yellow 

frame in Figure 2b.

The mineralogical and textural contrasts between the sub-

arkosic–sublitharenitic Fruholmen and the quarzitic Tubåen 

formations in the west are dramatic (Figure 3d–f). Rock 

fragments are generally absent in the Tubåen Formation but 

traces (<1%) of chert, mica and pseudomorphous replace-

ments have been observed. The bulk mineral assembly in the 

Tubåen Formation consists exclusively of quartz and traces 

of plagioclase, K-feldspar and kaolin (Figure 3f). Quartz 

arenites display two distinct grain size populations: medium 

sand and very fine sand (Figure 4d).

4.2.3 | Northern basin interior

Two distinct sandstone signatures were detected in the 

Fruholmen Formation in the northern basin interior. The 

most abundant northern assembly (annotated N) classifies 

as a subarkose to lithic subarkose and occurs at the Hoop 

Fault Complex and Mercurius High (outlined by dashed red 

lines in Figures 5 and 6c–d). The rock fragment assembly 

averages at 10% and contains primarily mica and mudrock 

fragments. Iron-bearing minerals and significant amounts 

of argillaceous pore-fill characterize the samples from this 

assembly (Figure 6h). Individual samples are moderately 

to well sorted and grain sizes range from coarse silt to fine 

sand (Figure 5b; red polygon in Figure 5e). A diverse min-

eral suite is registered from the bulk XRD analyses (Figure 

5c,f), with quartz abundances ranging from 45% to 70%. 

Feldspars account for 15%–25% of the bulk, with plagi-

oclase-dominance over K-feldspar. Argillaceous minerals 

generally account for about 10%–30% of the bulk samples, 

where muscovite/illite and kaolin minerals dominate the 

clay mineral assembly (Figure 6c). Chlorite is the least 

abundant clay phase and accounts for about 2%–5% of the 

bulk. When present, chlorite is mostly distributed as pore-

fill mixed with other clay-fraction particles (Figure 6h). 

Samples collected from cemented nodules contain 15%–

20% calcite, and one sample contains 26% pyrite. Siderite 

is rarely found in samples containing calcite, and typically 

constitutes 2%–10%. Minor (<2%) quartz cement was de-

tected in the northern petrographic assembly in the Hoop 

area (Figure 6d).

The second sandstone assembly in the Fruholmen 

Formation from the northern basin interior (annotated N2 

and outlined by dashed bright red lines in Figure 5d–f) has 

a strong resemblance to the Norian–Rhaetian mineral assem-

bly in the west and consists of well sorted fine to very-fine 

sand. This mineral suite occurs in the tidal channel facies at 

the Mercurius High, above sandstones of the iron-containing 

northern assembly and below the Triassic–Jurassic boundary 

(Figure 2d). In addition to micas and mudrock fragments, 

chert and pseudomorphous replacements are rock fragment 

constituents that distinguish the N2 suite from the ferric 

northern assembly. In contrast to the diverse mineral suite 

documented in the northern assembly below, ferric minerals 

are almost absent in the N2 assembly (Figure 5f). Quartz is 

T A B L E  1  Facies characteristics in the Realgrunnen Subgroup from the cored sections

Environment Facies Interpretation Grain size and structures Occurrence

Marine 1 Offshore transition Clst1, extensive bioturb14. Stø

2 Delta Vfs2, CU7, bioturb, coal, sid10 Fruholmen

3 Shoreface Vfs, extensive bioturb. Snadd, Nordmela

Marginal marine 4 Mixed tidal flat Vfs, heterolithic, syn9, bioturb. Fruholmen

Foodplain 5 Floodplain shale Clst, PPL13 Fruholmen

6 Crevasse splay Vfs, coal, current ripples, roots Snadd, Fruholmen

Channels 7 Tidal channel Vfs-fs3, FU8, coal, bioturb., calc11 Fruholmen, Nordmela

8 Meandering channels Fs-ms4, rip-up clasts, coal, cross-bedding. Snadd, Fruholmen, Stø

9 Braided channels Ms-cs5, qz12 clasts, coal. Fruholmen, Tubåen, Stø

Transgressive lag 10 Lag deposits Ms-vcs6, pebble clasts, cross-bedding. Nordmela, Stø

1Claystone, 2Very-fine sand, 3Fine sand, 4Medium sand, 5Coarse sand, 6Very coarse sand, 7Coarsening upward, 8Fining upward, 9Syneresis cracks, 10Siderite, 11Calcite, 
12Quartz, 13Plane-parallel lamination, 14Bioturbation.
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the dominating mineral and the K-feldspar preference over 

plagioclase is another property that distinguishes the N2 

sandstone suite from the northern assembly below and in the 

Hoop Fault Complex. The kaolin content increases up to 20% 

towards the Triassic–Jurassic boundary (Figure 6g; indicated 

with arrow in Figure 5f), while the total feldspar and mus-

covite/illite concentrations remain constant throughout the 

interval. This interval corresponds to the section framed in 

yellow in Figure 2d.

A sharp mineralogical contrast separates the Fruholmen 

and Nordmela formations in the northern basin inte-

rior (Figure 5c,f). Sandstones representing the Nordmela 

Formation are classified as sublitharenites in the Hoop Fault 

Complex (Figure 5a), and occasionally as quartz arenites at 

the Mercurius High (Figure 5d). A relatively wide range of 

rock fragments were detected from the Nordmela Formation; 

chert, mica, mudrock fragments, pseudomorphous replace-

ments and rutile were observed in minor amounts (<3%). 

The fine to very fine grain sizes are coarser compared to the 

northern petrographic assembly in the Fruholmen Formation 

(Figure 5b) but share similar grain size distributions with the 

N2 petrographic assembly (bright red polygon in Figure 5e). 

The mineral suite of the Nordmela Formation sandstones 

in the Hoop area includes quartz, K-feldspar, muscovite/

illite and kaolin, with traces of plagioclase, chlorite, cal-

cite and rutile (Figures 5c and 6b). At the Mercurius High, 

the Nordmela Formation contains quartz and plagioclase, 

with minor amounts of K-feldspar and grain-coating kaolin 

(Figures 5f and 6f).

Another mineralogical maturity increase is associated 

with the Nordmela-Stø transition, where most Stø Formation 

sandstones plot as quartz arenites (Figure 5a,d). Few rock 

fragments are encountered in the Stø Formation (3% on aver-

age), and traces of chert, mica, mudrock fragments, pseudo-

morphous replacements and pyritic clasts (Figure 6e) occur 

sporadically in individual samples. Increased mineralogical 

maturity and sorting is coupled with an overall grain size in-

crease in Hoop (Figure 5b), while overlapping grain size dis-

tributions are documented at the Mercurius High (Figure 5e). 

In addition to the quartz-dominance (>90%), sandstones from 

F I G U R E  3  Sampled sandstones of the Snadd, Fruholmen and Tubåen formations in the cores from the Nysleppen (a–c) and Bjørnøyrenna 

(d–f) fault complexes show distinct characteristics in composition, grain size and mineralogy. Elevated kaolin contents are registered in the upper 

Fruholmen Formation, towards the T–J boundary, in both locations. Sampled intervals are indicated in Figure 2a,b

F I G U R E  4  Characteristics of the 

Fruholmen and Tubåen formations in the 

Nysleppen (a–c) and Bjørnøyrenna (d–f) 

fault complexes are visualized by SEM 

micrographs, elemental distribution maps 

and thin section images. Samples from 

the top Fruholmen Formation show a 

dominance of Al-rich pore-fill (indicated 

in yellow) (b). The pore-fill consists of 

clay-fractioned quartz mixed with poorly 

developed crystals of illite and kaolin 

(e). Extreme compositional maturity 

characterizes the southern assembly of the 

Fruholmen Formation (indicated S) (c), 

whereas a more feldspatic composition 

is registered in the western assembly 

(indicated W) (f). The Tubåen Formation 

in the western basin interior displays two 

distinct and rounded grain size populations 

(Qz1 and Qz2) (d), whereas a homogeneous 

assembly of angular grains is recorded in 

the south (a). Alb, Albite; Bio, Biotite; Kao, 

kaolin; Kfld, K-feldspar; Qz, quartz
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the basal lag deposit contain minor amounts of feldspars, 

muscovite/illite, kaolin, calcite and siderite (Figures 5c,f and 

6a). Trace amounts of chlorite, fluorapatite, pyrite and rutile 

were also detected from XRD. Calcite and siderite occur as 

pore-filling cements, while pyrite crystals were found in con-

centric laminae around detrital quartz grains in the transgres-

sive lag deposit at the Mercurius High (Figure 6e).

4.3 | Detrital zircon age signatures

Results from the detrital zircon age analyses are listed in the 

supplementary material and summarized in Figure 7. Grains 

with age signatures from 270 to 350 Ma are attributed to the 

Uralian Orogeny, whereas the Fennoscandian provenance 

includes catchment areas with Meso- and Neoproterozoic 

sedimentary rocks from northern Finnmark and Archean 

to Paleoproterozoic rocks of the Fennoscandian Shield 

(Klausen et al., 2017). This provenance signature shows a 

distinct lack of zircon ages younger than the Cambrian. A 

third provenance, referred to as Caledonian, is characterized 

by Paleozoic peaks mixed with Mesoproterozoic ages.

4.3.1 | Southern basin margin

Floodplain deposits within the Snadd Formation at the 

southern basin margin comprise detrital zircon grains rang-

ing from Late Triassic to Archean(?) in age. Histograms and 

frequency spectrums reveal an abundance of grains younger 

than Permian (Figure 7c). This signature is significantly 

younger than the Caledonian and commonly associated 

with provenance areas in the southeast and east Uralides 

(Fleming et al., 2016). However, we note a peak of grain 

ages older than 500  Ma which likely has a source in the 

Timanide orogen and is interpreted to represent sediments 

from the southern- and southeastern margins of the basin.

In strong contrast to the Uralide age signatures documented 

in the Snadd Formation, detrital zircon grains from the over-

lying Fruholmen Formation show typical Fennoscandian age 

signatures, lacking grains younger than 500 Ma (Figure 7b). 

No grains approximate the maximum depositional age.

The braided channel of the Tubåen Formation con-

tains detrital zircon age signatures attributed to the 

Sveconorwegian and Svecofennian orogenies exclu-

sively, with a minimum age peak at 900  Ma (Figure 

7a). Accordingly, we associate these age peaks with the 

Fennoscandian hinterland.

4.3.2 | Western basin interior

In the Fruholmen Formation in the west, the youngest re-

corded age (196.2 ± 5.7 Ma) is close to the maximum depo-

sitional age of the formation and a significant contribution of 

Caledonian ages are also registered (Figure 7e).

Fluvial deposits of the Tubåen Formation show 

Fennoscandian and Caledonian age signatures character-

ized by grains with ages from 1,000 to 1,600  Ma (Figure 

7d). This signature is attributed to the Sveconorwegian oro-

gen and its associated metasediments. Age signatures from 

1,750 to 2,000 Ma are typical for the Svecofennian orogen, 

and a Caledonian age peak and grains as young as Late 

Carboniferous are also recorded.

4.3.3 | Northern basin interior

Young detrital age signatures (<350  Ma) documented in 

all samples from the basin interior are considered as typi-

cal for Uralian provenance areas (Bue & Andresen, 2014). 

However, extensive recycling has been documented within 

the Fruholmen Formation and these zircon grains may 

thus have been recycled from younger Triassic formations 

(Fleming et al., 2016). In addition to pronounced Uralian 

age peaks, the Fruholmen Formation from the Hoop Fault 

Complex shows minor contribution of Caledonian age sig-

natures (Figure 7h). The youngest grain encountered in this 

sample (213.8 ± 5 Ma) approximates the depositional age 

of the formation; however, the possibility of lead loss can-

not be discounted. Through cathodoluminescence imaging, 

prismatic and oscillatory-zoned zircon grains younger than 

230  Ma display sector-zoned inner domains and inherited 

cores (Figure 7h’), suggesting an igneous origin (Klausen 

et al., 2017).

By contrast, Caledonian age peaks are absent in the low-

ermost Fruholmen Formation channel at the Mercurius High 

(Figure 7l). It should, however, be noted that the number of 

validated analyses in this sample (n = 33/64) is considered sta-

tistically insignificant. The sample from the N2 assembly, on 

the other hand, reveals dominant age peaks associated with the 

Uralian, Caldeonian and Svecofennian orogenies (Figure 7k). 

Norian zircon grains were also recorded from this interval.

The detrital zircon age spectra from the Pliensbachian 

Nordmela Formation in the basin interior is characterized 

by Triassic zircon grains and notable Caledonian age peaks 

(Figure 7g,j). We also detected subtle Sveconorwegian and 

Svecofennian age peaks.

F I G U R E  5  The composition, grain size and mineralogy of the Fruholmen, Nordmela and Stø formations in the Hoop Fault Complex (a–c) 

and Mercurius High (d–f) in the northern basin interior reveal two distinct mineralogical suites in the Fruholmen Formation; the northern assembly 

(indicated by dashed red lines) and the N2 assembly (indicated by dashed light red lines), which only occurs at the Mercurius High. Increasing 

kaolin contents are registered towards the T–J boundary in samples from the 7324/9-1 core. Sampled intervals are indicated in Figure 2c,d
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The recorded isotope ages from the Stø Formation in the 

Hoop Fault Complex are characterized by abundant Triassic 

zircon grains in the Toarcian level (Figure 7f), which is dis-

tinctly different from the Caledonian and Fennoscandian sig-

natures recorded in the Aalenian part of the Stø Formation 

from the neighbouring 7324/9-1 well on Mercurius High 

(Figure 7i).

5 |  DISCUSSION

Detrital zircon and petrography characteristics reflect signifi-

cant variations in sediment dispersal patterns to the SWBSB 

across the Triassic–Jurassic boundary. Compositional 

contrasts may therefore be discussed in terms of geographi-

cal and temporal variations in provenance, climate and basin 

configuration.

5.1 | Geographical and temporal 
provenance variations

Variations in sediment dispersal patterns from Middle 

Triassic to Early Jurassic are summarized and discussed with 

reference to conceptual paleogeographic reconstructions for 

the SWBSB (Figure 8). In the Middle-Late Triassic, dur-

ing the deposition of the Kobbe and Snadd formations, the 

SWBSB was dominated by extensive delta progradation from 

F I G U R E  6  SEM micrographs and 

elemental maps visualize the contrasts 

between the mineralogically mature Stø and 

Nordmela formations, and the subarkoses of 

the Fruholmen Formation in the Hoop Fault 

Complex (a–d) and the Mercurius High (e–

h). The northern assembly of the Fruholmen 

Formation (annotated N) occurs in both 

locations, whereas the compositionally 

more mature N2 assembly occurs only at the 

Mercurius High, where kaolinite dominates 

the pore space (g). Alb, Albite, Ill, illite, 

Kao, Kaolin, Kfld, K-feldspar, MRF, 

mudrock fragment, Pyr, pyrite, Qz, quartz, 

RF, rock fragment
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the southeastern Uralide Orogeny (Figure 8a; Glørstad-Clark, 

Faleide, Lundschien, & Nystuen, 2010). As a consequence of 

high rates of sedimentation and subsidence, the basin infill is 

characterized as compositionally immature. Sandstones were 

concentrated in deltaic and channelized deposits (indicated 

in dark red, Figure 8a) encased within fine-grained siliciclas-

tics (Henriksen et al., 2011; Klausen et al., 2015). Sandstones 

deposited along the southern basin margin are described as 

compositionally mature, with good to excellent reservoir 

quality (Fleming et al., 2016). These properties have been 

linked to denudation of the Caledonides and the Precambrian 

basement rocks in Fennoscandia (Bergan & Knarud, 1993). 

Sediment supply from the southern hinterlands was likely 

limited and restricted to the southern margins of the basin 

(indicated in yellow, Figure 8a).

During deposition of the Norian–Rhaetian Fruholmen 

Formation, the basin configuration and sediment disper-

sal patterns that had dominated the SWBSB for 25 million 

years started to change (Figure 8b). Rejuvenation of the 

Caledonian and Fennoscandian hinterlands towards the end 

of the Triassic (Ryseth, 2014) introduced coarse-grained and 

quartz-rich sediments to the proximal basin margins in the 

south (indicated in yellow, Figure 8b), in strong contrast to 

the fine-grained lithic arkoses and litharenithic detritus that 

had dominated the basin since the Early Triassic. Bergan 

and Knarud (1993) were the first to characterize the petro-

graphic shift across the Early Norian flooding surface as the 

most distinct and regionally important change in sandstone 

compositions in the Arctic. They attributed the composi-

tional turn-around to extensive reworking of older Triassic 

strata and changing environments following the Early Norian 

transgression. Decreasing subsidence rates at the turn of the 

Norian were postulated to have facilitated repeated reworking 

and textural and mineralogical maturation of the Fruholmen 

Formation (Bergan & Knarud, 1993; Ryseth, 2014). The 

dramatic maturity contrast in the southern SWBSB was also 

documented by Mørk (1999) and Fleming et al. (2016), who 

linked sandstone maturity to a predominance of Caledonian 

and Fennoscandian zircon age signatures. The present study 

records similar findings from the southern basin margin, 

where detrital zircon age data link clean quartz arenites 

of the Norian Fruholmen Formation to an abundance of 

Fennoscandian zircon ages and an absence of age popula-

tions younger than 350  Ma. Strong compositional contrast 

F I G U R E  7  Probability density plots of detrital zircon ages recorded in the Snadd, Fruholmen, Tubåen, Nordmela and Stø formations from 

the Nysleppen (a–c), Bjørnøyrenna (d–e) and Hoop (f–h; Klausen et al., 2017, 2018) fault complexes, and at Mercurius High (i–l). Minimum 

ages are provided for each sample. The Fruholmen Formation display young zircon ages (196.2 ± 5.7 Ma) in the west (e), while the youngest 

zircon age detected in the southern location is 501.6 ± 9.5 Ma (b), indicating a different provenance for the Fruholmen Formation in the south. 

Cathodoluminescence imaging of Norian (210–230 Ma) zircon grains in the Hoop Fault Complex (h’) suggests an igneous origin (Klausen et al., 

2017). The Aalenian(?) Stø Formation in 7324/9-1 (i) shows Caledonian age signatures with a notable absence of young age signatures that are 

found in the underlying Nordmela (j) and Fruholmen (k) formations, and in the Toarcian Stø Formation in 7324/8-1 (f)
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with the immature, Uralide-sourced Snadd Formation below 

suggests that the maturity increase along the southern basin 

margins arise from a shift in provenance. Petrographic and 

geochronological data may thus indicate that the hinterland 

rejuvenation in the south started to influence sediment dis-

persal patterns along the southern basin margin in the Norian, 

or simply that the southern provenance continuously contrib-

uted with sediments to the southern part of the basin since the 

Early Triassic (Eide et al., 2017).

Subtle petrographic variations between the Fruholmen 

Formation and older Triassic sandstones from the basin inte-

rior (Haile et al., 2018; Line et al., 2018) suggest that strong 

compositional maturity contrasts across the Early Norian 

flooding surface can be associated with proximity to the 

rejuvenated hinterland in the south. The long-lived miscon-

ception of a distinct, regional compositional contrast in the 

Arctic at the turn of the Norian can be attributed to higher 

sampling frequency along the southern basin margins and 

camouflaging by subsequent maturation processes, such as 

increased annual precipitation and reworking.

The presence of a pronounced Timanide age peak in the 

zircon data from the Mercurius High, and a less prominent 

Caledonian peak in the Hoop area, indicates that sediment 

routing systems also existed between the southern hinterlands 

and the northern basin interior during the Norian (indicated 

in orange, Figure 8b). However, because geochronological 

data from the basin interior generally indicate minor supply 

from the southern provenance regions, petrographic signa-

tures from other source terrains would be less obscured by 

quartz-rich sediment supply from the rejuvenated hinterland.

At first, abundant Uralide-aged zircon grains in the 

Fruholmen Formation from the basin interior appear to rep-

resent continued sedimentation from the southeast after the 

Early Norian transgression. However, fluid inclusion mea-

surements conducted on Norian sandstones from the basin 

interior and the Svalbard archipelagos attest to burial tem-

peratures of 130°C, which significantly depart from the nor-

mal burial history of the western Barents shelf (Haile et al., 

2018). Parts of the Fruholmen Formation grain assembly can 

therefore unequivocally be attributed to recycling of a deeply 

buried and consolidated sedimentary basin. The absence of 

such abnormal temperatures in underlying Triassic forma-

tions suggests that the recycled particles were introduced to 

the western Barents Sea basin after the Early Norian.

The first appearance of recycled quartz grains coincides 

with a redistribution of chlorite at the Carnian–Norian transi-

tion. Predominantly distributed as grain coatings in the Snadd 

F I G U R E  8  Conceptual paleogeographic maps of the 

southwestern Barents Sea basin show the interpreted regional 

development of sediment dispersal patterns from Anisian–Carnian (a) 

to Norian–Rhaetian (b) and Late Rhaetian–Hettangian (c)
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and Kobbe formations (Line et al., 2018), chlorite is mainly 

recorded as pore-fill in the Fruholmen Formation from the 

present study. This rearrangement of ferric clay material 

further substantiates a recycled origin for the Fruholmen 

Formation sandstones in the basin interior.

Recycled sedimentary detritus in the Fruholmen 

Formation from the basin interior must either have been 

sourced locally from uplifted parts of the Barents shelf, as 

proposed by Fleming et al. (2016), or from an exposed hin-

terland that formed a sedimentary basin prior to substantial 

uplift (Klausen et al., 2017; Müller et al., 2019). Because the 

size and denudation profiles of local catchments cannot ex-

plain the high-temperature signatures and regional dispersal 

of the recycled detritus, the provenance should comprise a 

significantly larger area, where deeply buried sediments have 

been uplifted and exposed. As the closest tectonically ac-

tive region at the time, the Novaya Zemlya fold-and-thrust 

belt represents the best provenance candidate for recycled 

Norian–Rhaetian detritus in the basin interior (indicated in 

bright red, Figure 8b). The Triassic succession deposited 

while the Novaya Zemlya area formed a basin at the north-

ern edge of the Polar Uralides can likely account for the 

Uralide-aged zircons recorded in recycled Norian–Rhaetian 

sandstones from the basin interior. A recycled Uralide-origin 

also reconciles with the mineralogical similarities between 

the Fruholmen Formation and older Triassic strata. However, 

mixing of first-cycle detritus from the Polar Uralides and re-

cycled detritus from exposed strata on Novaya Zemlya cannot 

be excluded from the present study.

The influx of zircon grains younger than 220 Ma (Figure 

7h’) affirms that an igneous provenance area was active 

while, or shortly before, supplying sediment to the SWBSB 

in the Norian (Klausen et al., 2017). The close match between 

the youngest zircon ages and depositional age implies that 

the igneous provenance was situated within geographical 

proximity to the western Barents shelf at the time of deposi-

tion. Igneous activity associated with the tectonically active 

fold-and-thrust belt to the east could explain the progressive 

younging of Late Triassic grains in stratigraphically younger 

sections, although this interpretation remains speculative 

in the absence of confidently documented Triassic granitic 

magmatism on Novaya Zemlya (Lopatin, Pavlov, Orgo, & 

Shkarubo, 2001). Eolian transport of young zircon grains can 

be excluded based on the occurrence of Jurassic age peaks 

in coeval strata from the Russian Barents Sea sector, and the 

absence of similar ages in contemporaneous strata from the 

SWBSB (Klausen et al., 2017). Based on the recorded occur-

rences of coeval zircon and depositional ages, Klausen et al. 

(2017) postulated that sedimentation from the igneous prov-

enance to the basin interior culminated in the Sinemurian.

It is significant that the young (<220 Ma) zircon grains 

recorded in the Barents Sea closely match maximum deposi-

tional age in the basin interior throughout the Late Triassic, 

until basin inversion at the Jurassic–Triassic boundary. A 

more precise dating of the youngest grains could be achieved 

through application of CA-TIMS or multiple LA-ICP-MS 

analysis (Herriot, Crowley, Schmitz, Wartes, & Gillis, 2019), 

but this is beyond the scope of the present study. However, 

SEM of analysed grains indicates no structural damage that 

would suggest lead loss. Although the possibility of lead loss 

cannot be discounted, we emphasise that the age of analysed 

zircon grains rarely falls significantly below maximum dep-

ositional age of Late Triassic deposits in either Triassic or 

Jurassic samples. Consequently, potential lead loss would be 

highly coincidental with this persistent age signature.

Although the first signatures from the southern hinterland 

rejuvenation are registered already in the Norian, the tran-

sition from floodplain, tidal flat and fluvial environments 

into alluvial braidplain facies at the Fruholmen–Tubåen 

boundary (Figure 2a,b) is interpreted as the main phase of 

tectonic activity along the southern basin margins. The Latest 

Rhaetian–Hettangian Tubåen Formation was deposited in a 

narrow SW-NE oriented basin, delineated by the rejuvenated 

hinterland in the south and exposed platform areas to the 

north (Figure 8c). Hinterland rejuvenation combined with 

decreased subsidence rates in the Early Jurassic likely facili-

tated supply and preservation of medium- to coarse-grained 

deposits in the basin (Ryseth, 2014). Zircon spectra from 

the southern basin margin support continued sedimentation 

from the Baltic shield, thereby linking coarser particles to the 

southern provenance. On the remaining platform areas, the 

absence of the Rhaetian–Sinemurian succession represents 

a period of subaerial exposure and erosion of underlying 

Triassic strata (Klausen, Müller, Poyatos-Moré, Olaussen, & 

Stueland, 2019; Müller et al., 2019).

In the western basin interior, the two distinct grain 

size populations (Figure 4d) are interpreted to represent 

a combination of first-cycle supply from the south (indi-

cated in yellow, Figure 8c) and recycled sediment from 

exposed platform areas in the basin interior (indicated in 

beige, Figure 8c). The combination of a subtle age peak 

from the Caledonian orogen and a Late Carboniferous age 

peak attests to a mix of bedrock lithologies in the southern 

provenance area. Although Carboniferous ages are com-

mon in the detrital zircon samples (related to rifting in the 

Barents Sea, volcanism in the Sverdrup Basin; Faleide, 

Gudlaugsson, & Jacquart, 1984, or the orogeny in the 

Uralides; Puchkov, 2009), it is rare to see a solitary peak of 

this age such as in the Tubåen Formation from the western 

basin interior (Figure 7d). This can be caused by sampling 

bias, or local variations in sediment supply, but the appar-

ent absence of Triassic ages suggest it is derived locally 

rather than from the Uralides, where mixing with younger 

ages is common. Thus, our results imply that sedimentation 

from the east might have ceased in the western basin inte-

rior by the Hettangian.
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As the Norian–Rhaetian succession in the basin interior 

is interpreted as recycled detritus from exposed strata in 

the Novaya Zemlya hinterland, it follows that local erosion 

of uplifted strata on platform areas during the Hettangian 

represents a second reworking cycle of Uralide-sourced 

sediment. In addition, textural and mineralogical prop-

erties might be modified a third time in the depositional 

environment. However, because braidplain deposits nor-

mally are associated with poor sorting parameters, we at-

tribute the extreme compositional maturity in the Tubåen 

Formation from the basin interior to multiple cycles of 

reworking in combination with mature, first-cycle supply 

from the south.

5.2 | Temporal climatic variations

Discrepancies in the feldspar and clay contents between the 

Fruholmen Formation and the Kobbe and Snadd formations 

in the basin interior suggest that higher annual precipitation 

established after the Carnian (Figure 9). An average drop 

of 10% in total feldspar content coincides with a similar 

increase in kaolin, indicating a shift towards higher diage-

netic weathering from Carnian to Norian. These observa-

tions are in line with palynological records in the Nordkapp 

Basin that reflect an increase in humidity towards the end 

of the Carnian (Hochuli & Vigran, 2010). A similar cli-

matic trend was reported from east Greenland, where an 

increase in the kaolinite/illite ratio is recognized through 

the Late Triassic to the Early Jurassic succession (Decou, 

Andrews, Alderton, & Morton, 2017). Müller (2003) also 

recognized a long-term shift from arid/semi-arid to humid 

climate conditions in the northern North Sea region during 

the Rhaetian to Early Jurassic. In contrast to neighbouring 

shelves in the south and west, climate-enhanced mineralog-

ical maturation in the Barents Sea has likely been obscured 

by contemporaneous quartz enrichment from provenance 

shifts and recycling.

Arrows in Figure 9 indicate a gradual increase in the 

kaolin content towards the top of the cored Fruholmen 

Formation at several basin locations. This kaolin profile is 

best developed in the upper Fruholmen Formation from the 

western basin interior, where the kaolin content increases 

from <5% to 20% over a 20-m interval (Figure 3f). Also, 

kaolin portions double over a 6-m section representing the 

N2 petrographic assembly from the northern basin interior 

(Figure 5f). Along the southern basin margins, an absence 

of kaolin in the medium-grained Fruholmen Formation is 

replaced by >20% kaolin over a 14-m interval (Figures 3c 

and 4b). The lack of a gradual trend in the southern core 

is likely related to lower sampling frequency. As wet-

ter climatic conditions were already established after the 

Carnian, the kaolin increase towards the T–J boundary 

can either reflect enhanced leaching capacity or a further 

increase in annual precipitation towards the end of the 

Triassic. The profile's occurrence directly below an ero-

sive, regional sequence boundary might suggest that sub-

aerial exposure facilitated meteoric leaching of permeable, 

underlying strata. This process could link kaolin profiles 

in the basin interior to compression-induced uplift asso-

ciated with the Novaya Zemlya protrusion in the east, and 

the development of a forebulge on the western Barents 

shelf (Müller et al., 2019). A similar explanation could be 

used for the extreme kaolin content in the upper Fruholmen 

Formation from the southern basin margin, where the uplift 

would be associated with the rejuvenation of the southern 

hinterlands. However, as this interpretation assumes that 

the kaolin material is the product of intensified leaching 

of feldspars and micas, the significant increase in kaolin 

(up to 20%) should be coupled with an equal decrease in 

feldspar and mica contents. This relationship has not been 

confirmed from the present study. Leaching below the 

sequence boundary would also imply that characteristic 

kaolin booklets should dominate the intergranular pore 

space. Although in-situ booklets are recorded, the signifi-

cant kaolin increase is attributed to an abundance of small, 

anhedral kaolin crystals that occur in a mixed assembly 

with other clay fraction particles (Figure 4e). Based on the 

morphology and mixed composition of the pore-fill, we 

consider it more likely that an influx of allogenic kaolin 

accounts for the significant increase. Aluminium-rich clay 

particles are interpreted as the remnants of floodplain clays 

that were incorporated into channelized sandstones during 

fluvial erosion and river bank collapse. Because this in-

terpreted origin implies that aluminium-rich soil profiles 

were already developed on the floodplain prior to incor-

poration in the channels, elevated kaolin contents in the 

upper Fruholmen Formation are attributed to higher annual 

precipitation in the latest Triassic. The regional distribu-

tion of the kaolin profiles also supports a climatic origin. 

Subsequent erosion and reworking have likely resulted in 

partial preservation of the kaolin profiles in the SWBSB, 

thus explaining their absence in Norian sandstones from 

the Hoop Fault Complex. Nonetheless, further analyses tar-

geting the pore-filling kaolin material are necessary to in-

vestigate a potential relation to the T–J sequence boundary.

F I G U R E  9  A significant kaolin increase occurs towards the T–J boundary in all studied cores (indicated by arrows). The marked drop in 

feldspars and kaolin across the T–J boundary, coupled with continuous Triassic age peaks, indicate reworking of Uralide-sourced particles until the 

Aalenian. XRD data from the Kobbe and Snadd formations were retrieved from Line et al. (2018)
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5.3 | Sediment recycling at the Triassic–
Jurassic transition

Two distinct recycling processes are recognized across the 

Triassic–Jurassic transition in the SWBSB: (a) Recycling 

of a deeply buried sedimentary basin in the hinterland and 

(b) local erosion of exposed intrabasinal highs and platform 

areas in the western Barents shelf. In addition, it is likely that 

textural and mineralogical modification of sediments in mar-

ginal-marine depositional environments have contributed to 

mechanical breakdown of labile components and particle 

rounding in the Jurassic. In this section, we discuss recycling 

signatures recorded in the Fruholmen, Tubåen, Nordmela 

and Stø formations by comparing textural properties above 

and below the T–J boundary at the various basin locations 

(Figure 10).

This study documents intra-formational petrographic 

variations within the Fruholmen Formation in the basin 

interior. The western and N2 mineral assemblies are more 

quartz-rich compared to the northern sandstone assembly 

and contains six times the average percentage of rounded 

grains (compare Figure 10a,c). Although textural maturity 

might be related to tidal influence (Figure 2b,d), a facies-de-

pendent relationship alone cannot explain the absence of 

ferric minerals in the western and N2 assemblies. As large 

parts of the Norian–Rhaetian succession are missing across 

the northern basin interior due to subaerial exposure and 

denudation (Klausen et al., 2019), upper sections of the 

Fruholmen Formation in the western basin interior could 

contain recycled detritus from exposed strata on northern 

platform areas. A recycled origin could also account for 

the portion of Triassic zircons in the western petrographic 

assembly (Figure 7e). However, as the Caledonian age 

signature is more pronounced in the west, and mature pe-

trographic properties occur on the northern platform, we 

consider supply from the south as a more likely explanation 

for higher compositional maturity in the western and N2 

assemblies. Also, the presence of contemporaneous zircon 

grains (<200 Ma) does not reconcile with a reworking sce-

nario for the Fruholmen Formation in the west, and rather 

suggests a supply of first-cycle sediments in the Latest 

Triassic. Thus, the ambiguous signatures of the western 

and N2 sandstone suites in the Fruholmen Formation could 

be indicative of a mixed and/or recycled origin. Although 

the mechanisms behind the intra-formational variations 

within the Fruholmen Formation in the basin interior are 

poorly understood, their existence documents a potential 

for preserving texturally and mineralogically mature sand-

stones with Uralide age signatures.

As parts of the Fruholmen Formation in the basin inte-

rior are interpreted as recycled detritus from an uplifted sed-

imentary basin in the hinterland (Novaya Zemlya), it follows 

F I G U R E  1 0  Average grain roundness 

and sphericity in the Upper Triassic–Middle 

Jurassic succession show higher textural 

maturity above the Triassic–Jurassic (T–J) 

boundary in the basin interior (a–d). By 

comparison, the textural maturity increase 

from the Fruholmen Formation to the 

Tubåen Formation along the southern basin 

margin is subtle (e and f). Arrows indicate 

increasing (green) and decreasing (red) 

portions of rounded and high sphericity 

grains that are used as a proxy for textural 

maturity
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that subsequent local erosion of uplifted platform areas in 

the earliest Jurassic represents a second reworking cycle of 

sediments originally sourced from the Uralides. Multiple 

cycles of reworking, in addition to quartz-rich supply from 

the rejuvenated hinterland in the south, can therefore explain 

the extreme compositional maturity registered in the Tubåen 

Formation. High textural maturity supports a local rework-

ing scenario in the western basin interior (Figure 10c–d), 

whereas the lower textural maturity in the Fennoscandia-

derived Tubåen Formation along the southern basin margin 

(Figure 10d–f) likely reflects a short source-to-sink profile 

and limited reworking in the braidplain environment.

The Pliensbachian Nordmela Formation in the north-

ern basin interior displays similar zircon age spectra as the 

Fruholmen Formation below, indicating that a portion of the 

detritus might represent particles originally derived from 

the Uralide Orogeny (Figure 7g,j). The mineralogical ma-

turity that distinguishes the Nordmela Formation from the 

formations below the 20-million-year long hiatus (Figure 

5f) can likely be attributed to the signatures from the south-

ern provenance. The absence of contemporaneous zircon 

grains in the Nordmela Formation might imply that supply 

from the active igneous source to the western Barents shelf 

had terminated before the Pliensbachian. Using the mini-

mum zircon age peaks as a proxy for sedimentation from 

the east, Klausen et al. (2017) related the absence of these 

grains to the development of a foredeep basin west of the 

Novaya Zemlya fold-and-thrust belt. It has been postulated 

that the foredeep basin, combined with elevated sea level, 

shielded the western Barents shelf from eastern sediment 

supply after the Sinemurian (Klausen et al., 2017; Sømme, 

Doré, Lundin, & Tørudbakken, 2018). Following this in-

terpretation, Triassic age peaks recorded in the Nordmela 

Formation from the SWBSB represent recycled components 

sourced locally from inside the basin. An intrabasinal origin 

for the Nordmela Formation, combined with local rework-

ing in tidal to shallow marine environments, is supported 

by the high textural maturity documented across the T–J 

boundary in the northern basin interior (Figure 10a–b) and 

underscores how important multiple episodes of reworking 

is for reservoir quality.

The textural maturation trend across the T–J boundary 

continues into the Toarcian–Aalenian Stø Formation, where 

most grains are rounded (Figure 10a). Geochronological 

zircon data suggest that sediment supply from the south 

became increasingly more important stratigraphically up-

ward in the basin interior since the Pliensbachian (Figure 

7f,i). Although the abundance of rounded grains might in-

sinuate pronounced recycling of particles comprising the 

Stø Formation, first-generation supply from the southern 

provenance is likely obscured in this plot because coarser 

particles are more readily rounded than fine-grained sand 

due to their smaller surface area. Significant depositional 

hiatuses are typical of the Early-Middle Jurassic succes-

sion in the SWBSB, and condensed deposits might hold 

reworked constituents from the eroded time spans. An ex-

ample from this study is the concentrically laminated pyrite 

grains recorded from the Stø Formation (Figure 6e), which 

have been interpreted as the remnants of ooidal grains that 

could have formed in a shallow marine setting dominated by 

bidirectional currents. Detailed analyses of condensed and 

transgressive lag deposits from the Early-Middle Jurassic 

succession may disclose depositional and climatic condi-

tions prior to erosion, thereby allowing for a more complete 

understanding of the Early-Middle Jurassic period.

5.4 | General implications

The Triassic–Jurassic succession in the Barents Sea Basin 

documents a passage from a high-accommodation basin 

where predominantly immature sandstone compositions 

were deposited, to a low-accommodation basin characterized 

by sediment starvation and bypass. As a consequence of the 

structural reorganization in the basin and of the surrounding 

hinterland terrains, a gradual shift towards higher composi-

tional and textural maturity have enhanced the reservoir qual-

ity of siliciclastic sandstones over time. Such transitions have 

crucial implications for petroleum exploration and develop-

ment strategies for the studied succession but also for other 

sedimentary basins of equivalent tectonic setting. Thus, un-

derstanding regional and local processes contributing to tex-

tural and mineralogical maturation of siliciclastic sediment 

over time is important.

The Lower-Middle Mesozoic succession in the Barents 

Sea provides an excellent example of the influence prove-

nance shifts, climatic changes, diagenesis, sedimentary fa-

cies and recycling have on modifying siliciclastic sediment 

towards higher mineralogical and textural maturity. However, 

unravelling the effects of these interrelated processes on 

compositional maturation from the stratigraphic record can 

be challenging. This study demonstrates that compositional 

changes associated with provenance shifts can be distin-

guished from processes related to climatic changes, diagen-

esis and sedimentary facies by integrating mineralogical and 

textural analyses with geochronological zircon data. Also, 

sediment recycling has proven to be difficult to decipher 

solely using geochronology, and validation relies on comple-

menting it with mineralogical analyses and high-resolution 

petrographic methods.

6 |  CONCLUSION

This study documents geographical and temporal variations 

in sediment composition and dispersal patterns across the 
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Triassic–Jurassic boundary in the SWBSB. Compositional 

and textural maturity of sandstone reservoirs vary with basin 

location and appear to increase gradually from the Late 

Carnian–Early Norian to the Middle Jurassic.

Rejuvenation of the Caledonian and Fennoscandian hin-

terlands in the Early Norian facilitated influx of coarser and 

quartz-rich sedimentary particles, which produced a strong 

contrast to the underlying, fine-grained lithic arkoses and li-

tharenithic detritus that had dominated the basin since the 

Early Triassic. Our study indicates that previously recorded 

petrographic contrasts across the Early Norian flooding sur-

face in the southern basin margin arise from a local shift in 

provenance. The long-lived misconception of a regional com-

positional contrast in the Arctic at the turn of the Norian can be 

attributed to higher sampling frequency associated with hydro-

carbon exploration activity along the southern basin margins, 

and camouflaging by subsequent sediment modification pro-

cesses, such as increased annual precipitation and reworking.

New data from the basin interior reveal a more subtle com-

positional maturity increase from the Carnian to the Norian, 

which we attribute to recycling of older Triassic strata de-

posited in a deep sedimentary basin. The uplifted Novaya 

Zemlya fold-and-thrust belt represents the best provenance 

candidate for recycled components in Norian–Rhaetian sand-

stones from the basin interior. Higher annual precipitation 

after the latest Carnian likely amplified mineralogical mat-

uration of sandstones across the Triassic–Jurassic boundary, 

but we consider the effect of climatic weathering as inferior 

to other maturation processes, such as provenance shifts and 

reworking. Intra-formational variations within the Fruholmen 

Formation in the basin interior might be attributed to rework-

ing of uplifted strata on platform areas, but ambiguous signa-

tures of the preserved succession in the west are indicative of 

a mixed origin that require further analyses.

We recognize at least two sources for recycled grains 

from the Upper Triassic–Middle Jurassic succession in the 

SWBSB. The first represents the recycling of a deep sedi-

mentary basin in the hinterland, where sediments with 

high-temperature signatures, Triassic and contemporaneous 

zircon ages are supplied to the western Barents shelf during 

the Norian–Rhaetian.

A subsequent, and possibly overlapping, phase of local 

reworking in the SWBSB is inferred from pronounced trun-

cation of Upper Triassic strata in the basin interior. Both 

recycling episodes can likely be attributed to compression 

induced by the Novaya Zemlya fold-and-thrust belt, where 

recycled grains were shed westward from the uplifted hin-

terland and later redistributed during forebulge uplift in the 

Jurassic.

A third probable sediment modification scenario follows 

sea level fluctuations and corresponding depositional facies, 

where shallow marine conditions and multiple transgres-

sions in the Jurassic likely facilitated textural maturation of 

condensed sections. The development of a foredeep basin west 

of the Novaya Zemlya fold-and-thrust belt in the Sinemurian–

Pliensbachian is thought to have shielded the western Barents 

shelf from eastern sediment supply, after which intrabasinal 

sedimentation commenced in the basin interior.

In addition to increased supply from the rejuvenated hin-

terland in the south, the accumulation of polycyclic grains 

stratigraphically upwards can explain the extreme composi-

tional maturity registered in the Tubåen, Nordmela and Stø 

formations in the SWBSB.

ACKNOWLEDGEMENTS
The principal author is funded by VISTA (project 6270) 

– a basic research collaboration programme between the

Norwegian Academy of Science and Letters, and Equinor 

(former Statoil). We also wish to thank our project sponsor 

OMV Norge, particularly Eirik Stueland, for funding and 

access to core data from the Hoop area. A. F. Clark, T. G. 

Ilagan and J. Lindtorp are thanked for their efforts in sample 

preparation and microscopy analyses. Detrital zircon analy-

ses were performed at the University of Bergen, and we are 

thankful for laboratory assistance from S. Hjort Dundas, I. 

Dumitru, M. Suppersberger and L. E. Rydland Pedersen. 

B. G. Haile provided useful comments while reviewing the 

manuscript. The data that support the findings of this study 

are provided in the supplementary material.

DATA AVAILABILITY STATEMENT
The data that support the findings of this study are available 

on request from the corresponding author. Geochronological 

zircon data and referenced core photos are available as sup-

plementary material.

ORCID
Lina H. Line   https://orcid.org/0000-0002-2352-5577 

REFERENCES
Arctic Ocean relief location map.png. (2014, August 21). Wikimedia 

Commons, the free media repository. Retrieved from https ://commo 

ns.wikim edia.org/w/index.php?title =File:Arctic_Ocean_relief_

locat ion_map.png&oldxm l:id=13224 9753

Bergan, M., & Knarud, R. (1993). Apparent changes in clastic miner-

alogy of the Triassic–Jurassic succession, Norwegian Barents Sea: 

Possible implications for palaeodrainage and subsidence. Norwegian 
Petroleum Society Special Publications, 2, 481–493. https ://doi.

org/10.1016/B978-0-444-88943-0.50034-4

Bue, E. P., & Andresen, A. (2014). Constraining depositional mod-

els in the Barents Sea region using detrital zircon U-Pb data from 

Mesozoic sediments in Svalbard. Geological Society, London, 
Special Publications, 386(1), 261–279. https ://doi.org/10.1144/

SP386.14

Cohen, K. M., Harper, D. A. T., & Gibbard, P. L. (2018). ICS interna-

tional chronostratigraphic chart 2018/08. International Commission 
on Stratigraphy, IUGS. Retrieved from www.strat igrap hy.org (vis-

ited: 2018).

121



| 21
EAGE

LINE ET AL.

Decou, A., Andrews, S. D., Alderton, D. H., & Morton, A. (2017). 

Triassic to Early Jurassic climatic trends recorded in the Jameson 

Land Basin, East Greenland: Clay mineralogy, petrography and 

heavy mineralogy. Basin Research, 29(5), 658–673. https ://doi.

org/10.1111/bre.12194 

Dott, R. H. (1964). Wacke, graywacke and matrix; what approach to im-

mature sandstone classification? Journal of Sedimentary Research, 

34(3), 625–632.

Eide, C. H., Howell, J. A., Buckley, S. J., Martinius, A. W., Oftedal, 

B. T., & Henstra, G. A. (2016). Facies model for a coarse-grained, 

tide-influenced delta: Gule Horn Formation (Early Jurassic), 

Jameson Land. Greenland. Sedimentology, 63(6), 1474–1506. https 

://doi.org/10.1111/sed.12270 

Eide, C. H., Klausen, T. G., Katkov, D., Suslova, A. A., & Helland-

Hansen, W. (2017). Linking an Early Triassic delta to antecedent 

topography: Source-to-sink study of the southwestern Barents Sea 

margin. GSA Bulletin, 130(1-2), 263–283. https ://doi.org/10.1130/

B31639.1

Faleide, J. I., Gudlaugsson, S. T., & Jacquart, G. (1984). Evolution of 

the western Barents Sea. Marine and Petroleum Geology, 1(2), 123–

150. https ://doi.org/10.1016/0264-8172(84)90082-5

Faleide, J. I., Pease, V., Curtis, M., Klitzke, P., Minakov, A., Scheck-

Wenderoth, M., … Zayonchek, A. (2018). Tectonic implications 

of the lithospheric structure across the Barents and Kara shelves. 

Geological Society, London, Special Publications, 460(1), 285–314. 

https ://doi.org/10.1144/SP460.18

Fleming, E. J., Flowerdew, M. J., Smyth, H. R., Scott, R. A., Morton, 

A. C., Omma, J. E., … Whitehouse, M. J. (2016). Provenance of 

Triassic sandstones on the southwest Barents Shelf and the impli-

cation for sediment dispersal patterns in northwest Pangaea. Marine 
and Petroleum Geology, 78, 516–535. https ://doi.org/10.1016/j.

marpe tgeo.2016.10.005

Flowerdew, M. J., Fleming, E. J., Morton, A. C., Frei, D., Chew, D. 

M., & Daly, J. S. (2019). Assessing mineral fertility and bias in 

sedimentary provenance studies: Examples from the Barents Shelf. 

Geological Society, London, Special Publications, 484, SP484-11. 

https ://doi.org/10.1144/SP484.11

Glørstad-Clark, E., Faleide, J. I., Lundschien, B. A., & Nystuen, J. 

P. (2010). Triassic seismic sequence stratigraphy and paleoge-

ography of the western Barents Sea area. Marine and Petroleum 
Geology, 27(7), 1448–1475. https ://doi.org/10.1016/j.marpe 

tgeo.2010.02.008

Gudlaugsson, S. T., Faleide, J. I., Johansen, S. E., & Breivik, A. J. 

(1998). Late Palaeozoic structural development of the south-western 

Barents Sea. Marine and Petroleum Geology, 15(1), 73–102. https ://

doi.org/10.1016/S0264-8172(97)00048-2

Haile, B. G., Klausen, T. G., Czarniecka, U., Xi, K., Jahren, J., & 

Hellevang, H. (2018). How are diagenesis and reservoir qual-

ity linked to depositional facies? A deltaic succession, Edgeøya, 

Svalbard. Marine and Petroleum Geology, 92, 519–546. https ://doi.

org/10.1016/j.marpe tgeo.2017.11.019

Henriksen, E., Ryseth, A. E., Larssen, G. B., Heide, T., Rønning, K., 

Sollid, K., & Stoupakova, A. V. (2011). Tectonostratigraphy of the 

greater Barents Sea: Implications for petroleum systems. Geological 
Society, London, Memoirs, 35(1), 163–195. https ://doi.org/10.1144/

M35.10

Herriott, T. M., Crowley, J. L., Schmitz, M. D., Wartes, M. A., & Gillis, R. 

J. (2019). Exploring the law of detrital zircon: LA-ICP-MS and CA-

TIMS geochronology of Jurassic forearc strata, Cook Inlet, Alaska, 

USA. Geology, 47(11), 1044–1048. https ://doi.org/10.1130/G46312.1

Hochuli, P. A., & Vigran, J. O. (2010). Climate variations in the Boreal 

Triassic – Inferred from palynological records from the Barents Sea. 

Palaeogeography, Palaeoclimatology, Palaeoecology, 290(1–4), 

20–42. https ://doi.org/10.1016/j.palaeo.2009.08.013

Klausen, T. G., Müller, R., Poyatos-Moré, M., Olaussen, S., & Stueland, 

E. (2019). Tectonic, provenance and sedimentological controls on 

reservoir characteristics in the Upper Triassic to Middle Jurassic 

Realgrunnen Subgroup-Southwest Barents Sea. Geological Society, 
London, Special Publications, 495, SP495-2018. https ://doi.

org/10.1144/SP495-2018-165

Klausen, T. G., Müller, R., Slama, J., & Helland-Hansen, W. (2017). 

Evidence for Late Triassic provenance areas and Early Jurassic sed-

iment supply turnover in the Barents Sea Basin of northern Pangea. 

Lithosphere, 9(1), 14–28. https ://doi.org/10.1130/L556.1

Klausen, T. G., Müller, R., Sláma, J., Olaussen, S., Rismyhr, B., & 

Helland-Hansen, W. (2018). Depositional history of a condensed 

shallow marine reservoir succession: Stratigraphy and detrital zir-

con geochronology of the Jurassic Stø Formation, Barents Sea. 

Journal of the Geological Society, 175(1), 130–145.

Klausen, T. G., Ryseth, A. E., Helland-Hansen, W., Gawthorpe, R., & 

Laursen, I. (2014). Spatial and temporal changes in geometries of 

fluvial channel bodies from the Triassic Snadd Formation of off-

shore Norway. Journal of Sedimentary Research, 84(7), 567–585. 

https ://doi.org/10.2110/jsr.2014.47

Klausen, T. G., Ryseth, A. E., Helland-Hansen, W., Gawthorpe, R., & 

Laursen, I. (2015). Regional development and sequence stratigra-

phy of the Middle to Late Triassic Snadd formation, Norwegian 

Barents Sea. Marine and Petroleum Geology, 62, 102–122. https ://

doi.org/10.1016/j.marpe tgeo.2015.02.004

Line, L. H., Jahren, J., & Hellevang, H. (2018). Mechanical compaction 

in chlorite-coated sandstone reservoirs – Examples from Middle-

Late Triassic channels in the southwestern Barents Sea. Marine and 
Petroleum Geology, 96, 348–370. https ://doi.org/10.1016/j.marpe 

tgeo.2018.05.025

Lopatin, B. G., Pavlov, L. G., Orgo, V. V., & Shkarubo, S. I. (2001). 

Tectonic structure of Novaya Zemlya. Polarforschung, 69, 131–135.

Ludwig, K. R. (2008). Isoplot 3.70: A geochronological tool-
kit for Microsoft Excel (Vol. 4, p. 77). Berkeley, CA: Berkeley 

Geochronology Center, Special Publication.

Mangerud, G., & Rømuld, A. (1991). Spathian-Anisian (Triassic) pal-

ynology at the Svalis Dome, southwestern Barents Sea. Review 
of Palaeobotany and Palynology, 70(3), 199–216. https ://doi.

org/10.1016/0034-6667(91)90002-K

Mørk, A., Knarud, R., & Worsley, D. (1982). Depositional and diage-

netic environments of the Triassic and Lower Jurassic succession of 

Svalbard. Arctic Geology and Geophysics: Proceedings of the Third 
International Symposium on Arctic Geology, 8, 371–398.

Mørk, M. B. E. (1999). Compositional variations and provenance of 

Triassic sandstones from the Barents Shelf. Journal of Sedimentary 
Research, 69(3), 690–710. https ://doi.org/10.2110/jsr.69.690

Müller, R. (2003). Basin infill dynamics of the Triassic of the northern 
North Sea and Mid-Norwegian shelf: Control of autogenic and allo-
genic factors. Doctoral dissertation. University of Oslo.

Müller, R., Klausen, T. G., Faleide, J. I., Olaussen, S., Eide, C. H., & 

Suslova, A. (2019). Linking regional unconformities in the Barents 

Sea to compression-induced forebulge uplift at the Triassic-Jurassic 

transition. Tectonophysics, 20, 35–51. https ://doi.org/10.1016/j.

tecto.2019.04.006

Norwegian Petroleum Directorate. (2019, March 8).NPD factmaps. 

Retrieved from http://gis.npd.no/factm aps/html_21/

122



22 | EAGE
LINE ET AL.

Powers, M. C. (1953). A new roundness scale for sedimentary parti-

cles. Journal of Sedimentary Research, 23(2), 117–119. https ://doi.

org/10.1306/D4269 567-2B26-11D7-86480 00102 C1865D

Puchkov, V. N. (2009). The evolution of the Uralian orogen. Geological 
Society, London, Special Publications, 327(1), 161–195. https ://doi.

org/10.1144/SP327.9

Ryseth, A. (2014). Sedimentation at the Jurassic-Triassic bound-

ary, south-west Barents Sea: Indication of climate change. From 
Depositional Systems to Sedimentary Successions on the Norwegian 
Continental Margin, 46, 187–214.

Scotese, C. R. (2004). A continental drift flipbook. The Journal of 
Geology, 112(6), 729–741. https ://doi.org/10.1086/424867

Sømme, T. O., Doré, A. G., Lundin, E. R., & Tørudbakken, B. O. (2018). 

Triassic-Paleogene paleogeography of the Arctic: Implications for 

sediment routing and basin fill. AAPG Bulletin, 102(12), 2481–

2517. https ://doi.org/10.1306/05111 817254

Vigran, J. O. (2014). Palynology and geology of the Triassic succession 
of Svalbard and the Barents Sea. Norges Geologiske undersøkelse.

Wilson, M. D., & Pittman, E. D. (1977). Authigenic clays in sand-

stones; recognition and influence on reservoir properties and 

paleoenvironmental analysis. Journal of Sedimentary Research, 

47(1), 3–31.

Worsley, D. (2008). The post-Caledonian development of Svalbard and 

the western Barents Sea. Polar Research, 27(3), 298–317. https ://

doi.org/10.1111/j.1751-8369.2008.00085.x

SUPPORTING INFORMATION
Additional supporting information may be found online in 

the Supporting Information section.                 

How to cite this article: Line LH, Müller R, Klausen 

TG, Jahren J, Hellevang H. Distinct petrographic 

responses to basin reorganization across the Triassic–

Jurassic boundary in the southwestern Barents Sea. 

Basin Res. 2020;00:1–22. https ://doi.org/10.1111/

bre.12437 

123



124




