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The oldest part of the upper Riphean (Cryogenian) sedimentary succession of the Varanger Peninsula, 
North Norway, includes a series of sandstone-dominated units of fluvio-deltaic to shallow-marine origin 
and thinner, intercalated mudstone-rich units. The sedimentology and stratigraphic understanding of 
the mudstone-rich units are less complete compared to their sandstone-dominated counterparts. In this  
outcrop-based study, we report on the sedimentology of the mudstone-rich Klubbnasen and Andersby  
formations in the lower part of the Vadsø Group. Our facies analysis reveals that both units  
comprise offshore, storm-influenced prodelta, and fluvial-dominated to storm-affected delta-front deposits  
organised into two large-scale coarsening-upward cycles, each capped by >100 m-thick, cross- 
bedded sandstone units of braidplain affinity (belonging to the Fugleberget and Paddeby formations,  
respectively). An ever-dominant eastward palaeocurrent direction parallelling the Archaean crystalline  
basement terrane and the coinciding basin margin south of the study area, and a major regional  
lineament to the north, suggests structural control on sediment routing, possibly governed by differential 
subsidence steering the position of the palaeo-drainage system. Together, the investigated units form two  
vertically stacked fluvio-deltaic couplets which record the successive basin filling by eastward-prograding 
braid deltas. A multitude of event beds occurring in the prodelta deposits, including turbidites, wave- 
modified turbidites and hummocky cross-stratified tempestites, indicates that the deltas built into a  
shallow basin occasionally swept by storms. The shallow nature of the basin in combination with vertically 
extended river effluents enabled dunes to prograde far onto the slope. Here, they eventually became  
liquefied and collapsed, initiating sediment-gravity flows which contributed to sand deposition on the  
basin floor. Moreover, we describe a wide range of soft-sediment deformation structures attributed to  
recurrent tectonically induced seismic activity as well as gravity-driven deformation of the prodelta  
slope. As such, we explore sedimentary response to potential late Riphean post-rift tectonism, differential  
subsidence, and the interaction of fluvial and deltaic processes on a shallow, pericratonic basin on the 
previously rifted, Timanian margin of Baltica.
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Introduction
The Tanafjorden-Varangerfjorden Region (TVR) in the southwestern part of the Varanger Peninsula,  
eastern Finnmark, North Norway (Fig. 1), comprises a c. 4 km-thick Neoproterozoic succession consisting 
mostly of fluvio-deltaic to shallow-marine sandstone-dominated deposits, as well as intercalated glacial 
deposits, which all accumulated on a pericratonic platform on the Timanian margin of Baltica during 
the late Riphean (Cryogenian) (Banks et al., 1974; Johnson et al., 1978; Siedlecka, 1985; Siedlecka et 
al., 1995; Roberts & Siedlecka, 2002, 2012, 2022; Røe, 2003; Nystuen et al., 2008; Fig. 2). Few studies 
have investigated the mudstone-rich and heterolithic units that intercalate with the sandstones in the 
lower part of the Neoproterozoic succession of the TVR (Fig. 2B). These units, which are assigned to the  
Klubbnasen and Andersby formations, are the focus of the present study. Previously, these formations, 
which both are overlain by >100 m-thick units of cross-bedded sandstones of interpreted braided stream 
affinity (i.e., the Fugleberget and Paddeby formations, respectively), have been considered to be of  
deltaic origin ( Banks et al., 1974; Hobday, 1974; Røe, 2003). Albeit, some early works suggest  
deposition in a wave-, and possibly tide-influenced, offshore to nearshore setting for the Klubbnasen 
Formation, and an interfluvial to possibly lacustrine setting for the Andersby Formation (Banks, 1971; 
Banks et al., 1974; Røe, 2003). The contrasting environmental interpretations demonstrate the need for  
improved and updated process-oriented depositional models for the two units. In addition,  
the stratigraphic relationship between the inferred deltaic and the overlying fluvial strata remains poorly  
investigated, and it is therefore unclear whether there is a genetic link between these deposits. As such,  
a re-evaluation of the lithostratigraphic boundaries and the relationship between the various deposits 
is deemed necessary. 

Moreover, Røe (2003) suggested that an inferred E-W-oriented basin-bounding border fault, referred 
to as the Varangerfjorden Fault Zone (VFZ; Fig. 1; see also Holtedahl, 1918, who first hypothesised 
such a fault zone), controlled sediment routing in the basin during the late Riphean and resulted in 
extensive syn-tectonically-induced soft-sediment deformation of the TVR sedimentary succession (Røe, 
2003). However, its presence and influence on sedimentation and deformation is only hypothetical 
and thus strongly debated (e.g., Røe, 2003; Roberts et al., 2011) with most authors preferring a stable  
pericratonic platform/passive margin interpretation for the succession (e.g., Banks et al., 1974; Johnson 
et al., 1978; Nystuen, 1985; Siedlecka, 1985; Siedlecka et al., 1995, 2004; Roberts & Siedlecka, 2012, 
2022; Nystuen et al., 2008; Pease et al., 2008; Zhang et al., 2015). As such, a re-assessment of the  
distribution and styles of soft-sediment deformation structures may shed new light on the tectonic  
regime and development of the basin. 

Although some sedimentological data are available for the Klubbnasen and Andersby formations, these 
units are usually treated briefly in most publications dealing with the TVR succession (Banks, 1971; 
Banks et al., 1974; Hobday, 1974; Røe, 2003). In this contribution we present a detailed sediment- 
ological outcrop study of the lower part of the TVR succession, thus adding another level of  
resolution in comparison to previous work. The three main objectives are to: i) document the facies 
variability and the depositional architecture of the two inferred deltaic units (i.e., the Klubbnasen and  
Andersby formations), ii) elucidate their stratigraphic/genetic relationship to the overlying fluvial 
 successions (i.e., the Fugleberget and Paddeby formations), and iii) discuss in general lateral and vertical 
variability in depositional processes and control mechanisms of fluvio-deltaic successions. We further 
present updated depositional models for these units, particularly focusing on the interaction of fluvial 
and deltaic processes, as well as the wide range of syn- to post-depositional deformation processes that 
collectively were responsible for their development. Finally, our findings are discussed with respect to 
basin fill history, exploring the hypothetical influence of the VFZ vs. alternative tectonic controls, as well 
as relative sea-level fluctuations and possible climatic forcing. 
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Figure 1. (A) Simplified geological map of Norway, showing the distribution of Precambrian basement terranes and parautochthonous sedimentary successions, 
as well as Caledonian nappes. The Varanger Peninsula is marked by a black square. Map courtesy of The Geological Survey of Norway (NGU). (B) Geological map 
of the Varanger Peninsula showing the distribution of Neoproterozoic rocks in the southern parautochthonous and autochthonous Tanafjorden–Varangerfjorden  
Region (TVR), and the northern allochthonous Barents Sea Region (BSR; not considered here). The two zones are separated by the Trollfjorden–Komagelva Fault Zone 
(TKFZ), which had a major influence on deposition during the Neoproterozoic. The TVR succession is bounded to the south by the inferred Varangerfjorden Fault Zone 
(VFZ; see Røe, 2003 for more details), which displaces Neoproterozoic sedimentary rocks against Archaean crystalline basement to the south. The map is modified 
from Siedlecka & Roberts (1996) and Roberts & Siedlecka (2012). (C) Geological map showing the distribution of the Vadsø Group along the northern shores of the  
Varangerfjorden area. Stars indicate investigated locations. Compiled and redrawn from Siedlecka (1991) and Røe (2003).
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Geological setting
Tectonic framework 

The Neoproterozoic succession of the Varanger Peninsula represents the westernmost part of the  
Timan-Varanger Belt, a zone comprising partly deformed and low-grade metamorphosed sedimentary 
rocks extending for c. 1800 km from the Varanger Peninsula in the west to the Timan Range in the 

Figure 2. (A) Lithostratigraphic column of the Vadsø, Tanafjorden and Vestertana groups. This study focuses on the lowermost part of the Vadsø Group (here  
excluding the Veidnesbotn Formation) which accumulated in a basin located on the northeastern, Timanian margin of Baltica (see Fig. 3). Two contrasting tectonic  
models have been proposed for the succession. Alternative 1: the Vadsø Group and the lower part of the Tanafjorden Group (i.e., the Grønneset Formation)  
accumulated in a syn-rift setting, whereas the overlying succession represent post-rift deposits (Røe, 2003). Alternative 2: the entire succession accumulated on a 
pericratonic platform during post-rift passive margin development (e.g., Johnson et al., 1978; Nystuen, 1985; Siedlecka, 1985, Siedlecka et al., 1995; Roberts & Siedlecka, 
2012, 2022). Redrawn and compiled from Røe (2003) and Nystuen (2008). Additional and updated age constraints from Gorokhov et al. (2001) and Jensen et al. (2018).  
V – Vendian. (B) Detailed lithostratigraphic overview of the Vadsø Group. This study focuses on the Klubbnasen–Fugleberget formations and the Andersby–Paddeby  
formations, which form two large-scale upwards-coarsening couplets (marked by red triangles) of inferred fluvio-deltaic origin. Redrawn and modified from Røe (2003).  
Additional paleocurrent data of the Ekkerøy Formation from Johnson (1975). The stratigraphic distribution of the facies associations (FA 1 to FA 4) documented in this 
study isindicated.
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east (Siedlecka & Siedlecki, 1967; Siedlecka et al., 1995, 2004; Olovyanishnikov et al., 2000; Roberts 
& Siedlecka, 2002, 2022; Nystuen et al., 2008). During the middle to late Riphean, this zone formed 
the rifted northeastern margin of Baltica, which subsequently transformed into a passive margin  
prior to compressional deformation related to the Timanide orogen in the middle–late Vendian (e.g.,  
Olovyanishnikov et al., 2000; Roberts & Siedlecka, 2002; Siedlecka et al., 2004; Nystuen et al., 2008; 
Pease et al., 2008; Fig. 3). Numerous papers deal with the Timanian and Caledonian orogenic histories 
of the Varanger Peninsula and will not be reiterated here (e.g., Gayer & Roberts, 1973; Roberts, 1996; 
Rice, 2014; Zhang et al., 2016; Gabrielsen et al., 2022). 

In the late Mesoproterozoic, most of Earth´s continental fragments, including Baltica, were  
assembled into the supercontinent Rodinia (e.g., Merdith et al., 2017; Fig. 3). During the assembly, several  
plates collided into the central plate of Laurentia, forming extensive orogenic belts along the collision 
zones (e.g., the Greenville and Sveconorwegian belts; Cawood et al., 2007). At this time, Baltica was  
apparently located on the southern hemisphere adjacent to the northeastern margin of Laurentia  
(Nystuen et al., 2008; Merdith et al., 2017). In the early Neoproterozoic, Rodinia eventually started 
to break apart after being assembled for >150 million years (Li et al., 2008). Widespread intracratonic 
rifting, possibly initiated by a mantle superplume, occurred during the break-up (Li et al., 2008), and 
gradually Baltica started to take shape with the establishment of its rifted margins during the middle to 
late Riphean (Siedlecka et al., 2004; Nystuen et al., 2008; Pease et al., 2008).

A major WNW—ESE-trending regional lineament, the Trollfjorden–Komagelva Fault Zone (TKFZ),  
divides the Varanger Peninsula into two geological provinces, the Barents Sea Region (BSR) to the  
northeast and the Tanafjorden–Varangerfjorden Region (TVR, the focus of this study) in the southwest 
(Siedlecka & Siedlecki, 1967; Johnson et al., 1978; Roberts, 1996; Røe, 2003; Fig. 1). During the late  
Riphean (Cryogenian), the TKFZ presumably acted as a normal fault separating the fluvial to  
shallow-marine pericratonic platform regime of the TVR from the shallow- to deep-marine basinal  
regime of the BSR in the hanging wall (Siedlecka, 1985; Røe, 2003; Siedlecka et al., 2004). The TVR 
succession is thinner and more condensed in comparison to the expanded BSR succession (c. 4 km 
vs. c. 15 km of strata, e.g., Siedlecka, 1985; Nystuen, 2008) due to differential subsidence along the 
TKFZ and because it sits on top of thick continental crust, whereas the latter sits on top of a thinned  
continental crust intruded by mafic dykes of Devonian age (e.g., Herrevold et al., 2009). The TKFZ has 
been reactivated multiple times and acted as a major regional dextral strike-slip displacement zone 
during the Caledonian deformation event (Johnson et al., 1978; Rice, 1994; Herrevold et al., 2009; 
Gabrielsen et al., 2022). 

The proposed Varangerfjorden Fault Zone (VFZ; Røe, 2003; Fig. 1) is apparently oriented near  
parallel to the present-day axis of the WNW–ESE-running Varangerfjorden. The VFZ presumably  
acted as a north-dipping, basin-bounding border fault during the middle late Riphean rifting event on 
the Timanian margin, thus influencing deposition of the Vadsø Group and the lowermost Tanafjorden 
Group (Røe, 2003). It may also have been reactivated and rotated towards the very end of the Riphean 
(Røe, 2003). Although some short seismic lines in the southernmost part of Varangerfjorden could not 
confirm the presence of the VFZ (e.g., Roberts et al., 2011), the stratigraphic relationship and the short 
distance between the upper Riphean sedimentary succession on the northern shore of the Varanger-
fjorden and the rapidly rising Archaean crystalline (cratonic) basement on the southern shore, may 
indicate its presence (Holtedahl, 1918; Røe, 2003). In addition, it seems possible that the hypothetical 
VFZ may have exerted some structural control on the position and orientation of the so-called Varanger-
fjorden palaeo-valley, which was carved out during the supra-regional Vendian (Ediacaran) glaciations 
(Bjørlykke, 1967; Nystuen, 1985; Røe, 2003; Baarli et al., 2006). 
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Lithostratigraphy 

The c. 4 km-thick sedimentary rock succession of the TVR is subdivided into the Vadsø and Tana- 
fjorden groups of late Riphean (Cryogenian) age, and the Vestertana Group of Vendian (Ediacaran) to early  
Cambrian age (e.g., Røe, 2003; Nystuen, 2008; Fig. 2A). Only the lower part of the Vadsø Group is  
considered in this paper (Fig. 2B). The succession has experienced low-grade metamorphism and  
relatively little tectonic deformation. Several unconformities of various magnitude and extent are  
present, recording both tectonically-induced uplift and tilting, as well as deep erosion and palaeo-valley 
formation during the Ediacaran glaciations (Bjørlykke, 1967; Johnson et al., 1978; Laajoki, 2001; Røe, 
2003; Baarli et al., 2006; Nystuen, 2008; Fig. 2A). In particular the unconformity between the Cryogenian 
and Ediacaran strata represents a significant hiatus (maybe up to a few hundred million years), where up 
to c. 700 m of strata was removed by glacial erosion (Føyn & Siedlecki, 1980; Nystuen, 2008). 

The up to 660 m-thick sandstone-dominated Vadsø Group consists mainly of various fluvio-deltaic 
and shallow-marine deposits (Johnson et al., 1978; Røe, 2003; Fig. 2), which accumulated in a laterally  
extensive pericratonic marginal basin, in some publications referred to as the Gaissa Basin (e.g., Rice 
et al., 2001; Rice, 2014; Zhang et al., 2016). According to Røe (2003), the Vadsø Group includes six  
formations, which may be divided into three lower-order tectono-stratigraphic units separated by  
regional unconformities (Fig. 2B). This study focuses specifically on the lowermost of these  
unconformity-bounded units which includes the Klubbnasen, Fugleberget, Andersby and  
Paddeby formations (Fig. 2B). We are aware that other workers also assign sandstones of the Veidnesbotn  
Formation, which occur in scattered outcrops on the southern shore of the Varangerfjorden, to the 
group (e.g., Banks et al., 1974; Hobday, 1974; Johnson et al., 1978; Siedlecka, 1985; Rice et al., 2001; 
Nystuen, 2008; Roberts & Siedlecka, 2022). However, we exclude this unit here as we do not possess 
data which can settle the dispute as to which formation the sandstones on the southern side of the 
Varangerfjorden belong (see discussion in Røe, 2003). 

The c. 50 m-thick Klubbnasen Formation is mudstone dominated in its lower part, becoming more  
heterolithic and sandstone-rich upwards. An offshore to nearshore or prodelta to delta-front origin 
has previously been suggested for the unit (Banks et al., 1974; Hobday, 1974; Røe, 2003). A Rb–Sr 
isochron dating at the base of the formation yielded an age of 807 ± 19 Ma (Sturt et al., 1975; Fig. 2A).  
The boundary to the overlying sandstone-dominated Fugleberget Formation (up to c. 125 m thick;  
Fig. 2B), has previously been described as gradual (e.g., Banks et al., 1974; Hobday, 1974; Røe, 2003). 
The Fugleberget Formation is generally characterised by thick-bedded, cross-stratified sandstones, 
but also includes sandstones and intraformational conglomerates organised into large-scale (>10 m 
thick) foresets in its uppermost part, together recording deposition in a braided stream to fan-delta 
setting (Hobday, 1974; Røe, 1987; Røe & Hermansen, 2006; Fig. 3). Provenance studies and persistent 
east to northeast-directed palaeocurrent directions in the Fugleberget Formation are consistent with  
sourcing from the Archaean and Palaeoproterozoic basement terranes exposed on the craton south of the  
Varanger Peninsula (Zhang et al., 2015). 

The c. 25–40 m-thick Andersby Formation sharply overlies the Fugleberget Formation. The unit is 
mudstone dominated in its lower part, becoming more sandstone-rich upwards. A deltaic or interfluvial 
to possibly lacustrine origin has been suggested for the unit (Banks, 1971; Banks et al., 1974; Røe, 2003). 
The overlying c. 120 m-thick Paddeby Formation is characterised by thick cross-bedded sandstones  
suggesting deposition in a braidplain setting (Banks et al., 1974; Røe, 2003). Collectively, these units 
form two vertically stacked, upward-coarsening stratigraphic couplets (i.e., the Klubbnasen–Fugleberget 
and the Andersby–Paddeby formations). 
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Methods
The dataset investigated in this study includes sedimentary logs measured at multiple localities 
along the northern coastline of the Varangerfjorden including the Bergelva, Fugleberget, Klubben,  
Klubbnasen, Mortensnes, Paddeby, Vadsø and Vadsøya localities (Fig. 1C). The sedimentary logs  
document lithology, grain size, bed thickness, bed geometry, bed boundaries and sedimentary 
structures. 

The Klubbnasen Formation was mainly investigated at the Klubbnasen locality (Fig. 1), where the upper 
c. 28 m of the unit is exposed along a laterally persistent coastal section. The bedding dips by a few 
degrees towards the west, giving excellent access to the upper part of the unit and the boundary to 
the overlying sandstones of the Fugleberget Formation. A section through the uppermost part of the 
Klubbnasen Formation was also briefly investigated at Mortensnes (below the lighthouse). The lower 
part (c. 25 m) of the Klubbnasen Formation is not exposed, although Banks et al. (1974) indicates that 
the lower c. 5 m of the unit crops out at Sjøholmen, an island in the innermost part of the Varanger-
fjorden (previously referred to as Skjåholmen; Fig. 1B for location). This observation has subsequently 
been disputed by Røe (2003), who assigned these deposits to the uppermost part of the Veidnesbotn 
Formation (laterally corresponding to the Gamasfjellet Formation or the lower Vagge Formation in her 
revised stratigraphic model, Fig. 2). Because of these uncertainties, the present study only pertains to 
the upper part of the Klubbnasen Formation. The Fugleberget Formation was mainly investigated at the 
Vadsøya locality, whereas the basal boundary and the lowermost part of the unit was documented at 
the Klubbnasen and Mortensnes localities. The upper conglomeratic part of the Fugleberget Formation 
which reportedly contains large-scale foresets (Hobday, 1974; Røe, 2003), was briefly investigated in the 
quarry at Vadsøya, as well as at Klubben and Fugleberget (near Mortensnes; Fig. 1C).

Figure 3. (A) Simplified paleo-geographic reconstruction of the paleo-continent Rodinia showing the position of Baltica. (B) Paleo-geographic reconstruction of Baltica 
during the Neoproterozoic, showing the position of the Varanger Peninsula at the rifted, northeastern Timanian margin of Baltica. Both figures are modified and 
redrawn from Nystuen (2008).
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The Andersby Formation was investigated at the Bergelva and Vadsø localities (Fig. 1). At both localities, 
the steepness and relief of the coastal cliffs, which ranges from c. 3 to 8 m in height, occasionally limited 
data collection. However, the lateral extent of both outcrops enabled physical tracing of beds along 
the cliffs and the collection of multiple sedimentary logs, which were combined into two correlation 
panels to document lateral facies distribution and variations. The basal boundary of the unit was briefly  
investigated at Klubben, whereas the boundary to the overlying Paddeby Formation (and the lower part 
of this unit) were investigated at the Bergelva, Klubben and Paddeby localities (Fig. 1C).

Results
Facies associations (FA)

From the facies analysis, eight lithofacies were recognised in the Klubbnasen and Andersby  
formations (Table 1). Additionally, two lithofacies were identified in the lower parts of the Fugleberget 
and Paddeby formations, which were documented to provide stratigraphic context, particularly across 
the formation boundaries (Table 1). The ten lithofacies were subsequently arranged into four main facies  
associations (FAs 1 to 4) representing offshore (FA 1), storm-influenced prodelta (FA 2), fluvial- 
dominated to storm-affected delta front (FA 3), and braidplain (FA 4) deposits. A description and  
interpretation of the four associations are presented in the following section, starting with the deposits 
typically occurring in the lowermost part of the logs. 

Table 1. Summary of the most important lithofacies.

Lithofacies Description Interpretation Facies architecture

1 Laminated mudstone to siltstone Tabular units of laminated mudstone 
or siltstone with scattered cm-scale 
sandstone lenses, some displaying 
wave ripple- or combined-flow ripple 
cross-lamination. Sandfilled syneresis 
craks occur frequently in some  
horizons. 
Thickness: 0.1 to 3 m.

Hemipelagic fallout sporadically  
interrupted by minor deposition of 
sand from weak oscillatory flows 
and oscillatory combined-flows. 
Deposition took mostly place below 
storm wave base (SWB). Syneresis 
cracks may be caused by fluctuating 
palaeosalinity stress or de-watering 
triggered by wave-induced stress or 
seismic shocking.

2 Interbedded sandstone/siltstone Interbedded very-fine grained 
sandstone andsiltstone units. The 
sandstone beds are lenticular to wavy 
and exhibit planar lamination and
combined-flow ripple cross-lamina-
tion or less commonly wave ripple 
cross-lamination. Ball-and-pillow 
structures occur locally.
Thickness: 0.1 to 3 m.

Hemipelagic fallout frequently inter-
rupted by deposition of sand from 
dominantly combinedflows governed 
by storms and turbidity currents
above SWB. Deformation records 
density contrasts and liquefaction 
processes.

3 Hummocky cross-stratified siltstone 
   to very fine-grained sandstone

Isotropic hummocky cross-stratified 
(HCS) and low-angle laminated sandy 
siltstone beds with pinch-and-swell 
geometries and abundant dewatering 
and ball-and-pillow structures.
Internal truncations occur 
sporadcally.
Thickness: 0.2 to 2 m.

Erosion and deposition by storm  
generated, oscillatory combned-flows 
with relatively high aggradation rates 
with reworking by several storm 
events and/or fluctuation in the 
intensity of stormproduced flow. 
Deformation attributed to 
seismically- triggered liquefaction 
processes.
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4 Massive sandstone Tabular, non-graded to normally 
graded, structureless, very-fine to 
medium-grained sandstone beds, 
occasionally with erosional bases 
containing frequent flute casts.
Thickness: 2 to 15 cm.

Erosion by strong unidirectional  
turbulent currents preceded by  
deposition from waning flow with 
high aggradation rates whereby 
tractive transport is suppressed.
Massive beds may also record 
liquefaction and dewatering
processes following rapid deposition.

5 Planar laminated sandstone Planar and quasi-planar laminated 
(sensu Arnott, 1993) very-fine to 
fine-grained sandstone occasionally 
containing mudstone clasts. In some 
cases erosively based with abundant 
flute casts.
Thickness: 2 to 30 cm.

Erosion by strong unidirectional to 
unidirectionaldominated currents 
followed by deposition from
high-velocity, waning unidirectional 
to combinedflows with high 
aggradation rates.

6 Hummocky cross-stratified
   sandstone

Isotropic to rare eastward-oriented
anisotropic HCS, very fine to fine- 
grained sandstone beds with erosive 
bases exhibiting rip-up mudstone 
clasts and occasional flute casts. 
Distinct pinch-and-swell bed
geometries and rippled bed tops 
(combined flow ripples and rare 
wave/interference ripples) are 
common. Convolute bedded
horizons are common. 
Thickness: 5 to 40 cm.

Formed by aggradation and 
migration of 3D bedforms deposited 
by strong to intermediate oscillatory 
to oscillatory dominated combined 
flows under waning storm intensity. 
Deposition was generally preceded 
by strong, turbulent (erosive)
unidirectional currents Syn- 
sedimentary deformation and local 
liquefaction by cyclic stress created 
by storm waves.

7 Swaley cross-stratified sandstone Swaley cross-stratified (SCS, sensu 
Leckie & Walker, 1982) fine- to 
medium-grained sandstone beds with 
abundant mudstone clasts.
Amalgamation and scours filled by 
low-angle stratified sandstone is 
common. Soft sediment deformation 
structures are variably present.
Thickness: 5 to 30 cm.

Generated by strong and erosive, 
offshore-directed storm-induced 
currents near fair-weather base
(generally overlies HCS). May record 
lower aggradation rates due to high 
sediment transport rates close to 
shore.

8 Cross-laminated sandstone Swaley cross-stratified (SCS, sensu 
Leckie & Walker, 1982) fine- to
medium-grained sandstone beds with 
abundant mudstone clasts.
Amalgamation and scours filled by 
low-angle stratified sandstone is 
common. Soft sediment deformation 
structures are variably present.
Thickness: 5 to 30 cm.

Generated by strong and erosive, 
offshore-directed storm-induced 
currents near fair-weather base
(generally overlies HCS). May record 
lower aggradation rates due to high 
sediment transport rates close to 
shore.

9 Cross-bedded sandstone Planar- and trough cross-bedded, 
fine- to medium-grained, tabular- 
to wedge-shaped sandstone beds. 
Tangential foresets and sigmoidal 
architectures are common. Convolute 
bedding, recumbent folds, as well as 
erosive set boundaries and troughs 
aligned with rip up mudstone clasts 
occur frequently. Set thickness: 
10-50 cm, occasionally up to 1 m.

Generated by steady and uniform 
unidirectional currents in an inter- 
mediate flow regime. Sand 
deposited as bedload on the lee side 
of migrating two-dimensional and 
three-dimensional dunes. Recumbent 
folds may record starting liquefaction
processes triggered by fast flow 
(i.e., upper flow regime conditions).

10 Planar-bedded sandstone lanar-bedded medium-grained 
sandstone with parting lineations on 
bed surfaces and occasional rip up 
mudstone clasts.
Thickness: 0.4 to 2 m.

Formed by unidirectional currents 
under upper-flow regime conditions.
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Facies association 1 – Offshore deposits

Description. – Facies association 1 (FA 1) occurs in the lowermost part of both the Klubbnasen and the 
Andersby formations, where it typically forms up to 3 m-thick, finely laminated, mudstone packages 
which grade upwards into the heterolithic deposits of FA 2 (Fig. 4A). FA 1 also occurs as thin packages 
(<2 m thick) alternating with units of FA 2 in the upper parts of both formations. FA 1 mainly consists 
of parallel-laminated mudstone to siltstone (lithofacies 1, Table 1; Fig. 4B). Subordinate thin (<2 cm) 
interbeds of lenticular to wavy-bedded, very fine- to fine-grained sandstones are present (lithofacies 2, 
Table 1; Fig. 4C). The sandstones, which become more abundant upwards, typically appear structureless 
and normally graded, whereas planar-lamination and unidirectional ripple cross-lamination, or more 
rarely wave to combined flow-ripple cross-lamination occurs locally (Fig. 4C). In places, stacks of graded 
to non-graded, very fine- to fine-grained sandstone beds with individual bed thicknesses ranging from 
0.1 to 0.4 m occur embedded within the laminated mudstone successions (best example at the Paddeby 
locality; Fig. 4D). The sandstone beds generally appear tabular and massive, but in many places they 
exhibit abundant soft-sediment deformation structures, some with an eastward vergence (Fig. 4E).

Interpretation. – Based on the predominance of laminated mudstone and siltstone, FA 1 is  
interpreted to have been deposited in an offshore setting mostly below storm wave base (SWB).  
The laminated mudstone and siltstone represent prolonged periods of suspension settling, typical of 
fair-weather deposition and limited sand influx to the basin (e.g., Dott Jr & Bourgeois, 1982; Brenchley 
et al., 1993). The local presence of sandstones exhibiting normal grading, planar-lamination, as well 
as local rippled tops, indicate sporadic sand influx and deposition from distally waning, high-energy 
events, such as low-density turbidity currents and in particular wave-modified turbidity flows (Mutti 
et al., 1996; Myrow et al., 2002; Lamb et al., 2008), or various combined flows generated by storms 
(e.g., Myrow, 1992a; Grundvåg et al., 2020; Jelby et al., 2020). The thicker graded to non-graded,  
massive, or soft.sediment deformed sandstone beds are interpreted as deposits from high-density  
turbidity currents or liquefied sediment flows/sandy debris flows (Lowe, 1982; Nemec, 1990). The soft- 
sediment deformation structures indicate a combination of rapid deposition, liquefaction/water escape,  
and gravity-driven deformation. In summary, FA 1 is considered to represent an offshore environment 
where various sediment gravity flows and subordinate storm-generated flows originating from the  
approaching deltas infrequently brought sand onto the basin floor.

Facies association 2 – Storm-influenced prodelta deposits 

Description. – Facies association 2 (FA 2) transitionally overlies and locally interfingers with fine-grained 
deposits of FA 1 and is characterised by up to 7 m-thick heterolithic units (Figs. 4A & 5). FA 2 consists of 
planar-laminated mudstone to siltstone and interbedded sandstone (lithofacies 1 to 3; Table 1; Figs. 5, 6, 
7 & 8). The abundancy of sandstones increases upwards, giving rise to pronounced upward-coarsening 
and thickening trends (Fig. 6A). 

The sandstone interbeds are thin (<0.1 m) to thick bedded (0.1–0.4 m, some rare examples  
exceeding 0.7 m), and consist of very fine- to fine-grained sandstones with lenticular to tabular geometries  
(Figs. 5 & 6A, B, C). Thin lenticular beds have wavelengths at the scale of a few decimetres (Fig. 6B), 
whereas thicker lenticular beds have wavelengths of several metres (Fig. 6C). Most of the sandstone 
beds are normally graded with sharp and erosive bases and commonly exhibit load casts, or in the 
case of the thick beds, eastward-directed flute casts (Fig. 6B, C, D). Bed tops are generally sharp with  
gently undulating to rippled top surfaces. Eastward-directed combined-flow ripples (i.e., ripples with 
near symmetric to asymmetric geometries, rounded tops, and unidirectional-dipping cross-lamination, 
e.g., Harms, 1969; Yokokawa, 1995) occur frequently (lithofacies 8, Table 1), and wave/interference  
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Figure 4. Representative photos of FA 1 (offshore deposits). (A) FA 1 typical forms the lower part of large-scale  
coarsening-upward units. Klubbnasen Formation at the Klubbnasen locality. (B) Laminated mudstone (lithofacies 1,  
Table 1) is the volumetrically most important facies of FA 1. Lens cap for scale (5 cm). (C) Thin, normally graded sand-
stone beds, typically with a lower massive division (lithofacies 4) overlain by combined-flow ripple cross-lamination  
(lithofacies 8) and a rippled top occur frequently in the upper parts of FA 1. Note the sigmoidal foresets and the  
convex-up geometries of some laminae. Pocket knife for scale (8 cm). (D) Locally, stacks of tabular, graded to  
non-graded turbiditic sandstone beds (lithofacies 4) embedded within mudstone (lithofacies 1) characterizes FA 1.  
Andersby Formation at the Paddeby locality. (E) Close-up photo of two turbidite beds. Note the pervasive soft-sediment  
deformation of both beds and the preferred eastward vergence of the folded strata in the lower bed. Locations are given  
in Fig. 1C. 
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ripples are alsopresent (lithofacies 2; Fig. 6E). Scours (some few decimetres deep and up to 1.5 m wide) 
filled with thin-bedded heterolithics that drape or onlap, and in some cases thicken towards the basal 
scour surface, occur in places (Fig. 6F). Locally, some scour fill units are slightly rotated and displaced 
against the scour surface (Fig. 6F) whereas others are contorted and strongly deformed (see Hobday, 
1974).

The thick-bedded sandstones typically exhibit a lower structureless, graded to non-graded division  
(lithofacies 4, Table 1), which either passes upwards into isotropic or more rarely anisotropic  
hummocky-cross stratification (HCS; lithofacies 6, Table 1; Fig. 7A, B), or in places via planar to  
quasi-planar lamination (lithofacies 5, Table 1, Fig. 7C, D). Locally, sets of climbing, combined-flow,  
ripple cross-lamination occur below the rippled bed tops (lithofacies 8, Table 1, Fig. 7C, D). In places, 
up to c. 0.7 m-thick, siltstone to very fine-grained sandstone beds exhibiting isotropic HCS are present  
(lithofacies 3, Table 1; Fig. 7E). Locally, convolute bedding with a preferred eastward vergence is present 
within these beds, and ball-and-pillow structures forming pseudo nodules occur abundantly in their 
upper part (Fig. 7F). 

Figure 5. Panel and logs documenting the heterolithic nature and internal architecture of FA 2 (storm-influenced prodelta deposits) in the upper part of the Andersby 
Formation at the Bergelva locality (Fig. 1C for location). Several sandstone beds, emplaced during storms or gravity flow events, can be traced across the outcrop. The 
white stars in section B2 indicates the three marker beds correlated in the logs. Note the presence of syn-sedimentary faults. The legend is valid for all other figures 
that include logs and panels. The panel is not corrected for (some minor) post-depositional folding.
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Figure 6. Representative photos of FA 2 (storm-influenced prodelta deposits). (A) FA 2 consists of lenticular 
to wavy bedded sandstones and interbedded mudstones forming heterolithic units which exhibit upwards  
coarsening trends. Klubbnasen Formation, Klubbnasen locality. Encircled cup for scale (8 cm). (B) The lower part of FA 2  
typically shows a thin-bedded development with abundant delicate, ball-and-pillow structures (forming pseudo nodules).  
Klubbnasen Formation, Klubbnasen locality. (C) Thicker, sandstone event beds, with tabular or well-developed pinch-and-swell  
geometries increase in abundance upwards in FA 2. Andersby Formation, Bergelva locality. (D) Eastward-oriented flute 
casts occur frequently along the base of the thick sandstone event beds. (E) Wave/interference ripples on an exposed 
bed top surface. Pocket knife for scale (8 cm). (F) A partly rotated heterolithic scour fill in the Klubbnasen Formation, 
Klubbnasen locality. These may represent erosion and deposition by hyperpycnal flows in combination with gravity- 
driven syn-sedimentary deformation of the prodelta slope. Encircled cup for scale (8 cm).
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Figure 7. (A) Amalgamated sandstone beds displaying planar lamination (lithofacies 5) and isotropic hummocky 
cross-stratification (HCS; lithofacies 6). Pocket knife for scale (8 cm). (B) Close-up view of the isotropic HCS bed. Notice 
the occurrence of combined-flow ripple cross-lamination in the upper left part. (C) Close-up view of a normally graded 
(indicated by white triangle) event bed with a massive lower division (lithofacies 4) overlain by planar- to quasi-planar 
lamination (lithofacies 5) capped with combined flow ripples (lithofacies 8). This bed-scale facies sequence is typical of 
wave-modified turbidites. Pocket knife for scale (8 cm). (D) Rip-up mudstone clasts occur at the base of some of these 
event beds. (E) Sandy siltstone bed with isotropic HCS and a marked pinch-and-swell geometry. These beds resemble 
classical tempestites deposited by oscillatory-dominated combined flows. Camera bag for scale (25 cm). (F) Some HCS 
sandstone beds exhibit convolute bedding with an eastward vergence, which is traceable across the full length of the 
bed. Abundant ball-and-pillow structures (forming sandstone pseudo nodules) occur in the upper part of these beds. 
Some of these “nodules” contain internal lamination and represent partly rotated, loaded ripples (see inset photo).  
All photos from the Andersby Formation, Bergelva locality.
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Figure 8. (A) A syn-sedimentary faulted sandstone bed (occurring in FA 2 prodelta deposits) in the Andersby Formation 
at the Bergelva locality. Internally, the bed repeatedly thickens toward each of the east-dipping fault planes (marked 
by white lines) whereas the stratification is concomitantly rotated. This deformation is attributed to gravity-driven, 
extensional forces acting on the prodelta slope in combination with sediment loading. Note the undeformed sandstone 
underlying the faulted sandstone bed. Ruler for scale (20 cm). (B) A sandstone bed fully segmented by a fault. A series 
of syn-sedimentary micro faults are present along the base of the bed. Pocket knife for scale (8 cm). (C) Photo showing 
the sole of the same bed which contains the syn-sedimentary micro faults. Pocket knife for scale (8 cm). (D) Syneresis 
cracks observed on a bedding surface. Note the incomplete network of polygons. (E) Syneresis cracks observed in both 
plan view on a sandstone bed surface extending down into the underlying mudstone unit. Note the irregular, sub- 
vertical geometry of the cracks in cross-section. (F) A sandstone dyke cutting through heterolithic prodelta deposits  
(FA 2). (G) Plan view of a dyke exposed on a sandstone bedding surface. (H) Wedge-shaped, dewatering pipe occurring 
in heterolithic prodelta deposits. Photos in A–C, F, and G: Andersby Formation, Bergelva locality. Photos in D, E, and  
H: Klubbnasen Formation, Klubbnasen locality.
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Figure 9. Panel with corresponding logs capturing the architecture of the storm-influenced prodelta succession (FA 2) 
of the Andersby Formation at the Vadsø locality. This outcrop displays a spectacularly distorted and slump-folded unit 
representing a prodelta slump deposit, which can be traced along the entire outcrop (c. 0.9 km). The top and base of the 
slump deposits is marked and correlated in the logs (stippled lines) See next figure for some detailed photos of the slump 
deposit. See Table 1 for lithofacies information and Fig. 5 for a log legend.
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Small-scale syn-sedimentary faults with offsets in the range of some few centimetres to decimetres 
occur frequently in FA 2. Some sandstone beds may be dissected by a lateral series of such faults 
and a delicate bed thickening can be observed towards each of the faults (Fig. 8A). Other beds are  
completely segmented by faults, splitting the beds into several isolated and rotated sandstone blocks,  
each exhibiting multiple syn-sedimentary microfaults along their bases (Fig. 8B, C). Sandstone-filled,  
spindle-shaped, syneresis cracks (Fig. 8D, E) are abundant in FA 2, whereas sandstone dykes and small 
dewatering pipes occur sporadically (Fig. 8F, G, H). 

In the Andersby Formation at the Vadsø locality, FA 2 comprises a 0.1–3 m-thick, eastward- 
thickening, laterally extensive (traceable for c. 0.9 km), chaotically deformed unit (Figs. 9 & 10). Internally,  
compressional and extensional features occur interchangeably, and include abundant eastward- 
oriented slump folds, small-scale faults, rotated sandstone blocks, and various syn-sedimentary  
deformation structures (SSDS). The deformation within the unit varies from weak distortion of the primary  
bedding to complete loss of stratification, in particulate towards the east. The overlying strata onlap and  
conformably drape the deformed unit (Fig. 10).

Interpretation. – The general fine-grained, yet heterolithic nature of FA 2, together with the presence 
of thick-bedded, HCS sandstones, indicate deposition under fluctuating energy conditions above SWB. 
The abundancy of laminated mudstone and siltstone suggests deposition below fairweather wave base, 
in a generally quiescent background environment dominated by deposition from suspension fallout 
and prolonged periods with little sand transport into the basin. The sandstones, which become more 
frequent upwards, record sporadic, yet increasing, deposition from high-energy events with transport 
governed by various storm-generated currents and low-density turbidity currents. 

The many thin-bedded sandstone beds exhibiting normal grading, sharp, erosive bases and various 
traction-generated structures, mostly of combined flow origin, are interpreted to record deposition 
from weak or distal, waning storms capable of maintaining sand in suspension and transporting it onto 
the shelf before final deposition (Dott Jr & Bourgeois, 1982; Myrow, 1992a). 

Figure 10. Representative photos of the slump deposit recorded in the Andersby Formation at the Vadsø locality. (A) The slump deposit is characterised by a chaotic, 
slump-folded and severely deformed fabric containing isolated sandstone blocks, variably sized ball-and-pillow structures, and flame structures with a vergence  
towards the east. (B) Examples of large-scale open folds and overturned folds with an almost horizontal axial plane oriented towards the east. Measuring stick for 
scale (1 m).
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The thick-bedded sandstones with erosive bases, flute casts, normal grading and abundant HCS,  
indicate that the seafloor was at times disrupted by more violent storms. Flute casts indicate initial 
scouring by powerful unidirectional (turbulent) flows, which preceded deposition. The returning flow 
following the coastal set-up during storms, may have generated strong down-welling flows capable 
of eroding the seafloor, and the same accounts for various storm-flood-generated, and commonly  
wave-supported/wave-modified, gravity flows (Myrow et al., 2002; Pattison, 2005; Lamb et al., 2008;  
Collins et al., 2017; Grundvåg et al., 2020; Jelby et al., 2020). The typical facies sequence recorded in the 
thick sandstone beds (i.e., a structureless, graded to non-graded lower division, followed by isotropic  
HCS or planar- to quasi-planar lamination, and combined-flow ripple cross-lamination), indicates  
deposition during waning oscillatory-influenced combined-flow (e.g., Arnott & Southard, 1990; Myrow & 
Southard, 1991). The documented sparsity of pure oscillatory-generated structures within or atop of the 
beds, indicates that post-depositional reworking by waves rarely occurred. Most of the investigated beds 
thus display features typical of event beds generated by main storm-ebb surges (e.g., Dott Jr & Bourgeois, 
1982; Duke, 1991; Brenchley et al., 1993; Grundvåg et al., 2020; Jelby et al., 2020). Similar bed-scale  
sequences have occasionally been referred to as wave-modified turbidites and have been reported 
in numerous ancient offshore to nearshore, as well as prodeltaic to deltaic successions (e.g., Myrow, 
1992a; Pattison, 2005; Lamb et al., 2008; Collins et al., 2017; Jelby et al., 2020). 

A variety of processes may have formed the scour-and-fill features, including hyperpycnal flows  
deriving from nearby deltaic distributary channels, storm-generated currents coinciding with  
river floods, or by storm-generated, offshore-directed unidirectional-dominated combined flows  
(e.g., Myrow, 1992b; Pattison et al., 2007; Eide et al., 2015; Collins et al., 2017; Onyenanu et al., 
2018; Grundvåg et al., 2020; Jelby et al., 2020). The displaced and rotated character of the fill and  
occasional bed thickening towards the scour surface indicate syn-sedimentary gravity-driven  
deformation. For the contorted scour fills exhibiting a chaotically deformed fabric in the Klubbnasen 
Formation, Hobday (1974) suggested slumping into small delta-front channels.

The wide range of deformation features observed in the chaotically deformed unit in the Andersby  
Formation at the Vadsø locality (Figs. 9 & 10), is attributed to liquefaction and fluidisation processes  
under the influence of lateral shear stress induced by slope failure. Based on the eastward thickening 
and the onlapping to draping nature of the strata above, the unit is interpreted to represent the  
deposits of a single, instantaneous slump event on a low-angle, eastward-dipping palaeo-slope. Potential  
triggering mechanisms for such slumps are difficult to deduce, but may include delta-front  
oversteepening, rapid sediment loading, hyperpycnal discharge, storm wave reworking, seismic 
shocking, relative sea-level change, or a combination of several of these processes (e.g., Nemec et al., 
1988; Piper & Normark, 2009; Clare et al., 2016). 

Collectively, the documented facies variability, the upwards increase in sandstone, and the sporadic  
occurrence of scour-and-fill features are consistent with deposition in a storm-influenced prodelta  
setting for FA 2, where storm-generated flows and gravity-driven processes governed erosion and  
emplacement of tempestitic sands. The flute casts, combined flow-ripple cross-lamination, as well 
as the convolute bedding and slump folds in both the Klubbnasen and the Andersby formations,  
indicate general eastward delta progradation and an eastward-dipping palaeo-slope. This conforms to 
previous work, which have reported eastward-inclined foresets in the Klubbnasen Formation (Hobday, 
1974) and an overall eastward thickening of the Vadsø Group (Banks et al., 1974; Røe, 2003). Thus, the  
rotated scour fills and the small-scale, syn-sedimentary faults and microfaults may thus be attributed to  
gravitational deformation and instability on a gently inclined prodelta slope in combination with  
concurrent sediment loading. The implications of abundant syneresis cracks, dewatering pipes and 
sandstone dykes are discussed further below.
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Facies association 3 – Fluvial-dominated to storm-affected  
delta-front deposits

Description. – Facies association 3 (FA 3) typically forms up to 3 m-thick sandstone-dominated units 
which transitionally or sharply overlie the heterolithic deposits of FA 2 in the upper parts of the  
Klubbnasen and Andersby formations (Figs. 4A, 11A, 12 & 13). In just a few localities, the thickness of 
FA 3 may exceed 7 m (Fig. 13A). However, if traced eastward, such thick units tend to split into multiple 
thinner units (each <3 m thick) which interfinger with packages of FA 2 (Fig. 13B). Internally, the FA 3 
units, which in places are highly amalgamated, consist of 0.1–0.4 m-thick fine- to medium-grained, 
tabular to wedge-shaped sandstone beds (Figs. 11B & 12). Swaley cross-stratification (SCS; lithofacies 
7, Table 1; Fig. 11C), tangential cross-bedding (lithofacies 9, Table 1) and abundant convolute bedding  
characterise the lower part of the FA 3 units. Scours and internal truncation surfaces are present 
(Fig. 11D), and thin (<0.5 m thick) siltstone or lenticular- to wavy-bedded sandstone units exhibiting  
combined flow to current-ripple cross-lamination occur locally. The upper parts of the FA 3 units are 
characterised by trough- or tabular cross-bedding (lithofacies 9, Table 1) alternating with quasi-planar 
to low-angle inclined bedding (lithofacies 10; Table 1; Fig. 11B, E). The foreset dip azimuths of the  
cross-beds as well as rib-and-furrow structures on exposed surfaces indicate an overall eastward- 
directed palaeo-current flow direction (Fig. 11E, F). In some places, the cross-bedded sandstones 
are recumbently folded, in some cases overturned (Fig. 13C), and can be traced down-dip (over a  
distance of some few tens of metres) into severely soft-sediment deformed and slump-folded sandstones  
(Fig. 13A). In other places, the tabular- or trough cross-bedded sandstones (in the upper part of FA 3) 
transition down-dip into SCS, and more rarely, anisotropic HCS (in the lower part of FA 3). Some FA 3 
units are very thin (<1 m), and in other units only the upper, cross-bedded facies assemblage occurs 
sharply overlying prodelta heterolithics of FA 2 (Figs. 12 & 13C).

In the Klubbnasen Formation at the Klubbnasen locality, several listric normal faults with throws of 
up to a few decimetres dissect up to 1.2 m of FA 3 strata before soling out (Fig. 14A). In plan-view, the 
faults are cuspate, defining a series of small, low-angle, tilted fault blocks, each with an area <15 m2.  
Fault-drag and minor fault-tip folding is observed in some beds dissected by the faults (Fig. 14A),  
whereas the sandstone beds above and below the fault blocks are barely affected by the faulting.  
These features have not been described in previous contributions and should not be  
confused with the reported post-depositional normal faults in the area which cut and offset the entire  
succession independent of facies associations and stratigraphic units (cf., Siedlecka et al.,1998).  
In places, some FA 3 units have a contorted appearance exhibiting a chaotic deformation fabric with 
abundant slump folds and other SSDS (Fig. 14B). The best example of such contorted FA 3 deposits is 
at the Mortensnes locality (near the lighthouse), where these deposits, which are in part affected by a 
small listric normal fault, appear to fill in the relief created by the faulting (Fig. 14B). 

Interpretation. – Based on its stratigraphic position above FA 2 and the two-folded architecture with 
an upper part dominated by cross-bedded sandstones and a lower part exhibiting various storm- 
affected facies (i.e., SCS), FA 3 is interpreted to represent deposition in proximal fluvial-dominated 
to distal storm-affected delta-front settings. The cross-bedded sandstones are thus attributed to the  
offshore migration of 2D and 3D subaqueous dunes, presumably forming mouth bars or terminal  
distributary channel fills in the proximal fluvial-dominated delta-front reaches (e.g., Nemec, 1992; Olariu  
& Bhattacharya, 2006). The ambiguous lack of structures compatible with wave activity in the proximal 
delta front may record the combined effects of high rates of fluvial sediment supply (with limited time 
for wave reworking) and the braided character of the feeder system with multiple, closely spaced,  
river effluents which collectively supressed approaching waves. In contrast, bed amalgamation, internal 
truncations, and the lateral relationship between cross-bedded sandstones and SCS/anisotropic HCS 
in some units, suggest occasional storm-wave reworking of the distal delta front where storm waves  
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Figure 11. (A) Panorama displaying the vertical relationship between FA 2 (prodelta deposits) and FA 3 (delta front 
deposits) in the Klubbnasen Formation at the Klubbnasen locality. The white triangle indicates the coarsening- and 
thickening-upward trend typical of FA 2, thus marking a gradual transition into FA 3. (B) Photo showing the two-folded 
architecture of FA 3 with sub-associations representing distal (lower part) and proximal (upper part) delta front deposits. 
(C) Photo showing amalgamated sandstone beds exhibiting swaley cross-stratification (SCS; lithofacies 7). (D) Small 
scours occur locally in the lower part of FA 3, recording the passage of various turbulent flows. (E) Typical expression 
of the upper, proximal delta-front deposits dominated by traction-generated structures. (F) Example of a cross-bedded 
sandstone (lithofacies 9) in FA 3 of the Klubbnasen Formation. Note the tangential geometry of the foresets. Notebook 
for scale (19 cm). 
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Figure 12. (A) Overview photo showing the apparent sharp boundary between the Klubbnasen and Fugleberget formations in the road-cut at the Klubbnasen locality. 
However, a thin, sharp based sandstone unit with slightly different characteristics than the braidplain deposits (FA 4) which dominate the Fugleberget Formation may 
represent an intervening, poorly developed, proximal delta front deposit (FA 3). (B) Detailed sedimentological log of the Klubbnasen Formation and transition to the 
lower part of the Fugleberget Formation at the Klubbnasen locality. LS: lateral step in the log. (C) Close-up photo showing the transition from prodelta heterolithics 
(FA 2) via the interpreted, sharp-based delta-front deposits (FA 3) of the Klubbnasen Formation to the braidplain sandstones (FA 4) of the Fugleberget Formation.  
Metre stick for scale.
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Figure 13. Photos illustrating the transition from delta-front deposits (FA 3) of the Andersby Formation to braidplain 
(FA 4) deposits of the Paddeby Formation at the Paddeby locality (in the local quarry). (A) Locally, the delta front  
deposits form up to 7 m thick, sandstone successions which internally exhibit low-angle, eastward dipping surfaces 
which defines shingled, basinward-thinning sandstone wedges. A proximal-distal facies transition from cross-bedded to 
recumbently folded sandstones in the proximal delta front (i) via slump-folded and de-watered sandstones in the distal 
delta front to prodelta (ii) to massive sandstones on the basin floor (iii) can be deduced from the vertical facies stacking.  
This indicated that dune migration onto the sloping delta front followed by dune liquefaction and collapse, eventually  
triggered turbidity currents which deposited sand on the basin floor. (B) When traced laterally, the thick delta-front  
successions tend to split into multiple delta-front units (marked by white triangles) separated by prodelta deposits. (C) Photo 
illustrating the sharp-based nature of some proximal delta-front deposits. Internally, these are dominated by cross-bedded to  
recumbently folded sandstones.
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Figure 14. (A) Photo showing one of several syn-sedimentary faults penetrating the delta-front deposit (FA 3) of the Klubbnasen Formation, at the Klubbnasen  
locality. Note its listric geometry and the lateral continuation of the fault plane (marked by stippled line). In plan-view, these faults define a series of small (each <15 
m2) “scoop-shaped” fault blocks attributed to syn-sedimentary, gravity-driven delta- front instability. (B) Slump-folded delta front deposits (FA 2) overlying undeformed 
prodelta deposits (FA 2). Klubbnasen Formation, Mortensnes locality. Notice the small normal fault with dm-scale offset. Because the fault seems to terminate in the 
deformed unit (FA 3) and this unit appear to thicken across the fault, we infer this to be a result of brittle syn-sedimentary deformation. Apart from apparent thickening 
due to fault drag, there is virtually no growth toward the fault in the underlying FA 2 unit.
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generally were not suppressed by the river effluents off the proximal fluvial-dominated delta front  
(Mutti et al., 1996; Bowman & Johnson, 2014; Collins et al., 2017).. Liquefaction caused by cyclic stress 
induced by storm waves in combination with gravity-driven deformation on the distally deepening, 
storm-affected delta front may thus explain the proximal to distal transition from cross-bedded into 
slump-folded sandstones. 

The anisotropic HCS sandstone beds suggest deposition by intermediate oscillatory flows with a  
sufficient unidirectional component that promoted bedform migration (Duke, 1991; Dumas & Arnott, 
2006). The unidirectional component of these flows may have been caused by the returning down- 
welling flows following the coastal set-up (Duke, 1991; Myrow & Southard, 1996), or by  
various density-induced flows trailing down the delta front (Myrow & Southard, 1996; Jelby et al., 2020).  
SCS and small scours indicate that the dunes migrated into an environment repeatedly eroded by storm 
waves and turbulent, bottom scouring flows originating from the approaching fluvial system (e.g., Eide 
et al., 2015; Grundvåg et al., 2020). The interbedded units of siltstone to thin-bedded sandstone may 
record variations in river discharge or lateral switching of distributary channels. 

Based on their restricted stratigraphic appearance with virtually unaffected deposits above and 
below, as well as their listric appearance and cuspate plan-view geometries, the small faults appear 
to be of syn-sedimentary origin and are thus attributed to gravity-driven deformation during an early  
stage of slumping on the delta front (e.g., Bhattacharya & Davies, 2001). It is well known that slumping 
tends to produce scoop-shaped head scarps, listric faults, and rotated blocks like those reported here  
(e.g., Nemec et al., 1988; Bhattacharya & Davies, 2001; Martínez et al., 2005). We suggest that the 
contorted and chaotically deformed FA 3 units are inherently linked to the slump blocks possibly  
representing their down-dip slump deposits. As such, some of the internal truncation surfaces in FA 3 
may represent former failure surfaces at the base of healed slump scars. 

Facies association 4 – Braidplain deposits 

Description. – Facies association 4 (FA 4) is restricted to the Fugleberget and Paddeby formations,  
where it, in both cases, forms more than 100 m-thick successions dominated by cross-bedded sandstones  
(Figs. 2B, 12, 13 & 15). The base of FA 4 is erosive and is typically accompanied by an abrupt  
upwards shift in lithology and grain size from mudstone-dominated or heterolithic units (FA 1 or FA 2,  
respectively) into thick-bedded, predominantly cross-bedded, medium-grained sandstones (Figs. 12 & 
13). The sandstone beds of FA 4 range in thickness from 0.5 to 2 m with an average thickness of c. 0.6 
m (Fig. 15A, B). In general, the cross-bed dip azimuths are towards the east in both the Fugleberget and 
the Paddeby formations. Thin sandy siltstone interbeds (<0.2 m) are present locally. The sandstone beds 
are tabular to trough cross-bedded (lithofacies 9; Table 1) with foresets commonly having tangential 
geometries grading laterally into planar-bedded sandstones (lithofacies 10; Table 1; Fig. 15B). Convolute 
bedding is abundant, and a large portion of the cross-beds are recumbently overturned, particularly  
occurring in the tabular cross-sets (Fig. 15C). Sigmoidal cross-sets with well-developed topset- 
foreset-bottomset geometries are present locally, and up to 1.2 m-thick, sheet-like units of planar- 
bedded siltstone to medium-grained sandstones exhibiting west-to-east-oriented parting lineations 
are also common (Fig. 15D). Locally, current-ripple cross-lamination occurs in the bottomsets of the  
thickest (>1 m) tangential and sigmoidal cross-beds. Some ripple sets record migration directions opposing 
that of the hosting cross-bedded unit. Many of the recumbently overturned cross-beds grade upwards 
or down-dip into massive, structureless sandstones which contain mudstone and siltstone intra-clasts 
that exhibit poorly developed imbrication to the east (Fig. 15E). Scours with depths and widths ranging  
between a few decimetres to a few metres occur in places. Mudstone or siltstone intra-clasts are  
present in some places along the base of these scour surfaces. 
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Figure 15. Representative photos of the braidplain deposits (FA 4) which dominates the Fugleberget and Paddeby formations. (A) Thick stack of cross-bedded  
sandstone beds. Fugleberget Formation, Klubbnasen locality. (B) Example of sandstone beds exhibiting eastward-oriented cross-beds with tangential geometries 
and planar bedding. Fugleberget Formation, Vadsøya locality. (C) Recumbently folded cross-bedded sandstone overlain by a massive, non-graded sandstone bed.  
Fugleberget Formation, Vadsøya locality. (D)East–west-oriented parting lineations occurring on the exposed surfaces of a planar-bedded sandstone. Ruler for scale  
(20 cm). (E) Spectacular exposures showing the down-dip relationship between cross-bedded, recumbently folded, and massive, de-watered sandstones occurring 
in the Fugleberget Formation at the Vadsøya locality. The deformation has previously been attributed to autokinetic processes and upper flow regime conditions.  
See Røe (1987) and Røe & Hermansen (1993; 2006) for more details on these facies transitions.
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Interpretation. – The erosive base, the abundance of thick-bedded, cross-stratified sandstone beds,  
the uniform eastward dip azimuths of the cross-beds, the frequent scours of various sizes, and the 
general lack of wave-generated structures suggest that FA 4 is of fluvial origin. The lateral extent 
and aggradational stacking pattern of these units indicate deposition on extensive, sand-dominated  
braidplains (e.g., Nemec, 1992; Tirsgaard & Øxnevald, 1998; Ielpi & Rainbird, 2016). This inter- 
pretation is consistent with former studies of the Fugleberget and Paddeby formations (Hobday, 
1974; Røe, 1987, 2003; Røe & Hermansen, 1993). As such, the tabular and trough cross-bedded sand- 
stones record the migration and stacking of variably-sized 2D and 3D dunes (e.g., Nemec, 1992; Røe &  
Hermansen, 1993). The thick cross-beds with tangential to sigmoidal geometries together with the 
planar-bedded units imply deposition by medium- to high-velocity currents carrying considerable  
amounts of sand-grade sediments in suspension (Røe, 1987; Røe & Hermansen, 1993). The development  
of sigmoidal bars has commonly been attributed to flood-dominated alluvial systems (Mutti et al., 1996).  
The planar bedding and parting lineations thus originate from strong unidirectional currents of the 
 upper flow regime, typically across bar tops (Hobday, 1974; Allen, 1983; Røe, 1987), or they may be  
attributed to deposition during ephemeral flash floods (Tirsgaard & Øxnevald, 1998). The convolute- 
folded and recumbently overturned cross-beds, which grade upwards or down-dip into massive  
sandstones, represent a remarkable continuum of soft-sediment deformation which record local  
liquefaction events caused by shear stress from overriding high-velocity currents operating in the dune to 
upper plane bed transitional flow regime. Because of their localised appearance, these features must be  
of an autokinetic origin (i.e., caused by the fluvial system itself; for more details, see Røe, 1987; Røe &  
Hermansen, 2006). The variably-sized scours indicate local erosion by strong currents and frequent 
channel switching (Nemec, 1992). Similar facies successions are commonly attributed to braidplain  
deposits comprising different architectural elements such as channels, scour pools, mid-channel bars 
and various dune complexes (e.g., Nemec, 1992; Røe & Hermansen, 1993; Røe, 1995; Hjellbakk, 1997; 
Ielpi & Rainbird, 2016).

Facies association stacking patterns

Description. – The Klubbnasen–Fugleberget and Andersby–Paddeby couplets are organised into two  
large-scale upward-coarsening units (each being c. 160–170 m thick), which both record a  
transition from mudstone-dominated offshore deposits (FA 1) at their base, upwards via heterolithic  
storm-influenced prodelta deposits (FA 2) into sandstone-rich delta-front deposits (FA 3), which is  
erosively capped by sandstone-dominated braidplain deposits (FA 4; e.g., Fig. 12). An eastward  
palaeo-current flow direction is recorded in all the facies associations (Fig. 3B; Røe, 2003). In both 
couplets, the marine/deltaic part (FA 1 to FA 3) is significantly thinner (c. 50 m) than the overlying 
fluvial part (FA 4), which has a thickness typically exceeding 100 m. Units of offshore, prodelta and  
delta-front deposits commonly alternate and stack into smaller coarsening-upward cycles (typically <15 
m thick) superimposed on the overall coarsening-upward trend in both the Klubbnasen and the Andersby  
formations. These cycles are bounded by abrupt vertical facies association transitions either with  
offshore deposits sharply overlying prodelta deposits, or more commonly, prodelta deposits sharply 
overlying delta-front deposits (Figs. 12 & 13B). Moreover, the >100 m-thick succession of braidplain  
deposits (FA 4) of the Fugleberget Formation in the uppermost part of the first couplet are sharply  
overlain by offshore deposits (FA 1) of the Andersby Formation at the base of the second couplet  
(e.g., Fig. 2). We have not investigated either the uppermost part of the Paddeby Formation (in the 
top of the second couplet) or the boundary to the overlying Golneselva Formation. According to Røe 
(2003), the lower part of the Golneselva Formation is a sharp-based estuarine deposit which displays 
palaeo-current flow directions to the northwest. 
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The erosive bases of the sandstone-dominated braidplain deposits (FA 4) of both the Fugleberget and 
the Paddeby formations, correspond to regionally extensive formation boundaries (Figs. 2B, 12 & 13). 
In several places, the braidplain deposits sit erosively on top of offshore (FA 1) or storm-influenced  
prodelta (FA 2) deposits apparently without any intervening delta-front deposits (FA 3). However,  
albeit difficult to recognise, thinly developed (<3 m), sharp-based, cross-bedded, proximal delta-front 
deposits are usually present immediately beneath the braidplain deposits in several of the investigated 
outcrops (e.g., Fig. 13C). Because the proximal delta-front deposits are very similar to the overlying 
braidplain deposits, careful investigations are thus needed to distinguish them from one another and 
correctly establish the actual base of the braidplain successions (Figs. 12 & 13). 

Interpretation. – The Klubbnasen–Fugleberget and Andersby–Paddeby couplets represent two 
fluvio-deltaic systems which prograded eastward under highly comparable physiographic conditions 
as evident from their similar lithofacies distribution and facies association stacking patterns (Fig. 16).  
The marked difference in thickness between the lower deltaic and the overlying fluvial parts is  
conspicuous (Fig. 2B). The upward-coarsening trend in the deltaic parts is thus attributed to  
basinward progradation and filling of a shallow, low-accommodation basin. The thickness (>100 m) and  
monotonous facies development (dominantly cross-bedded sandstones, lithofacies 9; Table 1) in 
the fluvial units implies a persistent supply of fluvial sand in combination with steady creation of  
accommodation space, which eventually promoted deposition of highly aggrading braidplain  
successions (Fig. 16A). 

Figure 16. Conceptual depositional models summarizing facies association distribution and stratigraphic architecture of the investigated fluvio-deltaic couplets.  
(A) Model illustrating the character of the thick braidplain succession (FA 4) and the stratigraphic relation to its underlying deltaic deposits (FA 1 to FA 3). The basin- 
wide erosional unconformity at the base of the braidplain succession, produced by fluvial incision, and the sharp-based nature of the proximal fluvial-dominated delta 
front deposits points to progradation under low-accommodation or forced regressive conditions. (B) Model illustrating the most important depositional processes and 
products on the delta front to prodelta reaches of the system, including various sediment gravity flows originating from the fluvial feeder system (producing scours 
and depositing turbidites), storm-generated flows and storm-wave reworking (depositing wave-modified turbidites and hummocky-cross-stratified tempestites), and 
gravity-driven instability (producing rotated slump blocks and slump deposits, see Fig. 17 for more details). Event beds in the offshore deposits show no signs of 
storm-wave reworking, whereas most of the prodelta event beds appear to be modified by storm waves, suggesting that the prodelta environment was above storm 
wave base (SWB). The general sparsity of oscillatory-generated structures and the concomitant dominance of unidirectional, traction-generated structures in the 
delta front deposits, suggests that strong river effluents generally supressed incoming fairweather waves. As such, it is not possible to infer fairweather wave base.
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The presence of abrupt vertical shifts of facies associations in the deltaic Klubbnasen and Andersby  
formations marks minor upwards deepening events, which indicates that the eastward delta  
progradation periodically came to a halt. In deltaic systems elsewhere, such minor flooding surfaces are 
commonly attributed to autogenic delta lobe switching, which occurs at relatively short temporal scales 
(e.g., <10 kyr; Hampson, 2016). Because tectonics usually operate at a significantly lower frequency 
than autogenic processes, a tectonic origin for these surfaces seems unreasonable. The abrupt upwards 
deepening from braidplain (FA 4) atop the first couplet into offshore (FA 1) deposits at the base of the 
second (i.e., the boundary between the Fugleberget and Andersby formations; Fig. 2B) represents a 
marine flooding surface of regional extent (Fig. 16B). The fact that it bounds two very similar fluvio- 
deltaic cycles, suggests that allogenic forcing controlled its development rather than autogenic  
processes. Increased rates of basin subsidence or eustatic sea-level rise, possibly in combination with 
a sudden decrease in sediment supply, eventually drowned the Fugleberget Formation braidplain,  
marking the onset of the second couplet. Røe (2003) interpreted the upper conglomeratic member 
of the Fuglberget Formation (see Fig. 2B) to represent a retrograding fan-delta succession, possibly  
marking a gradual deepening of the basin prior to the regional flooding event. 

The sharp and abrupt vertical shift from offshore (FA 1) or prodelta (FA 2) upwards into braidplain  
(FA 4) deposits across the basal boundaries of both the Fugleberget and the Paddeby formations, marks 
erosional unconformities that record dramatic basinward shifts in facies caused by fluvial downcutting 
(Figs. 12, 13 & 16A). Because the two braidplain units have been eroded into the underlying deposits in 
all the visited outcrops, their bases appear to represent basinwide erosional events. In many cases, such 
surfaces are used as a criterion for recognising subaerial unconformities formed during a fall in relative 
sea level (Nemec, 1992; Røe, 1995; Helland-Hansen & Hampson, 2009; Grundvåg & Olaussen, 2017).  
As such, the thinly developed, sharp-based, intervening delta-front deposits (FA 3; Fig. 12), which in 
 places occur below the erosively-based braidplain deposits, may suggest progradation under  
forced regressive conditions (e.g., Nemec, 1992; Røe, 1995; Helland-Hansen & Hampson, 2009  
Grundvåg & Olaussen, 2017). However, similar stratigraphic expressions may also emerge from  
progradation of low-accommodation, shallow-water deltas and associated river channel cannibalism 
of its own delta-front deposits during basinward extension of the channel (e.g., Fielding et al., 2005). 

Our preferred interpretation, that the erosive bases of the Fugleberget and Paddeby formations  
represent basin-extensive subaerial unconformities, deviates from earlier works where the two  
formation boundaries are reported to be gradational (e.g., Hobday, 1974; Banks et al., 1974). Potential 
allogenic factors that controlled the stratigraphic architecture of the two couplets are discussed later. 

Soft-sediment deformation and other indicators of syn-tectonic 
sedimentation

The Klubbnasen–Fugleberget and the Andersby–Paddeby stratigraphic couplets include a wide  
range of soft-sediment deformation structures (SSDS), which vary morphologically in size and style of  
deformation. SSDS are present in all stratigraphic intervals, occur in all the described facies associations, 
and may involve solitary beds as well as entire bed stacks. Albeit the bulk of these SSDS, if considered  
separately, may be attributed to processes occurring during or soon after deposition in all the interpreted  
environments, the wide range of structures, as well as the abundancy and distribution, may suggest a 
common, allogenic forcing factor controlling their development. Røe (2003) argued for active tectonism 
during deposition of the lower Vadsø Group, and attributed the abundance of SSDS to seismic shocking, 
a view largely supported herein as discussed later. Therefore, the most important SSDS which may result 
from tectonic activity are described and interpreted below. 
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Load structures 

Description. – In both the Klubbnasen and the Andersby formations, load and accompanying flame 
structures, as well as ball-and-pillow structures are abundant, particularly in the upper sandstone- 
bearing parts of FA 1 and more commonly in the heterolithic deposits of FA 2 (Figs. 5, 6B, 7F & 9).  
The load structures vary in sizes from a couple of centimetres to several decimetres in diameter and 
record a morphological continuum from simple, pendulous load casts to detached ball-and-pillow  
structures forming pseudo-nodules fully encapsulated in siltstone or mudstone (Figs. 6B & 7F).  
The load structures typically consist of very fine- to fine-grained sandstone, and in some cases they 
exhibit folded, albeit well preserved internal laminae. Locally, load-casted ripples are present,  
appearing as rotated ripple sets partly embedded in the underlying fine-grained deposits (Fig. 7F).  
Although most load structures are randomly distributed, they are particularly abundant in some  
horizons where they form stratabound ball-and-pillow structures. In many cases, these laterally  
extensive horizons are associated with other SSDS such as slump folds and convolute bedding (Fig. 7F).

Interpretation. – Load structures are commonly formed in water-saturated sediments as a response 
to either unstable density inversion between two contrasting layers (e.g., sand and silt) or from lateral  
variation in load (by the migration of ripples; e.g., Owen, 2003). In general, contrasts in sediment density 
alone are not enough to create load structures (Berra & Felletti, 2011). This is evident by the presence 
of many beds that do not exhibit load structures at their bases. Loading is commonly initiated by a  
drastic reduction in shear strength or in response to liquefaction and fluidisation processes. Several  
trigger mechanisms such as storm waves, earthquake or rapid sediment loading may lead to  
liquefaction of the upper denser layer and gravitational readjustment leading to the  
development of load structures (Molina et al., 1998; Alfaro et al., 2002). The abundance of load  
structures in FA 2 (storm-influenced prodelta), may indicate that the combination of storm waves and 
rapid sediment loading played an important role in the present case. However, the occurrence of 
stratabound ball-and-pillow structures associated with convolute bedding and slump folds may also 
indicate earthquake activity. 

Syneresis cracks

Description. – Syneresis cracks are very abundant in the heterolithic deposits of FA 2 (with some 
rare occurrences in FA 3) in both the Klubbnasen and the Andersby formations (Fig. 8D, E). Here, the  
syneresis cracks occur on the bedding planes of thin-bedded, storm-deposited sandstones as  
sandstone-filled cracks with simple spindle- to more complex polygonal-shaped geometries (Fig. 8D). 
The width of the individual cracks is typically in the range of 0.2 to 1 cm. In cross-section, the cracks 
are wedge-shaped and commonly extend down into the underlying mudstone cross-cutting multiple 
laminae and layers (Fig. 8E). 

Interpretation. – Syneresis cracks are commonly attributed to fluctuation in palaeo-salinity stress 
within the water column close to the water-sediment interface in shallow subaqueous settings  
(e.g., Astin & Rogers, 1991; Bhattacharya & MacEachern, 2009). Changes in salinity may cause  
deflocculation or intra-crystalline de-watering of muddy to silty sediments resulting in shrinkage and 
thus the formation of cracks. However, syneresis cracks may also be attributed to de-watering and 
grain-reorientation processes related to seismic shocking. Cracks of seismic origin are formed within 
the strata and typically involve multiple layers (Pratt, 1998; McMahon et al., 2017). Syneresis cracks are 
reported in several other Precambrian successions around the world and are believed to be related to 
the absence of sediment-binding bacteria, making the sediments prone to deformation (Pratt, 1998).
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Sandstone dykes and various pipe structures

Description. – In the Andersby Formation, dominantly at the Bergelva locality, several distinctive  
vertically to steeply inclined sandstone dykes with a massive internal appearance penetrate several 
metres of the succession, independent of lithology and facies association (Figs. 5 & 8F, G). They are  
typically 3 to 30 centimetres wide with sharp contacts to the surrounding deposits (Fig. 8F). One dyke, 
which penetrates an exposed sandstone bedding-plane, was investigated in plan-view, and exhibits 
sharp outer contacts and an undulating morphology (Fig. 8G). Several of the dykes seemingly thin and 
pinch-out in both upward and downward directions. Bifurcation is observed in places. In addition, 
sub-vertically- to vertically oriented circular sandstone columns occur locally within FA 2 and FA 3 in 
both the Klubbnasen and the Andersby formations. These columns, here referred to as pipes, extend 
for some centimetres to several decimetres, and typically penetrate one or several beds, independent 
of lithology. Some of the pipes extend upwards from a source bed, which typically appear massive and 
structureless in the area near the basal part of the pipe. Smaller (<0.1 m wide) wedge-shaped varieties 
also exist in FA 2, typically extending downward (a few centimetres to decimetres, only penetrating 
some very few layers) from a massive, structureless sandstone bed into the underlying sediments where 
the pipe soles out (Fig. 8H). 

Interpretation. – Sandstone dykes and associated pipes are dewatering structures (or clastic  
intrusions) formed by liquefaction and injection of unconsolidated sand into surrounding sediments  
sometime after deposition (i.e., post-depositional remobilisation; Owen, 1987). Although sandstone dykes 
may occur in many types of basins (e.g., along passive margins and within sag basins), they are commonly  
reported from tectonically active basins where they reportedly may dissect a wide range of deposits from 
deep marine to terrestrial, with seismic shocking being one of the most cited triggering mechanisms for 
the liquefaction and injection to take place (e.g., Owen, 1987; Owen & Moretti, 2011). The vertically  
extensive dykes observed in the Andersby Formation probably developed when water-saturated 
sand, emplaced by turbidity currents or storm-generated combined flows, was buried beneath low- 
permeability sediments (i.e., mud and silt) which promoted overpressure. Subsequently, when being 
subjected to seismic shocking, the sandy sediments were fluidised and injected upwards through cracks 
formed by hydraulic fracturing of the overlying semi-consolidated sediments, eventually leading to the 
formation of vertical to sub-vertical dykes and pipes (Owen & Moretti, 2011; Wheatley & Chan, 2018). 
The rift-related stress regime in the basin probably influenced the formation and orientation of the  
dykes. The fact that these dykes and pipes penetrate multiple layers across several metres, strongly 
advocate a tectonic origin (e.g., Owen, 1987; Owen & Moretti, 2011). The smaller scale de-watering 
wedges in FA 2 (storm-influenced prodelta deposits) may be attributed to localised excess pore pressure 
build-up and liquefaction triggered by depositional events such as rapid deposition of sand and the  
passage of storm waves (Martel & Gibling, 1993). 

Recumbently folded cross-beds and convolute bedding

Description. – Abundant recumbently overturned cross-bedding characterises the thick- 
bedded sandstones of FA 4 (Fig. 15C). Within a single bed, a down-dip continuum from undisturbed via  
recumbently folded cross-beds into the massive sandstones is common (Fig. 15E; see previous work on the  
Fugleberget Formation and other similar facies successions on the Varanger Peninsula by Røe, 1987; 
Røe & Hermansen, 1993; Hjellbakk, 1997). In addition, convolute and contorted bedding of various 
scale (few cm to metre scale), lateral extent, and complexity, in some cases affecting multiple vertically 
stacked beds, are present in FA 4. Slump-folded units occur locally in FA 2 and FA 3 (Figs. 9, 10 & 14B). 
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Interpretation. – Recumbently overturned cross-bedding and associated massive sandstone are 
a common feature in many ancient fluvial successions, and have been attributed to drag and  
shearing underneath strong, sediment-laden, unidirectional currents in combination with liquefaction  
processes (Allen & Banks, 1972; Jones & Rust, 1983; Røe, 1987; Hjellbakk, 1997). Previous models have also  
suggested a link between the development of such features and earthquake-induced seismic shocks 
(e.g., Allen & Banks, 1972), as well as foreset failure promoted by liquefaction during changing  
water level (in the river) and nearby bank collapse (e.g., Jones & Rust, 1983). In the present case, the  
abundant and recurrent appearance of these features in FA 4 and their limited lateral and  
stratigraphic extent (typically only affecting the upper half of a bed), suggest an autokinetic, depositional  
mechanism governing their development. Several possible models are discussed by Røe (1987),  
Hjellbakk (1997), and Røe & Hermansen (2006), and include repetitive liquefaction deformation caused 
by intermittent changes in flow conditions, as well as the occurrence of short-lived, mass-flows rapidly  
dumping sediments during river floods. However, the complex varieties of convolute and  
distorted cross-bedding, particularly in cases where multiple beds are affected, record post-depositional  
deformation which may be attributed to de-watering of loosely packed sand induced by seismic 
shocking. The locally occurring slump-folded units in the prodelta and delta-front deposits, which we 
attribute to gravity-driven deformation and slope failure (see above descriptions and interpretations of 
FA 2 and FA 3), cannot be used as indicators of palaeo-seismic activity. 

Discussion
Processes and facies tracts in storm-influenced braid deltas 

Judging from the facies association stacking patterns in the two couplets, it appears that the sandy 
braidplains (FA 4; Fig. 16) of both systems fed deltas which successively prograded into a sheltered,  
low energy basin, as shown by the abundance of finely laminated mudstone deposits of FA 1 in the 
lower part of both couplets (Figs. 4, 5 & 6). Based on the limited accumulative thickness of these  
fine-grained sediments and their overlying prodelta (FA 2) to delta front (FA 3) deposits (altogether  
<50 m), as well as the sharp-based nature of the latter, a relatively shallow basin of limited  
accommodation can be inferred, at least when compared with the deep basin of the BSR to the north 
of the TKFZ (e.g., Røe, 1995). This is consistent with some of the previous models, which indicate  
deposition in a pericratonic marginal basin for the entire TVR succession (Banks et al., 1974; Hobday, 
1974; Nystuen, 1985; Siedlecka, 1985; Roberts & Siedlecka, 2012, 2022). 

The upwards increase of sandstone beds in the marine/deltaic part (FA 1 to FA 3) of both couplets  
indicate that the shallow basin recurrently experienced a progressive increase in the influx of sand- 
grade sediments as the deltas successively approached and crossed the study area (Fig. 16).  
Various sediment gravity flows initiated at the delta front in combination with periodic storm activity that  
resulted in the deposition of turbidites (both low- and high-density types), wave-modified turbidites, 
and classical HCS tempestites (sensu Jelby et al., 2020) in the prodelta to offshore regions of both  
systems (see FA 2; Figs. 6, 7 & 16B). 

It is well known from many other sedimentary basins that heavy and intense rainfalls commonly 
accompany storms, thus promoting erosion and increased fluvial run-off, which eventually transport  
large amounts of sediment from the hinterland into the basin where storm-waves concurrently 
rework the fluvially-derived sediments (e.g., Mutti et al., 1996; Mulder et al., 2003; Bhattacharya &  
MacEachern, 2009). Such coupled storm-floods are particularly described from fluvial systems in  
tectonically active basins which are characterised by small to medium-sized catchments, relatively 
short- and high-gradient transfer zones, and poorly developed alluvial plains (e.g., Mutti et al., 1996; 
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Mulder et al., 2003; Collins et al., 2017). More importantly, the severe climate and general lack of  
binding vegetation during the Neoproterozoic gave rise to a highly erodible drainage basin, and in  
combination with the sandy braidplains in the present case, conditions were ideal for generating  
catastrophic flash floods during seasonal rain storms (e.g., Hjellbakk, 1993; Fig. 17A). Similar  
pre-vegetation sandy braidplains influenced by seasonal floods are commonly portrayed in Precambrian 
successions elsewhere (e.g., Tirsgaard & Øxnevald, 1998; Ielpi & Rainbird, 2016). When entering a body 
of standing water, flash floods tend to go hyperpycnal and transfer large volumes of sediments into the 
receiving basin (Mulder et al., 2003; Katz et al., 2015; Fig. 17A). If these flows interact with storm waves 
and/or get enhanced by downwelling currents following the coastal set-up, they may as well bypass the 
nearshore energy fence and transfer sand-grade sediments across the shelf, potentially contributing to 
deep-water deposition (e.g., Mulder et al., 2003; Pattison, 2005). As such, the variably sized scours in 
the prodelta (FA 2) and distal delta-front (lower part of FA 3) deposits of the Klubbnasen and Andersby 
formations, which we attribute to the passage of highly erosive hyperpycnal flows, the corresponding 
lack of related hyperpycnites (sensu Mulder et al., 2003) in the offshore deposits (FA 1) may indicate 
frequent sediment bypass and deposition farther to the east (outside the outcrop belt) where the basin 
is inferred to have deepened (Fig. 17A). It is thus intriguing that recent provenance studies indicate a 
link between the fluvial braidplain sandstones of the Fugleberget Formation and deep-water turbidite 
sandstones of the Kongsfjorden Formation, each located on either side of the TKFZ (Zhang et al., 2015). 
Based on this relationship we further suggest that the erosional unconformities at the bases of the two 
braidplain units documented here (FA 4; Figs. 12, 13 & 16A) acted as major sediment bypass surfaces. 

Delta-front collapse is evidently one of the most important triggering mechanisms for turbidity  
currents (e.g., Nemec et al., 1988; Piper & Normark, 2009). High rates of sedimentation leading to over- 
steepening, delta lip failure following hyperpycnal discharge events, wave-induced stress associated 
with storm events, or seismic shocking may all promote the collapse of a delta front (e.g., Nemec et 
al., 1988; Nemec, 1990; Pattison et al., 2007; Clare et al., 2016; Collins et al., 2017; Jelby et al., 2020).  
The presence of multiple syn-sedimentary faults and slump-folded units in the delta-front deposits  
(FA 3) in the Klubbnasen Formation record unstable conditions with periodic gravity-induced  
remobilisation of the mouth-bar deposits (Figs. 14 & 16B). Some of the thicker event beds and  
particularly the slump deposits recorded in the prodelta deposits of FA 2 (Figs. 9 & 10), probably  
originated from such up-dip delta-front collapses (Fig. 17B). 

Many shallow-water (sandy) braid deltas are characteriszed by a vertically expanded river effluent  
(caused by the limited depth of the receiving basin) which forces dunes to prograde far down the sloping 
delta front (Cole et al., 2021; Fig. 17C). Contemporaneously, as dunes migrate down-slope, the shear 
force imposed by the strong, over-riding river effluent may promote liquefaction and collapse of the  
water-saturated sandy bedforms. Given the right slope angle, such liquefied sediments may  
transform into downwelling turbidity currents (i.e., the liquefied sediment flow of Nemec, 1990; Fig. 17C).  
In many shallow-water deltas, where the slope tends to be of low gradient, storm waves can be an equally  
important process in generating or enhancing turbulence and thus maintaining and driving turbulent 
suspensions in a basinward direction (Myrow et al., 2002).

The abundance of tabular- and trough cross-bedding and planar-bedding within the sandstones of 
FA 3 in both the Klubbnasen and the Andersby formations (Figs. 11, 12 & 13) indicates that the delta 
front of both systems was dominated by fluvial processes, especially in their proximal reaches where  
dunes aggraded and stacked into sand-rich mouth bars (Figs. 16B & 17C). In the distal reaches of the  
delta front (i.e., represented by the lower part of FA 3), however, where the river effluents diminished,  
storm waves may at times have reworked and remobilised older deposits, resulting in the  
formation of SCS and anisotropic HCS tempestites (Figs. 11B, C & 17C). The preservation of these  
storm-generated features, and their limited lateral and vertical extent, indicates rapid burial and suggests  
that high sedimentation rates accompanied storms, thus testifying to coupled storm-flood processes. 
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We further attribute the proximal to distal facies transition in FA 3, from cross-bedded sandstones via 
folded and overturned cross-beds into convolute bedded and slump-folded sandstones, to a natural 
down-slope deformation continuum recording dune migration, liquefaction and ultimately collapse 
(Figs. 13A & 17C). As such, the local occurrence of turbidite sandstones in FA 1 may originate from  
collapsing dunes which triggered turbidity currents that managed to bypass the prodelta and deposit 
their sandy load in front of the accreting deltas in deeper parts of the basin (below SWB; Figs. 4D, 
13A, 16B & 17C). Although we have not yet been able to trace any of the FA 1 turbidite sandstones 
up-dip into cross-bedded delta-front sandstones via the deformed variety, the vertical relationship  
documented in the Andersby Formation at the Paddeby location is convincing (Figs. 4D & 13A). 

Figure 17. Conceptual model illustrating different modes of sediment transport and deposition on the delta front to prodelta slope. (A) Flash floods, generated during 
coupled storm-floods, may have played an important role given the pre-vegetated setting and the sandy, braided nature of the feeder system. When these dense flows 
entered the basin, they plunged to form powerful and highly erosive, turbulent hyperpycnal flows, which scoured into the prodelta slope and possibly transported 
sediments farther east into deeper depocentres. (B) Gravitational collapse of the delta front due to oversteepening and sediment loading, or seismic shocking (either 
induced by tectonics or by storm-waves), resulted in slump deposition on the prodelta slope (see Fig. 9). Because of the low-gradient slope these mass flows gene-
rally had short runouts and rarely made it far into the basin. Delta front slumping may also have triggered turbidity currents, which contributed to sand deposition 
in deeper parts of the basin. (C) The shallow water of the basin resulted in a vertically extended river effluent which promoted dune migration onto the gradually 
steepening delta front. Dune liquefaction and collapse, possibly under the affection of storm waves (as evident by the occasional presence of SCS/AHCS in the distal 
delta front deposits), may ultimately have triggered liquefied flows and turbidity currents which deposited sand in front of the deltas. (D) In shallow parts of the basin 
where the storm wave base (SWB) coincided with the basin floor, or during intense storms, which lowered the SWB, various down-trailing sediment gravity flows or 
storm-generated combined flows interacted with the storm waves, depositing wave-modified turbidites (sensu Myrow et al., 2002). Intense storm wave reworking and 
oscialltory-dominated combined flows resulted in the deposition of IHCS tempesites. AHCS – anisotropic hummocky cross-stratification, IHCS – isotropic hummocky 
cross-stratification, SCS – swaley cross-stratification
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Origin of the prodelta event beds 

Previous work has favoured a turbidite interpretation for the many sandstone event beds in the  
Klubbnasen and Andersby formations (e.g., Banks et al., 1974; Hobday, 1974). However,  
our investigations show that the sandstones occurring in the prodelta deposits (FA 2) of the two units 
(Figs. 5, 6, 7 & 9), display a diversity of sedimentary structures and architectures consistent with  
interaction of unidirectional-, oscillatory- and combined-flows. Only some few beds display features 
consistent with deposition by pure oscillatory flow or by turbidity currents completely unaffected 
by wave action. Instead, most of the FA 2 sandstone beds exhibit erosive bases with frequent flute 
marks, normal grading, various combined-flow generated structures, and pinch-and-swell geometries 
(Figs. 5, 6 & 7), all features consistent with deposits of wave-modified turbidity currents (Myrow 
et al., 2002; Pattison, 2005; Lamb et al., 2008; Basilici et al., 2012; Fig. 17D). Such wave-supported,  
turbulent flows, which form when storm waves interact with turbidity currents or other downwelling 
storm-generated flows, are known to transport sand and silt across low-gradient slopes (e.g., Swift, 1985;  
Bhattacharya & MacEachern, 2009; Macquaker et al., 2010; Fig. 17D). The erosional bases with  
quite common down-slope (i.e., eastward) oriented flute marks, are thus indicative of initially,  
powerful, and turbulent, unidirectional, near-bottom flows preceding deposition (Fig. 17D).  
In prodelta settings, turbulent currents may originate from a multitude of processes, including turbidity 
currents triggered by slope failure, downwelling flows following the coastal set-up, storm resuspension  
of sediments near shelf-slope conduits, as well as from hyperpycnal flows related to river floods  
(Piper & Normark, 2009; Basilici et al., 2012; Eide et al., 2015; Collins et al., 2017; Jelby et al., 2020).  
The presence of HCS sandstone beds with combined flow ripple cross-lamination and occasional 
wave/interference rippled tops, indicate that oscillatory-dominated combined flows and storm-wave  
reworking also played an important role (Basilici et al., 2012; Jelby et al., 2020). However, the observed  
variety in bed architectures with a mixture of wave-modified turbidites and classical HCS tempestites 
(e.g., see the bed in Fig. 7E) may also record variable flow mechanisms such as wave unsteadiness  
(Jelby et al., 2020), temporal evolution of the initial turbidity flow (Lamb et al., 2008), as well as  
proximity to the fluvial feeder system (Grundvåg et al., 2020). 

Implications of the soft-sediment deformation structures 

If regarded separately, a large portion of the SSDS, independent of facies associations, are  
attributable to autokinetic and gravity-driven deformation processes, especially considering the sloping 
nature of the delta to prodelta parts of the investigated couplets and given the periodic input of storm- or  
gravity-emplaced sand onto underlying, water-saturated mud. However, in view of the proximity  
(<40 km) to the TKFZ to the northeast, which is considered to have been an active normal fault during 
the late Riphean (e.g., Johnson et al., 1978; Siedlecka, 1985; Siedlecka et al., 2004; Herrevold et al., 
2009; Gabrielsen et al., 2022), and the hypothetical basin-bounding VFZ to the south (Figs. 1B & 
18A), recurrent tectonically-induced seismic shocking offers a feasible explanation for the variability,  
complexity and abundancy of SSDS (e.g., Røe, 2003). SSDS produced by tectonically induced seismic 
shocking typically show great variability, large lateral extents, may involve multiple layers, and occur 
repeatedly in a stratigraphic succession (Mohindra & Bagati, 1996; Hildebrandt & Egenhoff, 2007; Owen 
& Moretti, 2011). Thus, the morphological variability and distribution of SSDS documented in this  
study is very similar to seismically induced deformation reported in tectonically active basins elsewhere 
(e.g., Mohindra & Bagati, 1996; Rossetti, 1999). Of particular interest is the abundance of syneresis 
cracks (Fig. 8D, E) which have been attributed to an allokinetic triggering mechanism such as strong 
ground motion resulting in intra-stratal fracturing in many other basins (e.g., Pratt, 1998; McMahon 
et al., 2017). Clastic dykes and associated de-watering structures, similar to those reported here,  
are other features commonly attributed to tectonically induced soft-sediment deformation (e.g., Neef, 
1991; Rossetti, 1999). 
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From a critical point of view though, it may be questioned whether the recurrency of tectonically  
triggered seismic events, which traditionally is thought to operate at a frequency of hundreds of  
thousands of years, can result in an abundance of SSDS at multiple stratigraphic levels in prograding 
delta systems, which typically operate at significantly shorter time spans (some few thousand to tens 
of thousands of years, e.g., Helland-Hansen & Hampson, 2009). Interestingly, however, is the growing 
body of literature which demonstrate that faults can generate earthquakes relatively often and at  
quasi-periodic intervals of some few thousand to tens of thousands of years (e.g., Cowan et al., 1996; 
Williams et al., 2017). 

Røe (2003) attributed the abundance of SSDS in the Vadsø Group to seismic activity induced by  
syn-rift faulting along the VFZ. Johnson (1977) in his evaluation of SSDS in the Grønneset  
Formation in the lowermost part of the overlying Tanafjorden Group (Fig. 2A), considered storm wave  
processes as a potential triggering mechanism, but established tectonically induced seismic shocking to 
be the most likely cause, although he found it confusing given the inferred tectonically stable pericratonic  
platform setting. However, many studies demonstrate that tectonically induced sediment deformation  
and liquefaction may occur several tens to a few hundreds of kilometres away from earthquake  
epicentres (e.g., Obermeier, 2009). As such, it cannot be ruled out that seismic shocking, generated 
solely by activity along the TKFZ, may have resulted in widespread deformation of the TVR sediments 
on the pericratonic footwall, especially given the scale and long-lived history of this major fault zone.  
Even though the variability and abundance of SSDS points to tectonically induced soft-sediment  
deformation, this is not sufficient evidence to indubitably verify the existence of the much-disputed 
VFZ. 

Tectonic forcing and basin development

According to Røe (2003), the Vadsø Group, including the two couplets investigated here, and the  
lowermost Tanafjorden Group, record late Riphean syn-rift sedimentation, whereas the overlying 
units record post-rift deposition (Figs. 2A & 18B). However, most authors favour a stable pericratonic  
platform setting for the entire TVR succession with deposition occurring after the main rifting event 
(e.g., Johnson et al., 1978; Nystuen, 1985; Siedlecka, 1985; Rice, 1994, 2014; Siedlecka et al., 1995; 2004;  
Olovyanishnikov et al., 2000; Rice et al., 2001; Roberts & Siedlecka, 2002, 2022; Nystuen et al., 2008; 
Fig. 18B). In the following discussion, we attempt to evaluate the architecture of the two fluvio-deltaic 
couplets with respect to these contrasting tectonic models. 

Some of the most important evidence in support of the VFZ includes abundant soft-sediment  
deformation and changing palaeo-currents, as well as the revised stratigraphic relationship  
between the TVR succession and the Archaean basement on the southern side of the Varangerfjorden  
(for more details, see Røe, 2003). As already discussed, we disregard the abundance of SSDS as unequivocal  
evidence for the existence of the VFZ. Yet, the strikingly similar facies association stacking patterns 
and the progradational to aggradational architecture of the two fluvio-deltaic couplets, as well as the 
sharp nature of the flooding surface separating them (Figs. 2B & 16), may be suggestive of tectonically  
controlled sedimentation. In rift basins, sedimentary response to recurrent fault activity tends to  
produce distinct cyclicity whereby progradational sequences evolve during tectonic quiescence when 
sedimentation outpaces subsidence rates, and sharp, basin-wide flooding surfaces develop during  
pulses of rapid tectonic subsidence (e.g., Gawthorpe et al., 1994; Leeder, 1999; Gawthorpe &  
Leeder, 2000; Martins-Neto & Catuneanu, 2010; Henstra et al., 2016; Marín et al., 2018). A series of  
tectonically controlled fluvio-deltaic cycles of similar age (late Riphean) and near identical facies  
assemblage as those reported here, occurs in the Båsnæringen Formation in the BSR north of the 
TKFZ (Siedlecka & Edwards, 1980; Hjellbakk, 1993; Røe, 1995; Fig. 18B). There, the fluvio-deltaic  
succession overlies a several kilometres thick slope to basin-floor turbidite succession, testifying to the 
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drastic increase of fault-controlled accommodation space in the hangingwall of the TKFZ (e.g., Siedlecka  
& Edwards, 1980; Pickering, 1981; Siedlecka et al., 1989; Fig. 18B). In the present case though, it seems 
unreasonable that the stratigraphic development was only controlled by the TKFZ, especially given the 
(pericratonic) footwall position of the TVR during the late Riphean, albeit some influence cannot be 
precluded (Fig. 18B). 

The consistent east-directed palaeocurrents recorded in the Klubbnasen–Fugleberget and the  
Andersby–Paddeby couplets (Fig. 2B; Banks et al., 1974; Johnson et al., 1978; Røe, 2003) are  
somewhat puzzling because it implies margin-parallel rather than transverse sediment routing, which  
usually is the case on passive margins, unless sediment fairways are steered by faults or structurally  
induced topography (Leeder, 1999). Accordingly, sediment dispersal along the axis of a rift basin,  
as suggested by Røe (2003), seems justifiable. Moreover, Røe (2003) attributed the changing palaeo- 
currents, from eastward in the Klubbnasen–Fugleberget and Andersby–Paddeby couplets, to northwest 
in the overlying Golneselva Formation (Fig. 2B), to fault-controlled tilting of the basin axis. 

Although this observation may lend support to the existence of the VFZ, a crucial point opposing its 
presence is the complete lack of coarse-grained clastics in the preserved part of the basin fill. Along 
most basin-bounding border faults juxtaposing crystalline basement against syn-rift sedimentary  
strata, coarse-grained clastics typically accumulate in the hangingwall (Gawthorpe et al., 1994;  
Gawthorpe & Leeder, 2000; Henstra et al., 2016; Marín et al., 2018). On the speculative side though, there  
is a possibility of such facies being present in the subsurface beneath the TVR. Alternatively, sediment 
contribution from footwall degradation was insignificant or of a very localised character (Fig. 18B). 

Figure 18. (A) Palaeogeographic reconstruction of the rifted Timanian margin of Baltica. Here, the investigated braid deltas prograded eastward onto the shallow, 
pericratonic platform of the Tanafjorden–Varangerfjorden Region (TVR), paralleling the Trollfjorden–Komagelva Fault Zone (TKFZ) and its eastward continuation, the 
Sredni–Rybachi Fault Zone (SRFZ). This regional lineament was an active normal fault during the late Riphean, separating the TVR from the basinal Barents Sea Region 
(BSR). In addition, the palaeo-current direction is parallel to the Archaean basement terrane to the south, the northern border of which coincides with the position 
of the proposed Varangerfjorden Fault Zone (VFZ), and the West Timan Fault (WTF) east of the study area. (B) Conceptual model for the stratigraphic architecture of 
the lower Vadsø Group. The two stacked fluvio-deltaic couplets (marked by red triangles) built into a shallow, occasionally storm-swept, eastward-deepening basin  
dominated by margin parallel drainage. Two alternatives, one implying syn-rift, fault-controlled sedimentation, and the second implying post-rift, subsidence- 
controlled deposition, may both explain the stratigraphic architecture and the eastward-dominated palaeo-current direction. See text for details. Abbreviations: 
Ko – Kongsfjorden Formation, B – Båsnæringen Formation, K – Klubbnasen Formation, F – Fugleberget Formation, A – Andersby Formation, P – Paddeby Formation.
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It is conceivable to explain the observed stratigraphic architecture of the TVR succession, including the 
recurrent unconformities (e.g., at the base of FA 4; Fig. 2B), without invoking direct fault-controlled  
sedimentation. Because the TVR strata have an accumulative thickness of >2 km and are gently  
folded into a low-angle syncline, it has been suggested that the development of the pericratonic  
platform was largely controlled by post-rift subsidence and flexure-related processes (e.g., Siedlecka &  
Siedlecki, 1967; Johnson et al., 1978; Nystuen, 1985; Siedlecka, 1985; Roberts et al., 2011;  
Fig. 18B). Abrupt and repeated intercalations of fluvial and shallow-marine strata, and the presence of  
basin-wide unconformities, such as those occurring in the TVR succession (Bjørlykke, 1967; Siedlecka 
& Siedlecki, 1967; Banks et al., 1974; Johnson et al., 1978; Nystuen, 1985; Siedlecka, 1985; Roberts & 
Siedlecka, 2002; Røe, 2003; Fig. 2), are typical for pericratonic platforms, which are characterized by 
shallow bathymetry, low-gradients, and slow to moderate subsidence rates (e.g., Runkel et al., 2007; 
Grundvåg et al., 2020). In these settings, even minor eustatic sea-level change, or climatically driven  
fluctuations in sediment supply, may result in rapid shoreline translation and relocation. Therefore, these 
 basin types tend to foster well-preserved regressive–transgressive cycles (Leeder, 1999; Runkel et al., 2007;  
Grundvåg et al., 2020). In addition, uplift-induced erosional unconformities, like those we record at the 
base of the braidplain units (FA 4, e.g., Figs. 2B, 12, 13 & 16A), occur widely on many rifted margins 
where they signify the transition from syn-rift to post-rift (i.e., breakup unconformities, e.g., Soares et 
al., 2012; Alves & Cunha, 2018). 

The development of pericratonic basins is characterised by an early rift phase (in the present case during 
the middle to late Riphean) followed by long-term thermal subsidence and concomitant construction of 
a passive-margin sedimentary prism (e.g., Leeder, 1999). The weight of an accreting sedimentary prism 
augments thermal subsidence via load-induced flexure. This eventually forces the landward edge of 
subsidence to migrate farther onto the craton where an uplifting forebulge may develop, concomitantly 
altering sediment routing along the basin margin by providing a local sediment source (Leeder, 1999). 

Contrary to active faulting, the possible growth of such an east–west-oriented forebulge on the  
cratonward side of the TVR platform offers a viable alternative interpretation of the east-directed  
margin-parallel palaeocurrents and the reported abrupt reversal to northwest-dominated sediment  
dispersal in the Vadsø Group (Banks et al., 1974; Johnson et al., 1978; Røe, 2003; Fig. 2B). The same  
accounts for differential subsidence, which is known to influence sediment fairways, fluvial style (e.g.,  
meandering vs. braided), and channel stacking patterns (Bridge & Mackey, 1993; Ryseth, 2000).  
In addition, vertical and sideway movements along deeply buried basement structures can give a  
flexural (down warping) response in the overlying sedimentary basin (Wetzel et al., 2003), and minor  
fault re-adjustment can generate localised, elongated, fault-parallel depocentres and concomitantly 
alter sedimentation patterns in the associated basin (e.g., Ryseth, 2000; Carr et al., 2003). 

Judging from the many contradicting observations in the literature, the lack of subsurface data, 
as well as incompleteness of the sedimentary record, a combined faulted and sedimentary contact  
between the oldest TVR strata and the Archaean basement cannot be ruled out. In addition, the rapid 
rise of the Archaean basement terrane on the southern shore of the Varangerfjorden and the consistent 
E–W orientation of its northern boundary is remarkable, and strongly hint at some structural control 
of the palaeo-basin margin. In many ways it has the characteristics of a denudated passive margin  
escarpment, which are rift and breakup-related geomorphic features that separate interior hinterlands 
from low-lying coastal plains (e.g., Gilchrist & Summerfield, 1990), the latter represented by the TVR 
succession in the present case (Fig. 18). This major terrane boundary, coinciding with the VFZ, may thus 
represent the westward extension of the West Timan Fault (WTF), a major middle Riphean border fault 
which separates uplifted and denuded Archaean basement (representing the former rift shoulder) from 
Neoproterozoic sedimentary rocks in the coastal areas of northern Russia (Olovyanishnikov et al., 2000; 
Roberts & Siedlecka, 2002; Røe, 2003; Fig. 18A). 
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Previous studies have invoked an eastward-plunging basin axis and a coeval closure of the TVR basin 
some 200–250 km farther to the west, possibly against an inferred basement high (i.e., the Finnmark 
Ridge of Gayer & Roberts, 1973; see also Rice, 2014; Zhang et al., 2016). There are several alternatives 
to explain such a basin architecture, including the hypothetical presence of: i) an eastward-dipping, 
relay-ramp-like structure which may have developed between the TKFZ and the VFZ/WTF during the 
middle to late Riphean rifting event, ii) a separate, down-to-the east (strike parallel) tilted basement 
fault block bounded by the TKFZ and the VFZ/WTF, or iii) an underlying array of faults stepping down to 
the east (a possibility given the many NW–SE/N–S-oriented lineaments in the basement (e.g., Karpuz et 
al., 1995; Gabrielsen et al., 2002). 

Based on the east-directed sediment flux, the eastward basin deepening, and the concomitant  
stratal thickening (e.g., Banks et al., 1974; Røe, 2003), we prefer the first option. The basin was thus  
predominantly fed by fluvio-deltaic systems which drained extensive hinterland catchments and  
entered the basin from the west via a relay ramp, which may explain the lack of coarse-grained  
clastics in the study area (Fig. 18B). The eastward sediment dispersal was maintained by differential  
subsidence governed by post-rift thermal subsidence, sediment loading, and flexuring caused 
by movements along deeply buried structures. Because the palaeo-currents are oriented near  
parallel to the TKFZ, we also speculate that this major fault zone exerted some influence on the regional  
subsidence pattern and consequently the sediment fairway on the pericratonic footwall (Fig. 18).  
Finally, although there is little compelling evidence of direct fault-controlled sedimentation in the  
Klubbnasen–Fugleberget and Andersby–Paddeby couplets, which would otherwise have vigorously 
supported the existence of the VFZ, this study presents several sedimentological indices of syn-tectonic 
sedimentation as well as underlying structural control on sediment routing which collectively governed 
the ensuing stratigraphic architecture. 

Conclusions
• The lower part of the Neoproterozoic Vadsø Group contains two fluvio-deltaic couplets comprising               
the Klubbnasen–Fugleberget and the Andersby–Paddeby formations, both of late Riphean (Cryogenian)    
age. Four facies associations have been recognised in each couplet. Their lower, deltaic part includes 
offshore (FA 1), storm-influenced prodelta (FA 2), and fluvial-dominated to storm-affected delta-front 
(FA 3) deposits organised into large-scale (several tens of metres thick) coarsening-upward cycles, each 
erosively capped by >100 m-thick units of braidplain affinity (FA 4). Collectively, these deposits record 
the successive and repeated eastward migration of shallow-water braid deltas. 

• A wide range of sandstone event beds documented in the prodelta deposits, including turbidites (both 
low- and high-density types), wave-modified turbidites, and hummocky cross-stratified tempestites,  
indicates that turbulent, unidirectional flows, combined flows, and oscillatory-dominated flows 
(i.e., storm wave) interacted during delta progradation. The event bed variability is attributed to the  
temporal and spatial evolution of these transport agents, as well as coupled storm-flood processes  
(i.e., flash floods interacting with storm waves) which affected the pre-vegetation drainage basin and  
coastal regions simultaneously. Proximity to the advancing braidplain feeder system also influenced 
event bed deposition through gradually increasing sediment flux, delta-front instability, and frequent 
flood-generated flows. In addition, the shallow water in the basin and the vertically expanded river  
effluent enabled dunes to migrate onto the prodelta slope where they became liquefied and  
occasionally collapsed and triggered turbidity currents which transported sand onto the basin floor in 
front of the deltas. 
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• The variability and abundancy of soft-sediment deformation structures, including load  
structures, convolute bedding, syneresis cracks and sandstone dykes, in virtually all the facies  
associations independent of stratigraphic levels, indicates that syn-sedimentary tectonically- 
induced seismic activity was an important process triggering extensive fluidisation and deformation.  
However, these features cannot be used uncritically as evidence for the previously proposed Varanger-
fjorden Fault Zone. Based on the proximity to the Trollfjorden–Komagelv Fault Zone (<40 km), which  
is considered to have been active during the late Riphean, as well as its scale and long-lived  
nature, we speculate that seismic activity along this major lineament contributed to the observed soft- 
sediment deformation. In addition, cyclic stress induced by storm waves, sudden loading from storm- or  
gravity-emplaced sand, gravitational instability on the prodelta slope, and over-steepening of the delta 
front played variable roles in the development of many deformation structures.

• The near identical architecture and vertical stacking of the two fluvio-deltaic couplets, may advocate 
syn-tectonic, fault-controlled sedimentation in a rift basin. However, fluctuating rates of subsidence, 
eustasy, and sediment supply in basins of shallow bathymetry and low gradients may result in similar 
stratigraphic expressions. Thus, given the regional tectonic framework of a passive, yet formerly rifted 
margin, post-rift deposition on a shallow pericratonic platform controlled by differential subsidence and 
eustasy, seems more likely. 

• Differential subsidence due to post-rift thermal sag, sediment load-induced flexuring, and movements 
along deeply buried basement structures which possibly gave a down-warping response in the  
overlying basin, resulted in a persistent eastward, margin-parallel sediment dispersal during  
deposition of the two fluvio-deltaic couplets. As such, this study presents several sedimentological  
indices of syn-tectonic sedimentation as well as underlying structural control on sediment routing 
during the Cryogenian post-rift development of this part of the Timanian margin of Baltica.
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