
 1 

Stratigraphic and sedimentological characterisation of the Late Cretaceous 1 

post-rift intra Lange Sandstones of the Gimsan Basin and Grinda Graben 2 

(Halten Terrace, Norwegian Sea)  3 

Domenico Chiarella and Daniel Joel 4 

Clastic Sedimentology Investigation (CSI) – Department of Earth Sciences, Royal Holloway, University of 5 

London, Egham, UK 6 

 7 

 8 

Abstract 9 

Deep-marine gravity-driven deposits represent one of the more investigated depositional 10 

systems due to their potential interest as target for exploration and carbon capture and 11 

storage activities, as well as an important record of the depositional history of a basin 12 

through time. Although the Halten Terrace (Norwegian Sea) is one of the main successful 13 

exploration areas, we still have poor understanding of the post-rift Cretaceous interval. 14 

Here, 3D seismic reflection and borehole data are integrated to investigate the stratigraphic 15 

distribution and sedimentological characteristics of the Cenomanian-Turonian intra Lange 16 

Sandstones in the Gimsan Basin and Grinda Graben. The Lange Formation records the 17 

deposition in a deep-marine environment of a thousand meter thick shale unit punctuated 18 

by tens of meters thick gravity-driven coarse-grained sandstone intervals sourced from the 19 

Norwegian mainland. The presence of gravity-driven deposits and the deep-marine setting 20 

is supported by seismic interpretation, architectural elements and the facies analysis of 21 

cored material acquired within the studied stratigraphic interval. Borehole data indicate the 22 

presence of both turbidites and hybrid-event beds rich in mud content. The results of this 23 
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study have implications for the understanding of the distribution and reservoir potentiality 24 

of the Late Cretaceous Lange Formation in the Halten Terrace.  25 

 26 

Introduction 27 

Deep-marine clastic depositional systems represent one of the main targets as potential 28 

reservoirs for hydrocarbon exploration and CO2 storage (Fugelli and Olsen, 2005; 29 

Moscardelli et al., 2013; Elenius et al., 2018; Thomson et al., 2020; Hansen et al., 2021). 30 

Understanding the distribution and internal characterisation of deep-marine systems and 31 

being able to build predictive models is vital for net and gross reservoir volume estimation 32 

and reservoir connectivity. 33 

Jurassic pre- and syn-rift systems have been extensively explored and documented in the 34 

Norwegian Continental Shelf (e.g., Corfield et al., 2001; Thrana et al., 2014; Ichaso and 35 

Dalrymple, 2014; Chiarella et al., 2020) resulting in large discoveries (e.g., Draugen, Heidrun, 36 

Smørbukk and Norne). In the last years, an increasing interest renewed the focus on post-37 

rift Cretaceous deposits such as the Lysing (e.g., Nidhogg discovery) and Springar formations 38 

(e.g., Balderbrå prospect) (Hansen et al., 2021). In contrast, less attention has been given to 39 

the post-rift intra Lange Sandstones although while preparing this contribution Equinor and 40 

licences partner have made two intra Lange Sandstones discoveries (i.e., Sierra and Egyptian 41 

vulture) in the Grinda Graben. So far, the main uncertainty encountered in intra Lange 42 

Sandstones prospects (e.g., Warka and Egyptian vulture) has been the reservoir presence 43 

and quality. Accordingly, more studies are needed to improve the understanding of the 44 

Lange Formation and distribution of the sandstone intervals.  45 

Although topography and sediment routing patterns are less influenced through time by the 46 

syn-rift structures (Hadlari et al., 2016; McArthur et al., 2016; Dmitrieva et al., 2017; Hansen 47 
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et al., 2021), the sedimentation and distribution of post-rift deposits can still be controlled 48 

by the inherited rift-topography. Horst and graben structures produce a series of steep 49 

slope and fault-bounded basins. Footwall areas and inherited canyons control the position 50 

of the input points. Fault displacement and entry point position along the fault (i.e., fault tip 51 

versus centre) condition the flow behaviour (Ge et al., 2017). These aspects will also have an 52 

impact on sediment distribution, controlling the accumulation of the sediment at the base 53 

of the fault scarp and along the hanginwall (Ge et al., 2017; Chiarella et al., 2021) 54 

Here, the distribution and sedimentological characteristics of a sand-rich interval of the 55 

Lange Formation (i.e., intra Lange Sandstones) in the Gimsan Basin and Grinda Graben 56 

(offshore Norway) is investigated. 3D seismic reflection and borehole data are used to 57 

constrain the geometry, distribution and depositional processes controlling the 58 

accumulation of a post-rift interval. The results of this study have implications for the 59 

understanding of the sand distribution within the Gimsan Basin and Grinda Graben, as well 60 

as the reservoir properties of the Cenomanian-Turonian intra Lange Sandstones. An 61 

additional example of a post-rift gravity-driven system composed of a combination of 62 

turbidites and hybrid-event beds where the topography control flow behaviour and 63 

sedimentation loci is also provided. 64 

 65 

Geological setting 66 

Structural framework  67 

The study area is located on the Halten Terrace, which represents the eastern shoulder of 68 

the greater Vøring Rift Basin (Fig. 1A). The Halten Terrace is situated between 64° and 69 

65°30’N on the Norwegian Continental Shelf and is bounded by the Trøndelag Platform in 70 

the east and the Rås Basin in the west. The Halten Terrace consists of several structural 71 
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elements, such as the Grinda Graben and the Gimsan Basin in the southwest portion (Fig. 72 

1B), and has a complex multi-phase extensional history starting in the Devonian through the 73 

opening of the NE Atlantic in the Cenozoic (Bukovics et al., 1985; Blystad et al., 1995; Doré 74 

et al., 1996, 1999; Brekke, 2000; Elliott et al., 2012). For most of the Jurassic, the Halten 75 

Terrace area represented the western margin of the Trøndelag Platform until during the 76 

Late Jurassic-Early Cretaceous this marginal area experienced intense faulting, uplift and 77 

erosion defining distinct structural elements like the Frøya High, the Sklinna and Nordland 78 

ridges and the Halten Terrace (Brekke et al., 1999). The formation of these new positive 79 

structural elements favoured erosion during the Cretaceous, ultimately feeding depressed 80 

areas (e.g., Gimsan Basin and Grinda Graben) and producing large sandstone-rich fan 81 

systems referable to the Lange and Lysing formations (Fig. 2). 82 

The Gimsan Basin is an elliptically-shaped N-S oriented structural depression. In its northern 83 

portion, the Gimsan Basin is bounded by the footwall uplift of the eastern boundary fault of 84 

the Grinda Graben to the west and the Bremstein Fault Complex to the east and north. The 85 

Gimsan Basin started to form during the Middle-Upper Jurassic, and during the Aptian the 86 

Basin becomes part of the subsiding Halten Terrace (Blystad et al., 1995; Brekke et al., 87 

1999). The Grinda Graben is a simple NNE-SSW striking depression. The main extensional 88 

phases started in the Early to Middle Jurassic although the present-day configuration 89 

formed during the Early Cretaceous (Blystad et al., 1995). Dome-like features present within 90 

the Graben have been attributed to salt swells or tectonic inversion (Gabriel and Robinson, 91 

1984). 92 

 93 

Stratigraphic framework  94 
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The Cretaceous interval in the North Sea and Norwegian Continental Shelf is typically 95 

represented by fine-grained sediments. However, sedimentation is punctuated by the input 96 

of coarse-grained sediments sourced from the Norwegian mainland. Examples of these 97 

coarse-grained intervals have been documented along the Maløy Slope (i.e. the Aptian-98 

Albian Agat Fm, the Early-Middle Turonian Tryggvason Fm and the Late Turonian-99 

Campanian Kyrre Fm) and the Halten Terrace (i.e. the Cenomanian-Turonian intra Lange 100 

Sandstones, the Upper Turonian-Coniacian Lysing Fm, the Upper Coniacian-Campanian Nise 101 

Fm and the Upper Campanian-Maastrichtian Springar Fm) (Fig. 2; Skibeli et al., 1995; Bugge 102 

et al., 2001; Fugelli & Olsen, 2005; Jackson et al., 2008; Jackson et al., 2021). This study 103 

investigates Cenomanian-Turonian sandstone-rich deposits of the Lange Fm using 3D 104 

seismic and well data (Figs. 2 and 3). Similar deposits have been studied in the northermost 105 

portion of the Grinda Graben (i.e., Heidrun Field) by Moscardelli et al. (2013), and at 106 

regional scale across the Trøndelag region by Brekke et al. (1999) and Vergara et al. (2001). 107 

Several studies document a Late Cretaceous polyphased tectonic activity in the Norwegian-108 

Greenland area (Surlyk, 1990; Blystad et al., 1995; Doré et al., 1996; Brekke, 2000), which 109 

remains active till the end of the Turonian, and produced a regional tectonic event during 110 

the Cenomanian (Doré et al., 1997). This tectonic activity produced an intra Lange 111 

Cenomanian-Turonian unconformity followed by a transgressive interval. In this study, the 112 

unconformity is documented on seismic data and traced following the onlap terminations 113 

recognised above the surface (Fig. 7A). Following Doré et al. (1999), it is named 114 

Cenomanian-Turonian unconformity (CTU; Fig. 2). 115 

The main provenance area for the intra Lange Sandstones deposits of the Grinda Graben 116 

and Gimsan Basin is the Norwegian mainland with minor input from the Greenland 117 

mainland documented in well 6506/12-5 (Fig. 4). In particular, heavy-mineral studies of 118 
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Lange Fm sediments suggest a provenance from the Lofoten and Nordland ridges along a 119 

main northeast-southwest sediment transport route for the Grinda Graben (Morton and 120 

Grant, 1998; Morton et al., 2005a and 2005b). Following Hasting (1987), the Nordland Ridge 121 

is characterised by several unconformities suggesting that the Ridge was a physical element 122 

present throughout the Cretaceous. The Gimsan Basin seems mainly controlled by an 123 

eastern source (i.e., Trøndelag Platfom) although a minor northern sediment input along the 124 

Ellingråsa Graben cannot be ruled out (Fig. 4). The same sediment provenance routes have 125 

also been suggested by Fugelli and Olsen (2005) for the Upper Turonian-Coniacian Lysing Fm 126 

(Fig. 2) deposits accumulated in the Dønna and Halten terraces. A northeast-southwest 127 

sediment transport route for Cretaceous sandstones (i.e., Lange and Lysing fms) is in 128 

agreement with the northwest-southeast–trending faults and lineaments observed offshore 129 

mid-Norway (Fig. 4). 130 

 131 

Dataset and Method 132 

The dataset used to perform this study consist of 3D seismic reflection data and well 133 

information (i.e., wireline logs and cores). The 3D survey was only available as full-stack 134 

seismic data and the quality varies across the study area. Seismic sections are generally 135 

zero-phase reflectivity data, where red troughs represent a decrease in acoustic impedance 136 

(soft kick). The dominant frequency varies between 25 and 50 Hz. Unfortunately, in the 137 

Grinda Graben the seismic expression of the studied interval is characterised by a low-138 

resolution response making it difficult to extract a reliable amplitude map, appreciate the 139 

extension of the deposit, and assess internal architectures. The vertical resolution for the 140 

studied stratigraphic interval is around 20 meters. Similar to what is documented for the 141 

Upper Cretaceous Lysing Fm (Fugelli and Olsen, 2007), the seismic signature of the intra 142 
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Lange Sandstones is highly variable depending on the mineral composition, reservoir 143 

quality, thickness, and overlain shales. Mineralogical composition is siliciclastic-dominated, 144 

although as documented for the Lysing Fm (Fugelli and Olsen, 2007) and the age-equivalent 145 

northern North Sea Kyrre Fm (e.g., well 6204/11-1) carbonate grains and strata resulting in 146 

both compositional and strata mixing (sensu Chiarella et al., 2017) are present. The 147 

presence of the carbonate fraction can locally create an increase in acoustic impedance 148 

(hard kick) on full-stack seismic data.  149 

To date, most of the wells drilled in the Halten Terrace have targeted Jurassic prospects. 150 

However, Lange Fm core material is available within the study area  via the Solberg 151 

discovery (i.e., wells 6407/1-7 and 6407/1-7A) located in the Grinda Graben, and the 152 

Chamonix well (i.e., 6407/5-2S) located on the eastern margin of the Gimsan Basin (Fig. 1B). 153 

Core intervals for wells 6407/1-7, 6407/1-7A and 6407/5-2S have been described in terms of 154 

lithology and sedimentary structures to understand the sedimentological processes 155 

controlling the accumulation of the intra Lange Sandstones in the study area and its 156 

depositional environment.  157 

In this work, the nomenclature proposed by Haughton et al. (2009) has been used to 158 

described hybrid event beds (HEB) recognised in the core material. Following Haughton et 159 

al. (2009), ideal HEB deposits display up to five internal divisions; although incomplete 160 

sequences are rather common. From the base to the top, they consist of a coarse-grained 161 

clean sandstone (H1), a banded mixed interval (H2), a muddy sandstone with mudstone 162 

clasts, mica and carbonaceous fragments (H3), a fine-grained structured (e.g., plane parallel 163 

and/or ripples laminations) (H4), and a mudstone cap (H5). Using outcrop and subsurface 164 

examples, recent studies (e.g., Fonnesu et al., 2018; Pierce et al., 2018) document different 165 

hybrid event beds types (HEB-1 to HEB-9) linked to different flow transformation 166 
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mechanisms (Pierce et al., 2018). The flow-transformation diagram proposed by Kane et al. 167 

(2017) has been used to interpret the distribution of the hybrid beds within the system. The 168 

Bouma intervals have been used to describe deposits related to turbidity flows (Bouma, 169 

1962). The hierarchical classification of lobe complex, lobe and lobe element proposed by 170 

Prelat et al. (2009) has been used to describe geometries recognised in the amplitude map. 171 

Conventional seismic interpretation methods, including seismic facies description and 172 

mapping, were used to generate key surfaces defining the architecture of the stratigraphic 173 

succession within the study area (Figs. 3 and 5). The Root Mean Square (RMS) amplitude 174 

extraction presented in figure 9 was created from the full stack seismic data and shows 20 175 

ms below the interpreted top intra Lange Sandstones horizon (Figs. 3 and 5). 176 

 177 

Intra Lange Formation deposits 178 

The intra Lange Sandstones, together with the younger Lysing Formation, consists of 179 

isolated sand-rich stratigraphic intervals encased within the thick mud-dominated interval 180 

characteristic of the Cromer Knoll Group (Figs. 2 and 6). Based on published studies (e.g., 181 

Færseth and Lien, 2002), seismic interpretation and tie with nearby available wells (e.g., 182 

6407/5-1), the studied interval is referred to the Cenomanian-Turonian (Figs. 2 and 3).  183 

From a sequence stratigraphic point of view, in the study area the intra Lange Sandstones 184 

develops between the K62 and the K66 surfaces (sensu Fugelli and Olsen, 2007; Fig. 3). In 185 

the Gimsan Basin, these two seismic surfaces represent respectively the base and the top of 186 

the studied interval while in the Grinda Graben the K62 surface is the base of the intra 187 

Lange Sandstones but a thick mud-dominated interval is present on top. Accordingly, the 188 

Cenomanian-Turonian interval produces in the study area a wedge geometry pinching out 189 

towards the east (i.e., Gimsan Basin) against the Bremstein Fault Complex (Figs. 3 and 5A). 190 
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In this study, the K66 surface corresponds to the Cenomanian-Turonian unconformity (CTU) 191 

(Figs. 3 and 7A). The stratigraphic intervals studied in this work and pertaining to the Gimsan 192 

Basin and the Grinda Graben are time-equivalent (Figs. 3 and 5). 193 

 194 

Gimsan Basin  195 

Well 6407/5-2 (Chamonix) 196 

The succession cored in the 6407/5-2 well (2844 – 2870 m) is composed of mudstone, 197 

siltstone and sandstone (Figs. 1B, 6 and 8). The lower portion (2854.25 – 2870 m) consists of 198 

a homogeneous mudstone interval (Fig. 8A) interrupted by a 40 cm thick fine- to medium-199 

grained sandstone to siltstone package starting at 2857.10 m and showing a crude normal 200 

gradation passing upwards to plane-parallel lamination (Fig. 8B). The gamma ray log 201 

referable to this portion of the core shows a monotonous linear pattern of high value typical 202 

of shale deposits (Fig. 8). 203 

At 2854.12 m, and until the top of the core (2844 m), an increase in grain-size occurs. The 204 

gamma ray log records a marked change (2870 m) showing lower values and a saw-tooth 205 

fining-upwards trend. This upper portion of the core starts with a dark grey/black interval 206 

mainly composed of a muddy sandstone with scattered quartz grains and mud chips. 207 

Upwards (i.e., 2852.70 – 2852.90 m), the upper part of the interval shows a faint lamination 208 

and ripples. This section is then abruptly capped by a 7 cm thick interval composed of 209 

massive mud. Upwards, the succession continues with a series of intervals characterised by 210 

the same vertical depositional trend (Fig. 8). The base of each interval is characterised by 211 

medium- to coarse-grained muddy sandstone rich in clay-matrix and characterised by faint 212 

lamination, deformed medium-grained sandstone material and dewatering structures in the 213 

first 30 to 50 cm (Figs. 8C-E). It is important to highlight that parent beds sourcing the 214 
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injected material are not present at the base of the recognised intervals. The injected-rich 215 

intervals typically evolve upwards to a more homogeneous muddy sandstone characterised 216 

by the presence of floating scattered mudstone clasts. At 2845.03 meters, through a sharp 217 

erosional contact, the succession passes upwards to a 30 cm thick mudstone interval (Fig. 218 

8F). After this interval, the succession returns  to the previous sedimentation motif 219 

characterised by dispersed injected material (40 cm thick) evolving upwards to a more 220 

homogeneous muddy sandstones interval punctuated by the presence of scattered 221 

mudstone clasts. Exotic carbonate clasts are present throughout the cored interval (Fig. 8C).  222 

 223 

Seismic analysis 224 

In the northern portion of the Gimsan Basin the Cenomanian-Turonian interval shows a 225 

clear and geometrically definable high-amplitude anomaly clustered close to the Bremstein 226 

Fault Complex (Fig. 9). The RMS amplitude extraction along this anomaly shows a low-227 

amplitude response towards the west. The high amplitude morphology covers an area that 228 

is ca. 15 Km long along a north-south transect and ca. 10 Km wide. East-west seismic cross-229 

sections taken across the high-amplitude show a pinch-out of the seismic reflections updip 230 

towards the Bremstein Fault Complex footwall (Figs. 3 and 5A). The geomorphological 231 

pattern recognisable in the amplitude anomaly shows the presence of lobate geometries in 232 

the northern part of the Gimsan Basin close to the east-west trending branch of the 233 

Bremstein Fault Complex (Fig. 9). The lobe elements seem mainly sourced from the east, 234 

although a northern source along the Ellingråsa Graben cannot be ruled out (Fig. 4). The 235 

transfer into the Gimsan Basin from the west could derive both from the eastern shelf 236 

through the remobilisation of sediments during high energy events (e.g., storms) or due to 237 

the erosion of Jurassic sandy formations (i.e., Garn Fm) exposed to submarine erosion along 238 
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the footwall edge (Fig. 10). Elliot et al. (2012) estimate the presence of an erosional pattern 239 

covering an area of ca. 7 Km2 along footwall edge of the Bremstein Fault-Complex. 240 

Sediments have been transferred into the Gimsan Basin through a series of incisions 241 

developed along the footwall, which would then have acted as both depo- and bypass-zones 242 

(Figs. 9 and 14). Borehole data located along the footwall area up dip respect the identified 243 

high amplitude geometry (e.g., Midgard field) do not penetrate intra Lange Sandstones. 244 

Erosion occurred since Late Jurassic and potentially continued through the Cretaceous until 245 

the footwall edge was completely covered by Late Cretaceous deposits. 246 

Unfortunately, the described anomaly is currently outside of well control, so there are no 247 

wireline or core data to characterise vertical trends, grain-size, sedimentary structures etc. 248 

The only available borehole data we can use to assess the sedimentation style along the 249 

Bremstein-Fault-Complex are the core material acquired in the well 6405/5-2 located along 250 

the Cretaceous paleo slope. This well can provide information about the sedimentation in 251 

the proximal intra-slope sectors sourced from the Trøndelag Platform.  252 

 253 

Grinda Graben 254 

Wells 6407/1-6 (Rodriguez discovery) and 6407/1-7, 6407/1-7A (Solberg discovery)  255 

In the Grinda Graben, the Cenomanian-Turonian intra Lange Sandstones have been 256 

investigated in three exploration wells (i.e., 6407/1-6, 6407/1-7, 6407/1-7A) (Fig. 1B). Only 257 

wireline logs are available for the 6407/1-6 wells, while both wireline logs and core material 258 

have been acquired for the 6407/1-7 and 6407/1-7A (Figs. 6, 11, 12 and 13). 259 

The gamma ray log for the well 6407/1-6 shows a ca. 100 m thick interval (3436 – 3540 m 260 

TVD) characterised by the presence of five coarse-grained packages showing different 261 
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signature from abrupt smooth and serrate cylinder blocky shapes to local fining- to 262 

coarsening-upwards trends (Fig. 11).  263 

The succession cored in the 6407/1-7A (3443 – 3461.35 m) and 6407/1-7 (3226 – 3234.60 264 

m) wells is composed of mudstone, siltstone and sandstone (Figs 12 and 13).  265 

The 6407/1-7A core shows a lower portion dominated by very-fine grained sandstone and 266 

mudstone and an upper one mainly composed of medium-grained sandstone (Fig. 12). The 267 

cored succession starts with 120 cm of poorly preserved homogeneous muddy sandstone 268 

with isolated muddy chips randomly distributed in the upper portion. The interval passes 269 

upward to a 100 cm thick package of fine- to medium-grained sandstone with plane-parallel 270 

lamination and characterised by cross-cutting relationships showing a saw-tooth gamma ray 271 

shape. The erosional feature has a sub-vertical appearance going through the core for up to 272 

20 cm (Fig. 12A). The laminated interval gradually evolves into finer sediments ending with a 273 

ca 10 cm thick muddy layer. The succession, through a sharp contact, passes to a ca. 590 cm 274 

thick package characterised by sandstone, muddy sandstone and deformed coarse-grained 275 

sandstones (Fig. 12B). This interval consists of a relatively undeformed 80 cm thick lower 276 

portion composed of a crudely laminated, poorly sorted fine- to medium-grained sandstone 277 

gradually passing upwards to a dirty sandy mudstone or muddy sandstone interval 278 

characterised by the presence of centimeter-sized mudstone clasts, folded layers and sand-279 

injections. Individual mudstone clasts are rounded to sub-rounded with a low-sphericity and 280 

aligned parallel to bedding. At 3452.60 m, the succession gradually evolves in a more well 281 

organised interval characterised by a ca. 50 cm thick plane-parallel lamination evolving 282 

upwards to a 100 cm thick interval with ripple cross-lamination interbedded with thin-283 

bedded mudstone showing crude coarsening upwards gamma ray shape (Figs. 11 and 12C). 284 

The ripple cross-lamination consists of ca. 2 cm thick sand beds that generally preserve the 285 
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original topography. The overlaying beds do not typically erode or modify this topography 286 

resulting in a ‘pinch and swell’ bed geometry (sensu Jobe et al., 2012). Upwards a ca. 120 cm 287 

thick laminated silt and mud package covered the interval. Above, through a sharp contact 288 

the siltstone and mudstone package passes to a ca. 650 cm thick interval composed of 289 

medium-grained sandstone showing a faint lamination in the lower part. This interval shows 290 

a smooth cylinder blocky shape evolving upwards to a serrate one (Fig. 11). The lamination 291 

becomes more visible moving upwards (Fig. 12D). Towards the top of the cored succession 292 

(e.g., 3344.30 m) soft-sediment deformation structures are visible for ca. 40 cm. The top of 293 

the core goes back to the pre-soft sediment deformed interval with a distinctive and 294 

continuous plane-parallel lamination. 295 

The base of the 6407/1-7 core consists of homogeneous muddy sandstone with isolated 296 

muddy chips at the top (3233.60 m). This interval is covered by a 40 cm thick fine- to very 297 

fine-grained sandstone showing a normal grading, and composed of ripples passing upwards 298 

to a plane-parallel lamination (Fig. 13). At 3233 m, a sharp boundary marks the base of a 299 

350 cm thick interval showing a saw-tooth gamma ray shape (Fig. 11) characterised at the 300 

base by a 100 cm thick massive interval of medium- to fine-grained sandstones showing 301 

faint lamination at the top (Fig. 13A). The massive sandstones pass upwards to a series of 302 

normal graded intervals (ca. 20 cm thick each) with plane-parallel lamination, ripples, and 303 

soft-sediment deformation structures covering an interval ca. 250 cm thick (Figs. 13B and 304 

12C). The upper portion of the cored section is characterised by two ca. 200 cm thick 305 

intervals showing a gamma ray response similar to what was observed in the upper portion 306 

of the intra Lange Sandstones interval in the well 6407/1-7A (Fig. 11). In the core, the upper 307 

portion is composed of a ca 10 cm thick massive interval evolving upwards to a muddy 308 

sandstone with scattered mudstone clasts and coarse-grained sandstones characterised by 309 
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cm-scale sand injectites and folded layers (Fig. 13D). At 3226.80 m, the succession passes to 310 

a medium-grained sandstone showing normal gradation and plane-parallel lamination and 311 

ripples. This interval is capped by ca 20 cm thick muddy sandstone (Fig. 13). 312 

 313 

Seismic analysis 314 

The Lange Formation is penetrated in the Grinda Graben by three exploration wells (i.e., 315 

6407/1-6, 6407/1-7 and 6407/1-7A). For two of them (i.e., 6407/1-7 and 6407/1-7A) core 316 

material has been acquired and analysed in this work. In the Grinda Graben, the 317 

Cenomanian-Turonian intra Lange Sandstones show two separated high-amplitude 318 

anomalies localised along the eastern margin corresponding to the Rodriguez and Solberg 319 

discoveries (NPD, 2021; Figs. 1B and 5A). Seismic observations suggest that the Rodriguez 320 

and Solberg discoveries represent two stratigraphic traps (Fig. 5A). The shape and extension 321 

of the discoveries can then be used to potentially assess the distribution of the sandy 322 

deposits. The shape of the polygons of the two discoveries shows an overall north-south 323 

oriented geometry interpreted as reflecting the lobate geometry of the deposit. Seismic 324 

interpretation suggests a slightly oblique sediment source from east-north-east through a 325 

ca. 4 km wide depression (Fig. 7B). Then, the sediment was transferred into the Grinda Basin 326 

and distributed following a north-to-south axial trend.  327 

 328 

Depositional processes 329 

The cores description suggests the presence of both pelagic and gravity-driven deposits (i.e., 330 

turbidites and hybrid event beds; HEBs). 331 

Pelagic 332 
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The homogeneous mudstone intervals are interpreted to represent the background 333 

sedimentation (e.g., Lange Formation) occasionally interrupted by gravity-driven turbidite 334 

events producing the graded to laminated package (e.g., 6407/5-2 at 2857.10 - 2857.50 m 335 

and 6407/1-7A at 3449.85 – 3451 m).  336 

Gravity-driven turbidites and Hybrid event beds 337 

6407/5-2 core - The upper portion of the core in well 6407/5-2 can be interpreted as a 338 

series of HEB8-type (sensu Pierce et al., 2018). Type HEB8 beds show a uniform texture 339 

without clear internal H-divisions as recognised elsewhere in the literature. The basal H1 340 

division has been typically described as a few-cm thick sandstone that can either be 341 

structureless or showing a primary lamination (Pierce et al., 2018). However, in the 6305/5-342 

2 core, the H1 division is never recognised in place, but the injected sandstones located at 343 

the base of the beds are interpreted to represent the remains of the original H1 division 344 

(Figs. 8C and 8E). Probably, the rapid emplacement of the subsequent upper and thick 345 

divisions over the unconsolidated and thin H1 division produced the complete 346 

remobilisation and intrusion of the sandstone into the above division representing the bulk 347 

of the event bed. This latter interval is interpreted to be the H3 division characterised by 348 

structureless muddy sandstones with floating scattered mudstone clasts. This interval 349 

typically represents the main thickness of the event beds with a measured thickness of up to 350 

2 meters. Locally (e.g., 6407/5-2; 2852.70 – 2852.90 m), the event beds show the presence 351 

of a structured interval referable to the H4 division and interpreted as produced by a dilute 352 

turbulent wake. This H4 division is capped through an erosional contact by mudstone 353 

interpreted as the background sedimentation. The same vertical arrangement occurs at 354 

2845.03 meters (well 6407/5-2) where the muddy sandstone succession is interrupted by a 355 

30 cm thick massive mudstone interval bounded at the base and the top by erosional 356 
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surfaces. This suggests the presence of energetic flow able to remove the top of the event 357 

beds intervals producing a hiatus in the sedimentation. Strong erosional events are followed 358 

by a considerable long time characterised by no gravity-driven sedimentation allowing the 359 

accumulation of a relatively considerable amount of pelagic mudstone.  360 

6407/1-7 and 6407/1-7A cores - The lower portion of the core 6407/1-7A (3461.35 – 361 

3452.60 m) and the upper portion of the core 6407/1-7 (3229.25 – 3227 m) mainly record 362 

deposits referable to the HEB3-type (sensu Pierce et al., 2018). In the cored intervals, type 363 

HB3 beds are characterised by only a thin H1 laminated division and a thick H3 division. The 364 

basal structureless or weakly laminated H1 division is interpreted to be deposited by a high-365 

concentrated turbidity current (Haughton et al., 2003, 2009). The presence of sand injected 366 

into the overlying H3 division suggests a high rate of sedimentation for the sandy basal H1 367 

division that was prone to liquefaction when dynamically loaded by the H3 division 368 

(Fonnesu et al., 2018). The H3 division characterised by a chaotic mixture of mudstone and 369 

sandstone layers can be referred to as an en masse deposition and related to rapid 370 

entrainment of large quantities of mud-rich substrate material subsequently partially 371 

disaggregated in a shearing near-bed layer (Haughton et al., 2009; Fonnesu et al., 2015; 372 

2016). 373 

The central portion of the core 6407/1-7 and 6407/17A and the upper portion of the core 374 

6407/1-7A are characterised by deposits referable to turbidity currents. In particular, the 375 

intervals characterised by a base with plane-planar lamination evolving upwards to a ripples 376 

cross-lamination can be referred to as the Tb and Tc divisions of the standard Bouma 377 

interval suggesting the presence of a flow-power fluctuation with the flow characterised by 378 

a high suspension fallout rates producing the plane-parallel lamination gradually reducing 379 

the suspended load fallout to deposit the thin-bedded ripples deposits. The thin-bedded 380 
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nature of the ripple cross-lamination suggests the presence of thin flows (Jobe et al., 2012). 381 

Finally, the upper portion of the core 6407/1-7A is characterised by thick sandstone-382 

dominated beds showing plane-parallel lamination, and is interpreted to be the result of 383 

strong high-density turbidity currents. 384 

 385 

Depositional system 386 

Although generally considered as a mud-dominated interval, the Cenomanian-Turonian 387 

interval of the Lange Formation contains sand-rich units that can be seen as the precursors 388 

of the gradual increase in sand sediment-supply later recorded in the younger Lysing 389 

Formation (Fig. 2). The analysis of available data material suggests that the Lange Formation 390 

was punctuated by submarine lobe deposits (Fig. 14). In particular, two different systems 391 

were active in the Gimsan Basin, along Bremstein Fault Complex, and the Grinda Graben 392 

respectively with the provenance data indicating sediments sourced from the Trøndelag 393 

Platform and the Nordland Ridge (Morton et al., 1998; 2005a and 2005b, Elliott et al., 2012; 394 

Fig. 4). The sediment was mainly sourced through a normal fault-controlled topography. 395 

Accordingly, flows were subject to power fluctuations (Kneller, 1995) resulting in a patchy 396 

sediment dispersal pattern (Ge et al., 2017). Cores suggest that the studied interval is 397 

volumetrically dominated by hybrid event beds and turbidites as recently suggested also for 398 

the younger Lysing Formation (Hansen et al., 2021) and other deep -marine deposits 399 

accumulated in similar settings (e.g., Hodgson, 2009; Kane and Pontén, 2017; Kane et al., 400 

2017; Fonnesu et al. 2018, Pierce et al., 2018). Following Kane et al. (2017) cored intervals 401 

represent the record of proximal to distal lobe fringes. 402 

In the Grinda Graben, the system recognised and documented in seismic and cores suggests 403 

north-south elongated lobes confined within the graben structure. The seismic analysis 404 
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shows the presence of a source located on the northeastern margin (Fig. 7B). The wells and 405 

related cores acquired in the Grinda Graben (i.e., 6407/1-6, 6407/1-7 and 6407/1-7A) 406 

suggest the presence of channel-fills characterised by turbidite dominated sandstone with 407 

blocky gamma ray signature, and an east-west thickness increase (Figs. 1B, 8, 11, 12 and 13). 408 

The distribution of the sediments was controlled by both the deepening of the graben 409 

towards the south and the presence of vigorous currents strengthened by the confinement 410 

condition related to the narrow physiography of the Grinda Graben. Here, transverse 411 

sourced sediments can be deflected and redistributed along the main axis of the basin 412 

similarly to what is documented in present-day and ancient strait settings (e.g., Chiarella et 413 

al., 2012; Rossi et al., 2017; Chen et al., 2020; Cullen et al., 2020; Longhitano et al., 2021;). 414 

Flow fluctuation related to the normal fault topography is documented in the channel-fill 415 

sediments recognised in wells 6407/1-7A and 6407/1-7 (e.g., Fig. 12C). 416 

The pressure data shows a 3.2 bar difference between the intra Lange Sandstones in 417 

6407/1-6 and 6407/1-7/6407/1-7A suggesting that the two sandy intervals are not 418 

connected supporting the interpretation of isolated lobe elements. The Rodriguez discovery 419 

(i.e., 6407/1-6 well) shows an average porosity of 18%. The Solberg discovery (i.e., 6407/1-420 

7/6407/1-7A wells) show an average porosity of 15.5% and permeability ranging from below 421 

1mD to several hundred mD (NPD, 2021).  422 

The Gimsan Basin system pinches out towards the Bremstein Fault Complex and develops in 423 

a semi-unconfined setting sourced from the east and north along the Bremstein Fault 424 

Complex (Figs. 1B, 9 and 14). The sediments were transferred through a stepped fault-425 

controlled slope following a fill-and-spill process as documented for the Lysing Formation 426 

and in other documented ‘fill-and-spill’ systems (Prather et al., 1998; Spychala et al., 2015; 427 

Hansen et al., 2021). The amplitude map (Fig. 9) suggests the presence of sand trapped 428 
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along the footwall edge, although the lack of borehole data in that specific locations cannot 429 

confirm this interpretation. However, the well 6407/5-2 positioned in a footwall position 430 

(Fig. 5B) along the same fault complex system and south compared to the mapped 431 

amplitude (Fig. 9), supports the possibility to accumulate sandy material along the footwall 432 

area. The L-shape configuration produced by the Bremstein Fault Complex favoured the 433 

interaction and lateral stacking between the different lobe elements. Lobes represent the 434 

result of multiple gravity driven process following different pathways building a complex 435 

channel-lobe system prograding towards the west-south-west (Fig. 14). 436 

 437 

Sediment distribution 438 

The Cretaceous post-rift topographic configuration of the Halten Terrace is controlled by 439 

extensional faults and resulting topography. In particular, the post-rift topography consists 440 

of north-south trending faults and a regional dipping of the Terrace towards the south and 441 

south-west. Accordingly, the substrate topography produced along the fault-controlled 442 

slope, as well as the inclination, can have an impact on the sediment distribution (axial 443 

versus transverse) and behaviour of the sediment flow. Several papers have investigated the 444 

control of the tectonic topography on sediment dispersal (e.g., Posamentier et al., 1991; 445 

Normark et al., 1993; Smith, 2004; Mayall et al., 2010; Ge et al., 2017). 446 

The combination of the faults displacement, position of the sediment entry point along the 447 

fault (centre versus tip), and dipping of the scarp control the distribution of the gravity-448 

driven systems resulting in a general transverse sediment input locally followed by an axial 449 

distribution similar to what was recently described for the Lysing Formation by Hansen et al. 450 

(2021). In the study area, this type of evolution is more likely to develop in the Grinda 451 

Graben due to the geometry and physiography of the basin characterised by steep margins 452 
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delivering the sediment into a north-south elongated depression that can enhance this type 453 

of distribution (Fig. 14). In the Gimsan Basin, the kink of the Bremstein Fault Complex 454 

towards the east shades the sediment from a potential current coming from the north 455 

preventing a north-south redistribution. Here, the general dipping of the Halten Terrace 456 

mainly controls the evolution of the lobes that show a deflection towards the south (Fig. 9).  457 

The normal-fault topography generates power-flow fluctuations and patchy distribution of 458 

the coarse-grained deposits (Fig. 15). Modelling studies (e.g., Ge et al., 2017) show that in 459 

correspondence of high topographic jumps, like the ones produced by fault scarps, the flow 460 

has a cascading effect. The cascading flow will produce erosion and accumulation of coarse-461 

grained deposits at the base-of-scarp as well as hydraulic jumps resulting in scour and fill 462 

depositional phenomena (e.g., Chiarella et al., 2021). The tectonic topography will also 463 

produce a power-flow fluctuation in the flow recorded in the final deposits. The turbidite 464 

beds characterised by a lower plane-parallel stratification (Tb) evolving upwards to ripples 465 

(Tc) recognised in the well 6407/1-7 represent the record of such flow fluctuation (Fig. 13). 466 

Sand accumulation can also potentially be found along the footwall edge (Fig. 9). 467 

 468 

Conclusions 469 

The post-rift Cretaceous sandstone units (e.g., Lange and Lysing formations) represent an 470 

under investigated potential reservoir interval along the Norwegian Continental Shelf. In 471 

particular, distribution, internal architectures and facies characterisation of the intra Lange 472 

Sandstones have received little attention. Unfortunately, few cores have been acquired 473 

through the intra Lange Sandstones making it difficult to link observed amplitude anomalies 474 

to specific grain-size and reservoir properties, and provide a comprehensive understanding 475 

of this stratigraphic unit. Here, 3D seismic reflection and borehole data have been 476 
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integrated to characterise the depositional system and facies composition of Cretaceous 477 

submarine fan deposits, and their source system, on the Grinda Graben and Gimsan Basin 478 

(Halten Terrace, offshore western Norway). Results suggest that post-rift tectonic 479 

topography controls the distribution of the deposits, sediment pathways and flows 480 

behaviour. Core analysis suggests that the accumulation of the intra Lange Sandstones is 481 

related to gravity-driven processes like turbidites and hybrid events. Locally, fluctuation in 482 

the power-flow is recognised and interpreted as a response to the tectonic topography. 483 

However, further studies are needed to better understand the reservoir potentiality and 484 

properties, and depositional architectures and distribution of this stratigraphic interval. 485 

 486 

Acknowledgments 487 

DC thanks Behzad Alaei, Siri Brønlund, Amando Lasabuda, Monica Vaksdal and all 488 

colleagues, and friends who have discussed with him about the Lange Formation in the last 489 

years. The idea starts from the preliminary work on the Lange Fm performed by DJ as part of 490 

his final project submitted to fulfil the requirements of the MSc Petroleum Geosciences 491 

programme (Royal Holloway, University of London). Exploro AS, NPD, and TGS are thanked 492 

for providing the data and allowing the publication of this study.  493 

 494 

References 495 

Blystad, P., Brekke, H., Faerseth, R. B., Larsen, B. T., Skogseid, J., & Torudbakken, B. (1995). 496 

Structural elements of the Norwegian continental shelf: Part II. The Norwegian Sea 497 

Region. Norw. Petr. Dir.-Bull, 8. 498 

Bouma, A.H. (1962) Sedimentology of some Flysch deposits; a graphic approach to facies 499 

interpretation: Amsterdam, Elsevier, 167 p. 500 



 22 

Brekke, H., 2000, The tectonic evolution of the Norwegian Sea continental margin with 501 

emphasis on the Vøring and Møre basins, in A. Nøttvedt, B. T. Larsen, S. Olaussen, B. 502 

Tørudbakken, J. Skogseid, R.H. Gabrielsen, H. Brekke, and O. Birkeland, eds., Dynamics 503 

of the Norwegian margin: Geological Society (London) Special Publication 167, p. 327–504 

378. 505 

Brekke, H., Dahlgren, S., Nyland, B., & Magnus, C. (1999). The prospectivity of the Vøring 506 

and Møre basins on the Norwegian Sea conti- nental margin. In A. J. Fleet & S. A. Boldy 507 

(Eds.), Petroleum Geology of Northwest Europe: Proceedings of the 5th Conference (pp. 508 

41–61). 509 

Bugge, T., Tveitnen, B., and Bäckstrom, S., 2001, The depositional history of the Cretaceous 510 

in the northeastern North Sea, in Martinsen, O.J., and Dreyer, T., eds., Sedimentary 511 

Environments Offshore Norway: Palaeozoic to Recent: Norwegian Petroleum Society, 512 

Special Publication 10, p. 279–291. 513 

Bukovics, C., and P. A. Ziegler, 1985, Tectonic developmentof the mid-Norway continental 514 

margin: Marine and Petroleum Geology, 2, 2–22.  515 

Chen, H., Wood, L.J., Gawthorpe, R.L. (2020) Sediment dispersal and redistributive processes 516 

in axial and transverse deep-time source-to-sink systems of marine rift basins: Dampier 517 

Sub-basin, Northwest Shelf, Australia. Basin research, 33, 227-249. 518 

Chiarella, D., Longhitano, S.G. and Tropeano, M. (2017) Types of mixing and heterogeneities 519 

in siliciclastic-carbonate sediments. Marine and Petroleum Geology, 88, 617–627. 520 

Chiarella, D., Longhitano, S.G., Muto, F., 2012. Sedimentary features of the Lower 521 

Pleistocene mixed siliciclastic–bioclastic tidal deposits of the Catanzaro Strait (Calabrian 522 

Arc, south Italy). Rend. Online Soc. Geol. Italy 21, 919–920. 523 



 23 

Chiarella, D., Longhitano S.G. and Muto, F. (2021) Fault-controlled base-of-scarp deposits. 524 

Basin Research, 33, 1056-1075. https://doi.org/10.1111/bre.12505  525 

Chiarella, D., Longhitano S.G., Mosdell, W., Telesca, D. (2020) Sedimentology and facies 526 

analysis of ancient sand ridges: Jurassic Rogn Formation, Trøndelag Platform, offshore 527 

Norway. Marine and Petroleum Geology, 112, 528 

https://doi.org/10.1016/j.marpetgeo.2019.104082  529 

Corfield, S., Sharp, I.R., Håger, K.-O., Dreyer, T. and Underhill, J. (2001) An integrated study 530 

of the Garn and Melke formations (Middle to Upper Jurassic) of the Smørbukk area, 531 

Halten Terrace, mid-Norway. In: Sedimentary Environments Offshore Norway – 532 

Palaeozoic to Recent (Eds O.J. Martinsen and T. Dreyer), Norw. Petrol. Soc. (NPF) Spec. 533 

Publ., 10, 199–210.  534 

Cullen, T. M., Collier, R. E. L., Gawthorpe, R. L., Hodgson, D. M., & Barrett, B. J. (2019). Axial 535 

and transverse deep-water sediment supply to syn-rift fault terraces: Insights from the 536 

West Xylokastro Fault Block, Gulf of Corinth, Greece. Basin Research, 1–35. 537 

https://doi.org/10.1111/bre.12416  538 

Dmitrieva, E., Jackson, C.A.-L., Huuse, M., Kane, I.A. (2017) Regional distribution and 539 

controls on the development of post-rift turbidite systems: insights from the Paleocene 540 

of the eastern North Viking Graben, offshore Norway. In: Bowman, M. & Levell, B. (eds) 541 

Petroleum Geology of NW Europe: 50 Years of Learning – Proceedings of the 8th 542 

Petroleum Geology Conference. https://doi.org/10.1144/PGC8.31  543 

Doré, A. G., and E. R. Lundin, 1996, Cenozoic compressional structures on the NE Atlantic 544 

Margin: Nature, origin and potential significance for hydrocarbon exploration: 545 

Petroleum Geoscience, 3, 117– 131. 546 



 24 

Doré , A. G., E. R. Lundin, L. N. Jenssen, Ø. Birkeland, P. E. Eliassen, and C. Fichler, 1999, 547 

Principal tectonic events in the evolution of the northwest European Atlantic margin, in 548 

A. J. Fleet and S. A. R. Boldy, eds., Petroleum geology of northwest Europe: Proceedings 549 

of the 5th Conference, Geological Society (London), p. 41–61. 550 

Elenius, M., Skurtveit, E., Yarushina, V., Baige, I., Sundale, A., Wangen, M., Landschulz, K., 551 

Kaufmann, R., Choi, J.C., Hellevang, H., Podladchikov, Y., Aavatsmark, I., Gasdab, S.E., 552 

(2018) Assessment of CO2 storage capacity based on sparse data: Skade Formation. 553 

International Journal of Greenhouse Gas Control, 79, 252–271. 554 

Elliott, G. M., Wilson, P., Jackson, C., Gawthorpe, R., Michelsen, L., & Sharp, I. R. (2012). The 555 

linkage between fault throw and footwall scarp erosion patterns: An example from the 556 

Bremstein Fault Complex, offshore Mid-Norway. Basin Research, 24(2), 180–197. 557 

https://doi.org/10.1111/j.1365-2117.2011.00524.x 558 

Fonnesu, M., Felletti, F., Haughton, P.D.W., Patacci, M. and McCaffrey, W.D. (2018) Hybrid 559 

event bed character and distribution linked to turbidite system sub-environments: the 560 

North Apennine Gottero Sandstone (north-west Italy). Sedimentology. 561 

https://doi.org/10.1111/sed.12376  562 

Fugelli, E. M. G., and T. R. Olsen, 2005, Screening for deep-marine reservoirs in frontier 563 

basins: Part 1— Examples from offshore mid-Norway: AAPG Bulletin, v. 89, no. 7, p. 564 

853– 882. 565 

Fugelli, E., & Olsen, T. (2007). Delineating confined slope turbidite systems offshore mid-566 

Norway: The Cretaceous deep-marine Lysing Formation. AAPG Bulletin, 91(11), 1577–567 

1601. https://doi.org/10.1306/07090706137  568 

Gabrielsen, R.H., Robinson, C. (1984) Tectonic inhomogeneities of the Kristiansund-Bodø 569 

Fault Complex, offshore mid-Norway. In: Spences et al. (Eds.) Petroleum Geology of the 570 



 25 

North European Margin. Norwegian Petroleum Society. Graham and Trotman, London, 571 

397-406. 572 

Ge, Z., Nemec, W., Gawthorpe, R.L., Hansen, E.W.M. (2017) Response of unconfined 573 

turbidity current to normal-fault topography. Sedimentology, 64, 932-959. 574 

https://doi.org/10.1111/sed.12333  575 

Hadlari, T., Midwinter, D., Galloway, J. M., Dewing, K., & Durbano, A. M. (2016). Mesozoic 576 

rift to post-rift tectonostratigraphy of the Sverdrup Basin, Canadian Arctic. Marine and 577 

Petroleum Geology, 76, 148–158. 578 

Hansen, L.A.S., Hodgson, D.M., Pontén, A., Thrana, C., Obrados Latre, A. (2021) Mixed axial 579 

and transverse deep-water systems: The Cretaceous post-rift Lysing Formation, 580 

offshore Norway. Basin Research. https://doi:10.1111/BRE.12555  581 

Haq (2014) Cretaceous eustacy revisited. Global and Planetary Change, 113, 44-58. 582 

Haughton, P., Davis, C., McCaffrey, W. and Barker, S. (2009) Hybrid sediment gravity flow 583 

deposits–classification, origin and significance. Mar. Pet. Geol., 26, 1900–1918. 584 

Hodgson, D.M. (2009) Distribution and origin of hybrid beds in sand-rich submarine fans of 585 

the Tanqua depocentre, Karoo Basin, South Africa. Mar. Petrol. Geol., 26, 1940–1956. 586 

Kane, I.A. and Pontén, A.S.M. (2012) Submarine transitional flow deposits in the Paleogene 587 

Gulf of Mexico. Geology, 40, 1119–1122. 588 

Kane, I., Pontén, A., Vangdal, B., Eggenhuisen, J., Hodgson, D.M. and Spychala, Y.T. (2017) 589 

The stratigraphic record and processes of turbidity current transformation across deep-590 

marine lobes. Sedimentology, 64, 1236–1273. doi: 10.1111/sed.1234. 591 

Ichaso, A.A., Dalrymple, R.W. (2014) Eustatic, tectonic and climatic controls on an early syn-592 

rift mixed energy delta, Tilje Formation (Early Jurassic, Smørbukk field, offshore mid-593 

Norway). In: A.W. Martinius, R. Ravnås, J.A. Howell, R.J. Steel, J.P. Wonham (Eds.) From 594 



 26 

depositional systems to sedimentary successions on the Norwegian Continental Margin. 595 

Special Publication, 46, 339-388, International Association of Sedimentologists.  596 

Jackson, C.A.L., Barber, G. P., & Martinsen, O. J. (2008). Submarine slope morphology as a 597 

control on the development of sand-rich turbidite depositional systems: 3D seismic 598 

analysis of the Kyrre Fm (Upper Cretaceous), Maloy Slope, offshore Norway. Marine and 599 

Petroleum Geology, 25(8), 663–680. https://doi.org/10.1016/j.marpetgeo.2007.12.007 600 

Jackson, C.A.L., McAndrew, A.E., Hodgson, D.M., Dreyer, T. (2021) Repeated degradation 601 

and progradation of a submarine slope over geological timescales. Journal of 602 

Sedimentary Research, 91, 116-145. 603 

Jobe, Z.R., Lowe, D.R., Morris, W.R. (2012) Climbing-ripple successions in turbidite systems: 604 

depositional environments, sedimentation rates and accumulation times. 605 

Sedimentology, 59, 867-898. 606 

Joel, D., (2018) The reservoir potential of the Lower Cretaceous Lange Formation, Gimsan 607 

Basin, offshore Norway. Unpublished Master Thesis, Royal Holloway University of 608 

London.  609 

Kneller, B. (1995) Beyond the turbidite paradigm: physical models for deposition of 610 

turbidites and their implications for reservoir prediction. Geol. Soc. London. Spec. Publ., 611 

94, 31–49. 612 

Longhitano, S.G., Chiarella, D., Gugliotta, M., Ventra, D. (2021) Coarse-grained deltas 613 

approaching shallow-water canyon heads: A case study from the Lower Pleistocene 614 

Messina Strait, Southern Italy. Sedimentology, doi:10.1111/SED.12866  615 

Mayall, M., Lonergan, L., Bowman, A., James, S., Mills, K., Primmer, T., Pope, D., Rogers, L. 616 

and Skeene, R. (2010) The response of turbidite slope channels to growth induced 617 

seabed topography. AAPG Bull., 94, 1011–1030. 618 



 27 

McArthur, A., Hartley, A. J., Archer, S. G., Jolley, D. W., & Lawrence, H. M. (2016). 619 

Spatiotemporal relationships of deep-marine, axial, and transverse depositional 620 

systems from the synrift Upper Jurassic of the central North Sea, 9(9), 1469–1500. 621 

https://doi.org/10.1306/04041615125  622 

Morton, A.C., and S. Grant, 1998, Cretaceous depositional systems in the Norwegian Sea: 623 

Heavy mineral constraints: AAPG Bulletin, v. 82, p. 274– 290. 624 

Morton, A.C., Whitham, A.G., Fanning, C.M., Claoué-Long, J.C., (2005a) The role of East 625 

Greenland as a source of sediment to the Vøring Basin during the Late Cretaceous. In: 626 

Wandås, B.T.G., Eide, E.A., Gradstein, F., Nystuen, J.P. (Eds.), Onshore–Offshore 627 

Relationships on the North Atlantic Margin, NPF (Norsk Petroleumsforening) Special 628 

Publication, vol. 12. Elsevier, Amsterdam, pp. 83– 110. 629 

Morton, A.C., Whitham, A.G., Fanning, C.M. (2005b) Provenance of Late Cretaceous to 630 

Paleocene submarine fan sandstones in the Norwegian Sea: Integration of heavy 631 

mineral, mineral chemical and zircon age data. Sedimentary Geology, 182, 3-28. 632 

Moscardelli, L., Ramnarine, S. K., Wood, L., & Dunlap, D. B. (2013). Seismic 633 

geomorphological analysis and hydrocarbon potential of the Lower Cretaceous Cromer 634 

Knoll Group, Heidrun field, Norway. AAPG Bulletin, 97(8), 1227–1248. 635 

https://doi.org/10.1306/02081312155  636 

Normark, W.R., Posamentier, H. and Mutti, E. (1993) Turbidite systems: state of the art and 637 

future directions. Rev. Geophys., 31, 91–116. 638 

NPD (2021) Norwegian Petroleum Directorate (NPD), www.npd.no (accessed March, 2021) 639 

Pierce, C.S., Haughton, P.W., Shannon, P.M., Pulham, A.J., Baker, S.P., Martinsen, O.J. (2018) 640 

Variable character and diverse origin of hybrid event beds in a sandy submarine fan 641 



 28 

system, Pennsylvanian Ross Sandstone Formation, western Ireland. Sedimentology, 65, 642 

952-992. 643 

Posamentier, H.W., Erskine, R.D. and Mitchum, R.M., Jr (1991) Models for submarine-fan 644 

deposition within a sequence-stratigraphic framework. In: Seismic Facies and 645 

Sedimentary Processes of Submarine Fans and Turbidite Systems, pp. 127–136. (Eds P. 646 

Weimer and M.H. Link), Springer-Verlag, New York. 647 

Prather, B.E. (2020) Control on reservoir distribution, architecture and stratigraphic trapping 648 

in slope setting. In: Scarselli N., Adam J. Chiarella D., Roberts D.G., Bally A.W. (Eds) 649 

Regional Geology and Tectonics: Principles of geological Analysis, Elsevier, pag. 481-516 650 

Prather, B. E., Booth, J. R., Steffens, G. S., & Craig, P. A. (1998). Classification, lithologic 651 

calibration, and stratigraphic succession of seismic facies of intraslope basins, deep-652 

water Gulf of Mexico. AAPG Bulletin, 82(5 A), 701–728. 653 

https://doi.org/10.1306/1d9bc5d9-172d-11d7-8645000102c1865d  654 

Prélat, A., Hodgson, D., & Flint, S. (2009). Evolution, architecture and hierarchy of 655 

distributary deep-water deposits: a high-resolution outcrop investigation from the 656 

Permian Karoo Basin, South Africa. Sedimentology, 56(7), 2132–2154. 657 

https://doi.org/10.1111/j.1365-3091.2009.01073.x  658 

Rossi, V.M., Longhitano, S.G., Mellere, D., Dalrymple, R.W., Steel, R.J., Chiarella, D., Olariu, C. 659 

(2017) Interplay of tidal and fluvial processes in an early Pleistocene, deltafed, strait 660 

margin (Calabria, Southern Italy). Marine and Petroleum Geology, 87, 14–30. 661 

Skibeli, M., Barnes, K., Straume, T., Syversen, S.E., Shanmugam, G. (1995) A sequence 662 

stratigraphic study of Lower Cretaceous deposits in the northern North Sea. In: Steel, R. 663 

(ed.) Sequence Stratigraphy on the Northwest European Margin. Norwegian Petroleum 664 

Society Special Publication, 5, 389-400. 665 



 29 

Smith, R. (2004) Silled sub-basins to connected tortuous corridors: sediment distribution 666 

systems on topographically complex sub-aqueous slopes. Geol. Soc. London. Spec. 667 

Publ., 222, 23–43. 668 

Spychala, Y. T., Hodgson, D., Flint, S., & Mountney, N. P. (2015). Constraining the 669 

sedimentology and stratigraphy of submarine intraslope lobe deposits using exhumed 670 

examples from the Karoo Basin, South Africa. Sedimentary Geology, 322, 67–81. 671 

https://doi.org/10.1016/j.sedgeo.2015.03.013  672 

Surlyk, F., 1990, Timing, style and sedimentary evolution of late Palaeozoic –Mesozoic 673 

extensional basins of East Greenland, in R. F. P. Hardman and J. Brooks, eds., Tectonic 674 

events responsible for Britain’s oil and gas reserves: Geological Society (London) Special 675 

Publication 55, p. 107–125. 676 

Thomson, P.-R., Ellis, R., Chiarella, D. and Hier-Majumder, S. (2020) Microstructural Analysis 677 

from X-Ray CT Images of the Brae Formation Sandstone, North Sea. Front. Earth Sci. 8, 678 

246. doi:10.3389/feart.2020.00246  679 

Thrana, C., Næss, A., Learvy, S., Gowland, S., Brekken, M., Taylor A. (2014) Updated 680 

depositional and stratigraphic model of the Lower Jurassic Åre Formation, Heidrun 681 

Field, Norway. In: A.W. Martinius, R. Ravnås, J.A. Howell, R.J. Steel, J.P. Wonham (Eds.) 682 

From depositional systems to sedimentary successions on the Norwegian Continental 683 

Margin. Special Publication, 46, 253-290, International Association of Sedimentologists. 684 

Vergara, L., Wreglesworth, I., Trayfoot, M., Richardson, G. (2001) The distribution of 685 

Cretaceous and Paleocene deep-water reservoirs in the Norwegian Sea basins, 686 

Petroleum Geoscience, 7, 395– 408. 687 

 688 



 30 

Figure captions689 

 690 

Figure 1 – A) Map of the main structural elements defined in the Haltenbanken area 691 

(modified after Blystad et al., 1995). (B) Base Cretaceous Unconformity structure map 692 

of the Gimsan Basin and Grinda Graben (Halten Terrace, Norwegian Sea). The location 693 

of the wells used in the study are also highlighted along with the outline of the 694 

Rodriguez (6407/1-6) and Solberg (6407/1-7) discoveries. 695 
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 696 

Figure 2 - Stratigraphic column for the Mid-Norwegian shelf (based upon Dalland et al., 697 

1988) highlighting the Cretaceous stratigraphy. On the right column the sea-level curves 698 

proposed by Haq (2014) are shown, which include both the long-term envelope and the 699 

short-term (third-order) curve of sea level fluctuations. BCU: Base Cretaceous 700 

Unconformity; CTU: Cenomanian-Turonian Unconformity. 701 

 702 
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Figure 3 – Schematic cross-section over the Gimsan Basin and the Grinda Graben (Halten 703 

Terrace). See Fig. 1B for the location. 704 

 705 

Figure 4 – Regional sediment provenance map highlighting the two main sources delivering 706 

sediments from (i) the Norwegian mainland from east and north along the Trøndelag 707 

Platform and the Nordland Ridge respectively (yellow arrows), and (ii) Greenland from 708 

the west (blue arrow). Data used to compile the map derive from Morton et al., 1998; 709 

2005a and 2005b.  710 
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 711 

Figure 5 – A - B) Uninterpreted and interpreted regional seismic reflection lines showing the 712 

relationship between the syn-rift Jurassic topography and the Cretaceous infill in the 713 

Gimsan Basin, Grinda Graben and along the Bremstain Fault Complex (BFC). The intra 714 

Lange Sandstones are highlighted in yellow. See Fig. 1B for the location. 715 
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 716 

Figure 6 – Semi-regional well correlation of key wells across the Gimsan Basin and the 717 

Grinda Graben of the Lange Formation highlighting the intra Lange Sandstones. 718 
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 719 

Figure 7 - A) Close-up view of the Cenomanian-Turonian Unconformity (CTU) showing the 720 

onlap relationship of the deposits above the intra Lange Sandstones (see Fig. 3 for the 721 

position along the regional line). B) Section across a portion of the Grinda Graben 722 

interpreted as the main sediment feeder point of the Solberg (and potentially) 723 

Rodriguez reservoirs. See Figs. 1B and 3 for the location. 724 
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 725 

Figure 8 – Well-log data, sedimentary log and core samples of the intra Lange Sandstones of 726 

well 6407/5-2. A) Homogeneous mudstone interval presents in the lower portion of the 727 

core. B) Fine- to medium-grained isolated interval interrupting the monotonous 728 

mudstone package. C-F) Medium- to coarse-grained muddy sandstone interval rich in 729 

clay-matrix and characterised by faint lamination, deformed medium-grained sandstone 730 

material and dewatering structures. Large carbonate clasts up to cobble size are locally 731 

present (C).  732 
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 733 

Figure 9 – Root Mean Square amplitude extraction of the northern portion of the Gimsan 734 

Basin along the Bremstein Fault Complex (BFC) showing lobate features interpreted as 735 

lobe elements part of a lobe complex sourced from both north and east (see Fig. 1B for 736 

location). The amplitude map is extracted from the interpreted top intra Lange 737 

Sandstones. The footwall edge area along the east trending portion of the Bremstein 738 

Fault Complex represents a depozone related to the flow delivering the coarse-grained 739 

deposits into the hanging wall area.  740 
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 741 

Figure 10 – Base Cretaceous Unconformity (BCU) time-structure over the Bremstein Fault 742 

Complex showing the extent of the erosion along the footwall crest (modified after Joel, 743 

2018). 744 
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 745 

Figure 11 – Well correlation across the Grinda Graben wells showing an increase in the intra 746 

Lange Sandstones thickness from north east (well 6407/1-7) towards south west (well 747 

6407/1-6S). The extent of the cored intervals described in Figs. 12 and 13 is indicated. 748 
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 749 

Figure 12 – Sedimentary log and core samples of well 6407/1-7A. A) Cross- to plane-parallel 750 

lamination in the lower part interrupted by a deep erosional geometry infilled by a 751 

fining upwards sequence suggesting the presence of a channel feature. B) Injectite 752 

cutting through most of the core section. Section characterised by muddy sandstone 753 

and mud clasts. C) Ripple cross-lamination. D) Plane-parallel lamination. 754 
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 755 

Figure 13 - Sedimentary log and core samples of well 6407/1-7. A) Massive interval with a 756 

plane-parallel lamination towards the top of the bed. B-C) Alternation of ripples and 757 

plane-parallel lamination. The top of the insert C is characterised by muddy sandstone 758 

with mud clasts  759 
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 760 

Figure 14 – Conceptual depositional model of the Gimsan Basin and the Grinda Graben for 761 

the intra Lange Sandstones (Cenomanian-Turonian). Proven and inferred location of 762 

coarse-grained deposits indicated with yellow (sand) and grey (siltstone) polygons. 763 

Yellow arrows indicate expected sediment routes 764 

 765 

Figure 15 – Schematic cross-section through a fault escarpment highlighting the footwall 766 

edge, base-of-scarp and hangingwall crest depozones (After Ge et al., 2017). 767 


