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The strandflat is the up to 60 km-wide flat lowland and shallow-sea erosion surface extending for 1800 km 
along the coast of the Norwegian glaciated passive margin. However, after more than one hundred years 
of study its age of formation and regional variation in height remain obscure. Here, I link offshore dated 
surfaces to the strandflat to give insight on its age and processes of formation. 

I conclude that the strandflat was formed during the last 2.6 million years because linearly extended, 
pre-Quaternary, offshore surfaces are intersected by, and hence predate, the strandflat. Massive glacial 
erosion and transport shaped onshore and offshore landscapes, but waves and other levelling erosional 
processes gradually transformed this glaciated landscape to a strandflat. A wide strandflat could form  
because the coastline was highly segmented, basement rock weakened by brittle faults and fractures 
and the coastal zone remained fixed. When the land was glaci-isostatically depressed, but with the ice-
front still in the fjords, waves could cut the cliffs on the islands and inner strandflat into a wider platform.  
The strandflat is widest and flattest along the mid-Norwegian margin. The more irregular strandflat 
along the west coast of southern Norway is a paleo-strandflat that was modified by erosion after the  
Norwegian Channel was formed (~0.8 Ma). Flexural isostatic subsidence from the weight of the North Sea 
Fan and Bjørnøya Fan extends to the coast of Stad and Troms, respectively, where the strandflat is below sea  
level. The strandflat in Lofoten and Vesterålen, rising northwards from submerged to exposed, is limited to  
subcropping basement. No strandflat exists around the coasts of southern Norway and parts of Finnmark. 

Introduction
The strandflat (shore plain) is a geomorphic term applied to the up to 60 km-wide, near flat, lowland and 
shallow sea along the west coast of Norway (Reusch, 1894; Figure 1). Wide strandflats typically appear 
in polar or sub polar regions (e.g., South Shetland Island, Hansom et al., 2014) so knowledge from the  
Norwegian strandflat may apply to any glaciated passive margin. Landward, the Norwegian strandflat  
terminates at the transition to steep cliffs or steep slopes where mountains rise to many hundreds of 
metres elevation. The strandflat comprises thousands of islands, peninsulas, islets, skerries, flatland  
surrounded by shallow sea, deeper fjords and sounds. It is the common human habitat along the coast. 
The strandflat represents a near-horizontal incision into the base of the flat-topped mountains which was 
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termed the paleic surface (Reusch, 1894). The paleic surface forms an asymmetric envelope that rises 
from the Bay of Bothnia to the crest of the Scandian mountains and falls more steeply towards the  
Norwegian west coast (Reusch, 1894; Gjessing, 1967; Redfield & Osmundsen, 2013, their fig. 4).  
The paleic surface is incised by numerous valleys and fjords and along the coast it is also cut by the 
strandflat. Some of the islands on the strandflat have high single mountains with steep cliffs where 
the surrounding strandflat appears as the brim of a hat. The strandflat is nearly flat but falls slightly 
westwards. It is formed in various types of Caledonian and Precambrian age crystalline basement rocks 
(Sigmond, 1992). 

Reusch (1894) observed that the height of the strandflat varies along the coast while Holtedahl (1998) 
analysed the flatness as its degree of maturity. He subdivided the strandflat (13 545 km2) into three 
regions: 1) From Karmøy (59°N) to Stad (62°N) it is narrow, irregular, and generally falling  northwards 
in height from 70 m to 90 m to below sea level and has an immature character, 2) From Stad to Frøya 
(63°40’N) it is rising to above sea level and flattest in the outer area but the flatness (maturity) is  
increasing northwards and so too does the width, and 3) From Frøya to Bodø (67°17’N) it is wide and 
flat and characterised as mature. Similar to Stad, a submerged strandflat is documented west of Troms 
(Indrevær & Bergh, 2014) but no strandflat is present farther north along parts of the coast of Finnmark 
(Reusch, 1894; Holtedahl, 1998; Indrevær & Bergh, 2014). Reusch (1894) questioned whether or not the  
southern coast of Norway was part of the strandflat.

Figure 1. Location of the Norwegian strandflat in the eastern North Atlantic region. The map shows an oblique view of seafloor and land topography. The wide white 
lines show the approximate position of the 1800 km-long Norwegian strandflat that extends from Jæren (J) in the south to Rolvsøya (R) in the north. Glacial valleys 
dominate the onshore landscape. The offshore glacial landforms are dominated by large troughs and large depositional fans. Note the canyon incisions west of  
Lofoten, Vesterålen (V) and Andøya (An). Yellow dashed-and-dotted line shows the approximate highest elevation of the mountains. Abbreviations: A – Austrheim,  
Af – Andfjorden, An – Andøya, Ar – Arendal, B – Bodø, Be – Bergen, Dr –  Djuprenna, F – Frøya, Fb – Frøyabanken, Fj –Fedje, Hb – Haltenbanken, Hf – Hardanger-
fjord, Hkd – Håkjerringdjupet, Id – Ingøydjupet, J – Jæren, K – Karmøy, Md – Malangsdjupet, Nf – Nordfjord, , R – Rolvsøya, Rd – Rebbenesdjupet, Rb – Røstbanken, 
S – Steigen, Sb – Sklinnabanken, Sd – Sklinnadjupet, Sf – Sognefjord, Sj – Senja, Sr – Storfjordrenna, Sv – Stavanger, Sø - Sørøya, Tb – Trænabanken, Td - Trænadjupet, 
Tf – Tromsøflaket, Th – Torghatten, Trf – Trondheimsfjorden, V – Vesterålen, Vf – Vestfjorden, Vi – Vikna, U – Utsira.
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Reusch (1894) claimed that the strandflat platform was formed mainly by wave erosion during a long 
period when the sea level was higher, in the Tertiary, before the glacial period. The nature, origin and 
age of the strandflat were later discussed by e.g., Nansen (1922), Holtedahl (1998) and Olesen et al. 
(2013). Nansen (1922) concluded that the strandflat is glacial in age and formed before, during and 
after each glacial period when the rough, moist and cold climate favoured active subaerial denudation 
as well as active marine erosion. There is a general consensus on this theory. 

Even though the strandflat is well studied, the basic processes of its formation are understood,  
and the submerged part recently mapped in detail (http://www.mareano.no), its age of formation, 
detailed formational processes and the cause of its regional variation in elevation remain obscure.  
One of the main concerns has been the long period of time it must take to cut such a wide plat-
form in such hard rocks (Vogt, 1900, 1907; Olesen et al., 2013). The aim of this paper is to place  
constraints on these more than one hundred-year-old dilemmas by tying the offshore Cenozoic  
geological sediments and surfaces landward to the strandflat. The paper starts by reviewing offshore  
ages of sediments, tectonic events and positions of paleo-coasts. Previous models claim that wave and  
glacial erosion were the major contributors towards the formation of the strandflat. They are  
reviewed in the context of glacial to intra-glacial sea-level shifts. Relevant regional onshore and offshore  
observations are described before all aspects are integrated in a discussion focusing on the age of the 
strandflat, the processes of formation and regional variations in height.

The offshore Cenozoic geological evolution and  
positions of paleo-coasts
Paleocene rifting led to the early Eocene (54 Ma) opening of the North Atlantic (Eldholm et al., 1987; 
Mosar et al., 2002). The Shetland Platform and mainland Norway were uplifted clastic source areas 
flanking subsiding basins during the rifting and the following drift period. Associated Paleocene and 
Eocene shorelines are not reported from the prograding shelf units in mid Norway and eastern North 
Sea (Gjelberg et al., 2001; Evans, 2003; Henriksen et al., 2005; Sømme et al., 2013, 2019). The partly 
eroded foresets of the prograding shelf indicate a coast farther east, probably not very far from the 
present coast. 

The overlying Eocene to mid Miocene Hordaland Group (Brygge Formation in mid Norway) comprises 
large volumes of fine-grained smectite-rich and ooze-rich claystones (Dalland et al., 1988; Thyberg et 
al., 2000; Peltonen et al., 2008, Nielsen et al., 2015; Øygarden et al., 2015; Figure 2). Polygonal faulted 
sediments, typically for fine-grained claystone (Cartwright, 2011), are traced eastwards until eroded 
by either the Mid Miocene Unconformity (MMU) or the Upper Regional Unconformity (URU). Eocene 
to early Miocene coasts were located at an unresolved position east of this truncation (Løseth et al., 
2017, 2020). Lidmar-Bergström et al. (2013) hypothesised that an Eocene sedimentary cover extended 
far inland in Scandinavia. 

The Miocene compression phase reshaped the North Atlantic margins. Large inversion domes formed 
on the shelf (Blystad et al.,1995; Brekke, 2000; Ritchie et al., 2003; Løseth & Henriksen, 2005; Doré et 
al., 2008). Land and coasts around Greenland, the British Isles and Norway were uplifted and exposed 
and the regional and partly angular MMU is observed along the flanks (Riis, 1996; Løseth & Henriksen, 
2005; Stoker et al., 2005; Hillis et al., 2008; Japsen et al., 2014; Nielsen et al., 2015; Løseth et al., 2017). 
The syn-tectonic Kai Formation fills in depressions between inversion domes in mid Norway. Its land-
ward wedge-out line, interpreted as a coastline position, is far west on the mid-Norwegian shelf (Løseth 
& Henriksen, 2005). Coastal sediments of a similar age are not reported from around southern Norway 
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but early Miocene and younger deltas and coasts are mapped below Denmark and surrounding seas 
(Rasmussen et al., 2005, 2010; Rasmussen & Dybkjær, 2014; Olivarius et al., 2014; Rasmussen, 2014). 
The Shetland Platform remained the main clastic source area for the North Sea Basin. The Miocene 
compression phase terminated near the Miocene–Pliocene boundary and Løseth et al. (2017) found an 
associated 500 m relative sea-level rise above the continent-shelf transition zone. It was followed by the 
build out of the Molo Formation coastal delta where the westernmost foreset to topset breaks mark the 
youngest pre-glacial coast offshore mid Norway (Henriksen & Weimer, 1996; Henriksen & Vorren, 1996; 
Bullimore et al., 2005; Løseth et al., 2017; Løseth, 2021). The ages of the Molo Formation and the partly 
time-equivalent Utsira Formation in the North Sea are debated, much due to the presence of numerous 
re-sedimented fossils (Eidvin & Rundberg, 2001; Piasecki et al., 2002; Eidvin et al., 2007, 2014, 2019; 
De Schepper & Magerud, 2017; Reinardy et al., 2017; Grøsfjeld et al., 2019). This study uses a mainly 
Pliocene age model (Løseth, 2021; Figure 2). Positions of Pliocene coastal deltas are to my knowledge 
not reported from around southern Norway but they are mapped to the west of Denmark (Rasmussen 
et al., 2005; Knutz, 2010). Simultaneous eastward progradations are seen east of the Shetland Platform 
(Eidvin et al., 2014; Ottesen et al., 2018; Lloyd et al., 2021). 

The inception of the northeast Atlantic ice age took place near the Pliocene–Quaternary transition  
(~2.6 Ma)(Jansen & Sjøholm, 1991). Shifting oxygen isotope values reveal numerous glacial to inter- 
glacial periods during the Quaternary (Cohen & Gibbard, 2011). Large volumes of glacigenic Naust  
Formation sediments were deposited in the North Sea and on the Mid-Norwegian margin (Rise et al., 
2005, 2010; Batchelor et al., 2017; Ottesen et al., 2018). A robust sequence of relative ages exists in the 
prograding shelf sediments and intra-Quaternary ages are suggested (Nygård et al., 2005; Rise et al., 
2005, 2010; Dowdeswell et al., 2010; Ottesen et al., 2012, 2018; Batchelor et al., 2017; Montelli et al., 
2017; Løseth et al., 2022). 

Figure 2. Overview of Late Cenozoic Norwegian margin events and stratigraphy. First column shows the large-scale 
geological events (Løseth et al., 2017). The second column is the benthic oxygen δ 18O curve redrawn from Westerhold et 
al. (2020). The third and fourth columns show the general stratigraphy from the Norwegian Sea and eastern North Sea 
as interpreted by Løseth et al. (2017; 2020).



4 of 44 5 of 44

H. Løseth                                       The Norwegian strandflat reviewed and constrained in an offshore perspective

The Quaternary geological evolution varies regionally along the Norwegian coast. The Barents Sea 
was an exposed land area well before the Quaternary (Green & Duddy, 2010). Large volumes of  
sediments were eroded from the Barents Sea shelf, and the erosion estimates vary regionally from 
0 m in the west to 1400 m north of the coast of Finnmark and nearly 3000 m in the Bjørnøya area  
(Henriksen et al., 2011). Most of the up to 3.5 s TWT thick sediments in the Bjørnøya Fan were  
deposited during the Quaternary (Fiedler & Faleide, 1996; Lien et al. 2022; Figure 1). Unlike the Troms and  
Mid-Norwegian margins, there was no glacimarine shelf build-outs west of Lofoten and Vesterålen.  
The Lofoten basement horst and the Vesterålen–Andøya basement high formed obstacles to the general 
westward flow of the inland ice (Ottesen et al., 2005B). The Mid-Norwegian shelf edge migrated 100–
150 km westward during the Quaternary (Rise et al., 2005; 2010). The volume of deposited sediments  
increased with time and the oldest coast-near Naust Formation units were partly eroded late during 
the Quaternary (Rise et al., 2005; Montelli et al., 2017). Around southern Norway, the deep-water 
North Sea Basin was filled in by westward to northwestward prograding shelfs at around 1.0–0.8 Ma 
(Ottesen et al., 2018; Løseth et al., 2022). At around 0.8 Ma the coast-parallel Norwegian Channel 
was initially formed, draining the Southern Scandinavian Ice Sheet and transporting a large volume of  
sediments to the North Sea Fan (up to 1800 m thick) (Nygård et al., 2005; Batchelor et al., 2017; Ottesen 
et al., 2018; Løseth et al., 2022). The 800 km-long, 50 to 95 km-wide and up to 725 m-deep Norwegian  
Channel surrounds the entire southern Norwegian mainland. Large volumes of sediments and basement 
rocks were eroded here and the URU was formed (Rise, 2008; Ottesen et al., 2016; Baig et al., 2019).  
The northern part of the Norwegian Channel was first filled with sediments at around 0.35 Ma  
(Løseth et al., 2022).
 

Methods
Onshore observations of the strandflat were made through numerous visits to the coast from  
Bergen to Finnmark where I also studied fractures and sea caves by visual inspection. I have used the 
web site https://www.norgeibilder.no/ to analyse the topography and to study fractures, including 
extensive use of its 3D view function. https://www.norgeskart.no/ was used to draw profiles and for  
topographic analyses. A topographic map of Norway was modified to show (a) the highest and (b) the  
lowest topography within a 5 km belt and these topographic envelopes are added to one onshore 
profile.

The offshore coast-near zone has been partly mapped by the Mareano project, including the offshore 
part of the strandflat (http://www.mareano.no/). This has given a unique insight to the distribution of 
the strandflat in an area that previously had little data. Wells and seismic data were studied offshore 
where the detailed understanding of the Cenozoic geological history has been developed through years 
of work (Weiss et al., 1991; Hansen et al., 1991; Løseth & Tveten, 1996; Løseth & Henriksen, 2005; 
Løseth et al., 2013, 2017, 2020; 2022; Ottesen et al., 2018; Løseth, 2021). The interpreted horizons 
are mainly based on the seismic interpretation done in these previous studies. Interpreted seismic  
profiles are extended to onshore topographic profiles to show the position of the strandflat. Some of the  
profiles are partly reconstructed to illustrate the timing of formation of the strandflat. Where depth- 
converted seismic sections do not exist, the time profiles have been subjected to a simple depth  
conversion, i.e., seawater is depth converted with 1480 m/s and units below with 2000 m/s.  
This velocity model is roughly correct for the upper part of the sediments which is the focus of this 
paper. 
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Erosion forming the strandflat
Glacial, wave, subaerial, frost-related, biological and submarine erosion have all contributed to the  
formation of the strandflat (Nansen, 1922; Hansom et al., 2014). Below, the geology of cliffs,  
wave erosion and glacial erosion are reviewed.

Geology of cliffs

Along the British coast, the geology of cliffs generally determines the rates of erosion, and Moses (2014) 
found the following decreasing-order resistance to erosion: basalt and granite > limestone > schist > 
chalk > London Clay > glacial till. The strandflat, both above and below sea level, is formed in various  
types of highly resistant basement rocks (Sigmond, 1992). The western extent of the strand-
flat is located where sediment starts subcropping and the water depth increases significantly.  
Local near-coast sedimentary basins with deep water are present within the strandflat (Bøe et al., 2010).  
The basement rocks carry numerous structures like layering, foliation, faults, fractures and joints that 
exert local control on erosion resistance (Figure 3). Pervasive sets of cross-cutting brittle faults and 
fractures are observed throughout the strandflat (Gabrielsen et al., 2002). All wave-cut coastal caves  
I have visited along the mid-Norwegian coast are formed in brittle faulted and fractured basement rocks 
(Figure 4). Olesen et al. (2013) suggested that weathered basement reduces resistance to erosion and 

Figure 3. Expression of the strandflat at Herøya in mid Norway. The shapes of the islands seen from (A) above and (B) obliquely towards east are mainly guided  
by fault and fracture patterns that have less erosion resistance and therefore define low water-filled zones between the less eroded islands. Photo: www. norgeibilder.
no. (65°54'22.2"N 12°04'37.6"E)
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claimed that severe deep weathering occurs where the strandflat is wide. Fredin et al. (2017) found 
assumed Triassic–Jurassic weathered basement rocks on the strandflat in Bømlo. Fossen et al. (2017) 
replied that the much younger and near-flat strandflat intersects the 5° westward-dipping Jurassic  
paleo-surface. Co-existence of these two surfaces may therefore at best be limited to a narrow zone. 
The exception is Andøya and Vesterålen, which is part of an exposed shelf with rotated fault blocks,  
local preserved sediments and underlying weathered and fractured basement (Dalland, 1975; Sturt et 
al., 1979; Løseth & Tveten, 1996). Lithological variations in the basement also influence the resistance 
to erosion and the eastern boundary of the strandflat locally follows the boundaries between meta- 
sediments and granite bodies (Figure 5). 

Figure 4. Wave-cut caves in brittle fractured rocks. (A) shows the brittle fractured granite above the wave-cut cave at 
Torghatten with an incision showing the tunnel through the mountain (65°23'51.0"N 12°05'35.0"E), (B) is a wave-cut 
cave in Steigen (67°58'28.0"N 15°04'16.7"E) and (C) is the Hardbakkhola wave-cut cave in Trøndelag (64°04'50.0"N 
10°03'13.5"E). All wave-cut caves I have visited are formed in similar brittle faulted or fractured granite or gneisses. 
Photos: H. Løseth
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Glacial erosion 

Enormous volumes of crystalline rocks and sediments were eroded from onshore, coast and shelf,  
transported basinwards and deposited on the outer shelf. The present large-scale onshore topography 
and offshore bathymetry are totally dominated by glacial erosion and deposition processes (Figure 1). 
The most efficient glacial erosion took place in conduits of fast-flowing ice that formed deep valleys, 
fjords and channels (Ottesen et al., 2005A, 2012, 2014; Dowdeswell et al., 2010; Figure 1). 

Small- to large-scale glacial erosion forms are observed on the strandflat and many are controlled by 
rock structures (Figure 3 & Figure 6). The flowing ice carved deepest into faults, fractures and weak  
lithologies. Erosion-resistant islands and skerries separated by water-filled sounds floored by lower  
erosion-resistant rocks appear in the partly flooded strandflat (Figure 6). During ice maxima the glaciers 
transported sediments all the way to the shelf edge (Rise et al., 2005; Patton et al., 2017). Upon ice  
retreat, the waves could again attack exposed sediments and crystalline rocks on the strandflat.

Wave erosion

Like any type of wave-cut platform, most strandflat formation models consider wave erosion to 
be a major contributor (Nansen, 1922). In a recent global synthesis of rock coast geomorphology  
Kennedy et al. (2014) pointed out that cliff retreat commonly leads to the formation of a nearly  
horizontal shore platform at or close to sea level. Compared to the strandflat these are two orders of  
magnitude smaller (up to 0.5 km wide). Kennedy et al. (2014) suggested that a shoreline is balanced  
between the assailing forces of erosion and the resistance of the bedrock. Thus, the main boundary 
 conditions for cliff erosion are the geology of cliffs, climate, sea-level history and tidal range (Kennedy 
et al., 2014). I will add coastal linearity because in contrast to most non-glacial coasts, which are linear 

Figure 5. The eastern edge of the strandflat in mid Norway. (A) The famous seven granitic mountain tops (Syv søstre) define the inner edge of the strandflat which  
coincides with the granite to Caledonian metasedimentary rock boundary (65°57'51.8"N 12°30'50.2"E). (B) Faults and fractures are found in the valleys between 
the seven mountain tops. Through further glacial erosion the mountain ridge will gradually be segmented and finally incorporated in the strandflat. Photo: www. 
norgeibilder.no
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to the first degree, glacially influenced coasts are highly convoluted with numerous islands and skerries. 
Today, the length of the Norwegian coast (100 915 km) is 40 times larger than a near-linear coast (2 532 
km) (Statistisk årbok, 2013). Waves therefore erode a much larger volume of rocks along a glaciated 
coast compared with a near-linear coastline.

Wind-waves cause the physical destruction of rocks and cliffs therefore retreat more rapidly during  
periods of strong storms and high tides (Moses, 2014). During intra-glacial periods, like today,  
waves were the main cause of coastal erosion. When the ice sheet reached the shelf, the coastline was  
protected from wave erosion but such conditions prevailed only during short periods (L. Rise, pers. 
comm., 2021). When the coast was free of ice and glaciers calved into the fjords, similar to the  
present-day east coast of Greenland (Figure 7), active wave erosion occurred also during glacial  
periods. Strong seasonal variation most likely resulted in enhanced ice abrasion along the shores by 
winter sea ice that moves and erodes due to tides, wind, waves and currents (Hansom et al., 2014).  
The combination of wave erosion, sea-ice erosion and subaerial frost erosion would therefore form 
platforms at sea level also during glacial periods. Levelled erosion notches carved into basement rocks 
at the base level of wave-cut caves thus demonstrate the effectiveness of lateral wave erosion on the 
strandflat (Figure 8). 

Figure 6. The strandflat in Steigen. (A) The islands on the strandflat are elongated parallel to the lithological  
boundaries and foliation in the Caledonian metasedimentary rocks (67°56'11.6"N 14°58'40.9"E). (B) Well preserved  
glacial erosion striations (yellow dashed line with arrowhead) show the westward flow of ice in the hard rocks that are  
nearly perpendicular to the lithological boundaries. This shows that the last phase of significant erosion on the strand-
flat occurred during the last glacial maximum (67°51'37.4"N 14°52'11.9"E). Photos: H. Løseth 
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Figure 7. The present East Greenland fjord and coast is an analogue for glacial periods of the eastern North Atlantic.  
The inland ice of Greenland is calving in the fjords and does not reach all the way to the shelf edge. Under such  
a situation the submerged coast zone will be eroded by waves and floating ice and form erosion notches in the bedrock 
at sea level. It was under similar conditions that the near-horizontal Norwegian strandflat was formed. Photos: H. Løseth
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Relative sea-level changes during glacial and inter-
glacial periods
Because erosion by waves contributed to forming the strandflat, the shifting positions of sea level are 
part of the strandflat history. Below, I review eustatic sea-level variations and isostatic movements 
during the last 2.6 million years. 

Eustatic sea-level variations

The eustatic sea-level rise after the last glacial maximum is estimated to 120 metres (Fairbanks, 1989). 
The volume of water trapped in inland ice is the main contributor of eustatic sea-level shifts during 
glacial to interglacial periods (Abreu et al., 1998). The most rapid recent rise in sea level took place  
between 16 and 8 thousand years ago and only 10 m of eustatic sea-level rise is estimated during the 
last 8 kyr (Peltier & Fairbanks, 2006). Oxygen isotope curves indicate repeated intraglacial to glacial 
cycles during the Quaternary (Cohen & Gibbard, 2011). Each cycle typically lasted for 100 kyr during mid 
and late Quaternary and around 40 kyr before 1 Ma. Assuming similar repeated processes of growing 
and melting inland ice, each intraglacial to glacial cycle will cause repeated eustatic sea-level changes. 
The magnitude of the last rise, 120 m, indicates the size of eustatic variation during glacial to interglacial 
shifts in the last million years, and smaller variations would be expected to have occurred earlier during 
Quaternary. 

Figure 8. The two levels of erosion notches at the strandflat at Torghatten. (A) shows the Reusch (1898) drawing of 
the two erosion notches he observed here, one at around 125 m and the lower one at 20–30 m. (B) is a picture from  
approximately the same position where the sun is shining through the wave-cut tunnel in the Torghatten  
mountain. Photo: H. Warholm. (C) is a zoom-out photo that shows the wider lower erosion notch defining the strandflat 
(65°23'51.0"N 12°05'35.0"E). Photo: H. Løseth
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Isostatic movements related to weight of the inland ice, deposited 
glaciomarine sediments, and eroded rocks

Weight of the inland ice. The most rapid isostatic movements are from the weight of the growing and 
melting inland ice and the associated vertical movements of the lithosphere are termed glacial isostasy 
(Fjeldskaar & Amantov, 2018). The speed and magnitude are illustrated by the reconstructed isostatic  
rebound after the last glacial maximum when the ice cover in Scandinavia was 2.5 to 3 km thick 
(Fjeldskaar, 1994; Fjeldskaar & Amantov, 2018). The reconstruction is based on dated shores and  
lithosphere data (Vuorela et al., 2009). The present rates of uplift along the coast of Norway are 0 to 
3 mm/year as compared with 9 mm/year where the ice was thickest in the Bay of Bothnia (Ekman, 
1989; Vuorela et al., 2009; Påsse, 2001; NN2000). The rebound after the last glaciation is estimated 
to continue for 20 more kyr in the Bay of Bothnia (Påsse, 1996), asymptotically approaching stability.  
This shows that isostatic response is rapid (30–40 kyr), indeed almost instantaneous on a geological scale.  
The estimated vertical uplift of the shorelines after the last glacial maximum is mainly a function of  
glaci-isostacy. However, the glaci-isostatic uplift had to balance up the eustatic sea-level rise due to  
melting of ice for an area to rise. Holtedahl (1998) drew the Late Weichselian isobases along the  
western coast of Norway. These vary from below zero at Stad to almost 90 m along the coast of Nordland.  
The regionally consistent lines show that this is a long-wavelength process. Statens kartverk has a  
regional model (NN2000) predicting the forthcoming yearly uplift variations in Norway with contours 
near parallel to the Weichselian isobases (Figure 9). 

Figure 9. NN2000 model of the Nordic region shows predictions of the yearly uplift in mm/year (Norges offisielle høyde-
systemer og referansenivåer). The red line is 0 mm/year and indicates that the outer parts of Jæren, Møre and Finnmark 
either have no current uplift or are subsiding slightly.
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Weight of the deposited sediments. The shelf subsided isostatically under the weight of the glacio- 
marine sediments. The total volume of Quaternary sediments is estimated to 635 000 km3: 140 000 
km3 for the North Sea (Ottesen et al., 2018), 100 000 km3 for the Norwegian Sea (Dowdeswell et al., 
2010) and 395 000 km3 for the Barents Sea (Fiedler & Faleide, 1996). The sedimentation rates were 
high during the glacial period (0.24 m kyr−1 to 100 m kyr−1) (Nygård et al., 2007; Dowdeswell et al., 
2010). The oldest glaciomarine sediments were deposited near the coast and gradually younger and 
thicker shelf clinoform units deposited farther out on the shelf (Rise et al., 2005; Løseth et al., 2022). 
Riis & Fjeldskaar (1992) found a good match between the calculated isostatic subsidence and the  
total thickness of the Naust Formation on the mid-Norwegian margin. The weight of the North Sea Fan 
and Bjørnøya Fan caused significant isostatic subsidence which flexural isostatic response extended  
landward to the coast zone (Zieba & Grøver, 2016). The long-wavelength isostatic subsidence is guided 
by the effective elastic thickness of the lithosphere (Fjeldskaar & Amantov, 2018). 

Missing mass of the eroded rocks. The 635 000 km3 of glacimarine sediments were eroded from  
onshore and coast-near crystalline and sedimentary rocks. The volume of eroded rocks is greatest on the 
Barents shelf (Henriksen et al., 2011). For the rest of Norway, the erosion was highest close to the coast 
and in the fjords. In contrast to the mid-Norwegian margin where gradually younger sediments were  
deposited farther west, the general erosion and deposition pattern was modified around southern  
Norway by focused ice erosion forming the Norwegian Channel during the mid and late Quaternary 
(Ottesen et al., 2014; Løseth et al., 2022). Here, fast ice-flows locally removed more than 500 m of  
sediments (Baig et al., 2019). 

Tilt. The coast-near margin tilted westward from the combined long-wavelength effect of offshore sub-
sidence and onshore uplift (Riis & Fjeldskaar, 1992; Rise et al., 2010). The Quaternary tilt is estimated 
to around 0.5° on the mid-Norwegian margin (Løseth & Henriksen, 2005) and west of Møre I estimate 
a tilt of 0.85°. The tilt occurred in incremental steps related to the mass of the eroded and deposited 
sediments. The oldest Naust Formation unit was deposited close to the paleo-coast but the western-
most line of erosion shifted gradually oceanward in response to tilt and uplift (Rise et al. 2005; Løseth 
et al., 2022). Løseth et al. (2013) reported that the northern North Sea (Snorre Field) was tilted slightly 
northward during the Quaternary, most likely in response to the mass of the North Sea Fan. 

Tectonic movements

Measurements of fault-induced vertical offset of the strandflat have to my knowledge not been  
reported. Earthquakes and mapped neotectonic faults provide proof of ongoing stress-induced 
movements (Olesen et al., 2004, 2013; Redfield & Osmundsen, 2015; Helle et al., 2007). Several  
recent earthquakes are located along the Møre-Trøndelag Fault Complex and the Øygarden Fault Zone  
(Gabrielsen et al., 1999). Vertical movements along these faults may have reached tens of metres 
during the Quaternary but are difficult to estimate due to lack of reference layers in sediments. 

Onshore and offshore observations
The focus area for this study is the mid-Norwegian margin from Frøya (63°40’N) to Steigen (68°N), 
where the strandflat is widest, most mature (flattest) and best exposed. The rest of the coastline is also 
studied in an offshore-onshore perspective to understand the regional variations. This chapter provides 
new observations and reviews relevant work related to the formation of the strandflat, starting in the 
south.
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Southern Norway

No strandflat was observed around the southern Norwegian coast by Reusch (1894). Gabrielsen et al. 
(2010, 2015) showed that the onshore topography increases gradually northwards but reported no 
strandflat erosion plane east of Jæren (58°30’N). The coast from Jæren to the southwest of Sweden is 
interpreted as a glacially modified, sub-Mesozoic, undulating hilly relief (Lindmar-Bergstrøm et al., 2013; 
Japsen et al., 2018). Paleo-geographic reconstructions have Miocene to Pleistocene coastlines located 
at various positions south of Norway, in some cases as far south as Denmark (Japsen et al. 2010; Knox 
et al., 2010; Rasmussen et al., 2010; Knutz, 2010; Thöle et al., 2014; Olivarius et al., 2014; Ottesen et al., 
2018). Glacial sediments are thin in this former mainly land area between Norway and Denmark, and the 
thick Quaternary sediments were deposited farther west in the central North Sea Basin (Japsen, 1998; 
Anell et al., 2010; Ottesen et al., 2014; 2018). The Norwegian Channel runs parallel to the southern 
Norwegian coast and the late Weichselian erosion surface reached 1000 m below sea level southeast of 
Arendal (8°47’E) where intra-channel glacial sediment fills only the lower part (Rise et al., 2008; Ottesen 
et al., 2016). 

The western Norwegian coast (58°30’N–62°00’N)

The exposed strandflat is at around 70 to 90 m south of Bergen, falls gradually to sea level around 
the Sognefjorden (61°N) and reaches down to 100 m below sea level at Stad (62°N) (Holtedahl, 1998;  
http://www.mareano.no/). The strandflat is usually less than 20 km wide but reaches 30 km  
locally around Utsira (59°18’N) and Austrheim (60°50’N). Holtedahl (1998) characterised the irregular 
strandflat from Karmøy to Møre as immature. The most mature part is around Austrheim (Figure 10).  
Sea caves have to my knowledge not been observed in or above the elevated strandflat.  
The near-horizontal strandflat cross-cuts both a surface traced along the summit of westward-falling 
mountains and the offshore westward-dipping pre-Quaternary sediment surfaces (Figure 11) (Fossen  
et al., 2017). The late Weichselian isobases reach at most 20–30 m above sea level on the outer coast 
but dip below sea level north of Sognefjorden (Holtedahl, 1998). 

Figure 10. Strandflat expression seen northeastwards from Fedje. The strandflat is well developed on the westernmost island west of Austrheim. The crystalline rocks 
are cut by numerous brittle faults and fractures that have weakened their resistance  to erosion (e.g., red arrow). High areas with wave-cut erosion base notches are 
seen on the strandflat (white arrows). (60°45'08.0"N 4°42'40.4"E)
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Offshore, the Norwegian Channel is the present prominent seafloor structure. The URU is the base 
of the Norwegian Channel and it cuts westward-dipping surfaces (Løseth et al., 2020; Figure 11 & 
Figure 12). The dips of the subcropping layers increase with increasing age. The Utsira Formation East,  
located on top of the MMU, is the last known pre-glacial sediments and they enter through a Sognefjord  
paleo-valley (Løseth et al., 2020). The first Quaternary glaciers reached the North Sea though the same  
valley (Løseth et al., 2020). Westward-prograding Quaternary shelf deposits filled up the deep marine  
northern North Sea Basin, first all the way to the paleo-exposed East Shetland Platform at around 1.5 Ma  
(Løseth et al., 2022), and subsequently northwestward to approximately 62°N at around 0.8 Ma  
(Ottesen et al., 2018; Løseth et al., 2022). Then, the Norwegian Channel was formed by a rapidly flowing 
ice stream draining the Southern Scandinavian Ice Sheet (King et al., 1996, Rise et al., 2004; Ottesen et al., 
2016; Løseth et al., 2022; Fig. 1). The ice stream eroded locally more than 500 m of pre-existing sediment  
(Rise et al., 2008; Ottesen et al., 2016; Baig et al., 2019; Figure 11). Nearly 2 km of sediments  
were deposited in a thick North Sea trough mouth fan (Nygård et al., 2005; Batchelor et al., 2017).  
The URU was covered by sedimentation as recently as ~0.35 Ma in the northern North Sea (Løseth et al., 
2022). The URU surface and intra Norwegian Channel sedimentary surfaces dip slightly northwards in the  
Norwegian Channel parallel to the dip of the strandflat (Figure 12) (Løseth et al., 2022). 

Figure 11. E–W onshore-offshore profile from the northern North Sea UK border to the Swedish border. The offshore part is a depth-converted seismic profile crossing 
the Troll Field (CGG18M01 XL 21400). Stratigraphic units are coloured with semi-transparent colours (Abbreviations: Pal. – Paleocene, Eo. – Eocene, Ol – Oligocene, 
Mi-Pli. – Miocene and Pliocene, the Quaternary Naust units A, B, C and D). The topography along the onshore profile with minimum and maximum topography in the 
5 km-wide swath is shown. The paleic surface is close to the maximum topography. The position of the 30 km-wide strandflat going from Fedje to Fensfjorden defines 
a near flat erosion cut into the westward-dipping envelope surface of Norway.

Figure 12. Composite N–S offshore seismic and onshore strandflat profile showing subtle northward dip of the strandflat and intra Norwegian Channel sediment 
surfaces. The offshore seismic section (yellow line shows location) is a depth-converted seismic random section (CGG18M01) in the Norwegian Channel. Above the 
Mid Miocene Unconformity (MMU) the following units are shown by colour overlay: Utsira Formation east, Naust units A to C, the tops of which are cut by the Upper 
Regional Unconformity (URU), above URU is the Peon sand and the glacimarine sediments of Naust Unit D. The yellow dotted line is the interpreted top of a marine 
clay (Sejrup et al. 1995) that falls 0.043°N (140 m / 187784 m). The URU surface falls 0.036°N (119 m / 188268 m) over the whole profile but the dip increases north of 
Sognefjord to 0.064°N (76 m / 67851 m). The upper part of the figure shows the topography along the strandflat onshore profile taken from www.norgeskart.no (red 
line shows location). The yellow line is the top of the marine clay surface that is copied and placed on top of the strandflat to show that these surfaces have identical 
northward dips.
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Stad (62°00’N–63°00’N)

The submerged strandflat at the northwestern edge of the southern Norwegian coast, Stad,  
is mostly between 15 to 22 km wide and is located at depths down to 100 m below sea level (Figure 13)  
(Holtedahl, 1998; http://www.mareano.no/). It terminates eastwards in steep coastal cliffs locally more 
than 400 m high (Kjerringa 497 m). The Late Weichelian zero isobase is landward of the coast and the 
isostatic model for Norway estimates that the Stad peninsula is now subsiding at a rate of 0.5 mm/year 
(Figure 9) (Holtedahl, 1998). Northwards, the strandflat rises to above sea level at Harøya (62°45’N).

Figure 13. The submerged strandflat at Stad. (A) shows the extent of the offshore submerged strandflat as mapped 
by the Mareano project. The strandflat is mapped down to 100 m depth. (B) The steep coastal cliffs reach almost up 
to 500 m at Kjerringa (Vestkapp) at outer Stadlandet and no exposed strandflat exists there (www.norgeibilder.no).  
The south-southeast 3D viewpoint is indicated in (A).
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Offshore, the shelf is narrow. I have mapped the URU north of 62°N until underlying truncations  
terminate (Løseth et al., 2022). The northwestward dip of the URU increases to 0.2°, NW of Stad.  
The URU reaches a depth of ~800 m in its outermost position and is buried below up to 600 m of 
sediments. Below the URU and above the MMU is a northeastward-thinning Quaternary prograding 
succession comprising Naust Formation units B, C and lower parts of D. Løseth et al. (2022) traced the 
C3 horizon (~1.2 Ma) with confidence but older underlying reflections could not be tracked in the thin 
Quaternary unit in the area that has no 3D seismic data. The North Sea Fan (Unit D) holds around 46 000 
km3 of sediments (Bachelor et al., 2017). Evidence for large submarine slides (Stad slide 0.4 Ma; Møre 
slide, 0.3 Ma; Tampen slide, 0.13 Ma; Storegga slide, 0.008 Ma) are found in these sediments (Bugge et 
al., 1988; Haflidason et al., 2005; Nygård et al., 2005; Hjelstuen & Grinde, 2016). The MMU erodes into  
underlying sediments and forms an angular unconformity surface that dips 0.85°NW west of Stad  
(Figure 14). The pre-Quaternary Molo Formation, which is present on top of the MMU farther north 
on the inner mid-Norwegian margin (Løseth et al., 2017), is not identified on the inner Møre margin. 

Figure 14. NW–SE onshore-offshore profile from the Møre shelf to the Jostedalsbreen (Lodalskåpa). (A) shows the locations of the offshore (yellow) and onshore 
(red) profiles. (B) is the combined onshore - offshore profile. The offshore part consists of a simple depth conversion of the seismic lines MR02-MB-09 in the west and 
MC3D crossline in the east. The wedge-out of the Kai Formation is located at more than 1 km depth here. The present tilts of the Mid Miocene Unconformity (MMU) 
and Upper Regional Unconformity (URU) are indicated. Colour overlays show the Naust Formation C and D units that are tied from the North Sea. The yellow line is 
the top of the marine clay (Sejrup et al., 1995) that is tied all the way from the Troll Field. The topography along the onshore profile is taken from www.norgeskart.
no. The position of the narrow and submerged strandflat is shown. (C) is a simple reconstruction of the seismic profile at the final URU formation time (~0.35 Ma).  
The (B) section is back-rotated 0.2°, sediments above the URU are removed and a water depth of 350 m is applied. 

Mid-Norwegian coast - Frøya to Steigen (63°N–68°N)

The exposed strandflat from Frøya to Steigen is nearly flat, mostly 50 km or less wide, reaches a 
maximum width of 60 km, and was characterised as mature by Holtedahl (1998). The strandflat is a  
composite surface with a relative well developed upper limit that appears flat when viewed from a 
distance. It stretches from where the water depth increases at the basement-sediment subcrop  
boundary in the west to its eastern termination at the foot of the high mountains (Figure 5). A few 
of the strandflat islands have relatively high mountains (Figure 15). An imaginary westward-dipping  
summit surface continues along the top these strandflat islands. Similar to the west coast of  
Norway, the near-horizontal strandflat cross-cuts both this surface and the offshore westward-dipping  
pre-Quaternary sediment surfaces (Figure 16). Wave-cut caves exist up to 150 m above sea level along 
the strandflat and they are formed in brittle faulted or fractured basement rocks (Holtedahl, 1998;  
Figs. 4 & 8). The elevations of the bases of these caves provide an estimate of the position of the 
sea level during the last glaciation when the ice front was in the fjords and occasionally was higher 
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than indicated from the Late Weichelian isobases (Holtedahl, 1998). An erosion notch is present in the  
surrounding mountain at the height of the wave-cut tunnel in Torghatten (Figure 8). Glacial erosion  
landforms totally dominate the erosion structures in the hard basement rocks on the strandflat.  
They range from small striations, through rounded islands separated by water-filled depressions to  
regional-scale structures (Ottesen et al., 2009; Figs. 3 & 6). Post-glacial coastal erosion processes have 
only slightly modified the glacial erosion landforms after the last glacial maximum (20–30 kyr) (Ottesen 
et al., 2022). 

Offshore, the angular URU erodes into westward-dipping sediments bounded by the regional Base  
Cretaceous Unconformity, the base Tertiary, the MMU, and the base Quaternary surfaces (Figure 16 
& 17). The dips of the subcropping layers increase with increasing age. Above the MMU is the Kai  
Formation, syn-tectonic to the Miocene compressional phase. The Kai Formation wedges out  
farthest west of all the Cenozoic sediments (Figure 17). The MMU continues landward of this  
wedge-out and continues below the Molo Formation until being truncated by the URU. The Molo  
Formation lies above the MMU and below the Quaternary Naust Formation in a belt along the entire  
inner mid-Norwegian Margin (Henriksen & Weimer, 1996; Eidvin et al., 2007; Løseth et al., 2017). Steeply  
dipping intra Molo Formation foresets, which are linear in plain view and up to 400 m high, comprise 
mainly sand. The sediments are interpreted as wave- and current-dominated costal deltas sourced from  
onshore rivers (Rokoengen et al., 1995; Løseth et al., 2017). The eastern part of the Molo Formation was  
removed by erosion by the URU (Figure 16). Westwards, the Molo Formation clinoforms quickly pinch 
out to below seismic resolution, well before reaching the inner part of the Kai Formation. There are 
locally preserved topsets that now dip 0.5° to the west at the outermost topset-foreset boundary of 
the Molo Formation (Figure 17). The outer edge of the upper Molo Formation marks the youngest  
preserved pre-glacial coast position. It has a few preserved incisions (Bullimore et al., 2005;  

Figure 15. Single mountains on the strandflat. The four 3D images taken from www.norgeibilder.no show the strandflat with island mountains surrounded by a 
flat area in (A) Søla (65°40'01.8"N 11°43'56.5"E), (B) Lovund (66°21'47.9"N 12°20'33.2"E), (C) Træna (66°30'40.2"N 12°02'59.8"E) and (D) Bolga (66°48'20.8"N 
13°12'14.7"E). These mountains represent the last stage of the wearing down of the paleic surface to a flat strandflat
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Løseth, 2021). An exercise involving extending the Molo Formation topset surface linearly 60 km east-
ward shows that the strandflat clearly intersects this surface. A simple reconstructing to a flat top-Molo  
topset surface will back-rotate the strandflat to a landward deepening surface (Figure 16B). As stated 
in the geological history, the exact age of the Molo Formation is debated but here I assume a Pliocene 
age based on the arguments in Løseth (2021). The inception of the ice age is defined at the boundary 
between the Molo and Naust formations (Montelli et al., 2017; Løseth, 2021). Amplitude maps from 
the Naust Formation shelf foresets immediately west of the Molo Formation show geomorphological 
forms interpreted as glacigenic debris flows. The Naust Formation N to T units prograded in a westward 
direction and the oldest Naust N unit is located on top of the Molo Formation from north of Frøya to 
the Lofoten (Montelli et al., 2017). The age estimate of the oldest Naust N unit is poorly constrained 
but ~1.5 Ma is suggested for the top of the unit (Rise et al., 2005). The topsets of Naust N are locally  
preserved southwest of the outlet of Vestfjorden where they dip 0.3°W (Figure 17). The dips of the  
overlying preserved topsets gradually decrease with age to near-zero degrees at the present seafloor. 

Figure 16. The strandflat position on an E–W onshore - offshore profile from the mid-Norwegian margin to the Swedish border. (A) is the combined onshore - offshore 
profile where the offshore part comprises a simple depth conversion of the seismic line AMR-MNR05-7397. Stratigraphic units are coloured with semi-transparent 
colours and the position of the Base Cretaceous Unconformity (BCU), the Mid Miocene Unconformity (MMU), the Upper Regional Unconformity (URU) and their  
landward extrapolations are interpreted by the dashed lines. A 0.5° dipping line marks the tilt of the topsets of the Molo Formation that are preserved north of this line.  
The topography along the onshore profile is taken from www.norgeskart.no. (B) is (A) back-rotated 0.5° to adjust to the flat Molo Formation topset. This was the 
situation immediately before the inception of the last ice age. The strandflat tilts eastwards after applying such a back rotation. The implication is that the strandflat 
must have formed during the Quaternary tilting as no pre-glacial erosion process could have formed a subaerial landward-deepening erosion platform.
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Lofoten and Vesterålen (67°24’N–69°20’N)

Lofoten and Vesterålen differ from the remaining part of the coast of Norway because they are,  
respectively, an exposed horst block and a basement high, located on a shelf underlain by thinned  
continental crust (Goldschmidt-Rokita et al., 1988; Mjelde et al.,1993; Olesen et al., 1997). The Eastern 
and Western Lofoten Boundary faults define the basement-sediment transition in Lofoten while several 
rotated fault blocks formed more complex subcropping basement surfaces in Vesterålen and Andøya 
(Løseth & Tveten, 1996). Jurassic, Cretaceous and Tertiary sediments subcrop in the surrounding basin, 
including the Vesterålsfjorden and Andfjorden (Hansen et al., 1991; Løseth & Tveten, 1996; Tsikalas et 
al., 2005). 

Most of Vestfjorden, Lofoten, Vesterålen and the shelf to the west were an exposed land area  
prior to glaciation because the preserved Molo Formation coast delta is located west of the southern  
Lofoten horst block (Henriksen & Weimar, 1996; Løseth & Henriksen, 2005). Northwards, the Molo  

Figure 17. Reconstructed Quaternary tilt of the mid-Norwegian shelf. (A) is a depth converted interpreted seismic E–W section (CFI-MNR09-7428). The Kai Formation 
(Mid to late Miocene) sits on top of the Mid Miocene Unconformity (MMU) and was deposited between the Miocene inversion structures Utgard High and Hedda 
Dome. The westward prograding Molo Formation (mainly Pliocene) (Løseth, 2021) is located east of the Hedda Dome and has preserved topsets that were near flat 
when deposited but now they tilt 0.5°W. The Naust Formation is subdivided into N (oldest 2.6–1.5 Ma, Montelli et al. 2017), an A to T unit and also a small part of 
the T unit above the Upper Regional Unconformity (URU) in the east. Several topsets are preserved in the Naust Formation and their tilt gradually increased with age.  
Red dots show the topset to foreset position at various Molo and Naust shelfs. The reconstructions (B) and (C) show a very simple flattening of the linear topset  
surfaces without any decompaction. (B) is reconstructed to top Naust N time by applying a 0.3° eastward tilt and removing the Naust A to T units. (C) is reconstructed 
by applying an additional 0.2° eastward tilt to (B) that flatten the top Molo Formation topsets. The westward tilt of the margin is explained as a long wavelength 
isostatic response to the Quaternary onshore and coast-near erosion and offshore deposition. The red stripy pattern to the east shows sediments removed during 
Quaternary erosion. The Brygge Formation unit below the MMU in the east is truncated. No coast-near sediments are identified there. Polygonally faulted sediments 
exist all the way to the truncation line and the pre mid Miocene coastlines were located at unresolved positions to the east of the URU truncation.
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Formation is eroded but I infer that it continued west of both Lofoten and Vesterålen and parallel to the  
present shelf edge. The Pliocene paleo-topography had most likely high areas where hard basement rocks  
subcropped. From this I interpret that the basement highs in both Lofoten and Vesterålen were highlands 
and watersheds between the eastward- and westward-flowing rivers. The inland ice probably utilised 
the pre-Quaternary topography in the Andfjorden and Vestfjorden, northward and southward bound, 
respectively (Ottesen et al., 2005B; Laberg et al., 2009). The Scandinavian Ice Sheet flow therefore  
deviated parallel to the coast without crossing the Lofoten and Vesterålen basement highs and reached 
the shelf edge south of Lofoten and north of Andfjorden (Ottesen et al., 2005B). U-shaped valleys prove 
that local ice caps grew on the basement cores in Lofoten and Vesterålen. Their westward-bound ice 
flows crossed the western shelf and sediments reaching the shelf edge continued mostly down the 
fifteen submarine canyons incised along the steeply dipping (5–8°) continental slope, without building 
out a shelf edge (Rise et al., 2013). 

Figure 18. The mainly submerged strandflat in the southern part of Lofoten. (A) A submerged strandflat exists in the 
southern part of Lofoten at the subcropping basement horst block (http://www.mareano.no/). Reaching northwards 
to Gimsøya, the inner part of the strandflat becomes exposed. The red dots show the locations of the photos in the 
next figure. (B) The Mareano project has mapped the strandflat and that extend 73 km southwest of the Lofotodden.
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The strandflat exists only where basement rocks subcrop (Løseth & Tveten, 1996). The offshore strand-
flat has been mapped by the Mareano project (http://www.mareano.no/). Today, only small parts of 
the initially 73 km-long basement horst south of Lofotodden (67°49’N) are present above sea level; 
the rest is a submerged strandflat (Figure 18). South of Vestvågøy the entire strandflat is submerged 
(Figure 19). In central Lofoten, it rises to partly above sea level, whereas northwards in Lofoten and in  
Vesterålen it gradually rises to 30–40 m above sea level. The onshore strandflat in Vesterålen varies 
from narrow brims around mountains (less than 1 km) to wide zones (up to 10 km) between the  
mountains. The submerged offshore part extends up to 8 km west of the coastline (http://www. 
mareano.no/). On Andøya, the onshore strandflat reaches a maximum of 15 km and the offshore part 
is up to 7 km wide (Figure 20) (http://www.mareano.no/). The 0 m shoreline isobase is mapped along 
the western Andøya, western Vesterålen and central part of Vestvågøy, leaving the southern Lofoten 
submerging (Rassmussen, 1984). Numerous brittle faults and fractures exist in exposed basement rocks 
and they were most likely formed during crustal thinning (Løseth & Tveten, 1996; Tsikalas et al., 2005).

Figure 19. Expression of the submerged and exposed strandflat in Lofoten. (A) The inner part of the strandflat is just above sea level at Gimsøya but is submerged 
farther south in Lofoten (www.norgeibilder.no, 68°19'54.8"N 14°09'03.1"E). Note that the small mountain Hoven is essentially a single hill with a wide surrounding 
strandflat. (B) The steep mountains drop directly into the shallow sea where the strandflat is submerged like here at Bunesstranda (67°58'40.5"N 12°57'26.0"E).  
Location in previous figure. Photo: H. Løseth
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Troms (69°20’N–71°N)

The strandflat west of Troms is submerged (Figure 21) (Indrevær & Bergh, 2014) and the Mareano  
project has mapped the up to 20 km-wide strandflat as far north as west of Rolvsøya (Figure 22)  
(http://www.mareano.no/). The geomorphological shape is similar to the strandflat in mid Norway with a  
summit of levelled heights that becomes irregular when looking into details (Figure 21). Offshore,  
glaciomarine sediments have built out a relatively narrow shelf with deep troughs (Fig. 1) (Weiss 
et al., 1991; Rydningen et al., 2016). The shelf received sediments from land through Andfjorden,  
Malangsdjupet, Rebbenesdjupet and Håkjerringdjupet. The deep part of the prograding shelf  
sediments reached out into the up to 3.5 s (twt) thick glacimarine Bjørnøya Fan that mainly comprises  
erosion products from the Barents Sea (Fiedler & Faleide, 1996; Henriksen et al., 2011; Laberg  
et al., 2012).

Figure 20. The strandflat around Andøya. (A) shows the onshore strandflat at Andøya (www.norgeibilder.no). (B) shows the extent of both the onshore and the offshore 
strandflat on and around Andøya (http://www.mareano.no/).
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Figure 21. The submerged strandflat in Troms. (A) shows the location of the up to 25 km-wide strandflat offshore Troms 
(http://www.mareano.no/). The red lines show the locations of the topographic offshore profiles (B) of the strandflat 
published by Indrevær & Bergh (2014). (C) 3D view of the coast where no strandflat is exposed (www.norgeibilder.no, 
69°37'46.0"N 18°01'33.7"E).
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Finnmark

No exposed strandflat exists along the coast of Finnmark. Instead, there are steep coastal cliffs, up to ne-
arly 400 m high (Figure 22). Mega-scale glacial lineations, interpreted as ice-flow direction, show north-
ward fjord-parallel glacial transport that deflect sharply westwards parallel to the coast offshore in the  
Varangerfjord and Djuprenna and farther northwestward in the Ingøydjupet and towards the Bjørnøya 
Fan (Ottesen et al., 2008). Between 1000 m and 1400 m of net erosion is estimated offshore in the  
Barents Sea immediately north of the Finnmark coast (Nyland et al., 1992; Hendriksen et al., 2011; 
Figure 23). The erosion shifted the shelf topography from an assumed pre-Quaternary land area to the 
present 350 m-deep shelf. If a strandflat had been formed in East-Finnmark it would have been exposed 
because around 50 m of post-glacial uplift is documented here (Romundset et al., 2011).

Figure 22. The northern extent of the strandflat. (A) shows the northern edge of the strandflat northwest of Sørøya as mapped by the Mareano project  
(http://www.mareano.no/). (B) At North Cape, 300 m-high steep coastal cliffs mark the edge of the land surface and no obvious strandflat exists here (www. 
norgeibilder.no).
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Discussion
Below I discuss the age of the strandflat, processes of formation and regional variations in height.

Age of the strandflat 

The strandflat is an up to 60 km-wide, nearly horizontal erosional surface in basement rocks where lack 
of sediments precludes local timing of formation. The age of formation can be constrained by correlating 
dated offshore surfaces towards the onshore strandflat. Such correlation requires control on the tilt of 
the margin. In Chapter 5 I argue that the Quaternary tilt is long-wavelenght and occurred in response 
to isostatic movements. The long-wavelength nature of the tilt is shown by the gradually tilted topsets 
in the Naust Formation (Figure 17) and the onshore shapes of the paleic surface and late Weichselian 
isobases (Riis & Fjeldskaar, 1992; Riis, 1996; Holtedahl, 1998). Long-distance offshore-onshore ties of 
Quaternary surfaces I therefore considered reliable. 

The ages of most offshore sediments are well constrained, but the age of the Molo Formation is debated 
(Eidvin et al., 2007, 2014, 2019; Grøsfjeld et al., 2019; Løseth, 2021). I consider a mainly Pliocene age for 
the Molo Formation as the most likely based on the arguments in Løseth (2021). If the upper Miocene 
age of the older part of the Molo Formation (Grøsfjeld et al., 2019) is correct that will not change the 
arguments below. 

Initially, I questioned if pre-Quaternary coastal erosion could have contributed to the formation of the 
strandflat but the Mid Miocene to Pliocene paleo-coast did not reach landward to the position of the 
strandflat. The Miocene compression phase lifted up the coastal zone and forced the coast far to the 
west from a pre mid Miocene unresolved position farther east (Løseth & Henriksen, 2005). The Molo 
Formation coast delta was located west of the strandflat and the mid to late Miocene Kai Formation 
coastlines were reconstructed even farther west (Løseth & Henriksen, 2005; Figure 17). The hinterland 
where the strandflat is now positioned was uplifted and subaerially exposed. The resedimented early 
Miocene to Paleocene and older fossils in the Molo Formation (Grøsfjeld et al., 2019) show evidence of 
erosion of subcropping sediments. 

Topsets in the Naust and Molo formations allow a stepwise reconstruction of the Quaternary tilt of 
the mid-Norwegian Margin (Figure 17). Based on the 1.5 Ma age estimate for the top of the Naust 
N unit (Rise et al., 2005) I find that the Molo Formation topsets were tilted 0.2°W between top Molo  
Formation time and 1.5 Ma, and farther 0.3°W during the last 1.5 million years. A simple linear  

Figure 23. Offshore-onshore profile  in Finnmark. The N–S profile extends from the Barens Sea shelf to Finnmarksvidda. The combined onshore - offshore profile con-
sists of an offshore part comprising a simple depth conversion of the seismic line NPD86 253730-86 (stratigraphic units are coloured with semi-transparent colours), 
and an onshore topography along the onshore profile (www.norgeskart.no). The net erosion estimates vary between 1.0 km and 1.4 km on the profile as shown by the 
two red dotted lines (Nyland et al., 1992; Henriksen et al., 2011). The Barents shelf shifted from an assumed exposed shelf at the start of the Quaternary period to a 
maximum depth of 350 m in the position of the profile. 
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extension of the 0.5°W tilted topsets of the Molo Formation, and any of the steeper dipping older  
sediment surfaces, shows that the near-horizontal strandflat intersects and therefore postdates them  
(Figure 16). Put otherwise, the strandflat will rotate to a landward-dipping surface if the 0.5° Quaternary  
tilt is reconstructed (Figure 16B). Since river-related erosion only form oceanwards dipping erosional 
surfaces the strandflat could not have formed before the Quaternary. I therefore conclude that the 
strandflat was formed during the Quaternary period.

Processes forming the strandflat

Previously, a concern has been the long period of time it must have taken to cut the up to 60 km wide 
strandflat in hard basement rocks. Below I discuss how this was possible during the last 2.6 million-year  
Quaternary period. 

Glacial erosion. 635 000 km3 of Quaternary sediments were deposited in the North Sea,  
Norwegian Sea and western Barents Sea margins during the last 2.6 million years (Fiedler & Faleide, 1996;  
Dowdeswell et al., 2010; Ottesen et al., 2018). Such a volume of rock requires extensive erosion of the 
Barents Shelf, coastal zone and onshore areas, and the Quaternary sedimentation rates were very high 
(Nygård et al., 2007; Dowdeswell et al., 2010). U-shaped valleys and fjords totally dominate the present  
onshore landscape while prograding shelfs, fans and erosive delivery channels form the present seafloor  
(Figure 1). The geomorphology of the strandflat is replete with glacial-related forms, shaped by basal ice  
erosion (Figure 3). Depressions follow the low erosion-resistant in fractures, faults and softer  
metasedimentary units. Glacial erosion was therefore extensive at the position of the strandflat,  
but the near-horizontal levelling is difficult to explain by glacial-erosion processes alone. Here, erosion  
processes related to sea level must have been active. 

Segmentation and wave erosion. Upon retreatment of the ice sheet, a highly irregular sculptured  
landscape appeared (Figs. 3 & 6). The present Norwegian shoreline is forty times longer than a  
linear coast. The volume of rock that waves reach on highly segmented glacial coasts is therefore much  
greater than on a non-embayed near-linear coast. Consequently, wave erosion has the capacity 
to plane large areas down to sea level on glaciated margins. All wave-cut caves I have visited were  
formed in brittlely fractured and faulted crystalline rocks (Figure 4). Surrounding erosion notches at 
the height of the caves show that waves also contributed to forming levelled planes on the strandflat  
(Figure 8). Brittle faults and fractures are numerous in the upper extended crust in the position of the 
strandflat and they have weakened the basement rock to wave erosion (Figs. 10 & 24). Other erosion  
processes like frost and floating ice also contributed to plane the strandflat to sea level. Together with  
wave erosion they contributed to levelling the strandflat but the position of sea level varied significantly 
during the Quaternary.

Coastal erosion during glaci-isostatic relative sea-level shifts. Tide is an important boundary condition 
in the formation of coastal cliffs. Moses (2014) points out that the width of the coastal rock platform 
is dictated by the relative amount of erosion at the outer low tide and the inner high tide cliff foot, 
and that the cliff will widen if the inner cliff erosion is faster than the outer. To form the up to 60 km- 
wide strandflat, which is two orders of magnitude wider than the widest rock coast platforms around  
England, the bounding conditions must have been different. Optimal wave erosion requires,  
in addition to a segmented coast and basement rock weakened by pervasive brittle faulting, a short 
’low-tide’ period and a long-lasting ’high-tide’ period when wave erosion cut cliffs to a wide platform 
(Kennedy et al., 2014). Glaci-isostacy has the capacity to cyclically shift the relative sea level along  
coasts. Oxygen isotope curves indicate 100 kyr-long glacial to intraglacial cycles during mid and late  
Quaternary and 40 kyr cycles earlier during the Quaternary (Cohen & Gibbard, 2011). I compare the  
relative sea-level shifts during glacial cycles with tides such that the ’high tide’ correlates with  
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glaciations and the ’low tide’ with the shorter intraglacial periods. The mid-Norwegian strandflat was  
submerged below sea level under the weight of the inland ice during the last glacial period, which by the 
logic above can be considered as a long-lasting ’high tide’. During long periods of each glaciation the ice  
front was in the fjords, in a manner similar to the present East Greenland coast (Figure 7). Waves thus  
passed the drowned strandflat and attacked the cliffs along the mountainous islands and the inner edge of 
the strandflat. The highest wave-cut sea-caves show that the sea reached up to 150 m above present sea  
level along the mid-Norwegian coast during the last glaciation and that wave erosion did occur there 
(Holtedahl, 1998). Wave erosion, with help from frost and floating ice, therefore widens the strandflat 
and reduces the size of the mountains on the islands on the strandflat by forming levelled erosional  
notches during glaciations (Figure 8). Upon interglacial melting of the inland ice the coast was  
glaci-isostatically uplifted to a ’low-tide’ position. The exposed wave-cut ’high-tide’ platforms then  
appear as elevated erosion notches around island mountains and the inner edge of the strandflat  
(Figure 15). According to oxygen isotope curves, the glacial ’high-tide’, periods are much longer than 
the interglacial ’low-tide’ periods. Since the platform widens during ’high tide’, such glacial-interglacial 
cycles favour formation of wide levelled platforms. 

A stepwise formation of the mid-Norwegian strandflat

A highland had already formed during the Miocene compression phase in onshore Mid-Norway  
(Løseth & Henriksen, 2005). The youngest documented pre-glacial coastline of the Molo Formation 
reveals a nearly linear coast with wave- and current-dominated deltas sourced with sediments from 
onshore rivers (Figure 17) (Henriksen & Weimar, 1996; Bullimore et al., 2005; Løseth et al., 2017;  
Løseth, 2021). The low degree of erosion of the outer steeply dipping Molo Formation foresets  
(Løseth, 2021) shows that it was protected from the initial glacial erosion. A scenario explaining this 
is that the glacial period initiated a relative sea-level rise from the weight of a growing inland ice,  
and prevented ice from incising the outer Molo Formation. The earliest glaciers reaching the coast most 
likely flowed down existing river valleys, and the glaciers reshaped the V-shapes to U-shaped valleys  
(Figure 24A). Reaching the mouths of the valleys, the flowing ice streams combined into a wide apron  
that also eroded sediments along the inner margin and deposited glacimarine sediments on the 
shelf. Montelli et al. (2017) showed several build-out positions for the oldest Quaternary sediments.  
In contrast to present, resedimented fossils show that sedimentary rocks were a significant part of the 
coastal bedrock (Grøsfjeld et al., 2019). The flowing glaciers started segmenting the coast, forming fjords 
and islands that increased the irregularity of the coastline. Waves could attack a longer segmented  
coastline both during the long glacial periods when the ice calved into the fjords and during  
intraglacial periods. This process went on through numerous intraglacial to glacial cycles. U-shaped  
valleys became deep and wide and the mountain ridges separating the valleys became narrow,  
segmented and finally islands (Figure 24). The irregularity of the coast increased. Waves reached the  
foot of the mountains along the inner part on the submerged strandflat and islands during the glacial  
’high-tide’  periods (Figure 5). Offshore, the volume of Quaternary sediments became greater, and the  
shelf edge migrated westward. Onshore, isostatic uplift gradually increased in response to the lost  
weight of eroded rocks, and the coastal zone tilted westward, increment by increment (Figure 17).  
Superimposed on these long-term shifts were shorter-term glacio-isostacy adjustments (first 40 kyr, then 
100 kyr) from the mass of the growing and melting inland ice. The relative sea level shifted between the  
glacial ’high-tide’  and the intraglacial ’low-tide’ , and so too did the position of the coastal wave  
erosion front. Wave-cut platforms formed around single mountain islands during glacial ’high-tide’ and 
became elevated mountains with rims during interglacial ’low-tide’  (Figure 15). During glacial maxima, 
large volumes of ice flowed through the fjords, channels and also across the shallow, wide strandflat.  
The flowing ice sculptured this partly wave-levelled landscape relative to its geological resistance to  
erosion. The result is the present low topography sculptured strandflat with islands, skerries and  
erosion notches in mountains (Figure 3). In this way the wide strandflat gradually formed from the  
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combined glacial erosion, which by far removed most of the rock volume, and the coastal wave and 
other type of erosion that contributed to levelling the height of the strandflat. 

A wide strandflat could form during only 2.6 million years because (1) glaciers could efficiently erode 
enormous volumes of basement rocks and simultaneously segment mountain ridges, converting them 
to islands, (2) the zone of coastal erosion remained focused at approximately the same geographical 
position throughout Quaternary even as the tilt increased, (3) brittle faults and fractures had weakened 
basement rock, enabling their rapid erosion, and (4) the segmented glacial coast allowed waves and 
other levelling erosion processes to reach large areas. Isostatic related tilt and uplift gradually exposed 
deeper parts of the inner coast to erosion, and also gradually forced the zone of isostatic uplift west-
wards. This may partly explain why island mountains like Træna are still preserved at the outermost 
strandflat (Figure 15).

Figure 24. Gradual erosional wearing down of the paleic surface to the strandflat. The six 3D images taken from www.norgeibilder.no show how the uplifted  
paleic surface is gradually eroded and segmented to a strandflat. (A) Alta Canyon seen from a few km downstream of the Alta dam northwestwards towards Alta.  
The U-shaped Alta canyon cuts into the wide Finnmarksvidda paleic surface. This is the first stage of glacial incision of the paleic surface that most likely exploited  
a former river valley (69°46'06.5"N 23°41'20.9"E). (B) Sognefjord, looking west  from Vangsnes. The up to 1000 m-deep Sognefjord is surrounded by mountains whose 
tops gradually rise towards the east. At both sides of the fjord smaller U-shaped valleys segment the paleic surface into a mountainous landscape. Part of the paleic 
surface is preserved along the outer and southern side of the fjord but where the erosion is more severe only the tops define the height of the pre-glacial surface 
(61°08'20.0"N 6°34'37.7"E). (C) Ørsta, seen towards north. U-shaped valleys segment the landscape. The valleys are located so close that the original paleic surface 
is no longer preserved, giving the landscape an alpine character (62°11'18.5"N 6°08'22.8"E). (D) Steigen seen towards the west. The high area is segmented into  
mountain blocks with larger separating flat areas. U-shaped valleys meet to create the alpine mountains. The valleys become wider towards the coast, the distance between  
mountains increases and in the west we see the present strandflat that is characterised by islands separated by shallow water (67°46'39.3"N 15°00'53.1"E).  
(E) Husøy and Sanna, Nordland, seen towards the west. Trænstaven is the highest mountain, 338 m, on the isle of Sanna that is located very far west on the strandflat 
(66°30'40.2"N 12°02'59.8"E). This is the last erosion stage of the paleic surface to the strandflat. (F) Vikna seen towards west-southwest with Rørvik centre (white dot). 
This is the mature strandflat with no mountains. Islands and low areas are elongated along numerous faults and fractures (64°51'36.2"N 11°12'42.4"E).
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The west coast of South Norway (Karmøy to Møre)

In contrast to the mid-Norwegian margin, the strandflat along the west coast is irregular (immature).  
It is elevated around 70 to 90 m south of Bergen, which is more than can be explained by the post- 
glacial uplift (Holtedahl, 1998), it falls gradually to sea level around the Sognefjorden (61°N) and  
it reaches down to 100 m below sea level at Stad (62°N) (Holtedahl, 1998; http://www.mareano.no/). 
Pre-glacial events cannot explain the difference from mature in mid Norway to immature at the west 
coast because the two areas had a similar geological evolution. The MMU formed on the basin flanks 
and the Utsira East sand (equivalent to the Molo Formation) was deposited on top of the MMU at 
the outlet of Sognefjorden from where also the first glaciers reached the shelf (Løseth et al., 2020).  
Three offshore Quaternary stages may explain how the strandflat was formed at the west coast of South 
Norway

(1) (2.6–0.8 Ma) West and northwestward prograding shelfs deposited large volumes of sediments 
in the North Sea Basin (Batchelor et al., 2017; Løseth et al., 2020; 2022). The isostatic adjustments 
were similar to those of the mid-Norwegian shelf, with onshore isostatic uplift, offshore isostatic 
subsidence and westward coastal tilt. Unlike the mid-Norwegian Sea, land and shallow shelf areas  
comprising the Shetland Platform, the British Isles and Europe, existed to the west and south. Gradually,  
the deep-water North Sea basins were filled up at around 1 Ma (Ottesen et al., 2018). The large-scale  
isostatic subsidence of much of the North Sea ceased, except for the northern North Sea where the shelf 
edge reached ~62°N by around 0.8 Ma (Løseth et al., 2022). I suggest that the strandflat formed at the 
west coast of southern Norway during the first two million years of the Quaternary in a similar way as  
described for the mid-Norwegian margin. 

2) (0.8–0.35 Ma) The Norwegian Channel and North Sea Fan initially formed at around 0.8 Ma (Løseth 
et al., 2022). The focused ice-flow route, parallel to the Norwegian coast, eroded locally more than 500 
m of sediments (Figure 11) (Baig et al., 2019). The large volumes of eroded rocks caused a permanent 
isostatic uplift of the coastal zone (Fjeldskaar & Amantov, 2018), including the already formed strandflat. 
This explains why the strandflat is located higher than the glacio-isostatic uplift from the last glaciation. 
The strandflat probably formed mainly before the formation of the Norwegian Channel. Its present  
immature nature is explained by later modifications by glacial and subaerial erosion. The absence of sea 
caves, in contrast to the mid-Norwegian coast, indicates a long period of time since waves reached the 
upper strandflat. 

(3) (0.8–0 Ma) Large volumes of sediments were deposited in the North Sea Fan. Long-wavelength  
flexural isostatic subsidence from the weight of the North Sea Fan forced the northern North Sea and 
Møre Basin to subside. The oldest sediments above the URU within the Norwegian Channel are around 
0.35 Ma in the northern North Sea (Løseth et al., 2022). The shift within the Norwegian Channel from 

Figure 25. Regional variation in height of the strandflat. The red lines show the approximate variations in height of the 
strandflat from Stavanger (Sv) to Steigen (S) and from Røst (Rø) in Lofoten to Rolvsøya (R). At Stad and west of Troms the 
strandflat is submerged as a flexural isostatic response from the weight of the offshore North Sea Fan and Bjørnøya Fan, 
respectively. Bergen (Be), Sognefjorden (Sf), Frøya (F), Vesterålen (V), Andøya (An), Senja (Sj).
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erosion to deposition most likely occurred in response to an increase in water depth caused by the 
isostatic-related northwards tilting in response to the growing weight of the North Sea Fan. Today,  
the intra Norwegian Channel sediment surfaces tilt northward, parallel to the onshore strandflat that 
falls from 70 m to 90 m west of Bergan to 100 m below sea level at Stad (Figure 12). The parallel shapes 
suggest that the cause of northward tilt is similar for the strandflat and for the Norwegian Channel 
sediments. The top of a marine clay surface (~0.3 Ma Intra Norwegian top of marine clay; Løseth et al., 
2022) is tilted and therefore the northward tilt is younger than this. 

Stad

The 15–20 km-wide submerged strandflat at Stad is the northern end of the strandflat discussed  
above (Figure 12 & 13). Much of the strandflat was therefore formed before 0.8 Ma. The North Sea Fan  
sediments (~0.8–0 Ma) in the Møre Basin are very thick and the mass of these sediments caused  
significant isostatic subsidence that extended to the coast of Møre. The short distance between  
subsiding basin and rising land resulted in high tilts at Stad (0.85°NW). Most of this subsidence is  
related to the deposition of the North Sea Fan and as much as 0.2° occurred during the last 300 kyr 
(Figure 14). Holtedahl (1998) showed that the 15 to 20 km-wide strandflat is below sea level in Stad and 
that the Late Weichelian zero isobase is landward of the coast, implying a continued present subsidence 
of the strandflat (Figure 13). Northwards, the strandflat rises to above sea level at Harøya (62°45’N)  
as the isostatic subsidence effect from the North Sea Fan decreases.

Lofoten and Vesterålen

The pre-Quaternary Lofoten–Vesterålen–Vestfjorden–Andfjorden land area mainly consisted of  
subcropping sediments. Deep ice-erosion reshaped much of the former land area to sea. The high- 
erosion-resistant basement rocks in Lofoten and Vesterålen underwent less erosion and remained 
subaerial. The strandflat in Lofoten and Vesterålen is limited to these subcropping basement areas 
and formed by combined glacial and wave erosion (Figure 18 & 20). My interpretation is that during 
early Quaternary a continuous and long basement ridge extended from south of Røst to the main-
land. Gradually, glaciers and wave erosion segmented the ridge into islands. Local glaciers formed  
U-shaped valleys, the bases of which are partly below sea level today and form the picturesque fjords 
in Lofoten (Figure 19). Today, only small parts of the initially 73 km-long basement horst south of  
Lofotodden (67°49’N) are present above sea level; the rest is a submerged strandflat (Figure 18).  
Isostatic uplift increased northward to 30–40 m above sea level in Vesterålen and Andøya in response to  
late Weichselian glaci-isostatic uplift from a more extensive ice cover and influence from the inland ice 
to the east (Figure 20). 

Troms

The 20 km-wide submerged strandflat west of Troms is sculptured similarly to that in mid Norway 
(Figure 21) (Indrevær & Bergh, 2014). The strandflat formed like the mid-Norwegian margin with  
build-out of a glaciomarine shelf, onshore erosion and tilt of the transition zone. The present isostatic 
model for Norway shows only a 1 mm yearly rise of the outer coast, which is only slightly higher than at 
Stad (Figure 9). The large glacimarine Bjørnøya Fan (up to 3.5 s (twt) thick) was deposited offshore from 
erosion products sourced mainly from the Barents Sea (Fiedler & Faleide, 1996; Henriksen et al., 2011; 
Laberg et al., 2012). Zieba & Grøver (2016) modelled the flexural isostatic subsidence from the mass of 
the Bjørnøya Fan, concluding that subsidence extended to the position of the strandflat offshore Troms. 



32 of 44

H. Løseth                                        The Norwegian strandflat reviewed and constrained in an offshore perspective

Absence of strandflats in Finnmark and around southern Norway

Finnmark. The coast of Finnmark has no exposed strandflat but is instead faced by steep coastal 
cliffs (Figure 22). Unlike most Norwegian shelfs, where glacimarine sediments were deposited on a  
subsiding shelf, the Barents Sea was eroded and isostatically uplifted during the Quaternary. Some 1000 
to 1400 m of net erosion occurred north of the coast of Finnmark (Nyland et al., 1992; Hendriksen et 
al. 2011) (Figure 23). This erosion shifted the shelf topography from an assumed pre-Quaternary land 
area to a sea-covered area some 350 m deep. For a long time a strandflat could not form along the 
coast of Finnmark because (1) it was a land area during much of the Quaternary, (2) erosion-induced 
isostatic uplift exposed gradually new levels of sediment and basement rocks along the coast zone to  
erosion, (3) glaciers filling up the Barents Sea prevented coastal wave erosion for long periods during the  
Quaternary with a focused ice-stream erosion zone parallel to the coast of Finnmark (Ottesen et al., 
2008) and (4) the segmentation of the coast into numerous islands was limited. 

Southern Norway. Reusch’s claim (Reusch, 1894) that the south coast of Norway is not part of the 
strandflat agrees with this being classified as a glacially modified, sub-Mesozoic, undulating hilly relief 
(Lindmar-Bergstrøm et al., 2013; Japsen et al., 2018). Similar to Finnmark, land existed in the present 
offshore area south of Norway prior to glaciation (Japsen et al., 2010; Knox et al., 2010; Rasmussen et 
al., 2010; Knutz, 2010; Thöle et al., 2014; Olivarius et al., 2014; Ottesen et al., 2018). The absence of thick 
glacimarine sediments south of Norway implies no related isostatic subsidence and no tilt of the coast 
zone during the Quaternary. Instead, the reduced weight of the eroded basement and sediments caused 
continuous isostatic uplift of the coast. Positions of the southward-bound ice fronts and Quaternary  
coast are mostly obscure. If and when waves could reach landward to the present coast during  
Quaternary time is unclear. Focused wave and glacial erosion did not last for sufficient time to develop 
a strandflat along the south coast of Norway. 

Conclusions
I use my current understanding of offshore geological evolution, with dated sediments and surfaces, 
to constrain when the strandflat was formed, as well as the associated erosion processes and the  
long-wavelength variations in height along the Norwegian coast. Long-distance offshore-onshore  
linkages of surfaces are reliable because the Quaternary tilt of the margin is caused by long-wavelength  
isostatic movements from the mass of eroded and deposited rocks and sediments. The 1800 km-long 
and up to 60 km-wide near flat strandflat exists in basement rocks along the glaciated Norwegian  
passive margin from Jæren (58°30’N) to Troms (71°00’N). Its age of formation is established on the  
mid-Norwegian margin because topsets in the Naust and Molo formations allow a stepwise  
reconstruction of the Quaternary tilt (Figure 17). I conclude that the strandflat was formed  
there during the Quaternary because a linear extension of the 0.5°W tilted topsets of the Pliocene 
Molo Formation, and any of the steeper dipping older sediment surfaces, are intersected by and hence  
predate the strandflat (Figure 16). 

The ~635 000 km3 of sediments deposited on the Norwegian shelf during the Quaternary evince the 
efficiency of glacial erosion and transport processes, and why a wide erosion platform could form during 
only 2.6 million years. The strandflat is characterised by mainly glacial related forms, shaped by basal 
ice erosion (Figure 3, 5, 6 & 24). Glacial erosion converted the landscape from highlands to U-shaped  
valley-intersected highlands and associated lowlands. The valleys became deeper and wider,  
the mountain ridges separating them became narrower and segmented, and eventually turned into 
a highly-embayed coastline with many skerries and islands (Figure 24). Upon ice retreatment a highly 
irregular sculptured landscape appeared; the present Norwegian shoreline is forty times the length of 
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a near-linear coast (Figs. 3 & 6). Waves and other levelling erosion processes such as frost and floating 
ice shaped this glaciated landscape to a strandflat. This was possible because the coast was segmented, 
basement rock was pre-weakened by pervasive brittle faulting, and, during glaciations when the land 
was depressed but the ice only reached the fjords, waves could cut the cliffs on the islands and inner 
strandflat to a wide platform. 

The height of the strandflat varies regionally in response to the offshore Quaternary geological  
evolution (Figure 25). It is widest and flattest in Mid Norway where westward isostatic-related tilt from 
onshore erosion and offshore deposition kept the coast zone in roughly the same position throughout 
the Quaternary. Glaci-isostatic uplift after the last glaciation exposed the wide strandflat to above sea 
level. The irregular or immature strandflat along the southwestern coast of Norway formed during 
three stages. From 2.6 to 0.8 Ma a strandflat similar to the mid Norwegian shelf evolved. During the pe-
riod 0.8–0.35 Ma the strandflat was isostatically uplifted due to erosion within the Norwegian Channel; 
the exposed strandflat was reshaped and modified by glacial and subaerial erosion. After 0.35 Ma, the 
mass of the North Sea Fan imposed a long-wavelength flexural isostatic northwards tilt of the strandflat 
from 70 to 90 m above sea level west of Bergan to 100 m below sea level at Stad (62°N) (Figure 12). 
Flexural isostatic subsidence of the North Sea and Bjørnøya fans also extended to the coast of Stad 
and Troms, respectively, where the strandflat is below sea level (Figure 14 & Figure 21). The strandflat 
in Lofoten and Vesterålen is mainly limited to subcropping basement and formed by combined glacial 
and wave erosion (Figs. 18 & 20). It rises northwards in Lofoten from submerged south of Vestvågøy 
(68°30’N) to 30–40 m above sea level in Vesterålen–Andøya (69°N). Around southern Norway and parts 
of Finnmark strandflats did not form. Lack of Quaternary subsidence on the shelfs, no tilt of the inner 
margin and little coastal erosion explain their absence. The Norwegian strandflat evolution may apply 
to any glaciated margins.
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