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Cover: Coastal flat at the south coast of Læsø, Kattegat. The flat is 
an abrasion plain of glacio-marine clays with a residual deposit 
of boulders. The boulders were originally deposited in the clay 
as dropstones from icebergs both before and after the last glacia-
tion. Such boulder-strewn abrasion plains are marked landscape 
elements on southern Læsø and coastal flats south of the island. 
See this volume pp 1–55: Hansen, J.M. et al.: Continuous record 
of Holocene sea-level changes and coastal development of the 
Kattegat island Læsø (4900 years BP to present). 
Photo: © Conny Andersen, photo book ‘Mit Læsø’. 



·     1Holocene sea-level changes and coastal development of Læsø

Continuous record of Holocene sea-level changes and 
coastal development of the Kattegat island Læsø  
(4900 years BP to present)
JENS MORTEN HANSEN, TROELS AAGAARD, JENS STOCKMARR, INGELISE MØLLER, LARS NIELSEN, 
MERETE BINDERUP, JAN HAMMER LARSEN & BIRGER LARSEN

Hansen, J.M., Aagaard, T., Stockmarr, J., Møller, I., Nielsen, L., Binderup, M., Larsen, J.H. & Larsen, 
B. , 2016. Continuous record of Holocene sea-level changes and coastal development of the Kattegat 
island Læsø (4900 years BP to present). © 2016 by Bulletin of the Geological Society of Denmark, 
Vol. 64, pp. 1–55. ISSN 2245-7070. (www.2dgf.dk/publikationer/bulletin).

Læsø is the largest island of the Kattegat–Skagerrak region and exposes a vast array of relative sea-
level (RSL) indicators, mainly raised beach ridges, swales, lagoons and saltmarshes. The physical 
environment of continuous glacial rebound, excessive supply of sediment, shallow surrounding 
waters, low amplitudes of near-shore waves, and micro-tidal conditions produced numerous sea-
level proxies of both barrier coasts and saltmarshes. About 1200 RSL/age index points reflect not 
only short-term sea-level highstands as in most other parts of Europe, but also short-term sea-level 
lowstands, which in less regressive environments have normally been removed by coastal erosion 
or obscured by berms from subsequent highstands. Based on a high-precision lidar digital terrain 
model, the beach ridges have been mapped, typified, levelled and correlated relative to their order 
of appearance. Transformation of this relative chronology to a robust absolute age model of the RSL 
changes has been made on the basis of 119 optically stimulated luminescence (OSL) datings, 14C 
datings, and tree-ring datings. By ground penetrating radar (GPR) and terrain analyses, the height 
of the swash zone (run-up) has been determined in order to transform the ridge elevations to a 
detailed curve of the RSL/age relation. The curve reveals eight centennial sea-level oscillations of 
0.5–1.1 m superimposed on the general trend of the RSL curve, including a Little Ice Age lowstand 
of 0.6 m at 1300 AD. The island grew from now eroded landscapes of Weichselian glacio-marine 
deposits, including the oldest known post-Weichselian forested area in Scandinavia. During the 
last 4900 years new coastal landscapes have formed continuously, resulting in around 4000 km of 
still visible, raised palaeo-shorelines in mostly uncultivated landscapes. After formation of the 
oldest preserved beach-ridge complex, numerous sea-level proxies formed in a strongly regressive 
environment caused by glacial rebound supplemented with local uplift due to extensive erosion 
during Boreal and Atlantic time of the 1700 km2 glacio-marine platform upon which the island is 
still being built. The combined uplift produced a relative sea-level fall of 10.3 m, corresponding to 
a mean vertical regression rate of 2.1 mm/year and a mean horizontal regression rate of 2 m/year, 
and formed eight distinct types of raised coastal landscapes where well separated beach ridges and 
saltmarshes developed continuously.
 The oldest preserved part of Læsø appeared 4900 years BP as the eastern tip of a 10 km long 
barrier-spit system growing from a raised glacio-marine landscape, now represented only by 
boulder reefs west and north-west of the present island. Around 4000 years BP another barrier-spit 
system appeared to the south, growing northwards from another raised glacio-marine landscape 
at the raised boulder reefs in the town of Byrum and the abrasion landscapes of Rønnerne. Around 
3000 years BP these two inital barrier-spit systems united and formed one major barrier between 
the present towns Vesterø and Byrum. To the north-east, a third glacio-marine landscape provided 
materials for the development of the eastern end of the island. Thus, around 2500 BP the island had 
become one triangular, completely detached island (’the old triangle’) between Vesterø, Byrum and 
Bansten Bakke. From this detached stage, nine subsequent barrier-spit systems grew to the east and 
formed the present Østerby peninsula, while a series of nine barrier-island complexes developed 
south-west of ’the old triangle’. To the south and south-east, low-energy coasts developed and formed 
low beach ridges and saltmarsh landscapes. 

Keywords: Læsø, Holocene, beach ridge, relative sea-level curve, isostatic rebound, Lidar DTM, opti-
cally stimulated luminescence (OSL) dating.
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ern Baltic Sea, Læsø has no central or marginal core 
of an older and more elevated landscape of different 
origin than the marine foreland itself (cf. the general 
hypothesis on the formation of marine forelands by 
Schou 1945, 1969a–g). Except for several residual boul-
der reefs, no such xenomorphic landscapes of different 
origin and sediment composition have been preserved 
within the present coastline of the island.

The present vegetation and animal wildlife on 
Læsø possess many characteristics of remote islands 
(cf. EU’s Natura 2000 plan for Læsø at www.laesoe.dk 
and the proposal by Olesen (2005) of Læsø as Marine 

The island of Læsø covers an area of 118 km2 and is 
situated in northern Kattegat in the transition zone 
between the Baltic Sea and the North Sea. The main 
island and about 50 islets in its vicinity are situated 
on a platform with water depths less than 10 m, cover-
ing around 1700 km2. The area inside the 3 m isobath 
covers around 400 km2. An area of about 208 km2 is 
covered by less than 0.3 m of water and comprises the 
present islands and a 90 km2 temporarily dry sand 
platform south of the main island (Fig. 1, Fig. 2). 

In contrast to all other major marine forelands of 
the Skagerrak, Kattegat, Danish Straits and the south-

Jens Morten Hansen [jmh@geus.dk], Jens Stockmarr [sto@geus.dk], Ingelise Møller, Merete Binderup, Birger Larsen, Geological Survey of 
Denmark and Greenland (GEUS), Øster Voldgade 10, DK-1350 Copenhagen K, Denmark. Troels Aagaard [taa@ign.ku.dk], Lars Nielsen 
[ln@ign.ku.dk], Department of Geosciences and Natural Resource Management, Copenhagen University, Øster Voldgade 10, DK-1350 
Copenhagen K, Denmark. Jan Hammer Larsen [jhl@kystmuseet.dk], Coastal Museum of Northern Jutland, Bangsbo Division, Dronning 
Margrethesvej 6, 9900 Frederikshavn, Denmark.

Fig. 1. Topographic map of Læsø. Map copyright Geodatastyrelsen 2006, with some place names added. Size of figure is 30×30 km. 
Geographical position: 11°00′ E, 57°10′ N (lower cross); 11°00′ E, 57°20′ N (upper cross).
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Pre-history of Læsø until the 
development of late Holocene 
coastal landscapes
This chapter gives a brief review of the late Quater-
nary history of the central northern Kattegat region. It 
touches on some issues which have been clarified by 
the present study and are presented later in the text, 
but which are needed in the context here.

The early, middle and late Weichselian glacio-
marine environment of the Kattegat region
Compared to other major parts of Danish waters 
the Quaternary geology of southern Skagerrak and 
northern Kattegat has been considerably less studied. 
Consequently, specific knowledge about the Quater-
nary structure is sparse around Læsø and to some 

National Park). However, some geological, archaeo-
logical and biological studies indicate that the island 
was once attached to older, now completely eroded 
landscapes and has a considerably longer history than 
indicated from its present wildlife, outline, position 
and shoreline ages (Hansen 1995, 2015; Bradshaw et 
al. 1999).

Thus, a robust description of the coastal history of 
Læsø should provide explanations for how detach-
ment of the island from older and more elevated 
(xenomorphic) landscapes eventually took place, how 
initial stages of the outline and position of the island 
have been altered by erosion and redeposition, and 
how younger, detached stages of the island developed. 

Based on such reconstructions it is our intention 
to present a relative sea-level curve for the past 4900 
years, which greatly extends the findings of Hansen 
et al. (2012) for the past c. 900 years. 

Fig. 2. Topography of the seabed around Læsø. Blue: water depths of 10 to 3 m. Other colours: water depths of 3 to 0 m. White: land. 
Size of figure is 35×35 km. Compiled by the Geological Survey of Denmark and Greenland.
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concept of extradomainal deformation constitutes an 
important basis for the glacial kineto-stratigraphy 
(Berthelsen 1978) and the general glacial stratigraphy 
of Denmark (Houmark-Nielsen 2004).

The early, middle and late Weichselian glacio-ma-
rine substrate of Læsø has been cut by a near-surface 
fault with up to 4 m vertical throw that passes through 
the southern part of the island (Hansen 1986); cf. Japsen 
& Britze (1991), Vejbæk & Britze (1994) and discussion 
in Gregersen & Voss (2014). The fault is related to the 
Fennoscandian Border Zone (or Sorgenfrei–Tornquist 
Zone) and probably developed during the relatively 
fast glacial isostatic adjustment (GIA) in the early 
Holocene, similar to major faulting effects of the GIA 
in south-western Sweden (see discussions on GIA-
related neotectonics and seismicity in Mörner 1978, 
1995, 2014 and Bungum et al. 2010).

The Boreal regression
During Boreal time the Læsø region formed the north-
ern part of a large emerged landscape stretching from 
Sjælland to 10 km north of Læsø, surrounded to the 
west and east by rivers streaming northwards from 
the Baltic Sea through Lillebælt, Storebælt, Øresund 
and from fjords in eastern Jutland. Evidence for the 
existence of this landscape is also mainly built on 
necessity from robust models of the Boreal period in 
Denmark and Sweden (Iversen 1967; Noe-Nygaard et 
al. 2006). On Læsø, additional evidence comes from 
two 14C datings: One is of a Pinus trunk found in situ  
in 2010 by one of us (JHL) about 1 km south-west of 
Læsø at a water depth of 2 m, and in this work 14C-
dated to 10274 years BP (calibrated). Another 14C dating 
is of a reworked lump of fresh-water gyttja in the sea 
cliff north of Vesterø Havn, dated by Mörner (1969) 
to 7750 years BP. Applying Mörner’s (1969, 1980) and 
Påsse & Anderson’s (2005) isostatic baselines for the 
south-westwards tilting of south-western Scandina-
via after late glacial time, the –2 m level of the Læsø 
pine trunk fits well with Krog’s (1965, 1968) finding of 
slightly younger pine trunks below –23 m in Storebælt. 

The Atlantic Litorina transgression and erosion
The Boreal landscape that formed on top of the >180 m 
thick deposits of glacio-marine clays, silts and coarser 
ice-rafted materials was drowned during the socalled 
Litorina transgression. As the Litorina sea succes-
sively inundated the landscapes of the Kattegat region, 
substantial erosion took place and the upper parts 
of the clayey and silty pre-existing formations were 
eroded to leave a widespread residual conglomerate 
composed of coarse materials that were originally 
contained in the clays and silts of the glacio-marine 
formations (Hansen 1995, 2015; Hansen et al. 2012).

While the erosion by the Litorina transgression 

extent rests with general conceptions derived from 
neighbouring regions. Until the Litorina transgression 
peaked in the Læsø region c. 6300 years BP (Chris-
tensen 1995), the landscape of northern Kattegat was 
probably characterized by landforms that had mainly 
been formed by glacial load and some glacio-tectonic 
deformation (Larsen et al. 1986; Bahnson et al. 1986; 
Vangkilde-Pedersen et al. 1993) of the >180 m thick 
deposits of early to middle Weichselian glacio-marine 
clays and silts (Bahnson 1986) which in this work are 
OSL (optically stimulated luminescence) dated to the 
period 37000–19000 years BP. As seen from correla-
tions of five scientific boreholes (Bahnson et al. 1986) 
and from beach exposures along northern Læsø, these 
partly fossiliferous glacio-marine clays and silts have 
been glacio-tectonically deformed by the Scandina-
vian ice cap when it covered the Kattegat area during 
the early to middle Weichselian.

On top of the compacted glacio-marine formation, 
much less compacted late Weichselian glacio-marine 
clays and silts form a 0–15 m blanket of partly eroded 
deposits (on Læsø dated to the period 13800–12900 
years BP, Table 1) which is mainly preserved in de-
pressions in the glacially compacted and deformed 
landscape of early to middle Weichselian glacio-
marine deposits. This second series of glacio-marine 
clays and silts was deposited when the Scandinavian 
ice cap had melted back to a line east of Læsø near the 
Swedish west coast.

As in most other parts of the central northern Kat-
tegat area, no strictly glacigenic deposits in the form of 
diamictic tills and moraines have been found on Læsø, 
neither in the five scientific boreholes of Bahnson et al. 
(1986) nor in the approximately 200 geotechnical wells 
(for water supply and after natural gas) that have been 
made on Læsø (Fredericia 1985; for updates see the well 
database Jupiter at www.geus.dk). A similar situation 
exists in large parts of the northern Kattegat sea where 
Weichselian tills and moraines are extremely sparse 
(Lykke-Andersen 1992a, b; Lykke-Andersen et al. 1993a, b).

Thus, the common conception of a Weichselian 
ice cover of Kattegat including the Læsø region is 
mostly founded in necessity from robust models of the 
Weichselian glaciation of more south-western parts 
of Denmark (e.g. Houmark-Nielsen 2003, 2004; Hou-
mark-Nielsen & Kjær 2003). The most robust empirical 
indications of a Weichselian ice cover of the Læsø area 
are ‘extradomainal’ glacial deformations (Bahnson et 
al. 1986) and, as seen from several geotechnical reports 
from constructional works on Læsø, an evident glacial 
load compaction of the early to middle Weichselian 
glacio-marine deposits. Such extradomainal glacial 
deformations, without preserved tills and moraines 
from the glaciers which have caused the deforma-
tions, are frequent in most parts of Denmark, and the 
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mostly formed prominent sea cliffs in the glacial 
landscapes along the margins of Kattegat (Schou 1945, 
1969d), the Litorina sea erosion of the Læsø region is 
represented by a large number of boulder reefs (Fig. 3) 
at distances of up to 12 km from the present island. In 
other parts of central Kattegat only one small ‘knoll’ 
was not completely transgressed and eroded to the 
levels of the Litorina transgression (Jessen 1897, 1936; 
Lykke-Andersen 1990); this knoll constitutes the west-
ern side of the island of Anholt 70 km SSE of Læsø, 
where a 5 km2 glacial landscape is surrounded, mainly 
to the east, by 17 km2 of Holocene beach deposits to a 
maximum level of 13 m above present mean sea level 
(MSL) (Bjørnsen et al. 2008; Clemmensen et al. 2012b).

The many boulder reefs of the northern Kattegat 
area – as well as a 0.5–2 m thick continuous abrasion 
conglomerate on top of the glacio-marine deposits and 
below the Holocene marine deposits on Læsø – have 
been derived by erosion of the two glacio-marine 
deposits in which boulders and other types of coarse 
material were dropped from melting icebergs during 
both the early and late Weichselian marine periods 
(Jessen 1897, 1922; Hansen 1977, 1995, 2015; Bahnson 
 et al. 1986). Four nearly identical 14C datings of Balanus  
and Mytilus adhering to large boulders that were dug 
out of the residual conglomerate at both the north and 
the south coast of Læsø indicate that the erosion of the 
glacio-marine and Boreal landscape had ceased around 
3200 years BP (Table 1), and the landscape had become 
covered by younger marine sand within the outline of 
the present island.

During this work, we obtained OSL age determinations 
of marine sand deposits at the highest possible position in 

the oldest part of present Læsø. The results indicate that 
the area became sea-covered no later than 6300 years BP 
and remained so until the present island emerged c. 4900 
years BP (Table 1, plot in Fig. 15). Thus, the Holocene archi-
pelago of Læsø has been deposited on top of a diachronous 
abrasion platform formed from the onset of the Litorina 
transgression of the region prior to 6300 years BP until c. 
3200 years BP. Beneath and around Læsø this abrasion plat-
form is found in an area of about 400 km2 with a top level of 
–4 to +2 m above MSL (Hansen 1977, 1995, 2015; 
Hansen et al. 2012; cf. Larsen et al. 1986). 

Glacial isostatic adjustment (GIA) 
and local relaxation uplift
Compared to analogies in northern Jutland (Denmark) 
and Halland (Sweden), the raised beach deposits of 
Læsø are found at 1–3 m higher levels than should be 
expected (Hansen 1977, 1980, 1995; Bahnson et al. 1986). 
Hansen et al. (2012) described how this level difference 
may be caused by a supplementary, isostatic relaxation 
uplift that occurs in northern Kattegat in response to 
the above described Holocene erosion of pre-existing 
landscapes. By granulometric comparison of the 
eroded glacio-marine deposits with the re-deposited 
coarser material which has formed the Holocene beach, 
dune and marine deposits at Læsø, it was calculated 
that c. 10 m of glacio-marine clay and silt had been 
removed from the platform, and that this unloading 
would have accelerated the GIA, provided that the 
eroded material was transported a sufficient distance 
away from Læsø. Moreover, during the late Weich-
selian glacio-marine transgression, relative sea level 
rose to c. 70 m above MSL (Jessen 1922, Mertz 1924). 

 

Fig. 3. Nordre Rønner (viewed from 
north-east), a raised boulder reef with 
a lighthouse, 8 km north of Vesterø 
Havn (Fig. 1). (Photo: Eigil Holm).
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Methods and data
The reconstruction of the coastal development and 
relative sea levels of Læsø is mainly based on three 
new sets of data. These are, firstly, a detailed digital 
terrain model (part of governmental ‘Denmark’s El-
evation Model’, see description below); secondly, 119 
absolute age determinations, mainly OSL datings (see 
age model below and Table 1); and thirdly, 15 km of 
ground penetrating radar (GPR) profiles measured in 
2009, supplementing Andreasen’s 50 km of GPR meas-
ured in 1986 (report from Læsø Kommune 1989), some 

Thereafter, unloading of a substantially larger water 
column in northern Kattegat than in the higher terrains 
of northern Jutland and western Sweden may have 
further accelerated the isostatic uplift of the central 
part of the region. By comparison of uplift rates of the 
youngest saltmarsh shorelines at Læsø with uplift rates 
of the tide gauges at the same GIA isolines in Jutland 
and western Sweden, Hansen et al. (2012) found that 
the supplementary relaxation uplift would presently 
be 0.82 mm/yr added to the regional glacial rebound of 
the tide gauges (GIA presently 1.50 mm/year) yielding 
a total present isostatic uplift of Læsø by 2.32 mm/year. 

 

 

Prominent beach ridges and main 
directions of exposure 

Palaeo-shorelines exposed to the NW to NE

Palaeo-shorelines exposed to the NE to S

Palaeo-shorelines exposed to the NW to S

5 km
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20
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Fig. 4. Overview map of the most prominent beach ridges of Læsø, where around 4000 line-kilometres of such palaeo-shorelines 
are still visible. Three regions show where beach ridges have been exposed to the north (blue), to the south-east (green), and to 
the south-west (brown). Red lines indicate erosional structures such as brinks and cliffs. Dotted curves: Timelines (isochrons 
of the age model in Fig. 36). Black frames indicate locations of text figures of maps of the digital terrain model. Frame numbers 
refer to figure numbers.
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of which have previously been published (Hansen 
1995). The applied methods are described below.

Beach-ridge mapping, chronology  
and levelling
Mapping, chronological order and present levels of 
beach ridges have been determined from a digital 
terrain model (DTM) produced in 2006 from an ad-
vanced airborne laser-scanning survey. The real grid 
cell size of this DTM is c. 3 m2 and the global, vertical 
precision is generally claimed by the lidar company 
to be better than 6 cm. Our independent Differential 
GPS level control on Læsø shows that the global (ab-
solute), vertical precision is better than 4 cm in two 
separate test areas (Stoklund and Bansten Bakke). 
Moreover, we found that the local (relative) vertical 
precision of the present shoreface of the large sand 
flat south of Læsø, which was partly dry the day the 
DTM was measured, is c. 1 cm within distances of 1 
km or more.

Determination of beach-ridge levels
From the DTM, levels of 1200 transects with a length 
of 100–500 m have been measured in three main areas 
(Fig. 4) where the ridges have been exposed to the north, 
south-west and south-east, respectively, and where the 
relative chronology of ridges is easily established (see 
below). The transects were oriented along the beach-
ridge crests in order to determine the mean base level 
of ridge crests (BLRC) of each transect. By applying the 
base level of the crest transects, small aeolian dunes 
on top of the ridge crests as well as obvious erosional 
structures and ditches can be excluded. For each of the 
beach-ridge transects, the mean z coordinate (elevation) 
of the BLRC was calculated both manually and by a 
general mathematical algorithm, excluding outliers 
such as minor peaks (mainly small dunes) and nar-
row lows (mainly deflation carvings and ditches). The 
method is illustrated in Hansen et al. (2012, figs 2, 3).

The significance of applying base levels of beach-
ridge crests (reduced for height of swash) for RSL re-
construction − instead of swale levels and other types 
of RSL proxies − is discussed later.

Absolute age determinations
All absolute age determinations known to us (No-
vember 2014) of materials from Læsø are listed in 
Table 1. Of these, 20 14C, tree-ring and thermo-lumi-
nescence datings have previously been published in 
various contexts. For this work, we have acquired 99 
new absolute age determinations. 14C datings have 
been performed at the AMS-laboratory at Aarhus 
University. OSL datings have been performed at the 
Nordic Laboratory for Luminescence Dating, Risø, 

Denmark, and the Laber OSL laboratory, Waterville, 
USA. Tree-ring datings of a large, buried medieval 
vessel were performed at Moesgaard Museum, 
Aarhus.

Age modelling of coastal progradation
After identification of the oldest preserved beach 
ridge (see later section “4900–4000 years BP”), the 
age model presented here of the coastal progradation 
builds on four independent sets of chronology data: 
1)  observed, relative chronology of, and distances 

between, the numerous beach ridges. 
2)  absolute age determination of a number of selected 

beach ridges (Table 1), supplemented with 
3)  absolute age determinations of marine and ter-

restrial deposits that respectively pre-date and 
post-date beach deposits (Table 1, plot in Fig. 15). 

4)  cultural evidence such as ages and positions of ar-
chaeological finds, ages and positions of medieval 
churches, the settlements and agricultural phases 
of the island, ages and positions of ancient harbour 
and vessel finds, the positions of c. 1700 known 
ruins after medieval and renaissance salt produc-
tion huts built on the contemporaneous shores on 
southern Læsø, and the position of shorelines on 
old reliable maps.
Of these four datasets, 1) and 2) are most important 

for building the age model, while 3) and 4) must not 
contradict the age model.

By applying the classical Stenonian principles of 
superposition and intersection, the exact chrono-
logical order of all observable beach ridges can be 
established within each of the three main areas.

Until recently, correlation of beach ridges between 
the three main areas of Læsø has been a major prob-
lem because the beach ridges of the three areas (Fig. 
4) are only sporadically interconnected and traceable 
between the areas. Thus, until development of the 
detailed DTM, a complete history of the entire island 
has been dependent on relatively imprecise level cor-
relations and a few absolute 14C age determinations 
(carbonate shell material is generally not preserved 
in the uppermost sediments, i.e. in the beach depos-
its). However, after refinement of the OSL dating 
technique, the greatly increased number of reliable 
absolute age determinations since 2006 (Table 1) has 
provided the basis for a robust, coherent, absolute 
age model of the coastal history of the island (result 
in Fig. 36).

The procedure for the construction of the age 
model for the island is outlined in Table 2.
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1 10.8754 57.2546 1.99 0.3 1.69 OSL 740 1267 60 2007 A. Nielsen Beach ridge this work

2 10.8756 57.2537 2.39 0.3 2.09 OSL 113 1896 15 2009 T.Aagaard (0B) Aeolian this work

3 10.8855 57.2684 2.03 0.3 1.73 OSL 189 1820 14 2009 T.Aagaard (0A) Aeolian this work

4 10.8861 57.2535 3.08 0.45 2.63 OSL 850 1159 90 2009 T.Aagaard (1) Beach ridge this work

5 10.8903 57.2626 3.39 0.35 3.04 OSL 1400 609 90 2009 T.Aagaard (2) Beach ridge this work

6 10.8999 57.271 4.24 1.5 2.74 OSL 1590 418 90 2008 A. Murray Beach ridge this work

7 10.9128 57.2824 5.42 1 4.42 OSL 2230 -222 140 2008 A. Murray Beach ridge this work

8 10.9298 57.2886 6.84 0.45 6.39 OSL 3000 -991 180 2009 T.Aagaard (9) Beach ridge this work

9 10.9351 57.2912 7.39 0.4 6.99 OSL 3200 -1191 220 2009 T.Aagaard (10) Beach ridge this work

10 10.939 57.2927 8.05 0.5 7.55 OSL 3240 -1231 240 2009 T.Aagaard (11) Beach ridge this work

11 10.9401 57.277 6.07 0.55 5.52 OSL 2910 -901 180 2009 T.Aagaard (6) Beach ridge this work

12 10.9574 57.2945 7.4 0.54 6.86 14C 2680 -730 100 1970 J.Stockmarr Terr. (charcoal) this work

13 10.9622 57.2975 9.1 0.2 8.9 14C 1610 340 100 1970 J.Stockmarr Terr. (Quercus) this work

14 10.9622 57.2975 9.1 0.85 8.25 14C 3355 -1405 80 1970 J.Stockmarr Terrestrial (peat) this work

15 10.9655 57.2711 5.58 0.45 5.13 OSL 2430 -421 150 2009 T.Aagaard (7) Beach ridge this work

16 10.9675 57.2737 7.94 0.3 7.64 OSL 1190 819 130 2009 T.Aagaard (5) Aeolian this work

17 10.9725 57.2868 8.94 0.6 8.34 OSL 3750 -1741 230 2009 T.Aagaard (12) Beach ridge this work

18 10.9919 57.2911 11.05 0.5 10.55 OSL 4900 -2890 300 2010 J.M.Hansen (03) Litoral this work

19 10.9989 57.3018 8.52 0.4 8.12 OSL 3340 -1330 180 2010 J.M.Hansen (01) Beach ridge this work

20 10.9989 57.3018 8.52 6.5 2.02 OSL 6300 -4292 500 2008 B.Larsen (B2) Marine this work

21 10.9989 57.3018 8.52 7.5 1.02 OSL 5700 -3692 400 2008 B.Larsen (B2) Marine this work

22 10.9989 57.3018 8.52 8.5 0.02 OSL 19700 -17692 1700 2008 B.Larsen (B2) Glaciomarine ? this work

23 11.0007 57.2934 10.77 0.5 10.27 OSL 4000 -1990 200 2010 J.M.Hansen (02) Litoral this work

24 11.0007 57.2934 10.77 2.5 8.27 OSL 4300 -2292 200 2008 B.Larsen (B1) Marine this work

25 11.0007 57.2934 10.77 3.5 7.27 OSL 4800 -2792 300 2008 B.Larsen (B1) Marine this work

26 11.0007 57.2934 10.77 4.5 6.27 OSL 4300 -2292 200 2008 B.Larsen (B1) Marine this work

27 11.0007 57.2934 10.77 5.5 5.27 OSL 4600 -2592 300 2008 B.Larsen (B1) Marine this work

28 11.0007 57.2934 10.77 6.5 4.27 OSL 4400 -2392 200 2008 B.Larsen (B1) Marine this work

29 11.0096 57.2833 9.16 0.15 9.01 OSL 3500 -1490 200 2010 J.M.Hansen (04) Beach-litoral this work

30 11.0096 57.2833 9.16 0.5 8.66 OSL 4800 -2790 300 2010 J.M.Hansen (05) Marine this work

31 11.0096 57.2833 9.16 8.5 0.66 OSL 4800 -2792 400 2008 B. Larsen (B3) Marine this work

32 11.0096 57.2833 9.16 10.5 -1.34 OSL 37000 -34992 4000 2008 B. Larsen (B3) Glaciomarine this work

33 11.0127 57.2923 10.75 13.5 -2.75 14C 12987 -11037 180 1967 O.Michelsen Glaciomarine (shell) Michelsen 1967

34 11.0052 57.2882 10.05 0.8 9.25 14C 3375 -1425 100 1970 J.Stockmarr Terrestrial (peat) this work

35 10.9334 57.2484 1.26 0.52 0.74 OSL 1369 642 112 2011 J.M.Hansen (M) Marine this work

36 10.9334 57.2484 1.26 0.36 0.9 OSL 241 1770 23 2011 J.M.Hansen (M) Marsh ridge this work

37 10.9337 57.2498 1.69 0.7 0.99 OSL 1951 60 154 2011 J.M.Hansen (N) Marine this work

38 10.9337 57.2498 1.69 0.38 1.31 OSL 1471 540 144 2011 J.M.Hansen (N) Marine this work

39 10.9337 57.2498 1.69 0.17 1.52 OSL 611 1400 64 2011 J.M.Hansen (N) Marsh ridge this work

40 10.9345 57.2522 2.01 0.38 1.63 OSL 1950 61 166 2011 J.M.Hansen (L) Marine this work

41 10.9346 57.253 2.31 0.43 1.88 OSL 1569 442 137 2011 J.M.Hansen (K) Marine this work

42 10.9354 57.2558 2.26 0.46 1.8 OSL 2015 -4 162 2011 J.M.Hansen (J) Marine this work

43 10.947 57.2446 0.99 0.49 0.5 OSL 1680 331 210 2011 J.M.Hansen (A) Marine this work

44 10.9465 57.2453 1.19 0.48 0.71 OSL 233 1778 50 2011 J.M.Hansen (B) Marsh ridge this work

Table 1. Compilation of absolute age determinations of materials from Læsø known to us (November 2014) 

No. Coordinates
Degr.  E

Coordinates
Degr.  N

Terrain
m

Depth
m

Level
m

Type Ag years 
BP

Cal. year 
AD

+/- 
years BP

Collec- 
ted AD

Collector  
(sample ID)

Environment 
(interpretation)

Published 
(reference)



·     9Holocene sea-level changes and coastal development of Læsø

45 10.9465 57.2453 1.19 0.27 0.92 OSL 190 1821 43 2011 J.M.Hansen (B) Marsh ridge this work

46 10.9499 57.2595 3.71 0.84 2.87 OSL 1872 139 153 2011 J.M.Hansen (H) Marine this work

47 10.9499 57.2595 3.71 0.48 3.23 OSL 1688 323 138 2011 J.M.Hansen (H) Litoral this work

48 10.9501 57.2602 3.64 0.43 3.21 OSL 1716 295 140 2011 J.M.Hansen (G) Litoral this work

49 10.9509 57.2617 3.6 0.39 3.21 OSL 2011 0 170 2011 J.M.Hansen (F) Marine this work

50 10.9509 57.2617 3.6 0.19 3.41 OSL 1759 252 133 2011 J.M.Hansen (F) Litoral this work

51 10.9589 57.2442 1.25 0.5 0.75 OSL 1253 758 109 2011 J.M.Hansen (O) Marine this work

52 10.9589 57.2442 1.25 0.39 0.86 OSL 300 1711 36 2011 J.M.Hansen (O) Litoral this work

53 10.9589 57.2442 1.25 0.18 1.07 OSL 274 1737 28 2011 J.M.Hansen (O) Marsh ridge this work

54 10.9600 57.2453 1.98 0.71 1.27 OSL 667 1344 97 2011 J.M.Hansen (E) Litoral this work

55 10.9600 57.2453 1.98 0.29 1.69 OSL 594 1417 47 2011 J.M.Hansen (E) Marsh ridge this work

56 10.9631 57.2468 2.66 0.62 2.04 OSL 1728 283 141 2011 J.M.Hansen (I) Marine this work

56a 10.9623 57.2555 1.83 0.32 1.51 OSL 1794 217 310 2011 J.M.Hansen (D) Marine this work

57 10.9667 57.2500 1.99 1.5 0.49 14C 12933 -10983 210 1973 Tauber & Krogh Glaciom. (Saxicava) Krog 1968

57a 10.9646 57.2483 2.12 0.38 1.74 OSL 1819 192 285 2011 J.M.Hansen (C) Marine this work

58 10.9667 57.2500 2.06 1.5 0.56 14C 13793 -11843 180 1973 Tauber & Krogh Glaciom. (Saxicava) Krog 1968

59 10.9965 57.2669 7.75 0.8 6.95 OSL 4100 -2090 200 2010 J.M.Hansen (08) Marine this work

60 11.0041 57.266 7.0 0.6 6.4 OSL 3990 -1980 200 2010 J.M.Hansen (07) Marine this work

61 11.0041 57.266 7.0 0.35 6.65 OSL 580 1430 40 2010 J.M.Hansen (06) Aeolian this work

62 11.0052 57.2616 5.11 1 4.11 14C 3182 -1232 200 1977 Jensen (1872) Marine (whale) Hansen 1977

63 11.0434 57.2394 1.66 0.2 1.46 Dendro 543 1466 0 2009 J.Vellev Marsh ridge (pole/Pinus) this work

64 10.8627 57.2319 -2 0 -2 14C 10274 -8324 41 2009 J.H.Larsen (A.Fischer) Terr. (trunk/Pinus) this work

65 11.0102 57.2029 2.34 0.65 1.69 OSL 420 1589 30 2009 J.M.Hansen (1) Marsh ridge Hansen et al. 2012

66 11.0102 57.2029 2.34 0.4 1.94 OSL 340 1669 30 2009 J.M.Hansen (2) Aeolian Hansen et al. 2012

67 11.0131 57.2035 2.08 0.75 1.33 OSL 380 1629 30 2009 J.M.Hansen (3) Litoral Hansen et al. 2012

68 11.0131 57.2035 2.08 0.35 1.73 OSL 280 1729 30 2009 J.M.Hansen (5) Aeolian Hansen et al. 2012

69 11.0123 57.2069 1.91 0.55 1.36 OSL 330 1679 20 2009 J.M.Hansen (7) Marsh ridge Hansen et al. 2012

70 11.012 57.2079 1.78 0.3 1.48 OSL 320 1689 20 2009 J.M.Hansen (9) Marsh ridge Hansen et al. 2012

71 11.0078 57.2083 1.57 0 1.57 Map 220 1786 0 2006 R. Sci. Acad. Shoreline Hansen et al. 2012

72 11.0394 57.2108 0.22 1.8 -1.58 14C 3297 -1347 23 2010 J.M.Hansen Marine (Balanus) this work

73 11.0375 57.212 0.2 1.8 -1.6 14C 3347 -1397 29 2010 J.M.Hansen Marine (Balanus) this work

74 11.0535 57.2658 2.6 0.33 2.27 OSL 1800 209 140 2009 J.M.Hansen (07) Marine Hansen et al. 2012

75 11.0578 57.2614 2.05 0.15 1.9 OSL 700 1309 70 2009 J.M.Hansen (05) Marsh ridge Hansen et al. 2012

76 11.0578 57.2614 2.05 0.35 1.7 OSL 1660 349 110 2009 J.M.Hansen (06) Marine Hansen et al. 2012

77 11.0623 57.2599 2.16 0.35 1.81 OSL 870 1139 60 2009 J.M.Hansen (08) Marsh ridge Hansen et al. 2012

78 11.0647 57.2597 1.98 0.45 1.53 OSL 780 1229 50 2009 J.M.Hansen (12) Marsh ridge Hansen et al. 2012

79 11.0698 57.2605 1.82 0.35 1.47 OSL 820 1189 80 2009 J.M.Hansen (15) Marsh ridge Hansen et al. 2012

80 11.0719 57.2601 1.77 0.35 1.42 OSL 660 1349 40 2009 J.M.Hansen (16) Marsh ridge Hansen et al. 2012

81 11.0759 57.259 1.43 0.3 1.13 OSL 530 1479 40 2009 J.M.Hansen (17) Marsh ridge Hansen et al. 2012

82 11.0776 57.2585 1.61 0.25 1.36 OSL 420 1589 30 2009 J.M.Hansen (03) Marsh ridge Hansen et al. 2012

83 11.0817 57.2572 0.97 0.2 0.77 OSL 260 1749 40 2009 J.M.Hansen (01) Marsh ridge Hansen et al. 2012

84 11.0797 57.2693 1.48 0.2 1.28 Dendro 530 1463 1 1993 J.Vellev Marsh ridge (pole) Vellev 1993

85 11.0787 57.2709 1.45 0 1.45 TL 523 1470 50 1993 J.Vellev (Mejdahl) Marsh ridge Vellev 1993

86 11.0441 57.2884 5.12 1 4.12 14C 3245 -1295 100 1993 J.M.Hansen Marine (whale) Hansen 1995

Table 1 continued. Compilation of absolute age determinations of materials from Læsø known to us (November 2014) 
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BLRC = RSL + S + D – E
where
RSL = ASL + (UL+UR+UI) − C 
and RSL is the relative shore-level displacement, S is 
the height of swash (run-up), D is the thickness of pos-
sible aeolian dunes on top of the crests, E is the depth 
of possible, local erosion (deflation, ditches, streams), 
ASL is the absolute (‘eustatic’) sea level of the region, 

Compensation for vertical displacement of 
sea-level proxies (RSL displacement)
Terrain levels of beach-ridge landscapes combine 
several types of active and previously active agents. 
Thus, in the case of Læsø ( Hansen et al. 2012) the levels 
of the 1200 measured mean base levels of ridge crests 
(BLRC) can be described as:

87 11.0757 57.294 0.59 2 -1.41 Dendro 628 1381 0 2009 J.M.Hansen Mar. (ship/Quercus) this work

88 11.025 57.3154 4.05 0.3 3.75 OSL 290 1717 20 2007 A.Nielsen Aeolian this work

89 11.0305 57.3113 8.55 0.3 8.25 OSL 2900 -893 160 2007 A.Nielsen Aeolian this work

90 11.0636 57.3073 9.01 0.3 8.71 OSL 1460 549 130 2009 M.Binderup (07) Aeolian this work

91 11.0636 57.3073 9.01 0.6 8.41 OSL 2000 9 140 2009 M.Binderup (07A) Aeolian this work

92 11.1183 57.3069 4.83 0.5 4.33 OSL 310 1699 30 2009 M.Binderup (01) Aeolian this work

93 11.0871 57.3179 2.68 2 0.68 OSL 2610 -602 140 2008 A.Murray Marine this work

94 11.0893 57.318 3.95 3.9 0.05 14C 3380 -1430 50 1976 J.M.Hansen Marine (Mytilus) Hansen 1977

95 11.0893 57.318 3.95 3.9 0.05 14C 3340 -1390 50 1976 J.M.Hansen Marine (Balanus) Hansen 1977

96 11.0925 57.3179 7.94 3.5 4.44 OSL 2580 -572 150 2008 A.Murray Marine this work

97 11.0951 57.3179 6.09 5 1.09 OSL 2380 -372 140 2008 A.Murray Marine this work

98 11.1212 57.3152 5.41 0.3 5.11 OSL 830 1178 60 2008 M.Binderup (09) Aeolian this work

99 11.1212 57.3152 5.41 0.6 4.81 OSL 1570 438 220 2008 M.Binderup (08) Beach ridge this work

100 11.1314 57.3097 2.88 0 2.88 Dendro 1365 640 0 2005 P.Lysdahl Litoral (pole/Taxus) Hansen 1995

101 11.1402 57.3043 2.52 0.3 2.22 OSL 400 1608 50 2008 M.Binderup (10) Aeolian this work

102 11.1477 57.3152 4.98 0.3 4.68 OSL 2280 -272 160 2008 M.Binderup (03) Beach ridge this work

103 11.1439 57.3236 6.33 0.3 6.03 OSL 1860 148 180 2008 M.Binderup (04) Aeolian this work

104 11.1519 57.3257 3.28 0.3 2.98 OSL 1650 358 140 2008 M.Binderup (5A) Beach ridge this work

105 11.1783 57.3146 2.28 0.3 1.98 OSL 1050 958 110 2008 M.Binderup (06) Beach ridge this work

106 11.192 57.3146 1.28 0.3 0.98 OSL 260 1747 10 2007 A.Nielsen Beach ridge this work

107 10.9315 57.298 1 0 1 14C 7750 -5800 120 1969 N.A.Möner Terr. (reworked gytja) Möner 1969

108 10.9971 57.2716 8.11 0.63 7.48 OSL 3740 -1727 270 2013 J.M.Hansen (5) Beach ridge this work

109 10.9864 57.293 10.84 0.46 10.38 OSL 5550 -3537 440 2013 J.M.Hansen (7) Marine? this work

110 10.9864 57.293 10.84 0.62 10.22 OSL 5210 -3197 430 2013 J.M.Hansen (8) Marine? this work

111 10.9901 57.2919 10.67 0.56 10.11 OSL 4840 -2827 350 2013 J.M.Hansen (10) Beach ridge this work

112 10.9911 57.2915 10.87 0.35 10.52 OSL 3890 -1877 350 2013 J.M.Hansen (11) Beach ridge this work

113 10.9911 57.2915 10.87 0.6 10.27 OSL 6100 -4087 380 2013 J.M.Hansen (12) Marine this work

114 10.9959 57.2869 9.63 0.37 9.26 OSL 5550 -3537 400 2013 J.M.Hansen (13) Marine this work

115 10.9851 57.2962 10.52 0.53 9.99 OSL 4470 -2457 280 2013 J.M.Hansen (14) Beach ridge this work

116 10.9777 57.2999 9.33 0.45 8.88 OSL 4890 -2877 330 2013 J.M.Hansen (17) Marine? this work

117 10.9774 57.3011 7.84 0.35 7.49 OSL 5200 -3187 310 2013 J.M.Hansen (18) Marine this work

This compilation comprises all age determinations know to us by November 2014. Coordinates are in decimal degrees.  

Ages: BP (before present) relates to the year of collection (14C-samples to 1950 according to international convention). Dating methods: OSL: Optically Stimulated Luminescence.
14C: Radiometric dating. Dendro: Tree-ring counting. TL: Thermo-luminescence. Coring technique: due to water saturation of fine-grained sand deposits some boreholes may have 

caved during coring (only samples collected by B. Larsen).
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Table 1 continued. Compilation of absolute age determinations of materials from Læsø known to us (November 2014) 
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tions found by cross-shore levelling clearly correspond 
to inclinations found by cross-shore GPR profiling of 
beach ridges at the same locations, when levels of the 
shorelines of the actual beach ridges are identified by 
downlap of steep reflectors on less steep reflectors.

At Læsø we used the method of GPR identification 
of downlaps in the depth interval of 0.3–2.5 m below 
the surface levels of the beach-ridge terrains. About 
15 km of reflection GPR profiles were measured 
in 2009 in the south-western and northern parts of 
Læsø. The GPR data was aquired using a pulseEKKO 
PRO system manufactured by Sensors & SoftwareTM, 
equipped with 250 MHz shielded transmitter and 
receiver antennae providing the required resolution 
for the purpose (Nielsen & Clemmensen 2009). The 
antenna separation was 0.38 m and the spatial and 
temporal sampling was 0.05 m and 0.4 ns, respectively. 
Topography along the GPR sections was measured 
with a Trimble GPS system with an accuracy of c. 
0.02 m in open areas while the topographical infor-
mation in forests was depicted from the DTM. A 
standard processing sequence was applied to the data 
(e.g. Nielsen & Clemmensen 2009; Hede et al. 2015),  
including dewowing to suppress the low-frequency 
inductive part of the GPR signal, low-pass filtering 
to reduce high-frequency noise and increase signal-
to-noise ratio, migration to move dipping reflections 
into their proper subsurface position and collapse 
diffraction hyperbolas, and a robust automatic gain 
control function with an operator length of either four 
or eight pulses to account for loss of amplitude due to 
geometrical spreading and attenuation. GPR velocity 
information was obtained from sparsely observed dif-
fraction hyperbolas revealing velocities about 0.1–0.12 
m/ns in the most shallow and dry sediment, decreas-
ing to about 0.06 m/ns in the deeper and completely 
water saturated sediments. The migration, the time-
to-depth conversion and the topographical correction 

UL is local tectonic uplift, UR is regional relaxation 
uplift, UI is glacio-isostatic adjustment (GIA), and C is 
(negligible) compaction of underlying, unconsolidated 
sediments. Because RSL constitutes the sum of abso-
lute sea level (ASL) and vertical terrain changes (U and 
C), the present RSL reconstruction is only dependent 
on how base levels of beach-ridge crests (BLRC) were 
measured in order to avoid effects of small dunes (D) 
and erosional features (E) and how BLRC measure-
ments were compensated for height of swash (S).

On Læsø, the geological parameters of U and C 
were thoroughly examined by Hansen et al. (2012) in 
two test areas where these geological agents could 
be parameterized for the last c. 900 years. However, 
in other areas and regions the problem of geological 
background noise is still a global, often unrecognized 
and mostly unsolved problem in sea-level reconstruc-
tions and tide-gauge measurements (see discussion 
below on ‘Identification of geological background 
noise in a low seismicity region’). Therefore, in the 
present context of RSL reconstruction we abstain from 
absolute sea-level (ASL) calculations.

Estimation of swash heights (run-up) 
by ground penetrating radar (GPR)
In GPR cross-sections of beach ridges (examples in Fig. 
18 and Fig. 25), the relative sea level (RSL) of the actual 
beach ridge can be identified as the points where rela-
tively steep reflectors of beach faces downlap on less 
steep reflectors of the upper shore face (Tamura et al. 
2008; Nielsen & Clemmensen 2009; Clemmensen & 
Nielsen 2010; Clemmensen et al. 2012a; Hede et al. 2013). 
On the basis of cross-shore GPR and levelling profiles 
on Feddet (Sjælland), Hede et al. (2013) showed that 
the inclinations of beach-face reflectors (mean around 
5°) and upper shoreface reflectors (mean around 1°) 
are clearly separated into two distinct populations. 
Moreover, Hede et al. (2013) showed that the inclina-

Table 2. Procedure for construction of the age model of the island

1: Identification and chronological numbering of continuous series of sub-
sequent beach-ridges within each of the three main areas, supplemented 
with a similar chronological numbering of continuous beach-ridges of the 
originally separate saltmarsh islets of Langerøn, Kringelrøn and Horn-
fiskrøn south of the main island.

2: Measurement of mean base levels of ridge crests (BLRC) of identified 
beach-ridges (calculation method, see Hansen et al. (2012) and next sec-
tion) and relation of these levels to the chronological order of the ridges. 

3: Level correlation of the chronologically ordered beach-ridges of the 
three main areas and saltmarsh islets. 

4: Transformation of the exact chronology of beach-ridges to an absolute 
age model of the coastal progradation by application of the collated ab-
solute age determinations. By linear interpolation, based on the distances 

between the beach-ridges, an absolute interpolate age is assigned to 
each of the beach-ridges.

5: By comparison of the age/level curves of each of the three main areas, 
prominent peaks and lows are adjusted by at most 100 years to the age 
of that part of the curves with most absolute age determinations. 

6: Correlation of all curves of step 5 such that interpolated age differences 
of more than 10 years will not occur. Then every single one of the 1200 
measured beach-ridge levels from the three main areas is assigned with a 
measured (when existing) or interpolated absolute age. 

7: Construction of one single, integrated RSL curve of the island is done 
on the basis of step 6 by calculating age and level means of every 10 year 
interval of the 1200 measured beach-ridges.
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were performed using a constant velocity field with 
an average of 0.08 m/ns as the velocity information 
from the diffraction hyperbolas was too sparse to set 
up 1D or 2D velocity fields. The uncertainty on the 
determination of the velocities was transferred to 
the time-to-depth conversion, resulting in an under-
estimation of the depth of up to 0.5–1.0 m within the 
upper 3 m of the subsurface where the velocities can 
be higher than 0.08 m/ns.

This data set has allowed determination of swash 
heights for the two main areas faced to the north and 
to the south-west (Fig. 4). Thus, by subtracting depths 
of the downlap points from the actual BLRC level the 
swash heights can be determined. 

About 50 km of GPR profiles measured with an 
early version of the GPR technique (Andreasen 1986) 
from other parts of Læsø have also been available, but 
due to the use of an antenna with a lower frequency 
the data resolution mostly does not allow identifica-
tion of the downlap levels.

Estimation of swash heights (run-up) 
by terrain level analyses
In the main area faced to the east and south-east (Fig. 
4), determination of swash heights is mainly based 

on the lidar digital terrain model terrain level. This 
can be done in two ways that supplement each other:

1) By comparison of the BLRC of the individual 
beach ridges with the levels of neighbouring swales, 
when both mean levels of ridges and swales are meas-
ured parallel to the beach-ridge direction. 

2) By profiling perpendicular to the length direc-
tion of the beach ridges and applying a mathematical 
transform (corresponding to the BLRC-transform) in 
order to find the actual base level of the swales.

We found that method 1 is applicable in terrains 
where beach ridges are well separated, whereas it 
is not applicable in terrains of condensed high- and 
low-ridge plains. Method 2 is generally applicable 
when repeated in several parallel profiles. In areas 
where modern GPR data are available, there is good 
agreement between the GPR downlap method and 
both lidar model methods, although thus determined 
swash heights are about 0.1–0.2 m lower than when 
determined by GPR profiling. This small, but general 
difference probably shows that the downlap point 
may be situated up to 0.2 m below mean water level, 
depending on the coastal exposure. Alternatively, 
small errors in the GPR velocity estimate may lead to 
a small bias in depth estimation of the downlap points.

Table 3. Contents of the RSL series database for Læsø. See Fig. 4 and Fig. 5 for the various areas and Fig. 1 for place names.  
The coastal types are described in the Results chapter

Læsø south-west: Beach-ridges from the oldest parts of present Læsø (the ‘top’ of the island) to Stokken at the south-western corner. 
Coastal types and ages of ridges: 
 Condensed high-ridge plain of the ‘top’ of the island (4900–4000 years BP) 
 Barrier spit and lagoon systems of Kærene and more south-westwards (4000–2500 years BP)
 Barrier island and lagoon systems of south-western Læsø (2500 years BP to present)
 
Læsø north: Beach-ridges from the oldest parts of present Læsø (the ‘top’ of the island) to the north coast at Hornex and Holtemmen. 
Coastal types and ages of ridges:
 Condensed high-ridge plain from the top of the island to Hornex (4900 years BP to present)
 Condensed high-ridge plain from the top of the island to the high cliff at Holtemmen (4900–3000 years BP)
 Condensed high-ridge plain from the high cliff to present shoreline at Holtemmen (c. 1000 years BP to present)

Læsø east: Beach-ridges from Bansten along the northern and central part of the Østerby peninsula to Bløden Hale. 
Coastal types and ages of ridges:
 A series of nine attached barrier spit and lagoon systems (3500 years BP to present)
  
Læsø south-east: Beach-ridges and saltmarsh ridges formed from the ‘top’ of the island to the present coastline at Stoklund and Bangsbo. 
Coastal types and ages of ridges:
 Condensed high-ridge plain from the ‘top’ to south-east of Højsande (4900–3500 years BP)
 Condensed low-ridge plain (raised saltmarsh) from south-east of Højsande to the present coast of Stoklund and Bangsbo (3500 years BP to present)

Læsø south: Raised saltmarsh ridges of Tørkeriet. Coastal type and ages of ridges:
 Attached, condensed low-ridge plain and present saltmarsh (1700 years BP to present)

Læsø, Rønnerne: Saltmarsh ridges originally formed around raised boulder reefs on the shallow abrasion platform of southern Læsø. 
Coastal types and ages of ridges:
 Detached, concentric low-ridge plain of Langerøn (c. 1000 years BP to present)
 Detached, concentric low-ridge plain of Kringelrøn (c. 1000 years BP to present)
 Detached, concentric low-ridge plain of Hornfiskrøn (900 years BP to present)
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of Læsø as they can be traced from the DTM, supple-
mented by field studies of the coastal development, 
vegetation history (Hansen 1994, 1995), medieval 
settlement and salt industry (Hansen 2010). Thus, the 
land- and seascapes of the present island can be clas-
sified into a number of distinct morphological types 
based on the origin of the landscapes and the original 
coastal setting and processes (Fig. 5). Each type of 
coastal landscape is here given a short morphologi-
cal definition, a general explanation and examples of 
locations.

Raised boulder reefs
Piles of boulders jutting out of the sea bottom, sea 
surface or landscape (Fig. 3, Fig. 6). 

The boulder reefs comprise the coarse residual 
after erosion of the glacio-marine substrate of the 
region upon which the boulders rest (Fig. 7). The 
boulders may subsequently have been pushed to-
gether and piled up in boulder reefs by ice packing 
in periods when they were situated close to the sea 
level of the time. Ice packing processes are still ac-
tive on the shallow platform south of Læsø when 
the shallow water freezes to the bottom, forming 
a widespread ice sheet. During strong winds and 
high water levels the ice sheet is lifted free of the 
bottom, and the wind is able to drag frozen-in 
boulders around, often leaving more than 100 m 
long plough marks behind them. In areas with high 
concentrations of large boulders the ice packing 
process may be able to pile boulders, thus forming 
new boulder reefs.

The islands of Nordre Rønner and Borfeld 8 km 
north of Vesterø Havn, as well as Søndre Rønner  
5 km south-west of Hornfiskrøn (Fig. 1), are emerged 
boulder reefs. The large submerged boulder reef of 
Læsø Trindel 12 km north of Østerby Havn has been 
nearly removed by stone fishing, but since 2009 it 
has been reconstructed by dumping of large quanti-
ties of imported Norwegian granite blocks. Inside 
the present outline of Læsø, raised boulder reefs 
are found in the town Byrum (Bakken and Ting-
stedet), at the south-western side of Hornfiskrøn 
(‘Engelskmandens Grav’, Fig. 6), in the landscape 
of Tørkeriet (most boulders are removed), and in 
the ‘umbos’, i.e. the incipient nuclei of Langerøn, 
Kringelrøn and Færøn.

Raised abrasion plains (‘sand-paper plains’)
Plains characterized by widespread, often monolithic 
boulders resting directly upon the eroded glacio-ma-
rine platform, which here and there may also exhibit 
a residual cover of gravel and stones (Fig. 7). 

In most places the abrasion residual of gravel and 
stones is covered by a thin layer of sand, whereas 

Database for measured and modelled  
RSL/age index points

By combination of the procedures described above, a 
database presently containing more than 1200 entries 
has been created for the RSL/age relation, including 
also distances between subsequent ridges, data on age 
and level uncertainties, and modelled isostatic uplift. 
The database also comprises already published results 
by Hansen et al. (2012) from the saltmarshes and low 
heathers of Hornfiskrøn, Stoklund and Bangsbo.

The following periods are covered by RSL/age 
index points from a number of geographically sepa-
rated areas:

4900–4000 years BP: Three areas exposed to the north, 
south-west, and south-east.
4000–3500 years BP: Three (four) areas exposed the 
north (two), south-west, and south-east.
3500 years BP to present: Four areas exposed to the 
south-west, north, east, and south-east.
1700–900 years BP to present: Nine areas exposed to the 
north (two), south-west (one), south (four), south-east 
(one), and east (one).

Thus, the entire period 4900 years BP to present is repre-
sented by index points from at least three geographically 
separate areas which are exposed towards different main 
directions (N, SW, and SE to E), while young sections 
also include exposures towards the south. The contents 
of the database are detailed in Table 3.

Pollen analyses
Pollen analyses of peat samples from swales in the old-
est preserved part of the island have been performed 
in order to illustrate the vegetation of this small beach-
ridge landscape, and if the maturity of this coastal veg-
etation would suggest connection to larger, more fertile 
and now completely eroded glacio-marine landscapes. 

In the pollen diagrams (Figs 29–31) tree pollen 
counts have been reduced by 4 (Betula, Pinus, Alnus, 
Corylus and Quercus) or by 2 (Ulmus) or multiplied 
by 2 (Tilia and Fraxinus) in order to compensate for 
differences in pollen productivity between species 
(Andersen 1970), before calculating their percentages 
of the total number of tree pollen.

Results
Types of raised coastal landscapes
The typification of raised coastal landforms used here 
is based on detailed beach-ridge mapping of all parts 
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Barrier-spit and lagoon systems

Complex beach ridges at major spit tips

Barrier-island and lagoon systems

Condensed high-ridge plains,
exposed to the north

Raised abrasion plains with
widespread monolithic boulders
Shallow abrasion platform with
widespread monolithic boulders

Abrasion platform, covered with sand,
water depths < 0,3 m

Condensed low-ridge plains

Concentric low-ridge plains

Raised boulder reefs

Beach-ridge crests

Erosional brinks and cliffs

Time lines (isochrons)

Condensed high-ridge plains,
exposed to the south-east

 

Fig. 6. Raised boulder reef around 
which the saltmarsh island of Horn-
fiskrøn has been formed, in this case 
’Engelskmandens Grav’ viewed 
from south-east. 
(Photo: Lasse Gudmundsson).

Fig. 5. Coastal progradation types of Læsø, each representing a specific type of coastal origin, morphology and landscape. 
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m. Swash heights were low, typically less than 0.2 m, 
even during storms, and the beach ridges were mainly 
formed during storm surges when fine-grained sand 
was caught in the halophile vegetation growing close 
to the shoreline (Hansen et al. 2012). At present, such 
beach ridges are generally formed behind a 3–5 km 
broad sandy coastal plain with water depths less 
than 0.3 m, where beach ridges accrete to a height of 
mostly 0.35 m and at maximum 0.6 m before isostatic 
uplift and invasion of halophile vegetation creates a 
new low beach ridge on the extremely shallow sand 
flat some 50–200 m seaward of the preceding beach 
ridge. Most parts of the agricultural landscapes of 
southern and south-eastern Læsø, as well as present-
time saltmarshes of Bangsbo, Stoklund and Tørkeriet, 
have formed as such low-ridge plains. 

Barrier-spit and lagoon plains (‘tail-fan plains’)
Spits growing alongshore from a nucleus of pre-
existing land from where eroded material has been 
re-deposited in classic spit complexes (Fig. 10). 

The spits are generally straight or slightly con-
vex towards the sea and recurve distally towards 
the hindlying lagoon. Proximally, most spits are 
eroded and truncate older recurved spits of the 
same barrier system. This erosion and truncation 
may continue to where the youngest part of the 
barrier recurves towards the lagoon. Overwash 
fans may occur inside the eroded parts of the spits.  
Landscapes formed by such spit-and-lagoon sys-
tems characterize the raised wetland of Kærene, 
most of the area immediately south-west of Kærene, 
and most parts of the Østerby peninsula. At pre-
sent, the formation of a spit complex can be studied 
by the growth of Bløden Hale at the easternmost  
part of Læsø.

boulders jut out of the sand. This kind of landscape 
is one of the most characteristic Læsø landscapes, e.g. 
in low saltmarshes forming the western parts of Røn-
nerne and the western part of Hornfiskrøn. The thin 
cover of sand on the abrasion plain forms a surface 
where the elevation above MSL controls the extent 
of frequent surges. Thereby the saltmarsh vegetation 
from 0 to 100 cm above MSL becomes clearly divided 
into a series of level-defined vegetation zones (see 
Hansen 1995 for classification, levels and vegetation 
map of Rønnerne).

Condensed high-ridge plains 
(‘high-rippled washboard plains’)
Laterally stacked beach ridges forming plains of basi-
cally parallel ridges and swales where the widths of 
swales are of the same order as the widths of ridges 
(Fig. 8). 

Swash heights have been relatively large, enabling 
formation of gravelly and stony sand berms, mostly 
up to 0.2–0.9 m above swale level but not exceeding 
1.5 m above mean sea level of the time. As deduced 
from occurrences at e.g. the high part of Holtemmen 
and the area south of Højsande, such plains deve-
loped at quasi-linear beaches where the shoreface 
was relatively steep. At present, formation of stacked 
high-ridge plains can be observed at the northern 
coast of the low part of Holtemmen. 

Condensed low-ridge plains 
(‘low-rippled washboard plains’)
Vertically accreted sand ridges forming wide plains 
of basically parallel ridges and swales at coasts pro-
tected by shallow water to large distances from the 
shore (Fig. 9). 

Relative to the swales, the height of such beach ridg-
es is generally less than 0.25 m and mostly 0.10–0.15 

 

Fig. 7. Raised abrasion plain (’sand-
paper plain’) with numerous boul-
ders resting on top of the eroded 
glacio-marine clayey platform. 
Western part of Kringelrøn. 
(Photo: Lasse Gudmundsson).
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Barrier-island and lagoon plains (‘staircase plains’)
In contrast to barrier-spit complexes which are domi-
nated by alongshore transport of sediment, barrier 
islands appearing seaward of the coastline of the main 
island were formed by cross-shore sediment transport at 
a time when sediment sources for alongshore transport 
disappeared (Fig. 11, Fig. 12). 

Originally, such barrier islands have been convex 
and growing laterally to both sides, forming series of 
recurved spits at both ends, while the central parts of 
the islands were gradually straightened during storms 
by beach erosion and redeposition as overwash fans 
on the leeward side of the barrier. Through such pro-
cesses, the hindlying lagoon narrowed and in some 

Fig. 8. Digital terrain model (DTM) of an area south of Højsande exposing a condensed high-ridge plain (HRP, ’high-rippled wash-board 
plain’) that originally was formed as laterally stacked, linear beach ridges, and a condensed low-ridge plain (‘low-rippled wash-board 
plain’) that originally was mostly formed as raised saltmarshes (RSM). In the north-western part of the area there is an incoherent 
cover of aeolian sand, often in the form of ‘dune-ruin’ rings consisting of the vegetated foot of larger dunes of which the barren higher 
(central) parts have been completely eroded by the wind. The profile shows levels (m above MSL) and distance (m) along the black line.  
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Fig. 9. Digital terrain model (DTM) of the Bangsbo and Stoklund areas of south-eastern Læsø showing a condensed low-ridge 
plain (LRP, ‘low-rippled wash-board plain’) that originally was formed as saltmarsh, the present saltmarsh (SM), and the partly 
dry pseudo-tidal sand flat (PTF). The many circular structures in the upper part of the figure are 20–50 cm high ruins of salt-
production huts. The profile shows levels (m above MSL) and distance (m) along the black line.  
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shoreline straightening of the barrier islands. Such 
terraced landscapes dominate south-western Læsø, 
where the surface of each terrace is situated within a 
narrow elevation range and separated from the subse-
quent terrace by a relatively steep slope or an erosional 
cliff. At present, the 5 km long barrier island Stokken at 
the south-western corner of Læsø represents this kind 
of depositional process, while smaller barrier islands 

cases completely disappeared when the central part of 
the barrier connected with pre-existing land. Mostly 
one, and more rarely both, of the distal ends of the 
barriers have been preserved. Agricultural landscapes 
originally formed as barrier islands and lagoons can 
be found over most of south-western Læsø. Consecu-
tive series of barrier islands may form a ‘stair-case 
landscape’ due to a combination of land uplift and 
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Fig. 10. Digital terrain model (DTM) of the raised barrier-spit and lagoon plain (raised ‘tail-fan plain’) of Kærene between the 
towns of Vesterø Havn and Byrum. The profile shows levels (m above MSL) and distance (m) along the black line. B: raised bar-
riers. L: raised lagoons.
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(Knogene) are emerging south of the Østerby peninsula. 
At a distance of 5 km south-west of Hornfiskrøn, another 
1 km long barrier island began emerging c. 1990 about 
700 m inside the boulder reefs of Søndre Rønner.

Concentric low-ridge plains (‘mussel-shell plains’)
Vertically accreted sand ridges, originally forming 
isolated islets around raised boulder reefs, surrounded 

by extensive shallow water areas (Fig. 13). 
Basically, this kind of landscape is comparable with 

low-ridge plains that are attached to a pre-existing 
landscape. The main difference is that unattached 
low-ridge islets and plains comprise successive, con-
centric, low beach ridges formed around the raised 
boulder reef. Seen from the air, such islets are usu-
ally shaped like mussel-shells with clearly visible 
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Fig. 11. Digital terrain model (DTM) of barrier-island and lagoon plains (raised ‘stair-case plains’) of south-western Læsø. To the 
lower left is seen a part of the present barrier island, Stokken. The profile shows levels (m above MSL) and distance (m) along the 
black line. B: raised barriers. L: raised lagoons.
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concentric growth lines. The growth and position of 
the islets may be governed by local updoming of the 
substrate as documented in the case of Hornfiskrøn 
by Hansen et al. (2012). Beach ridges exposed to the 
main wind direction may be eroded, and coastal 
progradation is largest in the opposite direction. This 
kind of landscape is represented by the saltmarshes 
and low heathers of Rønnerne (Langerøn, Kringelrøn, 
Færøn and Hornfiskrøn) and by a number of islets still 
emerging south-west of Læsø. 

Shallow, temporarily dry sand plains 
(‘pseudo-tidal flats’)
Widespread (about 90 km2), coherent flats or plains 
with water depths less than 0.3 m that have formed 
south of Læsø by deposition of a thin (mostly 1–2 m) 
layer of fine-grained sand on top of the eroded glacio-
marine platform (Fig. 14, Fig. 28). 

In several places the sand cover is less than 1 m thick 
or absent, and in such areas the residual conglomerate 
on top of the clayey platform may be directly exposed, 
while single, or groups of, large monolithic boulders 
jut out of the sand. This is seen in large parts of the 
sand plain, particularly in the areas south, north and 
west of Hornfiskrøn, west of Kringelrøn, south-west 
of Færøn and south of Tørkeriet (Fig. 14). The cover of 
fine-grained sand has most likely been transported 
and deposited by storms at the margins of the sand 
flat where also low barrier islands may occur, e.g. the 
low barrier 0.5 km north-east of Søndre Rønner, the 
islet SSE of Søndre Nyland, and the low barrier islands 
of Knotterne and Knogene south-east of Læsø. From 
such marginal positions exposed to weak wave action, 

fine-grained sand may be transported onshore during 
rising water and storm surges.

In periods of up to one month, mainly during the 
spring and summer months, large parts of the sand 
flat are dry. During such periods a millimetre-thin 
crust of temporarily salt-cemented sand normally 
develops on top of the plains. Such events usually take 
place 1–4 times every year, and during such periods 
some aeolian transport occurs, for example when a 
rain shower has dissolved the salt crust, followed by 
formation of thin windblown sandsheets and dunes be-
fore the next inundation. (photos in Hansen 1977, 1994). 

In contrast to normal tidal flats, e.g. the Wadden 
Sea, this land- and seascape is ‘pseudo-tidal’ and 
biologically extremely barren due to the strongly 
changing environmental conditions over a year 
(Hansen 1995). The slow alternation between sub-
merged and emerged, and between salt and fresh 
conditions ensures that the sand flats are nearly barren 
of macroscopic stationary inhabitants except for the 
millimetre-long crustacean Corophium volutator and a 
few other species with a very short reproductive cy-
cle. Moreover, due to evaporation during dry periods 
the salt concentrations in the pore water are mostly 
between 4 and 16 % (the salt concentration in Kattegat 
is about 2.4 %). Therefore, also deeply burrowing spe-
cies like lugworms (Arenicola maritima) occur only in 
places where the pore water salt concentrations are 
low enough (< 4 %). Some environmentally robust 
blue-green algae may here and there form thin, loosely 
coherent algal mats during longer periods of sea cov-
erage. At the innermost part of the sand flat, where it 
is mainly dry, halophytes like Statice (Limonium) and 
Salicornia often form incoherent vegetation. 

 
 

Fig. 12. View from the west of the 
northern end of the barrier island 
Stokken with series of recurved spits 
pointing to the east. Overwash fans 
are seen to fill in the lagoon by ero-
sion of the west coast of the barrier 
island. Active as well as abandoned 
channels of the lagoon are visible. 
Length of the shown part of Stokken 
is 800 m. (Photo: Eigil Holm).
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Carbonate cementation of beach, 
saltmarsh and seabed deposits
Besides these widespread land- and seascapes it 
should be mentioned that seepage of methane from 
the glacio-marine clays and silts may locally and 
occasionally lead to formation of strongly cemented 
parts of present seabeds, beach faces and saltmarshes, 
or internally in the marine deposits. Gas occurrences 
in the glacio-marine deposits are well known from 
northern Jutland, Kattegat and Læsø (Fredericia & 
Grambo-Rasmussen 1985; Laier 1992; Laier et al. 1992). 
Gas seepage from younger sediments is also known 
from sedimentary structures at Læsø (described from 
the cliff at Bansten by Hansen 1977) and most likely 

also from the northern tip of Jutland (Skagen Odde) 
(Nielsen & Johannessen 2009). Bacterial activity at 
places where gas seeps to the surface may give rise 
to cementation by formation of calcite, aragonite or 
gypsum (Jørgensen 1980) in the matrix of the sediment 
(Pedersen et al. 1989; Jensen et al. 1992; Jørgensen 1992). 
Cemented parts of the seabed around Læsø, of beach 
faces along the north coast of Læsø, and of the residual 
conglomerate exposed on Rønnerne, may take form as 
decimetre-sized to more than 50 m long, hard plates 
looking much like concrete. In other places cementa-
tion is formed around vertical gas pipes deeper in 
the seabed. Such vertical pipe-like cementations may 
later be eroded free of the sea bottom to form up to 10 

Fig. 13. Digital terrain model (DTM) of the concentric low-ridge plain (raised ‘mussel-shell plain’) of Hornfiskrøn. The profile 
shows levels (m above MSL) and distance (m) along the black line. BR: the raised boulder reef (‘Engelskmandens Grav’, photo in 
Fig. 6). LRP: raised low-ridge plain. SM: present saltmarsh. PTF: pseudo-tidal sand flat. 
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m high and 2 m wide vertical structures of cemented 
sand, gravel and fossils (locally named ‘corals’) that act 
as substrate for a highly specialized epifauna and algal 
vegetation. These hard structures are characteristic of 
the seabed around Læsø and were first described by 
Nordmann (1903), who already then revealed a precise 
understanding of this unusual phenomenon.

Reconstruction of the emergence, growth 
and coastal development of Læsø
The overall relation of ages, levels and depositional 
environments of the emerging island and its pre-
history can be deduced by plotting the ages of dated 
samples versus the level of the individual samples. Then, 
by drawing shore level lines above marine samples and 
below terrestrial samples and by detailing such lines 
where the samples respresent beach deposits, the level/
age relation of relative sea levels (RSL) and terrain levels 
(RSL plus estimated heights of wave run-up) can be com-
pared with more detailed analyses of beach-ridge levels 
and their relative chronology of appearance (Fig. 15).

Applying the DTM, a total of about 4000 km of 
beach ridges have been identified and mapped 
throughout Læsø. Thus, even low beach ridges are 
mostly traceable over 1–3 km and frequently up to 
7 km in 110 km2 of the surface of the island. Only in 
the inland dune fields of Højsande and in the coastal 
dune fields of eastern Læsø, i.e. in a total area of about 
8 km2, the beach ridges are mostly obscured. This 
provides a unique situation where the geometry and 
relative chronology of the numerous beach ridges 
can be unambiguously observed and numbered.  
The island comprises three main areas in which 

the beach-ridge formation has progressed towards 
north, south-east and south-west, respectively (Fig. 
4). In order to present basic results of how these sea-
level proxies of the present island have been formed, 
the coastal types and stages are illustrated in Fig. 5, 
while the results of the emergence history (the age 
model) and relative sea-level (RSL) displacement are 
presented later in Fig. 36 and Fig. 38.

The numerous and well separated beach ridges 
make it possible to establish a formation chronology 
of the coastal progradation in each of the three main 
areas. To define a starting point for this chronologi-
cal numbering of the seaward progradation of the 
beach-ridge systems it is necessary to know exactly 
which of the beach ridges is the oldest one in the most 
elevated candidate area. This problem has been solved 
by GPR profiling whereby it can be shown which of 
the ridges has been formed first, and which have been 
formed subsequently by lateral accretion to the oldest 
preserved spit. This position was already indicated 
by Hansen’s (1977) studies of aerial photographs, 
and more robustly by Andreasen’s (1986) pioneer 
GPR profiling. Andreasen’s GPR profiling indicated 
the ‘initial spot’ to be situated within a 1 km2 area 
where northern beach deposits are inclined to the 
north, while southern beach deposits are inclined to 
the south. This small area was classified by Hansen 
(1994, 1995) as the oldest preserved part of the island. 

The growth history of Læsø presented below (and 
in Fig. 4, Fig. 5, Fig. 36) is mainly based on the high-
resolution DTM of the island, which forms the basis 
for a more precise palaeo-shoreline mapping than 
previously published at scale 1:50,000, as well as a veg-
etation/level map at scale 1:15,000 of the saltmarshes 

 
 

Fig. 14. Abrasion plain (‘sand-paper 
plain’) and sand flat (pseudo-tidal 
flat) with many boulders resting 
on the eroded glacio-marine clay 
platform and jutting out of a thin 
Holocene sand cover. The largest 
boulder in front of the photo juts 90 
cm out of the sand. South coast of 
Tørkeriet. (Photo: Conny Andersen). 
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of Rønnerne (Hansen 1995). The growth history is a 
result of many years of field work on the past and pre-
sent coastal development which has previously been 
published (Jessen 1897; Michelsen 1967; Mörner 1969; 
Hansen 1977, 1980, 1994, 1995, 2010, 2015; Bahnson et 
al. 1986; Olesen 2005; Hansen et al. 2012). 

The absolute ages presented in the headings of 
each sub-section are derived from Table 1, the result 
of the age model presented in Fig. 36, and the above 
described 1200 RSL/age index points of the database.

Formation of a sandy shoal where the 
present island emerged 
Trunks of a Pinus forest from the Boreal continental 
period found 1 km south-west of Stokken show 
that the Holocene transgression stood more than 
2 m below MSL around 10274 years BP (calibrated), 
while 14C and OSL datings of the oldest late Holocene 
marine deposits on Læsø (Table 1, Fig. 15) show that 
the Litorina transgression at Læsø reached above 
the highest levels of the preserved beach ridges, i.e. 
at least 11–12 m above MSL around 6300–5700 years 

BP, and that the present island emerged some 800 
to 1400 years later (c. 4900 years BP) at a relative sea 
level of 10.3 m above MSL (Fig. 17). 

The ages of the marine deposits between the 
abrasion platform and the older beach ridges show 
that the present island emerged after relatively fast 
deposition of 6–12 m of marine sand in a >30 km2 area 
(Michelsen 1967; Hansen 1977, 1995). This amount of 
marine sand (> 0.3 km3) was deposited/redeposited 
during at least 2500 years (OSL ages of c. 6300 to 4000 
years BP. Thus, the erosion of the pre-existing late 
glacial landscape and redeposition on its surface is 
clearly related to the transgression by the Litorina 
sea. The transgression probably began submerging 
and eroding the Læsø platform c. 8500 years BP and 
raised the RSL of the region with >13 m from below 
–2 m (Fig. 15). 

Mainly due to the relatively rapid crustal uplift of 
the area, the RSL transgression soon turned into a 
RSL regression, which in this region began around 
6300 years BP (Fig. 15 and Christensen 1995). As the 
regression continued, the erosion also continued at 

Fig. 15. Level vs age diagram of absolute age datings in Table 1 (exept for two samples with older ages). Results are shown accord-
ing to the interpretation of the sedimentary environment of the samples. Yellow triangles: Aeolian sand (i.e. fine-grained sand 
above beach deposits). Yellow squares: Peat, freshwater gyttja and tree trunks. Red circles: Beach deposits (i.e. mostly relatively 
medium- to coarse-grained sand with pebbles and stones. Blue squares: Marine deposits (i.e. fossil shells, teeth of two individu-
als of sperm whale, or fine-grained sand without pebbles). Purple diamonds: Glacio-marine deposits (i.e. fossil shells of Saxicava 
arctica). Solid black curve: Crest level of the island’s beach ridges (see text for reconstruction method). Dashed curve below solid 
curve: Reconstructed RSL (se text for transformation of crest levels to RSLs). Dashed curve for ages older than 4900 years BP: 
Proposed RSL of the late glacial sea, the Boreal regression and the Litorina transgression until Læsø emerged at 4900 years BP.    
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Fig. 16. Digital terrain model (DTM) of the oldest preserved part of Læsø, which formed as the easternmost part of a barrier-spit 
system that subsequently prograded to the north, south, south-east and north-east and was later eroded to the south-west (red 
line). Blue line indicates the position of Læsø’s oldest preserved beach-ridge system, which both to the north and to the south 
is fringed by younger beach ridges. Black dots: Position of Læsø’s oldest OSL dated samples of beach sand found at the present 
terrain surface (max. 4900 years BP, cf. Fig. 17). Red dot: Position of core boring with five OSL datings ranging from 4300 to 4800 
years BP (2.5–6.5 m below terrain). The red dot also shows the position of Læsø’s so-called ‘birth-stone’. Green dot: Position of 
pollen samples (Fig. 30) from a thin peat layer (14C-dating: 3375 years BP) deposited in a swale of the initial barrier-spit system, 
showing that the oldest known forest of post-Boreal stages was dominated by Taxus (yew). North of the initial barrier-spit system 
are seen two generations of condensed high-ridge plains (Old HRP and Young HRP) at Holtemmen along Læsø’s north-coast. 
The two plains are separated by an up to 6 m high cliff (long red line) that was formed after 3000 years BP until c. 1500 years BP. 
To the south-west are seen parts of the barrier-spit and lagoon plains of Kærene, where the shown double barrier was formed c. 
3750 years BP. The profile shows levels (m above MSL) and distance (m) along the black line. BSP: Barrier spits.
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The period 4900 – 4000 years BP: The first 
barrier system attached to older landscapes
The oldest parts of the present island are represented 
by the eastern part of a 0.7 km broad and 1.5 km long 
recurved spit system in the highest part of Læsø’s 
beach sediments (between blue lines in Fig. 16) at 
terrain levels of maximum 11.3 m (corresponding to 
a RSL of 10.3 m). 

OSL datings of this oldest preserved spit system 
(Fig. 17) show that it was formed between c. 4900 
and c. 4000 years BP. The oldest beach ridge has been 
identified in several GPR sections showing that the 
ridge at a terrain level of up to 10.8 m is bordered on 
both sides by slightly younger beach ridges facing 
to the north and to the south, respectively (Fig. 18). 
From this and neighbouring ridges, and from the 
substrate of the ridges, a total of 20 OSL datings have 
been obtained. Within an OSL age uncertainty range 
of mostly 200–350 years it is concluded that the oldest 
beach ridge appeared c. 4900 years BP.

The shape of the preserved part of the spit system 
shows that the spits migrated from a position north-
west to west of Vesterø Havn and recurved towards 

more marginal parts of the platform until c. 3200 
years BP, which is indicated by four 14C datings of 
Balanus and Mytilus attached to boulders both north 
and south of Læsø, lying on top of the glacio-marine 
platform and covered with younger marine sand. 

Emergence of the present island
On top of this sandy shoal the oldest preserved beach 
ridges of the emerging island were formed c. 4900 
to 4000 years BP (see below), i.e. c. 1400–2300 years 
after the Holocene transgression had culminated in 
the region. In the berms of the oldest beach ridges, 
reworked flint tools and pottery are frequently found; 
these are from a fisher and seal-hunter culture (the 
Pit-Ceramic culture) that in the south-western Scan-
dinavian coastal regions had adapted to the high sea 
level of the Litorina transgression and consequent loss 
of land. The culture existed only in the period c. 5200 to 
c. 4800 years BP and the Læsø finds probably originate 
from settlements along the coasts of western Sweden 
or northern Jutland. The artefacts ( Lysdahl 1985, 1987) 
were probably brought to the emerging coasts of the 
shoal during seal hunting trips (Hansen 1995). 

Fig. 17. Expanded right part of Fig. 15, addressing when exactly the oldest preserved parts of Læsø emerged. Because the raised 
shorelines at Læsø are situated up to 3 m higher than contemporaneous shorelines at comparable isostatic isolines in northern 
Jutland and western Sweden, it has often been discussed if the ‘top’ of Læsø could be older than suggested by Hansen (1977, 1980, 
1994, 1995).  The 22 OSL dated samples from the oldest beach-ridge complex, its substrate and nearby beach ridges show that the 
oldest preserved part of  Læsø emerged c. 4900 years BP at a present terrain level of 11 m (sample level 10.5 m; RSL=10.3 m) , i.e. 
1000–2000  years ‘too late’ compared to the general isostatic position. It should be mentioned that the three encircled samples 
have been collected from layers below the OSL dated beach deposit samples at the same locations, thus ruling out that the ‘top’ 
of Læsø at a terrain level of 11 m is significantly older than c. 4900 years.
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the north-east at its eastern tip. A GPR section crossing 
the spit system (Fig. 18) displays that while the spit 
grew eastward it also prograded both to the north and 
to the south. While the underlying 6–12 m of marine 
sand is almost devoid of coarse material, the stone 
and gravel of the superposed spit system most likely 
was supplied from an emerged land area composed 
of glacio-marine deposits with a significant content 
of coarse material. According to the palaeo-shoreline 
erosional geometry, e.g. the orthogonal relation be-
tween the present coastline and raised beach ridges 
at Vesterø Havn (Fig. 4, Fig. 5, Fig. 36), the source area 
must have been situated west and north-west of the 
preserved parts of the spits, i.e. most probably outside 

the present north-western coastline, or 6 km or more 
west or north-west of the preserved part of the system. 
Judging from the occurrence of large boulders and 
boulder reefs in the sea north-west of Læsø, as well as 
the geometry of the spit systems that formed during 
the ensuing 1500 years, the most probable source area 
is situated up to 8 km west to north-west of the present 
island. This area is now completely eroded down to the 
emerged boulder reefs of Nordre Rønner and Borfeld, 
to the 8 km long, shallow, sand covered reef, Flaget, 
between Nordre Rønner and Læsø, and to the many 
small submerged boulder reefs west to north-west 
of Vesterø Havn at app. 2–4 m below MSL. Most of 
these small, submerged boulder reefs have now been 

Fig. 18. GPR sections of the oldest preserved spit complex of Læsø (A) and subsequent beach ridges formed on the northern side 
(B) and southern side (C) of the oldest spit. A, a 600 m long GPR profile displays how the oldest part of the island prograded 
(between the blue arrows). Beach-ridge plains evolved both to the south (0–180 m) and to the north (430–600 m) of the oldest part. 
Enlargements of the profile sections at 0–70 m and 440–510 m are shown in (B) and (C), respectively. B, section showing that the 
more steeply dipping beach-ridge and beach deposits (orange) downlap on the more gently sloping shoreface deposits (light blue). 
The beach ridge is overlain by aeolian sand deposits (light yellow). C, section showing that the oldest northward-dipping spit 
deposits are overlain by steeply dipping beach and shoreface deposits, illustrating that the island at this stage was more exposed 
to the south-south-east than the to the north, i.e. probably protected by a pre-existing, later completely eroded land area between 
Nordre Rønner and Læsø. D, section displaying the northernmost and youngest part of the oldest generation of the condensed 
high-ridge plain. The ridge crests are slightly truncated upwards by wind deflation and cut east of the section by the 6 m high 
cliff between the old and the subsequent much younger condensed high-ridge plain. Below the coloured parts of the sections are 
seen major sedimentary structures of the sandy shoal upon which the island’s beach deposits were formed. E, subarea of Fig. 16 
showing the positions of the GPR sections in A to D. 
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which the road ‘På Remmerne’ between Byrum and 
Vesterø Havn has been built in the 1980s). Moreover, 
the two systems formed the presently 7 km long and 
up to 3 km broad wetland of Kærene, where present 
moors and lakes represent former lagoons, while 
heather ridges between them represent former bar-
riers (Fig. 10).

After c. 3000 years BP and during the following c. 
500 years, the Vesterø barrier-spit and lagoon system 
continued developing and several long spits migrated 
5–7 km from a position seaward of the present west 
coast to Byrum, while further development of the 
Byrum spit/lagoon system had ceased (as seen in Fig. 
19 and Fig. 24).

The period 3200 – 2500 years BP: Initial 
development of the Østerby peninsula
Simultaneously with the development of barrier spits 
and lagoons on the south-western side of the island, 
the north-eastern tip of the island developed with a 
series of coarse-grained beach ridges. At Bansten (Fig. 
20) the beach ridges of this north-eastern tip of the 
initial Østerby peninsula are cut by an up to 8 m high 
sea cliff, providing an excellent exposure across the 
internal structures of the tip (detailed description in 
Hansen 1977). In the eastern and middle part of the 
sea cliff, strata with abundant and well preserved 
trace fossils of the heart urchin Echinocardium cordatum 
are interbedded with strata burrowed by the lugworm 
Arenicola marina (Fig. 21). This interbedding of strata 
with species living at distinctly different water depths 
indicate that RSL oscillated significantly in the period 
3200–2800 years BP according to absolute age datings 
of the exposed strata of the cliff. In the eastern part 
of the cliff, a 300 m long section exposes very coarse-
grained beach deposits of the south-east coast of the 
triangular stage, while in the western part of the cliff 
more fine-grained beach deposits represent the north 
coast of the triangular stage.

In the period c. 3200 to 2500 years BP, the north-
eastern tip of the island grew 5 km to the east and 
formed a long complex spit of which the easternmost 
tip is preserved at Jegens (Fig. 22), where the internal 
construction of the tip of the spit can be seen in the 7 
m high sea cliff east of Østerby Havn. The geometry 
of the very coarse-grained beach ridges in the pre-
served parts of the spit indicates that this system was 
initially derived from glacial or glacio-marine raised 
landscapes or shoals north of the present island where 
now a number of boulder reefs represent eroded 
shoals or completely eroded landscapes that supplied 
coarse materials for the growth of the long spit. 

Moreover, the geometry of the very coarse-grained 
beach ridges on the preserved part of the easternmost 
tip of the large spit at Jegens show that the tip was 

removed and applied for harbour building at many 
places in Denmark. Only the most heavy boulders (> 
20 tonnes) have not been removed.

The period 4000 – 2500 years BP: Linear beach-ridge 
plains, barrier-spit and lagoon systems, and 
formation of a twin island
Shortly after the formation of the oldest preserved 
system of recurved spits, linear beach-ridge plains be-
gan evolving on the south-western, south-eastern and 
northern side of the initial spit system (Fig. 16). OSL 
datings indicate that the development of linear beach-
ridge plains continued on the south-western side of 
the initial spit system until c. 3900 years BP, and on the 
south-eastern and northern sides until c. 3000 years BP. 

Around 3900 years BP a new barrier-spit and la-
goon system began migrating south-eastwards from 
Vesterø Havn (Fig. 10, Fig. 24) sourced from the above 
mentioned area situated west and north-west of Læsø. 
Simultaneously, another source area began develop-
ing to the south near the present centre of Læsø (Fig. 
19), where the town of Byrum was initially built on 
a 1.5 km long and 0.3 km broad boulder reef now 
protruding from the superimposed younger beach de-
posits. Here, the Byrum spit and lagoon system began 
developing around 4000 years BP from a raised, but 
gradually completely eroded glacio-marine landscape 
which is now only represented by the raised boulder 
reef in Byrum and by hundreds of widespread large 
boulders resting on top of the eroded glacio-marine 
platform south of Byrum. Due to erosion of this land-
scape, a large coarse-grained barrier spit (previously 
exploited in several gravel pits) began migrating to the 
north. Soon after appearance of the first barrier spit, 
several new barrier spits and lagoons developed from 
the Byrum source area at still more westerly positions, 
while a system of low beach ridges and saltmarsh 
plains began developing on the eastern leeward side 
of the initial Byrum barrier (Fig. 19). 

Before the Byrum barrier-spit system connected 
with the Vesterø barrier-spit system, there was a 1 
km broad strait between the two ‘twin-islands’of the 
Byrum system and the oldest part of the island that 
emerged 6 km north of Byrum some 500–1000 years 
earlier (Fig. 5, Fig. 36). East of the strait a narrower 
gap developed between the Byrum system and an 
east-growing recurved spit system from the northern 
island. This recurved spit system protruded into the 
sea east of the two initial islands, forming an eastward 
bulge in the later shoreline pattern when the two 
islands had coalesced c. 3000 years BP. 

Gradually, the Vesterø and Byrum systems inter-
fingered with each other and ultimately (c. 3000 years 
BP) they formed one large 7 km long barrier from 
Vesterø Havn to Byrum (Fig. 19 and Fig. 24) (on top of 



28     ·     Bulletin of the Geological Society of Denmark

(Andreasen 1986) clearly show that all beach ridges 
along the north coast of Læsø between Bansten and 
Østerby Havn were exposed towards the south and 
south-east, as also seen from the southward inclina-
tion of the raised beach deposits in the sea cliffs east 
of Bansten. Thus, the northernmost beach ridges at the 
present north coast are parts of later stages of the long 
spit, and the south- and south-east-facing geometry 
of the beach ridges at the present north coast shows 

initially formed as a separate island supplied with 
materials from the north, and with beach ridges 
exposed to the west (Fig. 22). However, soon after 
the formation of this small coarse-grained island it 
connected with the large spit system growing east-
wards from Bansten. Today, the middle part of the 6 
km long spit has been eroded, and it might be ques-
tioned if it ever existed in one piece. However, several 
GPR sections from the north coast and southwards 
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Fig. 19. Digital terrain model (DTM) of the barrier-spit and lagoon plains (raised ’tail-fan plains’) north of the town Byrum, which is 
situated on a raised boulder reef forming the 4 m high cliff in the lower part of the figure. The profile shows levels (m above MSL) 
and distance (m) along the black line.  B: raised barriers. L: raised lagoons. RS: raised saltmarshes (condensed low-ridge plains). 
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that substantial later erosion has taken place from the 
north, whereby 3 km of the middle part of the spit 
were removed so that only its root at Bansten and its 
easternmost tip at Jegens have been preserved. 

The period 2500 years BP – present: Barrier-spit and 
lagoon systems of the Østerby peninsula
After development of the 6 km long complex spit of 
the triangular stage, the development of the Østerby 
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Fig. 20. Digital terrain model (DTM) of the raised barrier-spit and lagoon system at Bansten, i.e. the first of nine barrier-spit 
systems forming the Østerby peninsula at the south-eastern side of the older triangular island. The raised spit (Bansten Bakke) 
and raised lagoon (Kridemands Dal) are both cut by the 8 m high present sea cliff. The barrier-spit system in the upper left part 
of the figure (Hvide Bakker) was formed on the north coast of the older triangular island. The odd terrain morphology seen in 
the upper right part is caused by terrain regulations of a gulf club. The rectangular structure seen in the lower right part of the 
figure is the ruin and cemetery of the medieval Hals Church.



30     ·     Bulletin of the Geological Society of Denmark

dating has shown that the trees were felled in 640 
AD (Lysdahl 1985). 

Gradually, the growth directions of the barrier 
complexes swung from west-south-west to south 
(Fig. 5, Fig. 36). On average the individual barrier 
and lagoon complexes were formed within periods 
of 200–250 years. The presently developing barrier 
complex (Bløden Hale, Fig. 23) grows rapidly to-
wards the south. In 1950 the barrier began passing 
its lagoon (Bløden) and grew rapidly in front of two 
small barrier islands (Store Knot and Lille Knot) that 
had appeared in the first half of the 20th century on 
the eastern edge of the very shallow sand platform 
south of the Østerby peninsula. During the last 60 
years the Bløden Hale barrier has grown 1.5 km 
towards the south.

The period 2500 –2000 years BP: Detachment 
of the island from older eroded landscapes
Around 2500 years BP the barrier and beach-ridge 
systems formed a triangular area with a present size of 
app. 45 km2 (Figs 4, 5, 36). As seen from the geometry 
of the palaeo-shorelines to the south, west and north-
west, this triangular area appears to have become 
detached from previous source areas, i.e. glacio-marine 
landscapes or shoals that had finally been completely 
eroded to below sea level of the time. 

Such pre-existing, xenomorphic landscapes most 
likely included parts of the large arc-shaped area 
between Læsø and Nordre Rønner, where the eastern 
side of the present sand-reef of Flaget now forms an 8 
km long shallow arc. To the south-east the arc is being 

peninsula was continued with the formation of a 3.5 
km long and very coarse-grained barrier complex 
(the Hals complex) that grew in west-south-westerly 
direction from the acute eastern tip of the peninsula. 
Barrier growth ceased around 1500 years BP and 
at that time it formed an attached, complex barrier 
with a shallow lagoon behind. On this barrier the 
medieval church of Hals (Fig. 20) was built c. 1250 
AD, some 750 years after the barrier had been formed, 
while new settlers in the village of Hals cultivated 
the raised former lagoons on both sides of the bar-
rier and probably also more westerly in more raised 
landscapes. Today, the position of westerly fields of 
the parish of Hals may be indicated by the straight 
northwards extension of a dune field (lower left of Fig. 
20), probably showing that the settlers built a 2 km 
long shelter belt here. In the 18th century the village, its 
fields and church were destroyed by migrating dune 
fields most of which continued into the bay of Bovet 
during the late 18th and early 19th century. Presently, 
the barrier system is intensively exploited by gravel 
digging (Fig. 22). 

After development of the initial Bansten and suc-
cessive Hals barriers, a series of seven further barrier 
and lagoon complexes formed at the south and east 
coast of the gradually enlarged Østerby peninsula 
(Figs 20, 22, 23). The oldest of these is the Gammel 
Østerby complex which developed until c. 1000 years 
BP. On the northern side of its lagoon a small Iron 
Age harbour has been found. The poles were made 
of yew (Taxus baccata), a species that also dominated 
the forests of the island 3000 years earlier. Tree-ring 

 

Fig. 21. Trace fossils after the heart 
urchin Echinocardium cordatum (in 
layers behind and below the knife 
and in the uppermost part of the 
picture) and trace fossils after the 
lugworm Arenicola marina (funnel-
shaped structures in upper part of 
the picture) exposed in the sea cliff 
at Bansten. The sea cliff exposes a 
cross section of the marine substrate 
(deposited c. 3200 to 2800 years 
BP) of a large, complex spit system 
ending 4 km east of the section at 
Jegens east of Østerby Havn. At 
present the two species live at dis-
tinctly different water depths. The 
sequence of trace fossils indicates 
a temporary sea-level fall by 1 m or 
more, corresponding to the >0.7 m 
lowstand at c. 2900 years BP found 
from beach-ridge levels elsewhere 
on Læsø (Table 4).
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east–west trending beach-ridge pattern of the older part 
of the Holtemmen area, such a probable xenomorphic 
arc landscape had been completely detached from Læsø 

re-shaped by the presently north-west growing sand 
barrier, and to the north the arc is generally submerged 
under less than 1 m of water. However, as seen from the 
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Fig. 22. Digital terrain model (DTM) of raised barrier-spit and lagoon plains of the Østerby peninsula. East of Østerby Havn (har-
bour) is seen the preserved acute tip of the (now partly eroded) complex spit system stretching from Bansten 4 km west of the 
harbour (Fig. 4, 5 and 36). The complex spit geometry of the oldest acute eastern tip of the island (800–1500 m east of the harbour) 
indicate that the tip was initially formed by sediment supply from a landscape north of the harbour before it united with the 
spit system growing from Bansten. The figure shows parts of five subsequent barrier-spit and lagoon systems (and some gravel 
pits). All barrier spits are faced to the south-east to east, and barriers close to the coast west of Østerby harbour (at 250–500 m 
on the profile) have been eroded (lowered) by wind deflation. To the south is seen a young saltmarsh landscape facing the bay 
of Bovet. The profile shows levels (m above MSL) and distance (m) along the black line. B: raised barrier spits. L: raised lagoons.
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at the latest around 3500 years BP. This interpretation 
does not exclude that a xenomorphic arc still extended 
from Nordre Rønner and some kilometres to the south 
and south-east, but the part nearest to the older high-
ridge plain at Holtemmen had definitely disappeared 
when these ridges were formed. More westerly, i.e. im-
mediately north of Vesterø Havn, where many boulders 
are found at the shore on the west side of Flaget, there 
may still have been a xenomorphic connection between 
Nordre Rønner and Læsø until the 6–8 m high erosional 
cliff between the older and the younger high-ridge 
plains of Holtemmen had been formed. 

It is not possible exactly to date when the high cliff at 
Holtemmen began developing. The eroded parts have 
ages around 4000–3500 years BP, and the formation of 
a younger high-ridge landscape at the seaside of the 
cliff began around 1500 years BP or even later. Aeolian 
drapings on the low beach ridges in front of the cliff 
were formed during the 17–18th century (Table 1). The 
east–west trend of the older, long and nearly straight 
ridges shows that pre-existing land immediately north 
of them had disappeared no later than 3500 years BP 
and that the present easterly extension of the large arc of 
Flaget must be a younger feature, although initiated by 
a pre-existing, more westerly landscape. Consequently, 
the eastern side of the arc of Flaget is considered to 
have been built from sand derived by erosion of the 
western side of the arc, so that the arc by this process 
of erosion and re-deposition gradually shifted to a 
more easterly position. This interpretation may also 
explain the position of many boulders west of Flaget, in 
particular Læsø’s probably largest monolithic boulder, 
Friises Sten, which is situated 1 km west of the middle 
part of Flaget, whereas boulders, stone and gravel are 
not observed on the eastern side of Flaget.

As seen from the palaeo-shoreline pattern at Vesterø 
Havn up to 2 km south of the harbour, raised beach 
ridges that developed in the time interval 3500–2500 
years BP are perpendicular to the present coast (Fig. 24). 
These beach ridges were formed by alongshore trans-
port as barrier spits attached to a landscape containing 
coarse materials, probably a xenomorphic, glacio-ma-
rine or glacial landscape west of Vesterø Havn, where 
now a number of submerged boulder reefs are found 
at water depths down to 4 m. In the town Byrum at 
the southern corner of the old triangular area, a steep 
palaeo-cliff with a height of up to 4 m separates the 
triangular area from the younger saltmarsh landscape 
that formed south, east and west of Byrum during the 
last 2000 years (Fig. 19).

After 2500–2000 years BP, the island had no emerged 
major contact with glacio-marine land masses to the 
south, west and north-west (Fig. 11, Fig. 19), and this 
probably led to a depletion of sources that caused the 
development of the erosional cliff along the north coast 
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Fig. 23. Digital terrain model (DTM) of the barrier-spit and 
lagoon system of Bløden Hale (barrier) and Bløden (lagoon). 
Most of the 2 km long ‘tail’ in front of the two islets has been 
formed after 1950. The >2.5 m high tops at the east side of 
Bløden Hale are beach ridges topped with aeolian dunes. The 
profile shows levels (m above MSL) and distance (m) along the 
black line. B: raised barriers. L; raised lagoon.
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bed. Likewise, the geometry of the palaeo-shorelines 
in the eastern part of the present island indicates that 
coastal progradation continued, mainly supplied by 
coarse materials derived from the seabed and from 
erosion of the north coast.

of Læsø. Instead, the continued coastal progradation of 
the south-western, eastern, south-eastern and southern 
parts of the island appears to have been supplied by 
erosion of the detached western and northern sides of 
the island, and by erosion of the constantly rising sea-
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Fig. 24. Digital terrain model (DTM) of north-west Læsø showing raised high-ridge plains (Old HPR, 8–10 m above MSL), raised 
barrier-spit and lagoon plains (B and L, 5–9 m  above MSL) and raised barrier-island and lagoon systems (B and L, 3–6 m above 
MSL). In the raised barrier-spit and lagoon systems, a 7 km long complex barrier is found (CB, 7–8 m above MSL), stretching 
from the harbour to the town Byrum (Fig. 19). The barriers are almost perpendicular to the present coastline, indicating strong 
erosion in the past. To the north is seen the raised cliff (8 m above MSL) between the old and young condensed high-ridge plains 
of Holtemmen. The profile shows levels (m above MSL) and distance (m) along the black line.
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For obvious reasons, it is unknown how much ma-
terial the erosion and formation of ancient sea cliffs 
supplied to the continued growth of the detached 
south-western, southern and south-eastern coasts. 
However, if it is assumed that the slopes and eleva-
tions of the removed parts of the island are comparable 
to the slopes and elevations of the preserved parts, it 
can be roughly estimated that the removed volume 
comprises about 30% of the volume that was depos-
ited during the formation of younger parts of Læsø.  
Consequently, the main part of the sediment contrib-
uting to the formation of the younger parts of Læsø 
was supplied by erosion of the seabed. This is in good 
agreement with the fact that most of the top of the 
eroded glacio-marine platform after 2500 years BC 
was situated at water depths less than 4 m, and that 
the water depth continuously decreased due to iso-
static uplift. At south-western and south-eastern Læsø, 
most beach ridges formed after 2500 years BP consist 
of sand, indicating material supply by erosion at some 
water depth, while many ridges of the older (attached) 
stages have a considerable content of gravel and stone 
that most likely were derived by erosion of emerged 
xenomorphic landscapes or seabed close to sea level. 

The period 2500 years BP – present: Barrier-island 
and lagoon systems of the south-west coast
After detachment of the island from older and com-
pletely eroded xenomorphic landscapes, the coastal 
progradation of the south-western part of the island 
was supplied mainly by erosional products from the 
seabed and by erosional retreat of the north-western 
and northern coasts (Figs 4, 5). This supply of mainly 
sand and much less gravel together with isostatic 
uplift resulted in a series of nine unattached barrier 
islands, each separated by a time span of 200–300 
years (Fig. 11). A GPR section of some of the young-
est raised barrier-island and lagoon systems (Fig. 
25) displays the internal structure of such systems, 
including seaward inclined shoreface deposits of 
barriers, sub-horizontal stratification of lagoon de-
posits, and erosional structures of draining channels 
of the lagoons.

The present barrier island of Stokken at the south-
west corner of Læsø (Figs 4, 5, 11, 12, 26) developed 
during the last 100 years. Studies of air photograph 
(1945–2015) show that the barrier island formed 
initially at least some 500–700 m from the coast 
and subsequently migrated 300–500 m closer to the 
coast (Paradeisis-Stathis 2015). Over time, alongshore 
sediment transport extended the barrier in both 
directions. To the north-west, a series of presently 
five recurved spits developed successively. At the 
same time, many barrier breaches and washover fans 
(Fig. 26) transported beach and dune sand from the 

seaward side to the lagoon. The position of concrete 
pylons (for navigation marks) erected in 1965 indicate 
that since then the barrier has grown to a length of 4 
km and has migrated about 300 m landward. 

Bird (2008, p. 237) applied Stokken (then named 
“Knotten”) as a school example of barrier islands in 
isostatically regressive environments.

In 1991 a new barrier island emerged rapidly 1.5 
km west of the north tip of Stokken. During less than 
one year the island grew to a length of 300 m. The 
island formed on the inner part of a 10 km long reef 
stretching northwestwards from Stokken and was 
built mainly of gravel, stones and about 10% of large 
reworked, fossil (stone age) shells of Ostrea and Cyp-
rina. After three years the island disappeared again. 

The ongoing and future development of Stokken 
may be illustrated by the way the two barriers of 
Vestre Nyland and Sønder Nyland (Fig. 1, Fig. 11) de-
veloped from a single barrier island that formed off 
Læsø at the beginning of the 19th century (not on the 
1786 map, but on the 1888 map). As now observed at 
Stokken, this barrier island extended alongshore and 
migrated landwards. By the end of the 19th century, the 
north-western end of the barrier reached land (Vestre 
Nyland) and the northern part of the lagoon turned 
into a brackish lagoon and presently a nearly fresh lake 
that is drained into the sea through a narrow channel. 
The south-eastern end of the barrier (Sønder Nyland) 
never reached land before it was protected from the 
sea by the emergence of the next barrier island (Stok-
ken) and became a non-migrating island in the lagoon 
behind Stokken.

Some of the older barriers and lagoons that emerged 
in south-western Læsø during the last c. 2500 years 
follow a similar development, while other palaeo-
barriers are separated from the preceding barrier 
with a much broader palaeo-lagoon than seen at Ves-
tre Nyland (Fig. 11). Most of the former barriers are 
composed of mainly sand, but among them are also 
two prominent barrier systems of mainly gravel and 
coarser material, namely the large barrier behind Søn-
dre Nyland (formed c. 800 years BP) and the barrier, 
formed c. 1500 years BP, on which the medieval church 
of Vesterø was built. Such occurrences of coarse-
grained barriers interspersed among sand barriers 
may indicate that the isostatic uplift and erosion of 
the seabed have occasionally exposed glacial, glacio-
marine or even younger formations at shallow water 
depths such that coarse material could be eroded and 
transported onshore by wave action.

The period 2500 years BP – present: Low-ridge 
plains and saltmarshes of south-eastern Læsø
After 2500 years BP, while the formation of the bar-
rier and lagoon coasts of the Østerby peninsula took 
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(Phyceter catodon) with 14C ages of c. 3200 years BP 
(Hansen 1977, 1995) in the marine sand below the 
beach ridges in this landscape, app. 0.5 km and 1 km 
outside the south-eastern coast of the ‘old triangle’, 
suggest that the water depths before 2500 years 
BP were considerably larger than at the present 
south-eastern coasts. Consequently, the low height 
of the older beach ridges may be a leeward effect, 
indicating that south-east storms had no significant 
effects on the south-eastern coasts in the period 3500 
to 2500 years BP. 

However, there is a strong contrast between the 
prominent coarse-grained beach ridges that formed 
at the eastern end of the Østerby peninsula simulta-
neously with the constantly prograding, low-relief 
coasts of south-eastern Læsø (Fig. 9) and north of the 
bay of Bovet (Fig. 22). This may indicate that strong 
east to south-east storms during the period 2500 to 
1000 years BP were more prominent, and that the bay 
of Bovet initially was considerably deeper and unpro-
tected from the open sea to the east, while the shallow 
platform south-east of Læsø had already developed 
around 2500 years BP, but clearly separated from the 
deeper waters of the bay to the north. As indicated 

place, a completely different kind of coastal landscape 
began developing on the eastern side of the oldest and 
easternmost barrier of the Byrum barrier and lagoon 
system (Figs 8, 9). 

The eastward prograding coasts that formed here 
are characterized by much lower beach ridges than 
in other contemporaneous parts of Læsø. While the 
swash height of the barrier systems of northern Læsø 
are mostly between 0.8 and 1.5 m, the height differ-
ences of the ridges and swales in the south-eastern 
beach-ridge plain are generally less the 0.3 m, often 
less than 0.2 m (cf. Figs 8, 9), indicating a low-energy 
environment with small wave heights, resembling the 
present south and south-east coasts where the 3–5 km 
broad and very shallow sand platform limits the wave 
height at the coastline to no more than 0.2 m, even dur-
ing strong winds (Hansen et al. 2012). Where elevated 
more than 2 m above MSL, most parts of this type of 
landscape have been cultivated since medieval times, 
and it is consequently difficult to determine from the 
lidar maps if all of the landscape emerged as a broad 
saltmarsh plain similar to the present southern and 
south-eastern coastal zone. 

Separate finds of two large sperm whale skeletons 
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Fig. 25. A, GPR section from the south-west coast of Læsø traversing a raised barrier-island and lagoon system. About three sets of 
seaward (south-westwards) dipping reflections indicate that more than one generation of barriers have prograded seawards (light 
orange) separated by areas with doming or horizontal reflections (orange). A channnel structure (yellow), probably a draining 
channel of the raised lagoon, separates the barrier from the flat lagoon deposits (pink) with subhorizontal reflections. Subhori-
zontal shoreface sediments (blue) and older marine deposits are overlain by the barrier. B, enlargement of the north-eastern and 
oldest part of the barrier. C, subarea of Fig. 11 showing the position of the GPR sections in A and B.
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bottom are often dry and the water depth of the centre 
of the bay is at maximum 1 m, while the water depth 
of its draining channel between Bløden Hale and 
Knogene is 4–6 m.

The period 1000 years BP – present: Saltmarshes of 
southern Læsø (Rønnerne)
Shortly after the peak of the medieval sea-level highstand 
c. 1000 years BP, a number of small and one large boulder 
reef emerged south of the island (Figs 6, 7, 13, 27) as a result 
of the long ongoing regional glacial isostatic adjustment 
as well as the local relaxation uplift (Hansen et al. 2012). 
Thus, a part of the abrasion platform formed a 30–40 km2 
and steadily growing area with extremely shallow water 
depths, where numerous monolithic boulders on top of 
the eroded glacio-marine surface jut out of a thin layer of 
sand (Figs 7, 14). By ice packing, some of the boulders have 
been piled together to form boulder reefs of various sizes, 
while others are too large to be moved by such action. 

Around such boulder reefs, sand accumulated near 
sea level and slightly above, forming areas where halo-
phytes like Salicornia and Statice could invade the new 
land. Thus, the islands of Langerøn, Kringelrøn, Færøn 
and Hornfiskrøn began developing as saltmarshes at 
the shallowest parts of the abrasion platform. Contin-
ued accretion takes place in the outer vegetated zone, 
mostly during storm surges, when sand is caught in the 
halophile vegetation on top of low beach ridges fringing 
the raising islands. The islands grew and grow forming 
shoreline patterns resembling growth rings of mussel 
shells (Figs 13, 27, 33). As the growth of land continued, 
some of the initially five small islands of Kringelrøn and 
Langerøn joined and formed two larger islands, which 
subsequently merged with each other and Færøn and 
now form the southern part of the main island. The 
island of Hornfiskrøn is still separated from the main 
island by a 1 km broad and extremely shallow sound, 

by the level of the top of the constantly rising glacio-
marine platform south, south-west and east of Byrum 
(now around MSL), the water depths at c. 1000 years 
BP most probably had been reduced to less than 2 m 
to distances of several kilometres from the south and 
south-east coasts of that time.

The period 2500 years BP – present: 
Development of the bay of Bovet
It is well documented by archaeological finds and 
historical sources that the water depths in the bay of 
Bovet, south of the Østerby peninsula and north of 
the very shallow waters off south-eastern Læsø, were 
larger than today until the 17th and 18th century, when 
the bay was partly filled with aeolian sand from dune 
fields that migrated across the island from the west 
and north-west and covered the medieval church of 
Hals, its village and fields and migrated further to 
the east and south-east where much of the dune sand 
ended in the bay of Bovet (Hansen 1995). Before these 
events the bay was used as a natural harbour for even 
large vessels (e.g. Stoklund 1973).

In 2010 we found a large medieval vessel 700 m 
inside the present coastline of the bay, buried under 
1.5 m of sand. Tree-ring studies of the planks show 
that the material is oak, felled in 1383–86 AD in the 
southern Baltic region. Also recently, a boulder reef in-
cluding a very large boulder of about 260 tonnes was 
located 0.5 m below terrain close to the medieval ves-
sel, indicating that the vessel may have been wrecked 
on this boulder reef and that also the innermost part 
of Bovet at that time was accessible to large ships.

Today the bay of Bovet is protected to the east by 
the young barrier of Bløden Hale and a row of young 
barrier islands (Knotterne and Knogene) that began 
developing at the mouth of the bay during the 19th 
and 20th century. Presently, large parts of the sandy 

 

 

Fig. 26. The barrier island Stokken 
viewed from the north. The picture 
shows the straightening process of 
barriers and recurved spits by ero-
sion and formation of overwash fans 
during storm surges, resulting in a 
steadily narrower lagoon. 
(Photo: Eigil Holm).
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Terrain level effects of forestation, 
deforestation, agriculture and salt industry

The preservation of relative terrain levels of sea-level 
proxies, and thereby sea-level reconstruction, is de-
pendent on the subsequent vegetation development 
and land-use practices, because continuous existence 
of natural vegetation may preserve relative terrain 
levels, whereas long-time agricultural practices such as 
ploughing, draining, extraction of peat and digging of 
turf reduce terrain levels. Likewise, precise measure-
ments of sea-level proxies to some extent are dependent 
on correct understanding of the local environmental 
and climatic changes. In the case of the decimetre-scale 
precision at which we attempt to reconstruct the RSL 
development of Læsø, the initial vegetation and foresta-
tion is important in order to understand how sea-level 
proxies have been preserved, while knowledge about 
subsequent practices of land-use are important in or-
der to understand where and how levels of sea-level 
proxies may have been altered. This section intends 
to provide a summary of terrestrial developments of 
relevance for the RSL reconstruction at the attempted 
decimetre-scale precision.

Initial forestation of the island
As described below, there is circumstantial evidence 
that the region contained a forested Boreal landscape 
prior to the Litorina transgression c. 6300 years BP. 
However, after the flooding and until preserved parts 
of the island emerged c. 4900 years BP there is no direct 
evidence of the forestation of the region.

During the period 4900 to 2500 years BP, the oldest 
preserved parts of Læsø were still attached to a raised 
glacio-marine landscape north-west of the present is-
land. Trunks of pine, stems of oak, and pollen analyses 
(see below) from peat on the small preserved part of 
Læsø’s initial beach-ridge landscape indicate that the 
early coastal landscape, despite its small preserved size 
(2 km2), was vegetated by meadows and a relatively 
mature forest which would hardly develop in such 
environments unless it was attached to a more fertile 
and considerably larger land area. This would also 
explain how the island later, when it was much larger 
and completely detached, could become a refuge for 
the formerly widespread Boreal pine that still covers 
poor soils in southern Norway and western Sweden, 
but which is extinct in Denmark with the exception of 
Læsø where a few large trees and many seedlings have 
survived until present time and today may be consid-
ered endemic – the so-called ‘Læsø pine’. A find of red 
deer (Cervus elaphus) in peat on the Østerby peninsula 
supports this theory, as does king Valdemar Sejr’s Liber 
Census Daniae from 1231 which mentions royal hunting 
of red deer on Læsø, indicating that this large animal 

while new saltmarsh islands continuously emerge and 
grow at the platform south-west of Læsø.

The large sand flat south of Læsø and formation of 
hypersaline groundwater
As the upper part of the large sand flat south of Læsø 
(overview in Figs 1, 2, 5) came still closer to sea level it 
also remained dry for weeks and months, mainly dur-
ing spring periods (April to May) dominated by south-
erly winds, when the sea level of Kattegat is generally 
around 25 cm lower than during autumn and winter 
periods of mainly westerly to northerly winds. This 
periodic drying and the ensuing evaporation of the 
salty pore water leads to crystallisation of salt on top 
of the sand. During the next incursion of the sea, this 
salt dissolves to form a nearly saturated brine (Fig. 28) 
which, due to its high density, percolates downwards 
into the sand and accumulates on top of the glacio-
marine clay and silt platform, normally less than 2 m 
below the surface of the sand flat (Hansen 2010).

At the beginning of the 12th century, widespread 
accumulations of such nearly salt-saturated brines 
were discovered by monks from Jutland who founded a 
salt industry on the island c. 1150 AD. The salt brine 
was extracted from shallow wells at the south-east-
ern shores of Kringelrøn and Langerøn and on the 
south-eastern coast of the main island (Bangsbo and 
Stoklund). The brine was evaporated by heating in 
large iron pans in huts built over or close to the wells 
(Vellev 1991, 1993, 2001). During the following four 
centuries the number of salt production huts steadily 
grew and culminated c. 1585 AD, when around 135  
simultaneously active salt production huts were situ-
ated on a 7 km long row from Bangsbo to Kringelrøn 
along the south-eastern shores of the saltmarshes 
(Hansen 2010). The salt production was important for 
the salt supply of Denmark–Norway and culminated 
with a total annual export of around 2000 tonnes 
of salt. A total of 1700 ruins of salt production huts 
have been discovered on the ancient, raised beaches 
(Vellev 1993, Hansen 2010) (Fig. 27); this large number 
reflects that the production wells, pans and huts had 
to be moved seawards as the shores moved due to the 
isostatic uplift as well as sedimentary progradation of 
the shores. On average the wells, pans and huts were 
moved every 19 years (Hansen 2010), corresponding 
to the Lunar nodal oscillation period, which in combi-
nation with the isostatic uplift caused sea-level drops 
of 7 cm at intervals of 18.6 years and, consequently, 
displacements by 100–200 m of the shoreline along the 
extremely flat shoreface of the south-eastern coasts 
(Hansen 2011). 
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original moors and bogs are now nearly devoid of peat 
because this has been intensively exploited for fuel 
and soil improvement (Stoklund 1980, 1986, 1990, 1999; 
Hansen 1995). Nevertheless, in the 1970s one of us (JS) 
found and analysed two small peat profiles for pollen, 
and the results illustrate the initial forestation and vege-
tation of the older parts of the island.

maintained the initial light-open forest and meadow 
landscape and survived more than 1000 years on the 
completely detached, but by then much larger island.

Evidence from pollen analyses
Due to the widespread practice of ‘concentration agri-
culture’ during the 17th to early 20th centuries, Læsø’s 
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Fig. 27. Digital terrain model (DTM) of the raised concentric low-ridge plain of Langerøn (upper part) and Kringelrøn (lower part). 
The highest parts of the landscape in the centres of concentric beach ridges are small raised boulder reefs. The many ‘dots’ of the 
two former islets are ruins after salt production huts built at the shore of any time in the period 1150–1652 AD. In all 899 ruins 
have been identified on the two islets. The profile shows levels (m above MSL) and distance (m) along the black line. BR: raised 
boulder reef. H: ruins of salt production huts.
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(Plantago lanceolata, Plantago maritima, Artemisia and 
Chenopodium) indicate that the site was close to the 
coast. However, the tree distribution also indicates a 
nearby rather mature forest cover. Yew is common in 
similar poor, light-open forests of southern Sweden.

Figure 31 shows pollen analyses of four samples 
from a peat found in a younger part of the ‘old trian-
gle’. Sample 71/984 is taken from a layer with charcoal 
that is 14C dated to 2680 years BP. After the charcoal 
formation (burning), an increase in yew (Taxus), wil-
low (Salix), elm (Ulmus) and poplar (Populus) and a 
decrease in pine (Pinus), lime (Tilia), ash (Fraxinus), 
grass cover (Gramineae), heather (Calluna) and weeds 
(Plantago lanceolata and Chenopodium) is significant. 

Yew (Taxus) is very rare in other parts of Denmark 
(only finds of single pollen grains), but it is obvious 
that it was abundant on Læsø until more recent time. 
However, until the early medieval age Taxus was a 
dominant pioneer tree of many southern Scandinavian 
coastal zones (Sarmaja-Koronen et al. 1991), but because 
all parts of Taxus are highly poisonous to humans, 
cattle and horses, the species has been sought extin-
guished from inhabited areas. South of Østerby Havn 
a harbour for small vessels was built of poles of Taxus 
felled in 640 AD, and from the medieval settlement of 
the island around 1100–1300 AD some location names 
may indicate which kind of forest the settlers met and 
cleared for agriculture (Stoklund 1980, 2007; Hansen 
1995). Thus, the medieval Danish name of Taxus ap-
pears in two local names (Irumgård and Irum Have) 
on south-east Læsø, while Hornex and Jegens Odde on 
the north part of the island refer to Quercus.The name 
‘Lunden’ of a forest on the central part of the island 
means a mixed, mainly deciduous forest. 

The initial forest on the higher and older part of 
the island consisted of a light-open forest of trees 
with light seeds like birch (Betula), pine (Pinus), wil-
low (Salix) alder (Alnus) and to a minor degree poplar 
(Populus). Also climax forest trees with heavier seeds 
like oak (Quercus), hazel (Corylus), lime (Tilia), elm (Ul-
mus), ash (Fraxinus), and yew (Taxus) were present. It is 
clear from all pollen analyses that grasses (Gramineae) 
played a dominant role, corresponding well with the 
origin of the name of the island (in the old Anglo-
Saxon language ‘Læsø’ (læsoy) means ‘grass island’). 

Pollen analyses (Fig. 29) of peat from a swale of 
Læsø’s oldest beach-ridge system that formed 4900–
4000 years BP (14C dated to 3375 years BP) show that 
the forest of that period (at least at that very location) 
was dominated by yew (Taxus baccata) and grasses 
(Gramineae) with minor amounts of light-open for-
est trees as well as climax forest trees such as ash 
(Fraxinus). Also note the occurrence of Plantago lanceolata, 
Plantago cf. media, Artemisia and Chenopodium, indicating 
the nearby coast and maybe also some human influence.

The diagram from peat at Træbakke (Fig. 30, 14C 
dated to 3355 years BP), which according to our age 
model is slightly younger than the above-mentioned 
vegetation, represents the lower part of a thin peat pro-
file very close to the western tip of the preserved part 
of Læsø at that time. The pollen diagram indicates a 
light-open forest dominated by birch (Betula), pine (Pi-
nus), hazel (Corylus), ash (Fraxinus)  and oak (Quercus) 
with alder (Alnus) and willow (Salix) indicating moist 
soils, and with only minor amounts of other climax 
forest trees. The amount of grasses is high and weeds 
like Plantago lanceolata, Artemisia and Chenopodium are 
again present. The high amount of coastal indicators 

 
 

Fig. 28.  After days or weeks of dry-
ing, evaporation and salinization 
of the sand surface, the sea returns 
to the sand flat south of Læsø as a 
widespread thin film of sea water 
with an initial salt content of 2– 
2.5 %. By dissolving salt that crystal-
lized during the preceding period 
and by mixing with hypersaline pore 
water, the film of incoming sea water 
becomes nearly salt saturated. Con-
sequently, the water film becomes a 
heavy salt brine with a salt content of 
10–16 % that percolates downwards 
until it hits the low-permeable glacio-
marine clay platform 1–3 m beneath 
the surface or already accumulated, 
equally heavy salt brine.
(Photo: Lasse Gudmundsson).
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Fig. 29. Pollen counts from a thin 
peat profile (No. 34 in Table 1, green 
dot in Fig. 16) from the oldest pre-
served part of Læsø that formed in 
a spit system 4900–4000 years BP 
(peat 14C dated to 3375 years BP). 
The y axis represents percentages 
relative to total Arboreal (tree) Pol-
len (ΣAP). The counts are reduced 
as indicated to give a more proper 
forest tree distribution compared to 
herbs (see Methods chapter). Some 
pollen counts of herbs, especially 
grasses, or bushes (Non-Arbores 
Pollen, NAP) are reduced by 10 
for better overview only (white 
columns). The total counted tree pol-

len (ΣAP) is given in the lower left corner of the diagram. The extremely high concentration of yew (Taxus) pollen could make it 
plausible that the yew pollen derive from a local stand of trees. Non-arbores pollen grains are almost entirely grasses (Gramineae).

Fig. 30. Pollen counts from the 
bottom of an almost 1 m thick 
peat profile at Træbakke (No. 14 in 
Table 1). Explanation as in Fig. 29. 
This part of the island was formed 
as a condensed high-ridge plain 
4000–3500 years BP. The peat is 
14C dated to 3355 years BP. The 
age may be underestimated as the 
peat contained many younger alder 
roots of which all visible parts were 
removed before dating. No yew 
(Taxus) were found (only 100 pol-
len grains were counted) and ash 
(Fraxinus) is dominating, together 
with grasses (Gramineae), Artemisia 
and Chenopodium.
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Fig. 31. Pollen diagram from a 
ditch side peat profile, 16 cm thick. 
Explanation as in Fig. 29. This land-
scape was formed as a barrier-spit 
and lagoon plain 3500–3000 years 
BP. Sample 71/984 was 14C dated 
to 2680 years BP (No. 12 in Table 
1). There are 2 cm between the 
samples and sample 71/982 is the 
bottom. The counts are reduced 
by the indicated factors for pollen 
productivity in order to give a more 
realistic forest tree distribution. 
Salix, NAP (non-arbores pollen) 
and Gramineae are reduced by a 
factor 10 in order not to dominate 
the diagram.
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undrained and unploughed until the 1920s when a 
forest plantation program was initiated (and partly 
obstructed by the locals). After 1950, increasing parts 
of the island came under nature conservation, thus 
preserving about 40 % of the area from agriculture, 
plantation and urbanization. Thus, Læsø’s presently 
relatively diverse vegetation is mainly an effect of less 
deteriorated conditions than elsewhere in Denmark.

Settlement, salt industry, deforestation 
and crises of the Little Ice Age
The initial settlement of the island is mostly referred 
to the 12th century. The discovery at that time of hyper-
saline groundwater under the beaches of south-east 
Læsø, and the resulting salt industry, was contempora-
neous with a sea-level drop of 0.8 m that commenced c. 
1200 AD and culminated c. 1300 AD (see section below 
and Hansen 2010, Hansen et al. 2012). ). These saline 
groundwater deposits were continuously formed until 

Post-detachment period and development of 
endemic wildlife characteristics
The present fauna on Læsø has many endemic traits 
and is rich in migratory flying animals but poor in 
non-migratory wildlife, in particular mammals. There 
is an absence of many species that are widespread 
elsewhere in Denmark, such as small mammals, 
reptiles and amphibians. These traits are most prob-
ably caused by the complete detachment of Læsø 
c. 2500–2000 years BP from larger and more fertile 
landscapes, and reinforced by the nearly complete 
manmade deforestation of the island during the 17th 
to first part of the 20th century.

The vegetational diversity of Læsø is generally 
larger than in most other sandy parts of Denmark  
(cf. EU’s Natura 2000 and habitat protection plans), 
and this situation is first and foremost caused by the  
highly intensive agricultural practices in other parts of 
Denmark. On Læsø around 75% of the land remained 

 
Fig. 32. Levels of raised berms, barrier-spit and barrier-island beach-ridge crests on Læsø measured by the BLRC method and 
plotted against ages of the ridges as inferred by the age model of the island. The diagram shows applied measurements from 
areas without inland or coastal dune fields (i.e. measurements from Højsande and Bløden Hale are excluded). Levels of raised, 
cultivated saltmarshes of south-eastern Læsø are also excluded due to lowering of the terrain by 600 years of agricultural practices 
(including widespread digging of turf). Colours indicate coastal exposure directions corresponding to the regions shown in Fig 
4. Note differences in levels of ridges exposed to the north, east and south-east compared to ridges exposed to the south-west, 
west and south. To some extent these level difference are caused by the general isostatic SW-tilting of the region and differences 
in height of the swash (maximum 0.7 m). The remaining level differences are probably caused by local geological ‘background 
noise’ such as differences in local relaxation uplift and compaction (see Discussion). 
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Absolute age determinations of samples of sedi-
ment and fossils in beach deposits (dating emergence), 
in marine deposits (pre-dating emergence), and in 
terrestrial deposits (post-dating emergence).

No use or cautious application of level data from 
areas that have been ploughed and drained since the 
medieval settlement or exploited for intensive salt 
production. 

Due to the different nature of barrier ridges and 
saltmarsh ridges the RSL reconstruction has been 
made in two forms: One for exposed barrier coasts 
(4900 years BP to present) and one for saltmarsh coasts 
(1500 years BP to present).

Sea-level reconstruction based on 
beach ridges of exposed coasts
Figure 32 shows 629 BLRC points representing 
exposed coasts, i.e. condensed beach-ridge, barrier-
spit and barrier-island landscapes showing the RSL 
changes of the three main areas of the island which 
have continuously been exposed towards the main 
directions south-west, north and south-east (Fig. 4) 
throughout the period after 4900 years BP. RSL/age in-
dex points respect the exact formation chronologies and 
levels as established from the DTM. The absolute ages 
are modelled from the 119 absolute age determinations 
as described in Table 2.

The successions of the BLRC points from the three 
main directions of coastal growth follow the same long-
term and short-term trends quite well, whereas level 
differences of 0.5–1.5 m between south-westerly exposed 
coasts (lowest) and northerly as well as south-easterly ex-
posed barrier coasts are obvious. Of this level difference, 
0.1–0.2 m is caused by isostatic south-westward tilting, 
whereas the remaining 0.4–1.3 m is mainly explained 
by differences in exposure. Thus, the fetch distances to 
the north are by far the largest, and fetch distances to 
the south-east are intermediate between those to the 
south-west and the north. This may explain the fact that 
the north, east and south-east coasts of the oldest and 
eastern parts of Læsø are mainly built of condensed, 
often coarse-grained beach-ridge plains (north) and 
coarse-grained barrier-spit plains (south-east and east), 
whereas the south-west coasts are mainly built of sandy 
barrier-spit and barrier-island plains.

The older part of the large plains of fine-grained 
condensed, low-ridge landscapes of south-eastern 
Læsø have not been included in the reconstruction 
because this part of the island has been ploughed, 
drained and partially used for cutting of turf through 
more than 600 years, which obviously has lowered 
and smoothed the original terrain.

the number of salt production huts peaked c. 1585 AD.
Soon after establishment of the initial salt industry 

many settlers arrived to the island, and less than 100 
years after the discovery of hypersaline brines three 
churches (1219–1250) had been built. Simultaneously, 
the most fertile parts of Læsø south of the sandy 
‘old triangle’ and north of the saltmarshes had been 
cleared of forests and cultivated around the medieval 
churches of Byrum, Vesterø and Hals. Together, the 
growing number of farms and expansion of the salt 
industry reduced the nearly complete forest coverage 
before settlement began to a few hectares in 1750 AD. 
A consequence of this development was that wood for 
fences and fuel was substituted by turf (Vellev 1993; 
Hansen 1995), a practice that lowered the terrain of the 
farmlands and ultimately laid much of the cultivated 
land open for wind deflation.

Because of declining formation of hypersaline 
ground water, the salt industry declined severely from 
1600 AD and ceased completely in 1652 AD (Vellev 
1993, Hansen 2010), contemporaneously with man-
made deforestation and climatic changes related to the 
last and coldest phase of the Little Ice Age (Hansen 
2010). Thus, the timing of changes in salt industry and 
agricultural practices (Stoklund 1999) relates Læsø’s 
ecological and economic crises to climatic changes, 
consequent overpopulation and the Little Ice Age sea-
level fall, which on Læsø reached two local minima, 
i.e. around 1300 AD and 1700 AD (Hansen et al. 2012).

Relative sea-level reconstruction 
(4900 years BP to present)
Relative sea-level changes (RSL) constitute the sum of 
absolute sea level (ASL) and vertical terrain changes 
(U and C, see section on Methods and Data). Conse-
quently, the present RSL reconstruction is independ-
ent of data on ASL and isostatic terrain level changes. 
The present RSL reconstruction is mainly dependent 
on how base levels of beach-ridge crests (BLRC) have 
been measured in order to avoid effects of small dunes 
(D) and erosional features (E). Another main issue is 
how BLRC measurements have been compensated for 
height of swash (S). Thus, a robust reconstruction of 
relative sea levels on Læsø during the last 4900 years 
can be built on the basis of the methods described 
above, i.e. respecting the following:

Measurements of base levels of beach-ridge crests 
(BLRC). 

Compensations for height of swash (run-up) ac-
cording to GPR profiling, supplemented with terrain 
analyses and types of coastal landscape. 

Observable chronology of raised beach ridges, 
swales, lagoons, saltmarshes, forestation and cultural 
history marks of the island.
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In a previous study of raised saltmarshes, Hansen 
et al. (2012) have shown that the saltmarsh landscapes 
of southern Læsø allow extraordinarily precise deter-
mination of past sea levels due to excellent possibilities 
for compensation for local post-sedimentation terrain 
level changes, i.e. compensation for ‘background noise’ 
such as normally undetectable neo-tectonic effects, lo-
cal effects of draining and ploughing and other types 

Sea-level reconstruction based on 
saltmarsh beach ridges
Because absolute (‘eustatic’) sea-level oscillations during 
the last 1000–2000 years are generally considered to be 
at the scale of decimetres (see Discussion section), it is 
crucial to develop methods which are capable of quan-
tifying small post-sedimentation terrain level changes 
at the same small scale.
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Fig. 33. Digital terrain model (DTM) of the Tørkeriet area in south-western Læsø (and Færøn, lower right) showing raised low-
ridge plains (raised saltmarshes) between an older barrier (B) and the present saltmarsh (SM) fringing the pseudo-tidal flat (PTF). 
Levels of 35 beach ridges all 2–5 km long have been measured precisely along 381 transects each of 200 m length (Fig. 34).
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Integral age model and RSL curve for Læsø
An age model for the emergence of all parts of Læsø 
is presented in Fig. 36, corresponding to the growth 
history of the island as described above in the chapter 
on Reconstruction of the emergence, growth and coastal 
development of Læsø and according to the principles 
described in the section on Age modelling of coastal 
progradation (Table 2). 

In Fig. 37 all of the 1200 RSL/age index points of 
exposed coasts (Fig. 32) and saltmarshes (Fig. 34) are 
merged into one common RSL/age curve, cf. steps 6 
and 7 in Table 2. The solid line represents BLRC meas-
urements of exposed coasts (4900 years BP to present).

The dashed blue curve in Fig. 37 represents all BLRC 
measurements of exposed beach ridges after reduction 
for height of swash (run-up) as described in the section 
on Estimation of swash heights (run-up) by ground pen-
etrating radar (GPR), and the dashed red line represents 
back-stripped BLRC measurements of the saltmarshes 
of southern Læsø (1250 years BP to present). The actual 
identification of RSL by GPR of barrier landscapes is 
indicated by black dots. The resulting, integral RSL 
curve of exposed coasts (dashed blue) is calculated on 
the basis of these GPR identifications in such a way 
that the general shape and oscillations of the BLRC 
curve are maintained, but lowered to a best fit with 
the RSL points of the GPR surveys. At stretches of 
the RSL curve where GPR data are not available, the 
inferred swash heights have been checked with terrain 
analyses as described in the section on Estimation of 
swash heights (run-up) by terrain level analyses.

The resulting RSL curve for Læsø is presented in 
Fig. 38, where also peaks of short-term highstands and 
lowstands have been connected above and below the 
RSL curve (blue band). Through this procedure, short-
term (centennial) oscillations can be identified, i.e. 
oscillations that are normally not identified in regions 
of less regression and coastal growth (see Discussion). 
The present study suggests that short-term lowstands 
of 50 cm or more occurred eight times during the 
period 4000 years BP to present, as set out in Table 4.

Comparable observations of sea-level highstands 
have been published from the Swedish west coast as 
numbered Postglacial Transgression Maxima (PTM) 
(Mörner 1969, 1980). Thus, PTM 6 – PTM 10 of the Swed-
ish west coast correspond well to contemporaneous 
highstands identified on Læsø, whereas lowstands are 
more clearly developed on Læsø. This difference may be 
explained by the sparse sediment sources of the granitic 
and metamorphic bedrock terrain of western Sweden.

The RSL curve for Læsø also shows many simi-
larities to the RSL curve of the Kattegat island of 
Samsø (Sander et al. 2015), including a relatively 
stable development 5000–4000 years BP, thereafter a 
relatively fast fall until around 3000 years BP, as well 

of compaction. This has been done by ‘back-stripping’ 
of saltmarsh ridges to their original horizontal position 
in the reverse order of formation chronology (method 
in Hansen 2009; Hansen et al. 2012).

The area of Tørkeriet is shown in Fig. 33 and new 
BLRC data from this area are shown in Fig. 34. Although 
up to 20 cm of the observed differences in level may be 
explained by draining and ploughing of some parts of 
the area, the identified level differences (20–65 cm) of 
coherent ridges underline the importance of compensa-
tion for ‘geological background noise’ in studies of sea 
levels of the latest Holocene.

Figure 35 shows the RSL curve resulting from ‘back-
stripping’ the BLRC levels (Fig. 34) as well as the result 
of detailed, previously published (Hansen et al. 2012) 
level studies of two other saltmarsh areas on Læsø 
(Hornfiskrøn and Stoklund). In each of these saltmarsh 
areas, many 3–5 km long, coherent saltmarsh ridges 
formed during the last 1000–2000 years. Compared to 
neighbouring swales, the ridges are very low (mostly 
less than 20 cm). After back-stripping, the individual 
ridges have vertical level differences of maximum 32 cm. 
The mean curve of back-stripped saltmarsh ridges from 
these areas is applied for the period after 1250 years BP 
in the reconstruction of an integral RSL curve for Læsø.

Table 4. Centennial lowstands and highstands on Læsø in the  
period 4000 years BP to present (Fig. 38).

Amplitude of the eight lowstands are calculated as the mean difference between lowstand 
levels and levels of the two neighbouring highstands:

High/low Period RSL, m Amplitude

Highstand 4000 BP 2000 BC 9.7

Lowstand 3800 BP 1800 BC 8.5 ~0.8 m 

Highstand 3700 BP 1700 BC 8.8

Lowstand 3500 BP 1500 BC 7.2 ~1.1 m

Highstand 3400 BP 1400 BC 7.7

to 3000 BP 1000 BC 6.3

Lowstand 2900 BP 900 BC 5.3 >0.7 m

Highstand 2800 BP 800 BC 5.6

Lowstand 2700 BP 700 BC 5.0 ~0.5 m

Highstand 2400 BP 400 BC 5.3

to 2100 BP 100 BC 4.6

Lowstand 2000 BP 0 AD 3.7 >0.6 m

Highstand 1800 BP 200 AD 4.0

Lowstand 1600 BP 400 AD 2.6 ~0.7 m

Highstand 1400 BP 600 AD 2.6

Lowstand 1300 BP 700 AD 1.6 ~0.5 m

Highstand 1100 BP 900 AD 1.7

Lowstand 700 BP 1300 AD) 0.5 ~0.6 m

Highstand 450 BP 1550 AD 0.5

to 220 BP 1780 AD 0.5



·     45Holocene sea-level changes and coastal development of Læsø

A major break-through also took place when 
Mörner (1969), on the basis of detailed RSL/age stud-
ies of beach ridges and marine deposits of western 
Swedish river valleys, was able to calculate regional 
inclinations of raised beach ridges and thus before 
others became able to distinguish between the two 
major components of relative sea-level displacement, 
i.e. absolute (eustatic) sea-level changes and isostatic 
rebound (GIA). In later reviews, Mörner (e.g. 1980) 
pointed out that the beach deposits of the Kattegat 
region are excellent ‘sea-level laboratory’ objects in 
search for understanding the interplay between eus-
tatic sea-level changes and post-glacial isostatic rebound.

With respect to isostatic models of the Holocene (late 
glacial to present) uplift, Påsse & Andersson’s (2005) 
study of the Scandinavian peninsula is an important 
supplement to the observations by Mörner and other 
authors, resulting in many empirically documented 
series of the different patterns in RSL change at vari-
ous positions around the centre and margins of the 
Weichselian glaciation of Scandinavia and the Baltic. 
Thus, north-east of Mörner’s (1969) find of an isostatic 
bend perpendicular to the general Scandinavian uplift 

as highstands in the period 3000–2000 years BP. As at 
the Swedish west coast, the lowstands at Samsø are 
less pronounced compared to Læsø. The difference is 
most probably caused by the smaller preservation po-
tential of lowstands in less GIA-raised regions (Samsø 
mean 0.5 mm/year, Læsø mean 2.1 mm/year). General 
implications of the present identification of centennial 
lowstands are discussed below. 

Discussion
The use of raised beach ridges as indicators of rela-
tive sea levels (sea-level proxies) of the past has a long 
record in modern scientific literature of Scandinavia, 
going back to the beginning of the 20th century. On the 
basis of Wilhelm Ramsay’s initial ideas, Mertz (1924) 
and von Post (1933) began understanding how eustatic 
sea-level changes in combination with isostatic uplift of 
the Scandinavian peninsula and the Baltic region had 
dramatically changed sea levels of the Baltic sea and 
Kattegat after flooding and unloading of the region by 
melting of Weichselian ice caps.

 Fig. 34. Levels of 35 coherent and up to 5 km long saltmarsh crests of Tørkeriet, south-western Læsø (back-stripped curve of the 
measurements shown in Fig. 35). Each red dot represents the base level of ridge crests of 200 m long transects along the crest 
(BLRC method). The crests are arranged in chronological order according to the time of appearance (1: oldest; 35 youngest). Blue 
line represents the mean level of the 35 crests. The scatter of the individual crest levels varies between 20 and 65 cm and reflects 
local geological ‘background noise’, variations in the sedimentary heights of the crests (which relative to hindlying swales are 
about 10 cm), and a relative levelling precision between 1 and maximum 6 cm.
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between the islands of Læsø and Anholt (70 km south 
of Læsø), Påsse and Andersson’s (2005) empirical model 
also fits well with our RSL curve of Læsø, when our 
Læsø RSL/age index points are detrended for the local 
relaxation uplift caused by post-Boreal erosion of the 
Læsø platform (Hansen et al. 2012). 

Beach ridges as relative sea-level indicators
Raised beach ridges are generally proxies of the sea 
level at the time of deposition, such that the crest 
level of a certain beach ridge minus the swash height 
represents sea level when the ridge was formed. In 
northern Denmark where the GIA has been larger 
than the RSL rise during the late Holocene, formation 
of ridge-and-swale landscapes is a general characteris-
tic of such regressive sedimentary regimes, regardless 
of whether the ridges were formed as berms, barrier 
spits or barrier islands and the depressions between 
them have been formed as swales between laterally 
stacked berms or by growth of barrier systems. 

 

Because the swash height may be difficult to deter-
mine without GPR or lidar, the base levels of hindlying 
as well as subsequent swales have often been applied 
in regressive sedimentary environments of the Kat-
tegat–Skagerrak seas, e.g. in the reconstruction of the 
large spit Skagen Odde, the northern tip of Jutland 
(Nielsen et al. 2006; Nielsen 2008; Nielsen & Johann-
essen 2009, 2010; Clemmensen & Murray 2010, Clem-
mensen et al. 2012a) and the Kattegat island of Anholt 
(Mörner 1969; Bjørnsen et al. 2008; Clemmensen et al. 
2012b). Moreover, Bendixen et al. (2014) have shown 
that in a non-regressive sedimentary environment of 
south-east Denmark (Feddet), beach ridges represent 
superimposed berms of several storm surge events. 

On Læsø we found that the differences between 
ridge and swale levels in several types of beach-ridge 
landscapes are smaller than indicated from GPR 
profiling and identification of downlap structures 
representing MSL of the time. This problem first 
and foremost relates to laterally stacked beach ridges 

Fig. 35. RSL/age index points of raised saltmarsh crests. Brown dots: Index points of Hornfiskrøn and the Stoklund–Bangsbo area 
(data from Hansen et al. 2012). Blue dots: Result of back-stripping of 381 new BLRC measurements of raised saltmarsh ridges at 
Tørkeriet (Fig. 34) in comparison with the raised saltmarshes at Hornfiskrøn and Stoklund–Bangsbo, for identification of local 
geological ‘background noise’. The index points of all areas have been back-stripped by the method described by Hansen et al. 
(2012). The large blue dots show the resulting RSL index points of 32 crests that can be traced over 3–5 km. Small blue and brown 
dots are linear interpolations in order to construct the mean RSL curve (solid black line) of the two data sets that have been back-
stripped for local, geological ‘background noise’ (and height of swash). The remaining RSL differences between the two data sets 
(mean 18 cm; max. 32 cm) are probably close to the limits of what can be compensated for in a low seismicity region with excellent 
representation of long, coherent and well separated saltmarsh crests. 
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also affect the nearest hindlying swale during storm 
surges. In consequence we suggest that RSL/age index 
points obtained by lidar profiling exhibit a level dif-
ference not exceeding +0.2 m, mostly less than +0.1 m, 
as compared to RSL levels obtained by GPR profiling.

 
Exact chronology of beach ridges 
and uncertainty of assigned ages
The constant growth of Læsø provides two inde-
pendent sources of geochronology, firstly and most 
importantly the exact observable order of appearance 
of beach ridges in each of the three main areas (Fig. 
4), and secondly the laboratory age determinations 
listed in Table 1. The main purpose of these is to 
assign absolute ages to the observed chronology of 

(berms), where only incipient swales have been formed 
or have been partially eroded. This type of ridge-and-
swale landscape forms large parts of Danish marine 
forelands in areas with slower coastal progradation 
than in the present case. On Læsø we have classified 
such landscapes, where swale levels may be imprecise 
RSL proxies, as condensed high-ridge plains (high-rippled 
washboard plains). Here, RSL identification should 
consequently be based on GPR profiling (cf. Hede et 
al. 2013). Also in raised saltmarsh landscapes, here 
classified as condensed low-ridge plains (low-rippled 
washboard plains), swale levels are generally slightly 
higher than the mean sea level of the time because 
the beach ridges are formed by vertical accretion dur-
ing high water, so that the sedimentary process may 

	  Fig. 36. Age model of the older, still preserved shorelines on Læsø. See text for description of the construction method.
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Identification of geological ‘background noise’ 
in a low seismicity region
In sea-level reconstructions, the conclusion of Mou-
cha et al. (2008) on long-term sea-level modelling has 
often been cited: “There is no such thing as a stable 
continental platform”. As any large long-term change 
is composed of smaller short-term changes, Moucha 
et al.’s (2008) conclusion also applies to late Holocene 
sea-level reconstructions. 

Hansen et al. (2012) showed that geological ‘back-
ground noise’ is a crucial parameter for reconstruc-
tion of the last 900 years of absolute sea-level changes, 
because amplitudes of late Holocene sea-level changes 
(Woodworth et al. 2009; Cronin 2012 ) are compara-
ble to amplitudes of normal geological background 
noise in regions of low seismicity such as Denmark 
(Andersen et al. 1974; Lykke-Andersen & Borre 
2000; Khan et al. 2006), other parts of Scandinavia  
(Bungum et al. 2010; Hill et al. 2010), Central Europe 
(Scheck-Wenderoth & Lamarche 2004), and the east 
coast of north America (Engelhart et al. 2009). The 
present study correlates well with these and our pre-
vious findings of geological background noise and 
demonstrates how causes and magnitudes of relatively 

palaeo-shorelines (cf. the section on Age modelling of 
coastal progradation). If two laboratory age determi-
nations oppose the observed chronological order, 
then the observed chronology ranks above labora-
tory measurements and, consequently, analytical 
uncertainties of the relevant samples must be con-
sidered. The 1200 RSL/age index points respect this 
elementary principle of stratigraphical ranking and 
are further supported by the procedure of age model-
ling in which the assigned age of each index point is 
proportional to the distances between beach ridges. 

The analytical uncertainties of all absolute age 
determinations are listed in Table 1, and the mean 
uncertainty of laboratory datings is 7.2 % of the as-
signed ages. However, the absolute age modelling is 
based on 12–37 samples within each time interval of 
1000 years. Consequently, the uncertainties of ages 
assigned to the RSL curve (Fig. 38) are considered to 
be much lower than those of the individual samples. 
Moreover, the chronological order of index points is 
exact (certain). We consider the uncertainty of as-
signed ages to be <100 years for the period 5000–2000 
BP, <50 years for the period 2000–1000 BP, and <25 
years for the period 1000 BP to present.
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Fig. 37. Solid black curve: Mean level of raised berm and barrier ridges on Læsø (Fig. 32). Black dots: RSL levels of downlap struc-
tures determined by GPR profiling. Dashed blue curve: RSL of these sea-level proxies detrended for height of swash as found 
by GPR profiling. Dashed red curve: RSL of saltmarshes on Læsø (Fig. 35). The RSL curve of raised barriers is detrended for 
height of swash in such a way that the shape of the curve is maintained, but the curve is lowered to best fit with the RSL points 
as identified by GPR profiling.
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of the magnitude of sea-level oscillations prior to any 
substantial present sea-level rise are therefore required.

Unique representation of short-term lowstands
Another general problem of sea-level reconstruc-
tions is that it is a matter of discussion whether 
transgressive, stable and slightly regressive en-
vironments are capable to produce or preserve 
visible or separate sea-level proxies of short-term 
(multidecadal to centennial) lowstands. Even in 
micro-tidal environments, sea-level oscillations 
merely produce and preserve relatively high, com-
plex berms which have mainly been formed over 
decades or centuries by storm surges (Bendixen et 
al. 2014). Consequently, sea-level curves based on 
such relatively stable isostatic environments may 
only illustrate sea-level highstands or storm surge 
levels, whereas short-term lowstands are missing 
or blurred. Unawareness of this situation may lead 
to unrealistic conceptions of short-term sea-level 
stability of the past (cf. Table 4).

Due to strong isostatic uplift, micro-tidal condi-
tions, excessive supply of sediment and shallow 
surroundings, the horizontal coastal growth of 
Læsø (mean 2 m/year) has been enhanced by a 

short-term land-level changes of the Kattegat region 
may provide a better understanding of small relative 
sea-level changes. 

Consequently, even along passive continental mar-
gins problems may arise for reconstruction of reliable 
late Holocene sea-level curves from areas where pos-
sibilities for multi-site, precise and coherent levelling 
of sea-level proxies are not at hand. Thus, except for 
a few cases of detrending for sediment compaction 
(e.g., Horton & Shennon 2002; Edwards 2006), pub-
lished sea-level curves for low seismicity regions are 
not detrended at all for geological background noise. 
Compensations for tectonic background noise have 
mainly been done in regions of higher seismicity, e.g. 
Lambeck et al. (2004) in a study of Italy and in many 
studies of the north American west coast. Proportional 
differences between sea-level index points and sea-level 
curves from different locations may therefore be large 
compared to the general conception of small sea-level 
changes during the last 2000 years.

Obviously, this lack of detrending is a problem when 
hypotheses on a rapidly rising present sea level, as seen 
from tide gauge records, are based on the untenable 
concept of a relatively stable sea level during the last 
1000–2000 years. Detailed and robust measurements 

 

Integral RSL-curve of Læsø’s berm, barrier and saltmarsh crests

Fig. 38. Integral RSL curve of berm, barrier and saltmarsh crests on Læsø. The curve is detrended for height of swash and geo-
logical ‘background noise’ (Figs 32 and 35).  Blue band: Limits of short-term sea-level oscillations. The vertical widths of the blue 
band indicate that the sea level oscillated many times within limits of 0.5–1.1 m of the general trend of the RSL curve, e.g. 0.6 m 
during the Little Ice Age lowstand between 850 to 200 years BP (1250–1800 AD).
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Conclusions
Due to strong isostatic uplift, surplus of sediment, 
micro-tidal amplitudes and shallow water depths, 
the island of Læsø provides an excellent environment 
for reconstruction of continuous records of sea-level 
changes during the late Holocene. We show that this 
mid-Kattegat setting has created at least three simul-
taneously developing systems of beach ridges during 
the last 4900 years. Increasingly large parts of the 
island have been formed as raised saltmarshes during 
the last 3000 years. Thus, all periods of the last 4900 
years are covered by at least three and up to eight 
separate, coherent and continuous sea-level records, 

continuously regressive environment where oscilla-
tions between short-term lowstands and subsequent 
highstands generally have not caused widespread 
erosion or produced large complex berms obscuring 
the directly observable beach-ridge chronology. Con-
sequently, we consider the beach-ridge systems of 
Læsø to represent a unique micro-tidal and strongly 
regressive environment where proxies of both short-
term sea-level highstands and lowstands have been 
preserved, and where short-term (multidecadal to 
centennial) sea-level oscillations and variability can 
be reconstructed for the last 4900 years in beach-ridge 
landscapes and most precisely for the last 2000 years 
in saltmarsh landscapes (Fig. 38 and Table 4).
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Fig. 39. Diagrammatic illustration of the coastal history and size of Læsø with indications of significant natural and cultural events. 
During the Boreal continental period, the Læsø-region was separated from Jutland and Sweden by large rivers to the west and 
east, whereas the region was attached to large landmasses between the rivers. During the maximum of the Litorina transgression 
(at Læsø c. 6300 years BP), all parts of present middle and northern Kattegat were flooded by the sea except for areas around the 
islands of Læsø and Anholt. Coloured areas: Estimated size of Læsø (before 2000 years BP, including now eroded glacio-marine 
landscapes and marine forelands mainly northwest of the preserved parts of the island. Solid curve: Size of preserved parts of the 
island; the curve is constructed by reversing the RSL curve in Fig. 38 and fitting it to the size of land areas in Fig. 36. The diagram 
indicates that the size of Læsø (including attached glacio-marine landscapes) was smallest in the period 6000 to 3000 years BP 
(around 40 km2 or 30% of the present size), but large enough for survival of a stock of large herbivores (e.g. red deer) until after 
medieval settlements, and large enough for survival of mature, light-open forests including the Læsø pine (Pinus silvestris var. 
laesoensis), which became extinct elsewhere in the Baltic region. The attached glacio-marine landscapes were completely eroded 
to sea level or lower after 2500–2000 years BP and are now only represented by numerous boulder reefs both inside and outside 
of the present shoreline of Læsø. 
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coherent and precise level. The island of Læsø has 
been formed after 4900 years BP by continuous 
coastal progradation, forming more than 4000 km 
of well separated, still visible barrier and saltmarsh 
beach ridges. Thus, a coherent and detailed record of 
Late Holocene RSL changes can be constructed on the 
basis of 1200 RSL/age index points, including the last 
2000 years about which knowledge on European and 
American sea-level changes is generally incomplete 
because of lack of studies on lowstand proxies. For 
the last 1000 years the sea-level curve of Hansen et 
al. (2012) is supplied with many new RSL/age index 
points displaying a 80 cm RSL fall (1200–1300 AD) 
at the onset of the Little Ice Age. 

Centennial sea-level oscillations of 0.5–1.1 m
The strongly regressive regime, shallow surrounding 
waters and continuous surplus of sediment in combi-
nation with a micro-tidal amplitude of only 0.2 m has 
created a unique sedimentary environment, where 
proxies of short-term sea-level oscillations of the last 
4900 years have continuously been preserved in the 
form of both highstand and lowstand proxies, while 
lowstand sea-level proxies in less regressive environ-
ments appear to have been eroded or obscured by 
subsequent highstands in most other parts of north-
western Europe and north-eastern America. By com-
paring the detailed RSL curve with its general trends 
(Fig. 38), eight short-term (centennial) sea-level oscil-
lations can be identified, showing that RSL oscillated 
0.5–1.1 m around the generally falling RSL (Table 4).
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i.e. continuous records of beach-ridge coasts exposed 
to the north, south-east to east, and south-west (4900 
years BP to present) and saltmarsh coasts exposed to 
the south-east (3000 years BP to present) and south 
(2000 years BP to present). 

Not only proxies of sea-level highstands are rep-
resented – as in less regressive environments – but 
also proxies of sea-level lowstands have often been 
preserved. This situation is mainly caused by strong 
uplift and the unique hydrographic setting of the 
island. Thus, the identified general RSL fall of 10.3 m 
(Fig. 38) reveals a mean vertical regression rate of 2.1 
mm/year and a mean horizontal regression rate of 2 
m/year, and eight short-term sea-level oscillations in 
the range of 0.5–1.1 m during the last 4900 years (Table 
4), corresponding to short-term (centennial) absolute 
(‘eustatic’) sea-level changes.

Origin, coastal progradation and 
detachment from pre-existing landscapes
The present study explains how the island of Læsø 
emerged from a pre-existing, now eroded glacio-
marine landscape and how the coastal development 
during the last 4900 years is related to a strongly 
regressive sedimentary environment, sea-level oscilla-
tions and changes in exposure, water depths and sedi-
mentary sources. A summarizing figure of the above 
described pre-history, emergence, coastal growth, 
forestation, settlement, salt industry, deforestation and 
land-use is shown in Fig. 39 where the main events of 
the coastal history are highlighted. 

Identification of geological ‘background noise’
The coastal landscapes of Læsø make it possible to 
reconstruct several independent sea-level curves from 
closely spaced, but separate areas of the same low seis-
micity region. Because normal tectonic level changes, 
as well as terrain level changes due to land-use prac-
tices, by definition are local, this situation provides 
a rare opportunity for identification of small-scale 
terrain-level changes, which are likely to appear in all 
cultivated landscapes and most low seismicity areas 
such as Scandinavia, other parts of north-western Eu-
rope and eastern north America. From such assumed 
stable geological environments, similar small local 
changes usually cannot be detected.

Continuous record of sea-level changes 
during the last 4900 years
Many studies of beach ridges and other sea-level 
proxies of the Kattegat Sea have given both coher-
ent and detailed knowledge about early Holocene 
(late glacial) and mid Holocene relative sea-level 
changes, while understanding of the late Holocene, 
in particular the last 2000 years, has been at a less 
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Studies of fossil and recent epifaunal and infaunal 
benthic foraminifers have demonstrated that shell 
morphology usually reflects adaptions to life strate-
gies in the different microhabitats (e.g. Bernhard 1986; 
Corliss & Chen 1988; Koutsoukos & Hart 1990; Kaiho 
1991; Murray 1991, 2006). The usually high abundance 
of benthic foraminifers in seabed samples and their 
ability to react quickly to environmental changes 
make them well suited for ecological and palaeoeco-
logical studies. In the present study, we analyse the 
distribution of benthic foraminifers across a single 
Danian bryozoan mound exposed in an old quarry at 
Karlstrup some 25 km southwest of Copenhagen (Fig. 
1, Fig. 2), with the aim to improve the understanding 
of its evolution over time and its dependency on the 
sea-floor conditions. We have established three pal-
aeoecological biofacies based on multivariate analysis 
of the benthic foraminifer assemblage in 22 samples, 
each of them characterising certain parts of the bryo-

Lower Danian cool-water bryozoan mounds are 
common in a NW–SE trending facies belt along the 
north-eastern margin of the Danish Basin from east-
ern Sjælland to northern Jylland, Denmark (Fig. 1; 
Thomsen 1995; Bjerager & Surlyk 2007). The mounds 
are believed to reflect deposition in relatively deep 
water, below the photic zone, and pass south- and 
westwards into deep water chalk deposits (Thom-
sen 1995). The Danian mounds are 50–110 m long 
with a relief of 5 to more than 10 m above the sea 
floor (Cheetham 1971; Thomsen 1976, 1983; Bjerager 
& Surlyk 2007). The benthic fauna is dominated by 
bryozoans in a carbonate mud matrix. Octocorals are 
locally common while echinoids, crinoids, serpulid 
worms, brachiopods, bivalves, calcareous sponges and 
benthic foraminifers are minor elements (Bjerager & 
Surlyk 2007). The mounds are poorly cemented and 
samples therefore easy to disintegrate, making them 
ideal for faunal studies. 
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a recreational area and the walls are either flooded or 
partly overgrown (Gravesen 1983, 1993). The studied 
bryozoan mound is located along the western wall of the 
quarry. It forms part of the Stevns Klint Formation, and 
the occurrence of the planktic foraminifers Parasubbotina 
pseudobulloides and Subbotina trivialis in all the studied 
samples, together with the lack of younger species such 
as Subbotina triloculinoides and Globanomalina compressa, 
show that the mound was deposited during the early 
Danian P. pseudobulloides Subzone (P1a) of Berggren 
& Miller (1988). Thus, it correlates biostratigraphically 
with the top of the Cerithium Limestone Member and 
the lower part of the overlying bryozoan mounds of 
the Korsnæb Member at Stevns Klint (Rasmussen et 
al. 2005). Additionally, the occurrence of the echinoid 
Tylocidaris oedumi in the mound shows that it correlates 
with the T. oedumi Zone of Rosenkrantz (1937). The 
bryozoan-rich limestones were included in the Korsnæb 
Member of the Stevns Klint Formation by Surlyk et al. 
(2006). They dominate the lower Danian in a facies belt 
across northern Sjælland and northern Jylland where 
they form important groundwater reservoirs. The thick-
ness varies from 30–45 m in northern Jylland to 5–20 m 
on Sjælland (Thomsen 1995; Surlyk et al. 2006).

zoan mound. Five genera, Anomalinoides, Cibicides, 
Osangularia, Patellina and Spirillina, constitute 73% of 
the benthic foraminiferal assemblage. The relative 
variations in abundance between these genera have 
shown to be useful in the palaeoecological analysis.

The analysis of the benthic foraminifers in the 
Karlstrup mound supplements earlier analyses of 
the benthic macrofauna in Danian bryozoan mounds 
from Jylland and Stevns Klint (Fig. 1; Thomsen 1976; 
Bjerager & Surlyk 2007).

Geological setting
The Danish Basin forms part of an extensive basin that 
covered north-western Europe during the late Creta-
ceous and earliest Danian (Surlyk 1997). The basin was 
bounded to the north by the inverted Sorgenfrei–Torn-
quist fault zone and to the south by the Ringkøbing–Fyn 
basement high (Fig. 1).

The study area of Karlstrup quarry is located in the 
south-eastern part of the basin. Quarrying in the area 
started in 1843 and ended in 1975; the quarry is now 
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Fig. 1. Karlstrup quarry (K) is 
situated approximately 25 km south-
west of Copenhagen, Denmark 
(map modified after Stemmerik et 
al. 2006). Additional localities men-
tioned in the text are Stevns Klint (1) 
and Karlby Klint (2).
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Material and methods
Twenty-two samples of approximately 200 g were col-
lected for analysis from two bryozoan packstone beds 
with thin marly layers. The limestone beds, which are 
separated by flint horizons, can be traced across the 
selected mound. Samples were taken at eight vertical 
sections across the mound (Fig. 2). Where possible, 
three samples were taken at each section: one in the 
basal part of each of the two selected limestone beds 
and one in a marly layer in the upper bed. The lower 
limestone bed is referred to as bed A, the upper lime-
stone is bed B, and the marly horizon is referred to as 
the M layer (Fig. 3).

Sixty grams of each sample were placed in a drying 

The shape and growth of the bryozoan mounds are 
controlled by availability of food and bottom currents. 
The mounds are asymmetric and the highest den-
sity of bryozoans is found on the steep flanks facing 
the currents, where higher availability of food gave 
favourable conditions for colony growth (Thomsen 
1976, 1983). The palaeocurrents were flowing towards 
WNW under the influence of the palaeotopography 
and the Coriolis force, and accordingly the bryozoan 
mounds migrated in a direction varying from SW 
to SE (Surlyk et al. 2006; Bjerager & Surlyk 2007). The 
bryozoan mounds in the Karlstrup quarry have the 
steepest flanks towards the SSW and S, which agrees 
with the orientation at Karlby Klint (Thomsen 1983) 
and Stevns Klint (Bjerager & Surlyk 2007). 
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Fig. 2. The studied lower Danian bryozoan mound in the western wall of Karlstrup quarry. Twenty-two samples (numbers 1–7, 
9–23, all with prefix P not shown here) were collected across the mound in two limestone beds (A and B) and one marly layer (M). 
Yellow shading marks the distribution of the Anomalinoides-Cibicides-Osangularia Biofacies, red shading corresponds to the Patellina 
Biofacies, and blue shading marks the Spirillina Biofacies. Layer M at sample 2 is shaded purple, as sample 2 shares characteristics 
of both the Spirillina and the Patellina biofacies. The white circle is a characteristic area also visible in Fig. 3.

Fig. 3. Close-up of the southern flank of the bryozoan mound. Limestone beds A and B are separated by continuous flint bands. 
Samples were collected from the basal part of beds A and B and in the distinct marly layer (M) towards the top of bed B. The white 
circle is a characteristic area also visible in Fig. 2. Persons for scale. 
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from each sample varies between 82 and 506, and all 
samples except P12 and P19 contained more than 100 
benthic foraminifers (Table 1). All observed benthic 
foraminifers are calcareous with a hyaline test. Ap-
proximately 85% of the benthic foraminifers were 
identified to the order level and 80% to genus level.

Based on a study of benthic foraminifers, Fatela & 
Taborda (2002) analysed the importance of both the 
total and relative abundance of taxa in palaeoeco-
logical studies. They showed that approximately 300 
specimens of a population give a reliable statistical 
result, but concluded also that in studies primarily 
focusing on dominant taxa that each comprise >5% 
of the total fauna a collection of 100 specimens gives 
a sufficient degree of statistical reliability. These 
recommendations are followed here, and our statis-
tical analyses were carried out on a reduced genus 
group, where genera comprising less than 5% were 
discarded. Consequently, the five dominating genera 
– Cibicides, Anomalinoides, Osangularia, Patellina and 
Spirillina – which each constitute more than 5% of the 
total benthic foraminiferal assemblage were treated 
statistically. In total, this reduced benthic assemblage 
includes 3070 specimens constituting 73% of the total 
benthic assemblage. The four most abundant species 
are Cibicides succedens, Osangularia lens, Anomalinoides 
?midwayensis and Anomalinoides sp. A.

Results
P/B – the ratio between planktic and 
benthic foraminifers

Gibson (1989) investigated the P/B ratio in a variety 
of settings and showed that the relative portion of 
planktic foraminifers generally correlates with dis-
tance from shore and/or water depth, and thus they 
are relatively more abundant with increasing depths 
in shelf and slope settings. In this work, the P/B ratio 
varies from 40.9% to 91.8% and is generally lower in 
the marly M layer (average 50.6%) than in the more 
pure limestone beds A and B (average 71.3%). Fur-
thermore, in all three layers the P/B ratios are slightly 
higher near the mound crest (average 70%) than at the 
mound flanks (average 61%).

Multivariate statistical analyses
The Morisita similarity index was selected for the 
unweighted pair-group average (UPGMA) cluster 
analysis. This index is widely used in ecological stud-
ies and is favoured by its independence of sample size 
and diversity (Wolda 1981). 

cabinet for 24 hours, then reduced to 50 g and put in 
a dish soap solution for at least a week. The solution 
was stirred approximately every other day. Thereafter 
the material was wet-sieved through 1 mm and 63 
µm sieves. The 1 mm to 63 µm fractions were dried, 
weighed, and split into suitable volumes. Splits from 
each sample were examined through a binocular 
microscope.

The ratio between planktic and benthic foraminifers 
is named the P/B ratio. It is expressed as 100×P/(P+B), 
which is the percentage of planktic foraminifera in 
the total foraminiferal assemblage. Approximately 200 
foraminifers were picked from each sample to estab-
lish the P/B ratio, resulting in 2741 benthic and 5555 
planktic foraminifers. Subsequently, additional splits 
were picked for palaeoecological analysis, resulting 
in 100–200 benthic specimens per sample and 4194 
benthic specimens in total. The benthic foraminifers 
and selected planktic foraminifers were assigned to 
order, family, genus, or species level. Selected benthic 
species from the present data set have been taxonomi-
cally described and photographed using a Scanning 
Electron Microscope (Springer 2013). 

The distribution of benthic foraminifers, especially 
the so-called reduced benthic assemblage (see below), 
was analysed statistically with two different multi-
variate statistical methods – correspondence analysis 
and cluster analysis – using the PAST software pack-
age (Hammer et al. 2001, Hammer 2012). 

Ordination and clustering are the two main cat-
egories of multivariate methods employed in pal-
aeoecological analyses. The principal method used 
in this study is Correspondence Analysis, which is 
a nonparametric ordination method that maximizes 
the correspondence between genus scores and sample 
scores. It is based on relative rather than absolute num-
bers from the data set. In this case it means that the 
relative number of the selected genera in each sample 
is more important than the absolute abundance. The 
advantage of the Correspondence Analysis is that 
genera and samples are ordinated simultaneously and 
scaled similarly. Thus, it is possible to plot the genus 
scores (R-mode) and the sample scores (Q-mode) in 
the same scatter diagram to show the relationship 
between them. Genera which plot close to each other 
in the CA plot show a related distribution and are 
typically relatively common in the same samples. 
Similarly, closely spaced localities are characterised by 
the occurrence of similar foraminiferal assemblages.

Data set reduction
A total of 4194 benthic foraminifers were counted 
and identified using the methods described above. 
The total number of benthic foraminifers collected 
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Table 1. Number of identified benthic foraminiferal specimens in each sample

Sample P1 P2 P3 P4 P5 P6 P7 P9 P10 P11 P12 P13 P14 P15 P16 P17 P18 P19 P20 P21 P22 P23 Total

Anomalinoides midwayensis ? 12 2 10 6 0 13 5 6 7 4 0 12 14 5 8 4 6 6 7 3 6 7 143

Anomalinoides sp. A 11 6 26 4 9 24 8 18 9 3 10 40 37 18 32 21 20 7 16 64 13 15 411

Anomalinoides  spp. 7 1 1 2 0 0 0 2 2 4 1 5 4 4 3 1 0 3 1 5 0 0 46

Buliminida  morfotype A 0 0 0 0 0 0 0 2 0 0 0 0 0 0 1 0 0 0 0 0 0 0 3

Charltonina  spp. 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 2 0 0 2

Charltonina ? sp. 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1

Cibicides  spp. 21 4 18 7 8 6 10 13 3 4 6 3 30 3 15 25 17 9 13 33 9 12 269

Cibicides succedens 19 9 16 20 9 14 4 17 7 5 4 9 18 5 11 17 27 8 10 41 8 15 293

Cibicidoides spp. 0 0 0 0 0 1 0 0 0 0 0 0 0 0 7 1 0 0 0 0 0 0 9

Discorbidae morfotype A 2 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 2 0 5

Eponides  spp. 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 2 2

Gavelinopsis  spp. 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 2

Globulina ? 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1

Guttulina  sp. 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1

Gyroidinoides  spp. 0 0 0 0 0 2 0 0 0 0 0 1 1 0 1 0 0 0 0 2 1 0 8

Lagena  sp. A 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 2 0 0 0 0 0 2

Lagenida morfotype A 0 0 0 0 0 0 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 2

Lagenidae morfotype A 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 1

Lenticulina  spp. 0 0 1 1 0 1 0 2 0 0 0 0 0 1 1 0 1 1 0 1 1 1 12

Nodosaria  cf. spinescens 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 1

Nodosariidae morfotype A 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1

Nonionella ? 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 1

cf. Nonionella  sp. 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1

Osangularia lens 36 11 21 21 5 25 30 9 19 18 14 18 47 17 67 35 25 12 17 30 25 21 523

Patellina  spp. 4 40 28 2 73 38 50 7 44 20 9 7 61 20 0 32 13 2 58 24 3 60 595

Planulina ? spp. 1 0 0 0 0 1 0 1 0 2 1 0 1 0 0 0 0 0 0 2 0 0 9

Polymorphinidae  morfotype A 0 0 0 0 0 0 0 0 0 0 0 0 0 1 1 1 0 0 0 0 0 0 3

aff. Pyrulina  sp. 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1

cf. Pyrulinoides  sp. 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 1

Pullenia  spp. 0 0 0 2 2 1 0 0 0 0 0 0 0 1 0 0 1 2 0 1 0 2 12

Pullenia ? 2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 2

Pyrulina  sp. A 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 1

Rosalina  aff. globularis 0 1 4 0 1 11 2 0 0 2 0 3 11 0 1 5 5 4 0 5 3 2 60

Rosalina  sp. A 0 0 0 0 0 0 0 0 0 1 0 0 0 0 1 1 0 0 0 0 0 0 3

Rosalina  sp. C 0 0 0 0 0 0 0 2 6 0 0 1 0 1 1 3 0 0 1 0 0 0 15

Rosalina  sp. D 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 2

Rosalina  sp. E 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 1 2

Rosalina  sp. F 0 0 0 0 0 0 0 0 1 1 0 0 0 0 0 2 0 0 0 0 0 3 7

Rosalina  sp. AA 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 1

Rosalina  spp. 0 0 0 0 0 0 0 0 6 0 0 13 8 0 0 0 0 0 0 0 0 0 27

cf. Rosalina 1 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 2

Rosalina  sp. B 0 0 0 0 0 0 0 0 0 0 0 14 0 0 1 0 0 0 0 0 0 0 15

Rotaliida A. 1 1 0 2 1 2 2 0 16 10 0 28 41 3 5 0 3 0 1 3 3 0 122

Rotaliida B. 0 0 0 1 0 0 0 0 0 7 0 0 20 0 0 0 1 0 0 0 0 0 29

Rotaliida C. 0 0 0 0 0 0 0 0 3 7 0 11 11 2 0 0 1 0 0 0 0 1 36

Spirillina  spp. 5 44 55 2 42 34 22 10 76 57 8 71 159 11 23 27 11 8 34 67 7 17 790

Stilostomella  spp. 1 0 5 1 1 2 0 1 0 0 0 3 7 3 3 2 2 0 3 4 0 0 38

Tappanina selmensis 1 0 0 0 0 2 7 0 8 5 0 8 23 1 3 1 0 0 0 2 0 4 65

Genus et species indet. A 2 0 0 0 0 0 1 1 0 0 0 0 0 0 1 0 0 0 0 0 0 0 5

Genus et species indet. B 0 0 0 0 0 0 0 7 0 0 0 0 0 0 0 0 1 0 0 0 0 0 8

Genus et species indet. C 18 5 14 21 12 28 9 11 0 0 17 0 0 28 37 17 12 10 22 18 33 30 342

Genus et species indet. D 9 0 3 5 0 3 8 0 0 0 5 0 0 7 17 8 11 10 2 4 13 3 108

Genus et species indet. E 0 0 0 3 0 0 1 0 0 0 0 0 0 2 6 0 2 0 1 0 0 2 17

Genus et species indet. F 1 1 1 5 0 3 15 0 0 4 10 19 12 1 22 4 2 0 9 11 6 10 136

Total 160 125 204 105 164 211 175 110 207 154 86 266 506 135 270 208 164 82 196 324 134 208 4194
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Characteristics. Dominated by the nominate genera, 
this biofacies also includes relatively common speci-
mens of Spirillina (14%) and Patellina (8%). Specimens 
of Rosalina (2.2%), Stilostomella (1.1%), Lenticulina and 
Cibicidoides occur sporadically.

Distribution. The biofacies characterises the rela-
tively pure carbonate sediments on both the crest and 
flanks of the bryozoan mound.

Occurrence. P1, P3, P4, P6, P9, P12, P15, P16, P17, 
P18, P19, P21 and P22.

Patellina Biofacies
Definition. Patellina constitutes more than 33% of 

the reduced genus group (see above).
Characteristics. Patellina dominates the biofacies, 

but Spirillina (18%), Cibicides (10.8%), Osangularia (10%) 
and Anomalinoides (9%) are also common. Additional, 
scattered genera include Tappanina (1.3%), Rosalina 
(1.3%), Stilostomella, Pullenia and Eponides.

Distribution. The biofacies characterises the bryo-
zoan mound flanks and is particularly common in 
the marly sediments.

Occurrence. P5, P7, P20 and P23. P2 shares charac-
teristics of both the Spirillina Biofacies and the Patellina 
Biofacies.

Spirillina Biofacies
Definition. Spirillina constitutes more than 33% of the 
reduced genus group.

Characteristics. Dominated by Spirillina, this 
biofacies also includes Patellina (13.7%), Anomalinoides 
(12.0%), Osangularia (9%) and Cibicides (7%). Less com-
mon benthic genera include Rosalina (4.5%), Tappanina 
(3.5%) and Stilostomella.

In the correspondence analysis, Cibicides and Os-
angularia plot closely together near Anomalinoides in 
the left-hand side of the diagram (Fig. 4), whereas 
Patellina and Spirillina plot near the two corners in the 
right-hand side.

The R-mode dendrogram for the cluster analysis 
based on the Morisita similarity index differs from the 
correspondence analysis plot in showing a closer rela-
tion between Cibicides and Anomalinoides than between 
Cibicides and Osangularia. Otherwise, the resulting R-
mode dendrogram (Fig. 5A) is in agreement with the 
correspondence analysis plot. Both methods show that 
the genera divide into two main groups consisting of 
Cibicides, Anomalinoides and Osangularia in one group, 
and Patellina and Spirillina in the other. Furthermore, 
the distribution of Anomalinoides, Cibicides and Osan-
gularia show a higher degree of similarity than that 
of Patellina and Spirillina. The Q-mode dendrogram 
(Fig. 5B) corresponds well with the correspondence 
analysis results, and the three main sample clusters 
form a basis for the distribution of foraminiferal biofa-
cies described below.

Foraminiferal biofacies 
Based on the correspondence analysis, the cluster 
analysis, and the quantitative distribution of the 
five analysed genera, three biofacies are recognised: 
Anomalinoides-Cibicides-Osangularia Biofacies, Patellina 
Biofacies and Spirillina Biofacies (Fig. 4, Fig. 5A, B).

Anomalinoides-Cibicides-Osangularia Biofacies
Definition. Together, Anomalinoides, Cibicides and 
Osangularia constitute more than 50% of the reduced 
genus group (see above).
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Fig. 4. Correspondence analysis 
plot based on a reduced benthic 
foraminiferal assemblage including 
all genera that comprise more than 
5% of the total assemblage. Samples 
P1, P3, P4, P6, P9, P12, P15–19, P21 
and P22 belong to the Anomalinoides-
Cibicides-Osangularia Biofacies (en-
closed by an orange curve). Sample 
P2 shares characteristics of both 
the Spirillina and Patellina Biofacies 
(enclosed in a purple ring). Samples 
P5, P7, P20 and P23 represent the 
Patellina Biofacies (enclosed by a red 
curve). Samples P10, P11, P13 and 
P14 belong to the Spirillina Biofacies 
(enclosed by a blue curve). Note that 
56% of the overall variation is seen 
along the CA 1 axis and only 27% 
along the CA 2 axis.
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Distribution. The biofacies characterises the crest 
of the bryozoan mound where it occurs in both marls 
and pure carbonate facies.

Occurrence. P10, P11, P13 and P14. P2 shares char-
acteristics with both the Spirillina Biofacies and the 
Patellina Biofacies.

Following the definitions of Corliss & Chen (1988), 
epifaunal foraminifers are recognised as those that 
live on or within the uppermost centimetre of the 
substrate, while infaunal foraminifers live below 
the uppermost centimetre of the substrate. Typically, 
epifaunal species are characterised by trochospirally 
coiled, plano-convex or biconvex tests, while infaunal 
species commonly have unornamented, elongate, 
biserially or triserially coiled torpedo-shaped or flat-
tened tests or are planispiral with a rounded periphery 
(Corliss & Chen 1988, Kaiho 1991). In addition, an-
aerobic specimens are generally smaller than aerobic 
(Bernhard 1986). Epifaunal specimens represent 98% 
of the total benthic assemblage from the bryozoan 
mounds of Karlstrup. The content of infaunal benthic 
specimens is insignificant and averages 2% (Table 2). 
The scattered infaunal specimens are represented by 
Tappanina selmensis, Stilostomella spp. and a species of 
Buliminida morphotype A which are confined to the 
area near the crest of the mound. Infaunal specimens 
are typically most common in assemblages of the 
Spirillina Biofacies.

Palaeoenvironmental significance
Overall, the foraminiferal assemblage contains 65% 
planktic specimens. According to the empirical equa-
tion of Van der Zwaan et al. (1990), this indicates a 
depositional depth of about 350 m. However, as dis-
cussed recently by Rasmussen & Sheldon (2015), this 
value is probably biased towards a deeper setting be-
cause the equation was based on depositional settings 
other than those of the very fine-grained chalk sea 
sediments. The common occurrence of azooxanthel-
late octocorals within the Danian deposits (Bernecker 
& Weidlich 2006) strongly indicates a palaeo-depth 
below the photic zone, but probably not deeper than 
200–300 m as indicated by the common occurrence 
of the typical inner shelf foraminifer genera Spirillina 
and Patellina documented in the present paper. Hennig 
(1899) suggested a comparable depth for the middle 
Danian bryozoan mounds of the Faxe quarry. A re-
cent study on cold-water, stylasterine corals from the 
middle Danian Faxe Formation (Lauridsen & Bjerager 
2014) indicate a similar depositional depth of 200–400 
m by comparison with modern stylasterine corals. 

It is assumed that the relatively small variations in 
the P/B ratios on the bryozoan mound are not related 
to changes in water depth but instead to other environ-
mental changes. If it is further assumed that the depo-
sition of planktic foraminifers was uniform across the 
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Fig. 5. Cluster analysis using the Morisita similarity index on a reduced benthic foraminiferal assemblage including all genera that 
comprise more than 5% of the total assemblage. A: R-mode dendrogram showing the level of similarity between the five dominat-
ing genera: Anomalinoides, Cibicides, Osangularia, Patellina and Spirillina. B: Q-mode dendrogram showing the level of similarity 
between the content of the five dominating genera in each sample. See Fig. 4 for explanation of colours.
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studied limestone beds. The relative abundance of the 
Anomalinoides-Cibicides-Osangularia Biofacies drops 
significantly to 39.3%, while the Spirillina and Patellina 
Biofacies increase to 29.8% and 30.8%, respectively; 
these genera seem to be able to take advantage of 
the higher content of siliciclastic mud and silt in this 
layer. The reason for this change is not clear. The 
three nominate genera of the Anomalinoides-Cibicides-
Osangularia Biofacies are recognised as epifaunal taxa. 
Anomalinoides had its convex, umbilical side buried in 
the substrate, and it has been interpreted as having 
various feeding strategies. More precisely, it has been 
considered an active herbivorous, detrivorous, or om-
nivorous deposit feeder with a broad test that probably 
was well-suited for muddy substrates (Koutsoukos & 
Hart 1990). This is comparable to Osangularia, which 
Koutsoukos & Hart (1990) interpreted as an active her-
bivorous, detrivorous, or omnivorous deposit feeder. 
A different mode of life is seen in Cibicides, which may 
have been passive, attached and herbivorous (Kout-
soukos & Hart 1990) or possibly an attached passive 
suspension feeder (Murray 1991). Many Palaeogene 
species of Cibicides preferred the inner and middle 

mound with minimal secondary transportation, the 
variation in the P/B ratio is best explained by relative 
changes in the abundance of benthic foraminifers. 
Following that assumption, the P/B ratio reflects a 
tendency towards a higher concentration of benthic 
foraminifers in the marl layer (M layer) compared to 
the two pure limestone layers (A and B beds), and on 
the flanks relative to the mound top. Thus, the benthic 
foraminifers seem to follow the same pattern as the 
bryozoans described by Thomsen (1983), avoiding the 
most powerful currents near the crest of the mound.

Several studies have indicated that the epifaunal/
infaunal foraminiferal ratio reflects the organic car-
bon flux to the sea floor and/or the oxygen content 
near the sea floor and the uppermost centimetres of 
the underlying sediment (e.g. Bernard 1986; Corliss 
& Chen 1988; Corliss 1991; Kaiho 1991, 1994), but also 
other factors such as competition for food and space 
is important (Van der Zwaan et al. 1999). As a rule, an 
increase in the organic matter content triggers a de-
crease in the oxygen content of the pore water caused 
by microbial metabolism (Reolid & Martinez-Ruiz 
2012). The Danian mounds contain a rich and diverse 
fauna of benthic organisms indicating excellent eco-
logical conditions including well-oxygenated bottom 
water and a high food supply. It seems likely that 
the sparse infaunal fauna is related to the relatively 
coarse-grained structure of the bottom sediments (av-
erage 57 wt% > 63 µm), especially at the crest (70 wt% 
> 63 µm), and the relatively strong bottom currents 
that swept the mounds. Several modern studies have 
shown that these factors are inhibiting for infaunal 
foraminifers, but enhancing for epifaunal foraminifers 
(e.g. Schönfeld 2002; Schönfeld et al. 2011).

Lithological influence on the distribution of 
biofacies
The lower of the two relatively pure limestone layers, 
bed A (Fig. 2, Fig. 3), is strongly dominated by the 
Anomalinoides-Cibicides-Osangularia Biofacies which 
contains 65.8% of the analysed benthic foraminifers. 
Of these, the two first-mentioned genera are most 
common and make up 25.6% and 23.2% of the analysed 
genera, respectively, while Osangularia accounts for 
17% of the specimens. Similarly, the Anomalinoides-
Cibicides-Osangularia Biofacies dominates the overly-
ing limestone layer, bed B, but here the abundance 
of Osangularia increases from 17% to 26.1%, while 
Anomalinoides and Cibicides decrease to 22.9% and 
21.5%, respectively. Spirillina and Patellina constitute 
less than 20% on average in both limestone beds.

The marl layer (M) deposited in the upper part 
of bed B is characterised by a foraminiferal fauna 
that is strikingly different from the fauna in the two 

Table 2.  Samples on bryozoan mound. Karlstrup quarry

Samples Position
on mound

Layer/Bed
(Fig. 2)

Biofacies P/B ratio
100*(P/P+B) 
(%)

Infaunal
specimens 
(%) 

P1 SSE flank B ACO 77.1 1.3

P2 SSE flank M P/S 45.6 0.0

P3 SSE flank A ACO 44.7 2.5

P4 SSE flank B ACO 75.4 1.0

P5 SSE flank M P 42.9 0.6

P6 SSE flank A ACO 75.7 1.9

P7 SSE flank B P 69.0 4.0

P9 Crest A ACO 79.7 2.7

P10 Crest B S 55.0 3.9

P11 Crest M S 53.2 3.2

P12 Crest A ACO 91.8 0.0

P13 Crest B S 67.1 4.1

P14 Crest M S 54.9 5.9

P15 Crest A ACO 79.1 3.0

P16 Crest B ACO 85.5 2.6

P17 Crest M ACO 66.7 1.4

P18 NNW flank A ACO 64.7 1.2

P19 NNW flank B ACO 76.2 0.0

P20 NNW flank M P 40.9 1.5

P21 NNW flank A ACO 67.5 1.9

P22 NNW flank B ACO 61.0 0.0

P23 NNW flank M P 50.3 1.9

ACO: Anomalinoides-Cibicides-Osangularia Biofacies; P: Patellina Biofacies;  
S: Spirillina Biofacies

P/B: The percentage of planktic foraminifers (P) of the total foraminiferal 
assemblage (planktic+benthic (P+B))
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fraction, measured as bryozoan fragments per gram 
of sediment. Very small bryozoan fragments (63–250 
µm) are distinctly more common at the NNW flank 
(lee side) than at the SSE flank, while large bryozoan 
and serpulid fragments (> 2 mm) are more common 
at the SSE flank. Thomsen (1976, 1983) observed this 
difference in the size of the bryozoan fragments be-
tween the two flanks from bryozoan mounds of the 
lower Danian Karlby Klint. The difference is caused by 
a reinforcement of the bryozoans due to the stronger 
influence of currents on the steep flank.

A number of physical, chemical and biological fac-
tors that affected the bryozoan mound controlled the 
distribution of foraminiferal biofacies. Significant lim-
iting factors include food availability (organic matter) 
and oxygenation (Van der Zwaan et al. 1999), but also 
light, temperature, salinity, depth, substrate, water 
flow velocity and competition from other organisms 
are important.

Reolid et al. (2008) found that in the Jurassic the 
abundance of Spirillina was linked to the food sup-
ply, and the genus was usually common during high 
mesotrophic conditions characterised by a moderate 
amount of dissolved nutrients. Spirillina was consid-
ered an epifaunal grazer that indicate the presence 
of significant bacterial populations related to organic 
carbon particles (Reolid et al. 2008; Reolid & Martinez-
Ruiz 2012). Moreover, Reolid & Martinez-Ruiz (2012) 
concluded that the abundance of Spirillina decreased 
during intervals with oxygen depletion.

Interestingly, Reuter et al. (2013) observed that 
spirillinid foraminifers (Spirillina and/or Patellina) ap-
peared in high abundances in both Miocene and Late 
Jurassic sponge reefs but the group was less common 
in the surrounding sediments; they concluded that the 
spirillinids populated the water channels within the 
internal parts of sponges, which provided both food 
and protection. Accordingly, it may be speculated that 
the mound crest at Karlstrup was originally populated 
by siliceous sponges which served as habitats for the 
spirillinids. This is supported by a comprehensive 
study on the Danian bryozoan mounds of Stevns Klint 
by Bjerager & Surlyk (2007), who showed that siliceous 
sponge spicules were dissolved during burial but are 
preserved as voids in hardgrounds. They estimated 
that siliceous sponges might have constituted pos-
sibly 10–30% of the mound fauna, given that they 
were the main source of the silica forming the very 
common thick flint bands and nodules in the mounds.  
Accordingly, the common occurrence of spirillinids 
in the mound crest sediments of the Karlstrup quarry 
may be the remains of a former, rich, siliceous sponge 
community which was inhabited by grazing and/or 
filter feeding Spirillina and Patellina.

shelf environments (Murray et al. 1989), but they also 
occur in deeper, marine settings (Murray 1991).

The distinctive increase in the abundance of Spiril-
lina within the marl layer may be related to its mode 
of life as attached or semi-attached to hard substrates 
favouring epifaunal suspension feeding (Langer 1993) 
or grazing (Reolid et al. 2008), commonly occurring on 
the inner shelf at depths less than 100 m (Murray 1991). 
An alternative view was presented by Koutsoukos & 
Hart (1990) who suggested that Spirillina was an epi-
faunal, active herbivorous, detrivorous, or omnivorous 
deposit feeder on muddy substrates where the broad 
test may have functioned as a snow-shoe. Murray 
(1991) interpreted Patellina as an attached, epifaunal 
suspension feeder, but it was also suggested that the 
genus may have been capable of an active life mode, 
with the umbilical side buried in the sediment, as 
an herbivorous or detrivorous deposit feeder (Kout-
soukos & Hart 1990). 

Distribution of foraminiferal biofacies 
across the bryozoan mound
Seven samples from the SSE flank (samples P1–P7), 
nine from the mound crest (samples P9–P17), and 
six from the NNW flank (samples P18–P23) were 
analysed. Although genera of the Anomalinoides-
Cibicides-Osangularia Biofacies are most common at 
both the flanks and at the mound top, a more complex 
pattern appears when the mean abundances of the five 
main genera are analysed. Overall, Patellina (24.3%) 
characterises the SSE flank, while Spirillina (28.1%) 
typifies the crest of the mound. Similarly, when both 
the A, B and M (marl) beds are considered, Cibicides 
(25.4%) dominates the NNW flank, but also Anoma-
linoides (22.5%) and Osangularia (19.1%) are common 
here. If only the marl layer is considered, Patellina 
characterises the two flanks and Spirillina the mound 
top. The most common infaunal species observed, 
Tappanina selmensis, constitutes 2% of the total benthic 
assemblage in the B and M beds at the mound crest. 
It is absent from the A bed. It inhabited primarily 
the outer neritic environments (Van Morkhoven et 
al. 1986). Although T. selmensis is rare, its presence 
indicates that at least sporadic areas with soft sea-
bottom sediments existed at the mound top allowing 
an infaunal mode of life.

A survey of seven sample splits from three samples 
from the SSE flank, one sample from the mound crest 
and three samples from the NNW flank revealed 
that bryozoans are, by far, the most dominating sup-
plementary fossil group, followed by serpulid worms 
and echinoids. Moreover, the concentration of bryo-
zoan fragments are 2.1 times more common in the 
flank samples than in the top sample in the 1–2 mm 
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Conclusions
Three foraminiferal biofacies have been established 
by multivariate analysis of the benthic foraminifer 
assemblage. The distribution of biofacies across the 
bryozoan mound shows an obvious preference in both 
mound area and environmental setting between the 
pure limestone and marly layers. The Anomalinoides-
Cibicides-Osangularia Biofacies is characteristic of the 
relatively pure carbonate sediments on the crest and 
flanks of the mound. The Patellina biofacies occurs 
on the bryozoan mound flanks and is particularly 
common in the marly sediments, whereas the Spiril-
lina Biofacies characterizes the crest of the bryozoan 
mound in both marly and pure carbonate sediments.

Spirillina and Patellina may be associated with si-
liceous sponges (Reuter et al. 2013) and the common 
occurrence of spirillinids on the mound crest may 
reflect that a rich community of siliceous sponges 
originally inhabited this part of the mound. The 
sponges later became the main source of silica for 
the flint bands and nodules of the bryozoan mound 
(Bjerager & Surlyk 2007).

The ratio between planktic and benthic foramini-
fers (P/B) and the common occurrence of the typical 
inner shelf genera Spirillina and Patellina indicate a 
depositional depth below the photic zone but probably 
not deeper than 200–300 m. This is comparable with 
previously suggested depositional depth estimates 
for the middle Danian bryozoan mounds of the Faxe 
quarry, eastern Denmark (Hennig 1899; Lauridsen & 
Bjerager 2014). 

It is proposed that the P/B ratio further reflects 
a tendency of the benthic foraminifers to prefer the 
marly sediments (M layer) compared to the pure lime-
stone (beds A and B), and the mound flanks relative 
to the mound top. This pattern is similar to that of the 
bryozoans avoiding the powerful currents near the 
mound crest (Thomsen 1983).

The very low number of infaunal species within 
the assemblage strongly indicates well-oxygenated 
conditions during the time of mound formation, 
which is further supported by the presence of very 
common Spirillina. 
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Material and methods
This work is based on fossil tetrapod footprints 
preserved in convex hyporelief on the lower surface 
of a slab of dark-brown, fine- to medium-grained 
sandstone from Upper Carboniferous strata of East 
Greenland. The specimen consists of two well-fitting 
pieces that measure about 50 cm in total length, 23.5 
cm in total width and 1.5 cm in average thickness. It is 
stored at the Natural History Museum of Denmark in 
Copenhagen and catalogued as MGUH 31556. In order 
to study the fossil tetrapod tracks, the track-bearing 
slab was photographed under obliquely incident artifi-
cial light. Outline sketches of all imprints were drawn 
on transparency film and digitised with vector-based 
drawing software. A digital photogrammetric model 
was generated from 134 close-range photographs 
using Agisoft Photoscan. Measurements of fossil 

A small sandstone slab was recently noted in the 
Greenland exhibition hall of the Natural History 
Museum of Denmark in Copenhagen, where it was on 
display labelled as “Permian reptile tracks” without 
further information. According to the original label, 
the specimen comes from Upper Carboniferous strata 
of East Greenland and was collected by E. Witzig dur-
ing field work in 1950. Though the provenance and 
story of their discovery are supported by a firsthand 
account (Gilberg 1992), the fossil footprints have never 
been addressed in any scientific report. Thus, we 
present the first detailed description and ichnotaxo-
nomic evaluation of the fossil vertebrate tracks and 
briefly discuss the biostratigraphy and depositional 
environment of the track-bearing strata. Other aspects 
discussed are palaeobiogeography and palaeoecology 
because this is the first evidence of Carboniferous 
tetrapods from Greenland.
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from Jameson Land in the south to Clavering Ø in 
the north (Fig. 1; Witzig 1954; Kempter 1961; Vigran 
et al. 1999).

The Carboniferous deposits of northern Scoresby 
Land are referred to the Mesters Vig Formation of 
the Traill Ø Group. The Mesters Vig Formation is 
subdivided into five members (Fig. 2; Witzig 1954; 
Kempter 1961; Perch-Nielsen et al. 1972). The base of 
the formation is not exposed in northern Scoresby 
Land, but elsewhere the continental Carboniferous 
sediments are seen to rest unconformably on Devo-
nian and older rocks (Vigran et al. 1999). The formation 
is unconformably overlain by marine deposits of the 
Upper Permian Foldvik Creek Group.

MGUH 31556 was found loose and its exact strati-
graphic position is unknown, although it most likely 
belongs to either the Blyklippen or Profilbjerget Mem-
ber of the Mesters Vig Formation. All sediments of the 
Mesters Vig Formation contain a palynoflora domi-
nated by Potonieisporites and have been correlated to 

tetrapod tracks were taken using standard methods 
(Haubold 1971; Leonardi 1987; Voigt 2005). 

Institutional abbreviations used are: MGUH, Natu-
ral History Museum of Denmark; YPM, Yale Peabody 
Museum, New Haven, Connecticut, USA; NMMNH, 
New Mexico Museum of Natural History and Science, 
Albuquerque, New Mexico, USA.

Geological Setting
MGUH 31556 was found about 400 m above sea level 
on the slopes of the Langelinie mountain (72°09’ N, 
24°07’ W) in the vicinity of the former lead mine at 
Mesters Vig, northern Scoresby Land, East Greenland 
(Fig. 1). In this part of East Greenland, the Carbonifer-
ous succession is up to 2000 m thick and composed of 
continental sediments that were deposited in a N–S 
trending, at least 350 km long rift basin extending 

Fig. 1. Maps showing the locality on 
the east coast of Greenland where 
the track-bearing slab was found. A: 
Index map. B: Simplified geological 
map of the area between Jameson 
Land and Clavering Ø showing 
the distribution of Carboniferous 
non-marine sediments in central 
East Greenland. C: Detailed map 
showing the location of Langelinie 
in northern Scoresby Land where 
the track-bearing slab was found 
by E. Witzig in 1950. Maps modified 
from Stemmerik et al. (1997) and 
Higgins (2010).
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Diagnosis (after Haubold 1971, 1996; Voigt 2005). Track-
ways of a quadrupedal tetrapod with plantigrade to 
semiplantigrade imprints, pace angulation 80°–96°, 
stride : pes length = 3–5.5 : 1; pes impressed closely 
behind manus, pentadactyl, digits increasing in length 
from I–IV, digit IV longest, digit V as long as digit II 
and occasionally missing, short and broad oval sole, 
in deeply impressed imprints with proximolateral 
‘heel’, robust basal pad of digit I, distal ends of digits 
rounded; manus tetradactyl with short broad, distally 
rounded digits, digits increasing in length from I–III, 
digit III longest, digit IV slightly shorter (80–90% of 
digit III), mostly longer than digit II, digit I with deeply 
impressed proximal pad similar to that in the pes.

Description. MGUH 31556 shows at least 12 tetrapod 
tracks that range in preservation from a very shallow 
impression of some digit tips to a very deep imprint 
lacking any anatomically controlled feature. The 
majority of traces are moderate to deep, more or less 
distinctly preserved imprints with stout and distally 
rounded digits (Figs 3–4). This kind of imprint meas-
ures 50–55 mm in length and 55–70 mm in width. The 
number of preserved digits varies between two and 
four to maybe five. Palm and sole impressions are 
poorly defined and show an approximately straight, 
slightly convex or slightly concave proximal margin. 
The digits increase in length from I to III. Digit IV, if 
present at all, is either longer or shorter than III. Most 
of the imprints show a well developed pad proximal 
to digit I, imitating an additional digit. Close to the 
centre and the edge of the slab, there is the only im-
pression that preserves five digits. The digits of this 
imprint increase in length from I to IV and digit V is 
about as long as digit II (Fig. 4A, C–D, 5A).

The differences in the relative length of digit IV 
are interpreted to refer to manual and pedal tracks, 
respectively. A short fourth digit may characterize 
tetradactyl manual tracks, whereas a long fourth digit 
may belong to (originally pentadactyl, but in most 
cases preservationally tetradactyl) pedal tracks. Fol-
lowing this interpretation, MGUH 31556 shows three 
or four pedal and at least five manual tracks. Three 
manus–pes couples can be differentiated that all point 
to an inwardly rotated manual track (Fig. 3C). 

Discussion
The described tracks from MGUH 31556 are most 
similar to Limnopus Marsh 1894. This assignation is 
mainly based on the tetradactyl manus imprint and 
the relatively short, broad and clawless digits. Another 
characteristic feature of Limnopus is the presence of a 

the lower Cisuralian (‘Autunian’) of Europe (Piasecki 
1984). Based on correlation to other Arctic microfloras, 
Vigran et al. (1999) concluded that this palynoflora is 
of Late Carboniferous rather than Early Permian age 
and correlated it with the Westphalian A RA Miospore 
Zone sensu Clayton et al. (1977), which corresponds 
to the upper Bashkirian to lower Moscovian stages 
(Fig. 2).

Systematic ichnology
Ichnogenus Limnopus Marsh 1894

Type ichnospecies. Limnopus vagus Marsh 1894.

Fig. 2. Stratigraphy of the Carboniferous non-marine succes-
sion in East Greenland showing the age of the Traill Ø Group 
(TØ Gp) and the Mesters Vig Formation (MV Fm). Modified 
from Vigran et al. (1999). Ages in Ma from Gradstein et al. (2012). 
RA: Radizonates aligerens Miospore Zone of Clayton et al. (1977). 
Subdivision of the Mesters Vig Formation according to Perch-
Nielsen et al. (1972). Asterisk marks the most likely stratigraphic 
position of the investigated material.
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to Haubold (1996), tracks of both ichnogenera differ 
in the imprint proportions, relative length of digits, 
the trackway width as well as the imprint size (e.g., 
Batrachichnus pedal tracks are shorter than 30 mm). 
Voigt (2005) proposed the following distinguishing 
features: (1) relative length of manual digit IV, which 
is considered to reach 80–90 % of digit III in Limnopus, 
but only 60–70 % in Batrachichnus, giving manual 
tracks of Batrachichnus a more bilaterally symmetrical 
shape; (2) plantar surface of Limnopus with broad-oval 
pad and occasional proximolateral extension, whereas 
the sole of Batrachichnus pedal tracks is structureless; 
(3) Limnopus manual tracks are strongly inwardly 
rotated with respect to the midline and the pedal 
tracks, whereas the inward rotation of the manual 
track is less significant in Batrachichnus; (4) Batrachich-
nus pedal tracks range in size from less than 10 mm 
up to almost 40 mm, Limnopus pedal tracks may well 

well developed basal pad proximal to digit I of both 
manus and pes imprints (Baird 1952; Voigt 2005). 

The ichnogenus Limnopus was introduced for Penn-
sylvanian tetrapod footprints from Kansas (Marsh 
1894). Since then, numerous other records have been 
mentioned from Upper Carboniferous and Lower 
Permian strata of Europe, North America and North 
Africa (Baird 1952, 1965; Haubold 1973; Martino 1991; 
Haubold et al. 1995; Voigt 2005; Voigt et al. 2011a, b; 
Marchetti et al. 2013, 2015; Lagnaoui et al. 2014; Lucas 
et al. 2015; Voigt and Haubold 2015; Voigt and Lucas 
2015a, b). Limnopus tracks are remarkably similar to the 
ichnogenus Batrachichnus first described from Penn-
sylvanian strata of Pennsylvania (Woodworth 1900).

The discrimination of Batrachichnus and Limnopus 
tracks has been extensively discussed but is still an 
unresolved issue (Baird 1952; Haubold 1970, 1971, 
1996; Tucker & Smith 2004; Voigt 2005). According 

Fig. 3. Overview of slab MGUH 
31556 from the Upper Carbonifer-
ous Mesters Vig Formation of East 
Greenland, with footprints pre-
served as convex hyporelief on the 
lower surface and assigned here to 
Limnopus isp. A–B: Photogrammetric 
models with B as coloured depth 
map. C: Interpretative drawing with 
demarcated pes (P) and manus (M). 
3D models by Peter Falkingham. 
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exceed 60 mm in length. According to the imprint size, 
the relative length of the fourth digit of the manus, 
and the strongly inwardly rotated manus, the tracks 
of MGUH 31556 are much more similar to Limnopus 
than to Batrachichnus.

 Numerous ichnospecies have been introduced for Lim-
nopus or combined with this ichnogenus during the last 
century (Baird 1952, 1965; Haubold 1971, 1996, 2000; Voigt 
2005; Lucas & Dalman 2013). With respect to anatomically 
controlled features of the imprint morphology and trackway 
pattern, hitherto discriminated Limnopus ichnospecies are 
not justified (Voigt 2005). Limnopus heterodactylus (King 
1845) is the first named ichnospecies of Limnopus but is 
based on an isolated manus–pes imprint that, moreover, is 
ambiguous with respect to the relative length of pedal digit 
V (lectotype; Lucas & Dalman 2013). The second named 
Limnopus ichnospecies is Limnopus vagus Marsh 1894 that 
was designated the type ichnospecies. As it is known from 
full digit proportions and complete trackways, L. vagus is 
considered to be a valid ichnospecies. The most complete 
pedal track of MGUH 31556 shows a fifth digit that is 
about the same length as all other known Limnopus pedal 
tracks (Baird 1952; Haubold 1971; Voigt 2005; Fig. 5). As 
there is some degree of uncertainty regarding the quality of 
tracks and especially the lack of true trackways, we prefer 
to keep the described Limnopus tracks from Greenland in 
open nomenclature at the ichnospecies level.

Track makers
Limnopus is most commonly considered to be the track 

of eryopoid temnospondyls (Baird 1965; Haubold 1971, 
1996, 2000; Voigt 2005). Although a four-digit manus is 
characteristic of both temnospondyls and microsaurs, 
the latter can be ruled out because of their smaller size 
compared with the tracks of MGUH 31556. Limnopus 
may refer to amphibians that were able to spend a 
considerable part of their life outside the water in 
subadult to adult ontogenetic stages (Haubold 1996; 
Voigt 2005). 

Biostratigraphy, palaeobiogeography and 
palaeoecology
Available biostratigraphic data suggest that the 
tetrapod footprints of MGUH 31556 were produced 
during the Late Carboniferous at a time when central 
East Greenland was located some 10–15° north of the 
palaeoequator. The sedimentary record indicates 
overall warm and humid conditions with floodplains 
dominating the central axis of active rift basins and 
better drained sediments along the margins (Vigran 
et al. 1999). Associated flora (e.g. Lepidodendron and 
Calamites; Witzig 1951) and fauna (e.g. ‘palaeoniscid’ 
fishes; Moy-Thomas 1942) support palaeoenvironmen-
tal conditions with sufficient rainfall and a relatively 
high groundwater table.

Limnopus tracks are hitherto exclusively known 
from palaeoequatorial regions of Pangea in North 
America (Marsh 1894; Baird 1952, 1965; Voigt & Lucas 
2015a, b), Europe (Haubold 1971; Gand 1988; Voigt 
2005; Marchetti et al. 2013, 2015), and North Africa 

Fig. 4. Close-ups of selected tracks from slab MGUH 31556 from the Upper Carboniferous Mesters Vig Formation of East Greenland. 
A: Pes–manus couple corresponding to specimen in Fig. 5A and an isolated pes (left). B: Isolated manus. C–D. Photogrammetric 
models, with D as coloured depth map, of relatively well-preserved manus and pes imprints. 3D models by Peter Falkingham.
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rence of Limnopus by c. 8–10 Ma. Irrespective of the 
exact chronostratigraphic position of the footprint-
bearing beds, the identification of Limnopus is at least 
in agreement with a supposed Late Carboniferous age 
of the Mesters Vig Formation. The rift basins of East 
Greenland are composed of thick successions of Pal-
aeozoic and Mesozoic terrestrial to marine sediments 
that locally contain significant vertebrate remains 
(Bendix-Almgreen 1976; Henriksen & Higgins 1976). 
The Devonian succession on Ymer Ø is the famous 
locality for the early tetrapods, Ichthyostega and Acan-
thostega, as well as numerous fishes (e.g. Jarvik 1952; 
Bendix-Almgreen 1976; Blom et al. 2005, 2007; Clack et 
al. 2012). The overlying Carboniferous deposits of this 
area have yielded a diverse palaeoflora (Witzig 1951, 
1954; Halle 1953; Pedersen 1976) and fossil fishes (e.g. 
Nielsen 1932; Moy-Thomas 1942; Bendix-Almgreen 
1975), but no tetrapod remains as yet. Therefore, the 
footprints of MGUH 31556 are also the first evidence 
of Carboniferous tetrapods from Greenland. 

(Voigt et al. 2011a, b). All records are restricted to Upper 
Carboniferous and Lower Permian strata (Haubold 
1971; Gand 1988; Gand & Durand 2006; Voigt 2005; 
Voigt & Lucas 2015a, b, in press). 

The oldest occurrence of Limnopus is from the Salop 
Formation of Great Britain currently correlated with 
the Kasimovian stage of the Upper Carboniferous 
(Haubold & Sarjeant 1973; Tucker & Smith 2004), 
whereas the last occurrence is from upper Lower 
Permian (Artinskian) strata of the Italian Southern 
Alps (Marchetti et al. 2013, 2015). Possibly, older (Lower 
Carboniferous) records are hidden behind similar 
footprints that have been assigned to the ichnoge-
nus Palaeosauropus, and the latter could be a junior 
synonym of Limnopus (Hay 1902; Lucas et al. 2010). 
However, Palaeosauropus is not well enough known 
to be readily compared to Limnopus (Lucas et al. 2010; 
Fillmore et al. 2012). If the Bashikirian-Moscovian age 
of the Mesters Vig Formation is correct, MGUH 31556 
from East Greenland would predate the first occur-

Fig. 5. Comparison of Limnopus tracks from various localities. A, A’: tracks from the Upper Carboniferous Mesters Vig Formation 
of East Greenland. B, B’: tracks from the Upper Carboniferous/Pennsylvanian of Kansas. C, C’: tracks from the Lower Permian 
of New Mexico. The pictures show a generally uniform morphology of pes and manus tracks. Material: (A, A’) MGUH 31556; (B, 
B’) YPM 405, Yale Peabody Museum New Haven, Connecticut; (C, C’) NMMNH P-24603, New Mexico Museum of Natural His-
tory Albuquerque, New Mexico. Scale bars equal 1 cm. D: Hypothetical reconstruction of the Limnopus track maker and its gait, 
modified from Baird (1952).
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Conclusions
The terrestrial Mesters Vig Formation of northern 
Scoresby Land, East Greenland, yields fossil tetrapod 
footprints, opening the potential for future investiga-
tions in the area.

A single slab and the only known specimen with 
fossil tetrapod footprints from the Mesters Vig Forma-
tion was collected in 1950 and is housed at the Natural 
History Museum of Denmark in Copenhagen.

Assignable tetrapod tracks on this specimen all 
correspond to medium-sized tracks of the ichnoge-
nus Limnopus, considered to be made by eryopoid 
temnospondyls.

The biostratigraphic age of Limnopus is in agree-
ment with a supposed Late Carboniferous age of the 
Mesters Vig Formation.

The find of Limnopus tracks in the Mesters Vig For-
mation is the first evidence of Carboniferous tetrapods 
from Greenland and an important biogeographical 
marker.
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2005). The Palaeogene succession offshore North-East 
Greenland was recently described and linked to the 
breakup of the northern North Atlantic by dividing it 
into seismic units dated as pre- and syn-breakup and 
early drift in age (Petersen et al. 2015). The succession 
records the opening of the northern North Atlantic, so 
a more precise dating of the seismic units could help 
to better understand the evolution of the North-East 
Greenland shelf compared to the Norwegian margin.

The comparison between the Greenland and Nor-
wegian margins is somewhat challenged by the com-
plexity of the opening between North-East Greenland 
and the Barents Shelf and the timing of the shift from 
strike-slip motion to seafloor spreading in the De Geer 
Mega Shear zone (Figs 2, 3) (Voss & Jokat 2009). The 
conjugate margin to the southern Danmarkshavn and 
Thetis basins is the Lofoten-Vesterålen-Senja segment 
of the Norwegian margin, whereas the western Bar-
ents Sea margin including the Sørvestsnaget Basin and 
Veslemøy High is conjugate to the northern part of the 
North-East Greenland shelf, including the northern 

Dating of seismic sequences represents a major chal-
lenge in stratigraphic and paleogeographic analyses, 
hydrocarbon exploration and resource assessment of 
sedimentary basins without well control (Gautier et 
al. 2009). The North-East Greenland shelf is one such 
‘white spot’ where dating of the depositional basins 
and their infill is tentative and based on comparison 
to nearby outcrops and information from the better 
investigated Norwegian margin (Hamann et al. 2005). 
In North-East Greenland, only the youngest of the pre-
Quaternary sediments have been drilled by ODP well 
913 that reaches down into the Eocene, and seismic 
correlation to this borehole provides firm dating of the 
youngest seismic units on the oceanic crust (Berger & 
Jokat 2008). The location of the seismic and well data 
is presented in Fig. 1.

In this paper we discuss and test the potential of 
using age data from the conjugate Norwegian margin 
to improve dating of the Palaeogene succession on the 
North-East Greenland shelf since outcrop data from 
East and North Greenland are sparse (Hamann et al. 
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2003; Bruhn & Steel 2003; Ryseth et al. 2003; Gernigon 
et al. 2009).

The Palaeogene succession on the North-East 
Greenland shelf is characterized by unique deposi-
tional geometries shifting from low angle clinoformal 
packages in basinal lows to progradational packages 
of steep clinoforms and finally successions with sub-
horizontal geometries (Petersen et al. 2015). The shift in 
depositional geometries has been interpreted in a rift 
to drift margin context to reflect the ongoing opening 
of the northern North Atlantic (Petersen et al. 2015). 

Setting
The North-East Greenland shelf covers the area from 
c. 70°N to 82°N along the East Greenland coast and 
is up to 500 km wide (Fig. 1). The shelf is dominated 
by N–S to NNE–SSW oriented structural highs and 
basins formed during prolonged late Palaeozoic and 
Mesozoic rifting (Hamann et al. 2005). The most promi-
nent structural elements are the Koldeway Platform, 
the Danmarkshavn Basin, the Danmarkshavn Ridge, 
and the Thetis Basin at the outer edge of the shelf (Fig. 
3) (Hamann et al., 2005). The Palaeogene succession is 
up to c. 850 milliseconds (ms) (in the order of 800–1000 
m) thick and unconformably overlies the N–S trend-
ing Mesozoic and Palaeozoic structural elements. 
Evidence of Cenozoic volcanism is mostly absent on 
the northern part of the shelf, whereas both intrusives 

Danmarkshavn and Wandel Sea basins (Fig. 2) (e.g. 
Tsikalas et al. 2001).

The temporal and spatial resolution of the spread-
ing history of the northern North Atlantic is well 
documented by magnetic anomalies in the oceanic 
crust (Talwani & Eldholm 1977; Tsikalas et al. 2008; 
Gaina et al. 2009; Ogg 2012). Spreading in the Norwe-
gian-Greenland Sea started at c. 55 Ma (Chron C25) 
(Fig. 2a) (Ziegler & Cloetingh 2004). Several changes 
of spreading direction and speed occurred during 
the early opening history, most prominently during 
the Eurekan Orogeny between 49 and 47 Ma (Chron 
C22n–C21n, based on the magnetostratigraphy of Ogg 
2012) when the spreading rates between Eurasia and 
Laurentia slowed down significantly as a result of 
compression in the Canadian Arctic Islands (Fig. 2C). 
The onset of opposite absolute plate motion started 
at c. 33 Ma (Chron C12r), and at 25 Ma (Chron C7r) 
full separation was achieved along most of the newly 
formed continental margins (Gaina et al. 2009; Døss-
ing et al. 2010) (Fig. 2C). The orientation of the De Geer 
Mega Shear zone relative to plate motion directions 
caused differences in the tectonic regimes along the 
Norwegian Sea, West Barents Sea and North-East 
Greenland conjugate margins (Breivik et al. 1998; 
Olesen et al. 2007). Extension dominated along the 
North-East Greenland and Norwegian Sea margins; 
the northern Wandel Sea segment of the North-East 
Greenland margin was dominated by complex strike-
slip tectonics (Døssing et al. 2010), and compression 
prevailed in Spitsbergen (Dore 1991; Bergh & Grogan 

Fig. 1. A: Seismic data available for this study of the North-East Greenland margin. B: Overview of the North Atlantic region. The 
two black frames show the locations of maps A and C; the thick red lines are the De Geer Mega Shear Zone. North-East Greenland 
Map modified from http://atlas.gc.ca/. C: Seismic data and wells on the Barents Shelf (Modified from www.npd.no).
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outcrops in North and North-East Greenland have all 
been attributed to the Paleocene–Lower Eocene (Lyck 
& Stemmerik 2000; Nøhr-Hansen et al. 2011).

The North-East Greenland shelf is the conjugate 
margin to the West Barents Sea margin in the north 
and northeast and the Lofoten-Vesterålen margin to 
the east and southeast. Although part of the same con-
jugate margin system, the Lofoten-Vesterålen margin 
is tectonically very different from the West Barents Sea 
margin, since it was dominated by extensional defor-
mation during the continental breakup, whereas the 
Barents Sea margin was dominated by transtensional 
deformation (Tsikalas et al. 2001; Gaina et al. 2009). 
Potential field data have been used to identify trans-
verse lineaments segmenting the Lofoten-Vesterålen 
margin and correlation to North-East Greenland has 
been suggested (Tsikalas et al. 2005), although the 
lineaments have been disputed and seen as artefacts 
caused by poor data quality (Olesen et al. 2007). In the 
current study, no evidence of hard linked transforms 
has been identified in the seismic data on the North-
East Greenland shelf. Faerseth (2012) has described 
an E–W accommodation zone at 68°30'N offshore 
Norway, acting as a right-lateral, soft-linked transfer 
zone across which the dips and strikes of the faults 
change orientation. On the North-East Greenland 
shelf, right-lateral offset of the two segments of the 
Danmarkshavn Ridge is seen in map view (Fig. 3). 
There is no evidence of transform faulting separating 
the two segments of the ridge, consistent with a soft-
linked transform. The transfer zone on the North-East 
Greenland shelf aligns with the accommodation zone 
of Faerseth (2012) when reconstructing the plates to a 
pre/syn-breakup position.

On the Barents Sea shelf, Palaeogene sediments 
are limited to the western margin which covers the 
area from Spitsbergen in the north to the Norwegian 
Finnmark coast in the south and extends from 15°E to 
25°E (Fig. 1). The continental to oceanic transition zone 
is named from south to north: The Senja Fracture Zone 
which consists of a sheared margin, the Vestbakken 
Volcanic Province associated with pull-apart tecton-
ics, and the Hornsund Fault Zone (Fig. 3) (Faleide et al. 
1996). From east to west, the most prominent structural 
elements in the West Barents Sea area are the Ham-
merfest and Bjørnøya Basins which are separated by 
the Loppa High in the east, and the Harstad, Tromsø 
and Sørvestsnaget Basins at the continental margin 
west of 20°E. The Senja Ridge and its elongation into 
the Veslemøy High subdivide the Sørvestsnaget Basin 
from the Tromsø Basin in the east (Fig. 3) (Knutsen 
& Vorren 1991). The Loppa High forms the eastern 
boundary of the Palaeogene deposits due to deepening 
of the erosional incision towards the east (Gernigon 
& Brönner 2012). Evidence of significant volcanism 

and extrusives are common both onshore and offshore 
south of c. 75°N (Brooks 2011; Petersen et al. 2015).

The only well penetrating Palaeogene deposits 
offshore North-East Greenland is ODP Site 913 on the 
oceanic crust at 75°29'N, 06°96'W (Fig. 1B). It was used 
by Berger and Jokat (2008) to subdivide the Cenozoic 
succession into a pre-mid-Miocene GB-1 and a post-
mid-Miocene GB-2 unit. However, the locality of this 
well is not ideal for seismic correlation with the suc-
cession in the Danmarkshavn Basin. Scattered Tertiary 

Fig. 2. Plate tectonic reconstruction of Greenland and Eurasia. 
A: Initial geometry prior to the opening. B: Eurekan orogeny 
where compression in the Canadian Arctic Islands can be 
seen, as well as compression at the west coast of Svalbard. C: 
Complete breakup along most of the margins, except for the 
Wandel Sea area (Reconstruction based on Gplates: www.
gplates.org). Thick red lines are the De Geer Mega Shear Zone.
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in the Sørvestsnaget Basin (Ryseth et al. 2003). The 
relatively complete succession of Palaeogene strata 
exposed in the Central Basin onshore Spitsbergen 
(Svalbard) forms a transgressive-regressive succession 
of fluvio-deltaic and marine sandstones and offshore 
shales deposited in a foreland basin which developed 
during the evolution of the West Spitsbergen Fold Belt 
(Bruhn & Steel 2003)

The foreland basin was initially, during the Pale-
ocene, sourced from the east but later the drainage 
pattern changed and during the Eocene the source 
area was the evolving West Spitsbergen Fold Belt to the 
west (e.g. Bruhn and Steel, 2003; Petersen et al. 2016). 
The evolution of the Central Basin thus differs from 
the strike-slip dominated Sørvagnet Basin and Vest-
bakken Volcanic Province, adding to the complexity 
of the breakup history along the Barents Sea margin.

is seen in the Vestbakken Volcanic Province, a deep 
pull-apart basin created due to transtensional tecton-
ics along the de Geer zone during the breakup at c. 51 
Ma (Chron C23) (Tsikalas et al. 2002).

Several seismic stratigraphic schemes have been 
proposed for the Palaeogene deposits in the western 
Barents Sea (Table 1). Vorren (1991) was the first to 
establish a seismic stratigraphic framework based on 
mapping of three units in the Hammerfest Basin and 
five units in an area roughly corresponding to the 
Sørvestsnaget Basin and the southern Vestbakken 
Volcanic Province. Later, Faleide et al. (1993) refined 
the stratigraphy based on new seismic data, and 
further refinements of the seismic stratigraphy and 
better correlation between the basins were presented 
by Fiedler & Faleide (1996) and Ryseth et al. (2003) 
(Table 1), including correlation to well 7216/11-1s 

Fig. 3. Maps showing the main structural elements of the North-East Greenland shelf and the West Barents Sea. For location 
see Fig. 1. The North-East Greenland margin is dominated by NNE–SSW trending highs and lows, from west to east named 
Koldewey Platform, Danmarkshavn Basin, Danmarkshavn Ridge and Thetis Basin. The West Barents Sea margin includes the 
Lofoten Basin, Vestbakken Volcanic Province, Sørvestsnaget Basin, Veslemøy High and Senja Ridge lineament and the Trømsø 
Basin. The Palaeogene succession is absent due to erosion further east across the Loppa High. The De Geer Mega Sheer Zone 
includes several fault zones.
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North-East Greenland margin
The continental breakup in the North Atlantic was 
associated with volcanism onshore East Greenland, 
and seismic observations reveal that the sedimentary 
succession on the East Greenland shelf south of c. 
75°N is heavily intruded by volcanic rocks (Brooks 
2011; Larsen et al. 2014). The East Greenland volcan-
ics form part of the North Atlantic Large Igneous 
Province (NALIP) that covers substantial areas of the 
North Atlantic margin from the Rockall Plateau to the 
Vøring Margin on the Eurasian side, and the entire 
East Greenland margin south of c. 75° N (Brooks 2011; 
Larsen et al. 2014). The NALIP formed as a response 
to the opening of the North Atlantic and was em-
placed between 64 Ma to 25 Ma with a distinct peak 
in the earliest Eocene, corresponding to the time of 
continental breakup (Brooks 2011; Larsen et al. 2014). 
The heating associated with the volcanism may have 
caused the observed uplift of the East Greenland 
margin, and from the seismic data it is evident that 
the North-East Greenland margin was most heavily 
eroded in the south where the intrusions are the most 
frequent (Petersen et al. 2015). This is also consistent 
with observations further south in East Greenland 
where the C5 event of Japsen et al. (2014) records early 
Eocene thermal uplift.

The stratal geometry of six seismic units in the 
Palaeogene succession along the inner, western part of 
the North-East Greenland shelf and three units in the 

eastern part of the shelf is believed to reflect the vol-
canic uplift history, and has facilitated a division into 
the pre-, syn- and post-volcanic successions described 
in details by Petersen et al. (2015) and summarized 
below and in Fig. 4. The data set used for these stud-
ies is part of in the NEG08 and KANUMAS surveys 
of the North-East Greenland shelf.

Pre-breakup succession
On the North-East Greenland shelf the Palaeogene 
succession rests unconformably on deeply eroded 
Mesozoic deposits (Hamann et al. 2005; Petersen et al. 
2015). Initially, deposition was constrained to the Dan-
markshavn Basin by the Danmarkshavn Ridge, which 
apparently acted as a positive element prior to and 
during the breakup. Low angle, eastward prograding 
clinoforms and a stacked mound complex infill the 
structural lows of the Danmarkshavn Basin (marked 
in yellow in Fig. 4A), and are overlain by sediments 
with plane parallel, low amplitude bedding (Petersen 
et al. 2015). The pre-breakup succession (yellow inter-
val in Fig. 4) represents initial progradation into the 
basin, and isochrone maps show that the succession 
is constrained to the Danmarkshavn Basin by the 
Danmarkshavn Ridge (Fig. 5). The observed low-angle 
clinoforms and the mounded structures are consistent 
with deposition in a tectonically relatively quiet period 
with low source-to-sink relief of the depositional sys-
tem. It is therefore interpreted as pre-dating the main 

Table 1.1. Overview of the seismic stratigraphic sub-divisions of the Paleocene to Miocene succession in the West Barents Sea shelf area. 

Vorren 1991 Faleide et al. 1993
Fiedler & Faleide 

1996
Ryseth et al. 2003 This study

Sub-
division

Comments
Subdivi-

sion
Comments

Sub-
division

Com-
ments

Subdivision Comments Subdivision Comments

ThB/TeB
Intra Miocene  

(15.5 Ma)

Te1-Te4

Base  
Miocene

Central Sør-
vestsnaget 

Basin

Oligocene(?)

Unit top 
ages

Near top Eocene

Intra Middle 
Eocene

Mid Eocene seis-
mic horizon

ThA/TeA
Intra Eocene 

(50 Ma)
Lower Eocene 

seismic horison 

BE Base Eocene
Near top 

Paleocene
Paleocene seis-
mic horizon 2

Base at 
55 Ma

Paleocene seis-
mic horizon 1

BT
Base  

Cenozoic
Near top 

Cretaceous
Base Cenozoic
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succession consists of relatively high angle clino-
forms, and based on their steepness it is suggested 
that they contain the coarsest facies of the Palaeogene 
succession and represent a pronounced regression. 
The upper boundary of the syn-breakup interval is 
erosive towards the west which is believed to reflect 
the depositional response to regional uplift associated 
with the volcanism (Petersen et al. 2015). During this 
time interval, the main axis of sediment transport as 
defined by the location of depocentres and presence 
of clinoforms was shifted southwards from a position 
directly east of Store Koldewey to a position c. 100 km 
farther to the south (Fig. 5). 

During the breakup phase, volcanism onshore and 
offshore most likely caused an increasing amount of 
uplift and erosion towards the south in the Danmark-
shavn Basin, observed as truncation of reflectors at the 
upper boundary of the syn-breakup unit (see top of 

volcanic event and the thermal uplift that may have 
occurred during continental breakup (Brooks 2011; 
Larsen et al. 2014). The main volcanic event occurred 
in the earliest Eocene, meaning that the pre-breakup 
unit is Paleocene in age (Larsen et al. 2014).

There is evidence of channel incision along the 
western edge of the Danmarkshavn Basin implying 
lowering of the base level during or after deposition. 
The cause of this incision is not well understood, but 
a possible explanation could be a sea level drop at the 
Cretaceous/Palaeogene interface (Miller et al. 2005). 

Syn-breakup succession
In the Danmarkshavn Basin, the overlying succes-
sion (blue interval in Fig. 4) is dominated by clino-
form packages prograding across the basin from the 
southwest to the northeast. The proximal part of the 

Fig. 4. Three seismic sections showing the geometry of the pre-breakup, syn-breakup and early drift Palaeogene succession, A: in 
the Danmarkshavn basin, B: across the Danmarkshavn Ridge, and C: in the Thetis Basin. Note that the sections are not presented 
in a N–S order, but they represent a proximal to distal order.
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Fig. 5. Thickness maps as TWT maps showing locations of the main depocentres of pre-breakup, syn-breakup and early drift 
sediments with associated plate reconstructions representative for the plate geometries at the time of the deposition (plates 
reconstructed using Gplates: www. Gplates.org). A pronounced shift of depocentre towards the breakup axis is observed along 
both margins, which is a key observation for the correlation.
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al. 2003). The sediments infilling the Western Barents 
Sea margin were derived from the eastern Barents 
Sea, where uplift and erosion of the underlying Pal-
aeozoic–Mesozoic succession are widespread (Smelror 
& Basov 2009).

In this study, we focus on stratal geometries and 
their relation to the evolution of the margin during 
the Palaeogene breakup. The database consists of 2D 
seismic lines supplemented with 3D seismic and well 
data, and most seismic interpretations are based on 
the NH9702 2D and the NH9803 3D seismic surveys 
(Fig. 1C), (with support from additional vintage data 
sets). We have used public domain stratigraphic data 
from the Norwegian Petroleum Directorate (www.
npd.no) to date the seismically defined units, and we 
have focussed on a number of key stratigraphic ho-
rizons, including the Base Paleocene, Top Paleocene, 
Early Eocene, Middle Eocene, and Base Neogene. Since 
our focus is on seismic units to be used for large-scale 
comparison with the North-East Greenland shelf, 
more detailed dating of the wells is not part of the 
current study.

The integration of seismic and well data allows 
us to distinguish six seismic units and thereby con-
strain shifts in deposition temporally. Correlation of 
the Palaeogene succession on the Loppa High, Senja 
Ridge and Sørvestsnaget Basin (Fig. 6) is based on in-
formation from the completion logs of wells 7117/9-1 
and 7219/9-1, and data in Ryseth et al. (2003) for well 
7216/11-1S.

Lower Paleocene seismic unit
The lower boundary is the Base Cenozoic seismic 
horizon and the top is Paleocene seismic horizon 1 
(Fig. 7). The unit is restricted to fault-controlled lows 
along the western margin of the Loppa High and on 
the Veslemøy High (Fig. 7). It is not identified in the 
Sørvestsnaget Basin and is therefore only dated on the 
highs to the east. The Lower Paleocene seismic unit has 
been tied to well 7219/9-1, providing a base Paleocene 
age for the lower part and an early(?) Paleocene age 
for the upper part of the unit (Fig. 6). 

The onset of Cenozoic sedimentation on the West 
Barents Sea Margin is recorded by low angle, sub-
parallel seismic facies characteristic for the Lower 
Paleocene seismic unit. The Lower Paleocene deposits 
display an onlapping, lenticular internal architec-
ture on the Veslemøy High. Footwall uplift along 
the western margin and of the high itself may have 
caused the Veslemøy High to be a positive structural 
element during the earliest Paleocene and it may 
have acted as a barrier for sediment input from the 
east. This assumption is based on the absence of the 
Lower Paleocene seismic unit in the Sørvestsnaget 

blue interval in Fig. 4A–B). This uplift caused a tilting 
of the margin towards the east to northeast, with as-
sociated erosion of mostly Paleocene deposits to the 
west and southwest, and increasing accommodation 
space in the more distally located Thetis Basin. There, 
the succession is characterised by plane parallel, low 
amplitude reflections, indicative of relatively homog-
enous sediments, potentially deposited in a sublittoral 
setting. Correlation between the Danmarkshavn Basin 
and the Thetis Basin is somewhat hampered by the 
Danmarkshavn Ridge, especially in the lower part of 
the succession (Petersen et al. 2015).

Early drift succession
The upper part of the Palaeogene succession (pink 
interval in Fig. 4) was deposited during a time inter-
val dominated by large-scale subsidence across the 
North-East Greenland shelf which yielded a relatively 
constant thickness of the deposited succession across 
the shelf (Fig. 5; Petersen et al. 2015). Some increase in 
subsidence centrally in the Thetis basin is however 
recorded in the isochrone map of the early drift pack-
age (Fig. 4). The seismic data suggests that this increase 
in accommodation space is due to compaction of the 
thick Mesozoic succession of the Thetis Basin, since 
any faulting post-dates the deposition of the early 
drift succession (Fig. 5). Apparently, the Danmark-
shavn Ridge no longer acted as a positive bathymetric 
element and deposition occurred in a low energy 
environment, most likely beneath wave base, based 
on the dominance of seismic facies characterised by 
sub-parallel internal reflections. Little or no evidence 
of tectonics are observed during this stage of the basin 
evolution, and the succession is attributed to a drift 
setting post-dating continental breakup.

West Barents Sea Margin
The geological evolution of the Western Barents Sea is 
relatively well documented (Knutsen & Larsen 1997; 
Ryseth et al. 2003; Geissler & Jokat 2004; Tsikalas et 
al. 2008). Palaeogene deposits are only preserved in a 
narrow zone along the margin of Eurasia consisting 
of the Vestbakken Volcanic Province, the Sørvestsna-
get Basin, the Veslemøy High, the Senja Ridge, the 
Tromsø Basin and the Harstad Basin (Fig. 3) as they 
are eroded away further to the east as the result of 
Neogene incision. The succession is included in the 
Torsk Formation, Sotbakken Group, and is interpreted 
as dominated by marine, sublittoral to outer shelf clay-
stones with rare deep-marine sandprone turbidites in 
the Sørvestsnaget Basin (Dalland et al. 1988; Ryseth et 
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6; Ryseth et al. 2003). Based on the stratal geometries 
and the dating of the succession, the Lower Paleocene 
seismic unit reflects deposition prior to breakup.

Paleocene seismic unit 2
The top of Paleocene seismic unit 2 is defined by 
Paleocene seismic horizon 2 (Fig. 7). Paleocene seismic 
unit 2 has a wider distribution than the underlying 
unit and reflects deposition sourced from the east and 
transgression of the highs east of the Sørvestsnaget 
Basin (Ryseth et al. 2003). It is tied to well 7219/9-1 with 
a suggested early (?) to end Paleocene age.

During this stage deposition became more wide-
spread on the Veslemøy High, Loppa High and 
Tromsø Basin and was no longer constrained by fault 
blocks. The lower-to-upper Paleocene succession on-
laps the rotated fault blocks on the Veslemøy High, 

Basin. Alternatively, lowermost Paleocene deposits 
are present in the Sørvestsnaget Basin, but are sim-
ply not recognised due to poor correlation across the 
fault zone separating the Sørvestsnaget Basin from 
the Veslemøy High.

The seismic facies suggests that the Lower Pale-
ocene sediments were deposited in the distal part 
of a prograding system sourced from the east. This 
is in line with the pattern recognised in Spitsbergen 
and consistent with regional models (e.g. Smelror & 
Basov 2009; Petersen et al. 2016). The stratal geometries 
indicate deposition in a tectonically quiet period, and 
this is supported by the well log motifs which indicate 
a dominance of shaly sediments across the region 
throughout the Paleocene with a noticeable exception 
in the interval from c. 3500 to 3700 m MD (Measured 
Depth) in well 7216/11-1S where abundant tuffaceous 
fragments indicate vicinity to active volcanism (Fig. 

Fig. 6. Log correlation panel of wells 7219/9-1, 7117/9-1 and 7216/11-1S across the Loppa High, the Senja Ridge and the Sørvest-
snaget Basin showing the Paleocene pre-breakup succession, the Eocene breakup package and the Oligocene early drift deposits. 
MD: Measured Depth in metres.
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ing system. The thickness increases westwards into 
a depocentre localised over the fault zone that sepa-
rates the Sørvestsnaget Basin and the Veslemøy High, 
making correlation between the two areas uncertain 
(Fig. 8). This indicates that significant accumulation 
of sediments occurred prior to the tectonic event that 
created the Sørvestsnaget Basin, as also indicated by 
the underlying lower-to-upper Paleocene succession. 
The Lower Eocene unit is tied to wells 7216/11-1S and 
7219/9-1, suggesting a latest Paleocene to mid Eocene 
age for the succession (Ryseth et al. 2003).

Due to poor correlation across the fault zone, the 
actual timing of the subsidence east of the Tertiary 
Hinge Line on the Veslemøy High is not well con-
strained, but thickness variations across the rotated 
fault blocks in the Sørvestsnaget Basin indicate syn-
tectonic deposition. The succession is erosionally 
truncated on the crest of the footwall block (Fig. 8) 
east of the fault zone separating the Sørvestsnaget 
and Vestbakken Volcanic Province Basins from the 
Veslemøy High and Stappen High areas (the Tertiary 
Hinge Line). The syn-depositional faulting and notice-
able increase of progradation into the Sørvestsnaget 
Basin both point towards deposition during a time 
period with increased tectonic activity and uplift of 
the hinterland, and the Lower Eocene seismic unit is 
believed to reflect deposition during early breakup.

Middle Eocene seismic unit
The top of the middle Eocene seismic unit is the mid 
Eocene seismic horizon (Fig. 9). The unit is tied to well 
7216/11-1 S according to Ryseth et al. (2003) (Fig. 6). The 

and maximum thickness is observed in the Tromsø 
Basin. Although the Paleocene seismic horizon 2 can-
not be defined near the transition to the Sørvestsnaget 
Basin, it is clear that the seismic reflectors immediately 
above the Paleocene seismic horizon 1 display diver-
gence from east to west toward the fault zone that 
separates the Veslemøy High from the Sørvestsnaget 
Basin in the west (Fig. 8), the Tertiary Hinge Line of 
Faleide (1988). This indicates that the West Barents Sea 
Margin underwent large wavelength subsidence prior 
to onset of the opening of the Norwegian-Greenland 
Sea in the earliest Eocene (Gaina et al. 2009; Gernigon 
et al. 2009). 

The Paleocene seismic unit 2 is generally charac-
terised by sub-parallel internal seismic facies indi-
cating an aggradational rather than progradational 
stacking pattern, consistent with sedimentation in a 
sublittoral setting (Fig. 8) (Posamentier & Kolla 2003). 
Progradational stacking patterns are recognized in 
the Bjørnøyrenna area (Faleide et al. 1993), where well 
data indicate the presence of relatively sandprone 
facies. The amount of progradation increases during 
this period, but there is still no evidence of significant 
deepening of the basin, consistent with a pre-breakup 
age of the unit. 

Lower Eocene seismic unit
The top of the Lower Eocene seismic unit is the lower 
Eocene seismic horizon (Figs 7, 8). The unit transgress-
es the Veslemøy High into the Sørvestsnaget Basin, 
with a large-scale reflection pattern that may suggest 
deposition in the distal part of a westwards prograd-

Fig. 7. Seismic section across the Veslemøy High (NH9702-234). Low angle infill dominates in the lows between the uplifted foot-
walls. For location of inset map see Fig. 1.
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ised fans or wedges observed on the down-faulted, 
hanging wall block of the Sørvestsnaget Basin (Fig. 
8). The age of these fans is poorly constrained since 
they have not been drilled. But since the fans downlap 
onto the lower Eocene seismic horizon and the mid 
Eocene seismic horizon, the Eocene erosional event is 
approximately mid Eocene in age.

A series of en échelon normal faults are observed 
throughout the Sørvestsnaget Basin (Figs 3, 9) off-
setting the lower Palaeogene succession. The fault 
offset terminates synchronously at the mid Eocene 
seismic horizon, which provides an upper temporal 
constraint of the fault movements. This is consistent 
with early rift phase faulting, where minor faults are 
evenly distributed across the rift basin (Gawthorpe 
& Leeder 2000; Fig. 9). This is in contrast with the in-
terpreted time equivalent seismic units in North-East 
Greenland, where only limited faulting is observed, 
but it can be attributed to the transtensional nature 
of the West Barents Sea margin. The unit thins sig-
nificantly across the Marginal High where it displays 
local uplift-related erosion. 

The faults in the Sørvestsnaget Basin are oriented 

tie is robust, with reliable ages in the well and good 
quality 3D seismic data. The unit is only described in 
the Sørvestsnaget Basin due to erosion of the eastern 
margin of the basin or non-deposition.

The eastern extent of the middle Eocene succes-
sion onto the Veslemøy High is relatively poorly 
constrained by well data. A seismic tie between well 
7216/11-1 S and 7219/9-1 is not possible due to erosion 
of the crest of the fault separating the Sørvestsnaget 
basin from the Veslemøy High (Eocene erosion seis-
mic horizon in Fig. 9). The middle Eocene succession 
records a substantial westwards shift of the depo-
centre from the Veslemøy and Loppa Highs into the 
Sørvestsnaget Basin.

The Middle Eocene seismic unit is dominated by 
a chaotic to transparent seismic facies in the basinal 
lows of the Sørvestsnaget Basin. The unit onlaps the 
Veslemøy High–Senja Ridge structural lineament in 
the east. It may also be present on the Marginal High 
that delineates the Sørvestsnaget Basin towards the 
west. 

The incision at the fault crest of the Eocene erosion 
seismic horizon (Figs 8, 9) sourced the steep, local-

Fig. 8. Seismic example (NH9702-234) of the transition zone between the Veslemøy High and the Sørvestsnaget Basin. Note the 
Eocene erosion below the magenta horizon relating to footwall uplift along the western margin of the Veslemøy High. Localized 
wedge shaped deposits are observed west of the black fault separating the Veslemøy High to the east and the Sørvestsnaget Basin 
in the west. For location of inset map see Fig. 1.
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tre of this seismic unit is located in the Sørvestsnaget 
Basin and coincides with that of the Middle Eocene 
Seismic Unit. The thickest well penetration of the 
Eocene succession is recorded in well 7216/11-1S in 
the Sørvestsnaget Basin where c. 1000 m of Eocene 
sediments are present (Fig. 6). The seismic observa-
tions also show a clear westward shift in depocentre 
during the Eocene (Fig. 5). Seismic data indicate even 
larger thicknesses centrally in the Sørvestsnaget Basin 
compared to well 7216/11-1S, implying significant sub-
sidence of the Sørvestsnaget Basin during the Eocene 
and start of drifting following continental breakup.

The seismic facies of the upper Eocene deposits 
predominantly displays low amplitude to chaotic 
reflectivity (Fig. 9). Low angle progradational to aggra-
dational geometries are present across the basin. 
Downlap terminations are observed on the mid Eo-
cene horizon and on the Marginal High (far left in Fig. 
9). This indicates that the Marginal High acted as a 
positive bathymetric element during deposition of the 
upper Eocene succession. Truncation below the Near 
Top Eocene Seismic Horizon is observed centrally in 

N–S in the southern part of the basin and show a 
clockwise rotation to NNE–SSW further north (Fig. 
3). The rotation roughly coincides with the transition 
from the Senja Ridge to the Veslemøy High (Fig.3). The 
Sørvestsnaget Basin was created by dextral movement 
along a releasing bend in the plate margin (Ryseth 
et al. 2003; Gaina et al. 2009). Compared to analogue 
models for pull-apart basins (Wu et al. 2009), the fault 
configuration of the Sørvestsnaget Basin (Fig. 3) clearly 
resembles the expected fault geometries of a pull-apart 
basin in a transverse fault system. The middle Eocene 
succession was deposited during the breakup of the 
western Barents Sea and North-East Greenland. The 
subsequent deepening generated deep marine condi-
tions in the Sørvestsnaget Basin (Ryseth et al. 2003).

Upper Eocene seismic unit
The lower boundary is the Mid Eocene Seismic Hori-
zon and the upper boundary is the Near Top Eocene 
reflection (Fig. 9). The interval is only tied to well 
7216/11-1 S in the Sørvestsnaget Basin. The depocen-

Fig. 9. Seismic transect across the Veslemøy High–Sørvestsnaget Basin transition (NH9702-234). Substantial subsidence of the 
basin during the Eocene is seen towards SW. 
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motions between Eurasia and North-East Greenland, 
thus marking the full evolution into passive margins 
along the breakup margins (Gaina et al. 2009). 

Lofoten-Vesterålen Margin
At the Lofoten-Vesterålen margin, the conjugate to the 
southern North-East Greenland margin (Tsikalas et al. 
2001), Palaeogene deposits are only preserved in the 
deeper parts of the basins due to post-Eocene erosion 
(Faerseth 2012). The erosion deepens away from the 
breakup axis (Bergh et al. 2007), as also observed on 
the North-East Greenland shelf (Petersen et al. 2015) 
and in the West Barents Sea area. 

The Paleocene succession on the Lofoten-Vesterålen 
Margin is described to have prograding wedge 
geometries downlapping on Cretaceous sediments 
(Tasrianto & Escalona 2015). They are included in the 
Danian to upper Paleocene Tang and Tare formations 
which in well 6710/10-1 are composed of shales with 
interbedded tuffs, interpreted to be deposited in a 
deep marine environment formed as the result of 
thermal subsidence following extensive Cretaceous 
(and earlier) rifting events (Tsikalas et al. 2001; Bergh 
et al. 2007). This part of the succession resembles the 
pre-breakup succession on the North-East Greenland 
margin.

Well 6706/6-1 in the northern Vøring Basin, just 
south of the Lofoten-Vesterålen Margin, is reported 
to contain Palaeogene sandstones derived from 
Greenland (Norwegian Petroleum Directorate 2010). 
When reconstructing the plates back to a syn-breakup 
setting, the well site is located proximal to the area 
affected by uplift in North-East Greenland (Petersen 
et al. 2015), and the two margins appear to have shared 
sedimentary source area prior to the breakup. Con-
tinental breakup was initiated in the early Eocene 
(Faerseth 2012), synchronous with the other margins 
surrounding the Norwegian-Greenland Sea (Olesen 
et al. 2007; Gaina et al. 2009).

Evolution of the West Barents Sea
By integrating the information presented in the previ-
ous sections, we here present a model for the evolution 
of the West Barents Sea during the Palaeogene (Fig. 
10). This model encompasses previous studies (e.g. 
Faleide et al. 1993; Richardsen et al.1991; Ryseth et al. 
2003), supplemented with interpretations of features 
important for the correlation to North-East Greenland. 
The described seismic units are associated with the 

the Sørvestsnaget Basin. The incision deepens towards 
the Marginal High, indicating that the erosion was 
related to uplift of the Marginal High in Late Eocene 
to Early Oligocene times. The tectonic activity during 
the late part of the Eocene seems low compared to the 
preceding period, since very few faults intersect the 
upper Eocene interval (Fig. 9). Furthermore, the faults 
are located closer to the Marginal High. 

The upper Eocene interval records significant 
changes in both thickness and lithology across the 
area (Fig. 6). In well 7219/9-1, it is relatively thick (c. 
500 m) and intersected by westwards deepening, 
post-Palaeogene erosional incision (observed in the 
seismic data). This indicates that original thickness 
most likely exceeded 500 m. The Eocene succession 
in well 7117/9-1 on the Senja Ridge is less than 100 m 
thick, which implies that it was uplifted and acted as 
a positive bathymetric element during the Eocene. The 
uplift of the Senja Ridge coincides with uplift of the 
Veslemøy High immediately to the north, as observed 
in seismic cross sections (Fig. 8).

The petrophysical well logs indicate shale domi-
nance in the Eocene except in the interval from c. 
2900 to 3150 m MD in 7216/11-1S where several sand 
beds are recorded in log data and cores (Ryseth et al., 
(2003). Intraformational faulting is observed towards 
the centre of the basin and is often associated with 
environments dominated by fine-grained material 
and relatively high sedimentation rates (Cartwright 
& Lonergan 1996). This is consistent with the seismic 
facies and lithology recorded in wells, that the depo-
sitional environment was predominantly sublittoral.

Oligocene deposits
The Oligocene succession is c. 100 m thick in well 
7216/11-1S (Fig. 6) (Ryseth et al. 2003). Due to the con-
densation of the seismic reflections and a lack of a 
firm well tie, a top Oligocene horizon is not included 
in the study.

Oligocene deposits are only observed in the 
Sørvestsnaget Basin (Ryseth et al. 2003). The Senja 
Ridge, Veslemøy High and the Marginal High formed 
positive bathymetric elements during this period, 
since reflections immediately above the Near Top Eo-
cene Seismic Horizon show onlap onto the highs in the 
Sørvestsnaget basin (Fig. 9). Oligocene sediments are 
only present in the two westernmost wells, 7216/11-1S 
and 7117/9-1 (Fig. 6), indicating that no Oligocene sedi-
ments were deposited east of the Sørvestsnaget Basin.

The seismic geometries indicate deposition dur-
ing a tectonically quiet period during early drift. The 
limited tectonic activity observed during the late 
Eocene continued during the Oligocene. Deposition 
coincides with the onset of diverging absolute plate 
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of continental breakup includes footwall uplift of the 
Senja Ridge and the Veslemøy High, recorded by the 
onlap of the Paleocene reflectors (Fig. 10A).

Palaeogene normal faulting is observed both east 
and west of the Sørvestsnaget Basin. The seismic data 
suggest that faulting started along the eastern margin 
of the basin and then migrated westward towards the 
margin of the shelf, causing westward migration of 
the depocentre (Fig. 5). The westward translation of 
faulting culminates in the De Geer Mega Shear Zone 
that separates the Sørvestsnaget Basin from the Lo-
foten Basin (Fig. 3). The Marginal High was uplifted 
during this fault culmination, indicated by onlap onto 
the high and erosion of its top. The distribution and 
orientation of the faults in the Sørvestsnaget Basin are 
consistent with models of transtensional pull-apart 
basins where en échelon soft linked faults outline the 
basin (Wu et al. 2009). 

The seismic data show evidence of prograding 
clinoforms building out from the east into structural 
lows and across highs along the West Barents Sea 
margin during the Palaeogene (Fig. 10). The thickness 

three main phases of the breakup history: Pre-breakup 
units (Lower Paleocene, Lower–upper Paleocene), 
breakup units (Lower Eocene, Middle Eocene) and 
(early) drift units (Upper Eocene, Oligocene). Fig. 10 
displays the large-scale geometries of the sediments 
deposited during these three phases.

The geometry of the lower Paleocene succession 
suggests deposition during a tectonically relatively 
quiet period following a period of non-deposition 
along the western Barents Sea margin (Dalland et al. 
1988; Knutsen & Vorren 1991; Gaina et al. 2009). The 
Loppa High was a positive topographic element dur-
ing the Paleocene and possibly acted as a local source 
area since prograding clinoforms of this age are ob-
served on and west of the high (Figs 7, 10). However, 
progradation was somewhat limited and the larger 
parts of the adjacent Tromsø Basin are characterized 
by sub-horizontal reflections suggesting sublittoral 
deposition. Tsikalas et al. (2005) report some Late 
Cretaceous–Early Paleocene deformation along the 
margin, but the effects on deposition were limited. 
Evidence of fault movements that predate the onset 

Fig. 10. Three seismic examples from the West Barents Sea, showing the subdivision of the Palaeogene succession. See text for 
detailed description. For location of inset map see Fig. 1.
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this interval is condensed across the Senja Ridge. 
The thicknesses of the early drift sequence, as repre-
sented by the upper Eocene to Oligocene succession, 
are significantly smaller than those of the underlying 
intervals. This indicates condensation of the early drift 
succession on the continental margin and a westward 
shift of the depocentre into the Lofoten Basin.

variations observed between the Loppa High, Senja 
Ridge and Sørvestsnaget Basin further illustrate the 
evolution before, during and after breakup (Fig. 5). The 
pre-breakup succession, represented by the Paleocene 
interval, shows relatively homogenous thicknesses 
across the margin, whereas the Eocene breakup suc-
cession displays significant thickness changes as 

Fig. 11. Simplified correlation across the conjugate margins based on similarities in depositional geometries. The pre-breakup 
deposits (Lower–Upper Paleocene) are characterised by low angle clinoforms filling out basinal lows. The syn-breakup succession 
(Eocene) displays steeper clinoforms than below and a more pronounced progradation across structural highs on both sides. The 
early drift interval (Middle Eocene–Oligocene) of the conjugate margins is dominated by sub-horisontal stratal geometries, with 
a large extent in the North-East Greenland area, whereas the deposition is centred in the Sørvestsnaget Basin and in the Lofoten 
Basin further west (not displayed) on the West Barents Sea margin. Colours are solely used to distinguish individual seismic units 
and hold no other significance. Numbering refers to the chronostratigraphic chart presented in Fig. 12.
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Sea margin (Fig. 4A, marked in yellow, and Figs 11, 12).
A distinct increase in the angle and amplitude of 

prograding clinoforms mark the onset of the conti-
nental breakup, most likely caused by thermal heat-
ing in relation to the break-up volcanism (recorded in 
the lower Eocene deposits on the conjugate margins) 
(Figs 4B, 10B, 11). Uplift of the proximal areas of the 
margins and subsidence towards the central zone of 
breakup caused an overall increase in depositional 
gradient and sediment influx onto the shelf areas, thus 
marking a significant change which can be dated to 
near the Paleocene–Eocene transition in the Barents 
Sea (Fig. 9). A similar age for the onset of large scale 
progradation is suggested for North-East Greenland. 
The progradtional succession has an erosive upper 
boundary which we interpret as the effect of volcanic 
induced thermal doming (Petersen et al. 2015), deepen-
ing towards the south and west (Fig. 4A, B). We suggest 
an earliest Eocene age for the onset of the deposition 
of the syn-breakup package in North-East Greenland 
(Fig. 4A) (Petersen et al. 2015).

Plane-parallel seismic facies tops the Palaeogene 
succession on both margins, suggesting deposition in 
a relatively quiet, deep marine setting (Figs 4C, 10C, 
11), as confirmed in well bores penetrating this level 
on the Barents Sea margin. The well data indicate a 
Late Eocene to Oligocene age for the plane-parallel 
packages (Fig. 6) (Ryseth et al. 2003). Similar ages are 
suggested for the seismic units included in the early 
drift succession on the North-East Greenland shelf. 
The age of the upper boundary of the succession is 
associated with some uncertainty.

Chronostratigraphic implications
A pronounced symmetry of the seismic geometries is 
observed across the North-East Greenland and West 
Barents Sea margins, and we propose that this sym-
metry reflects a genetic, temporal relationship of the 
conjugate margin set (Fig. 12). The two margins show 
a comparable stacking of seismic facies. The locus of 
the sedimentation shifted synchronously towards 
the breakup axis on both the West Barents Sea and 
North-East Greenland margins, most pronounced on 
the West Barents Sea margin (Fig. 12). Figure 5 shows 
that pre-breakup deposition is constricted by basinal 
highs on both margins. On the Greenland side, the 
Danmarkshavn Ridge forms the barrier, whereas the 
footwall uplift along the west margin of the Veslemøy 
High forms the barrier in the West Barents Sea area 
(Fig. 1, pre-breakup interval on Fig. 12). 

During the volcanically active breakup phase, 
pronounced progradational events shifted the depo-

Conjugate margin seismic 
correlation
By combining the information from the seismic stratal 
geometries with the temporal constraints derived 
from wells drilled in the West Barents Sea, as well as 
the timing of volcanism in North-East Greenland, we 
suggest the correlation scheme shown in Fig. 11. The 
chronostratigraphic correlation of the seismic units 
of the North-East Greenland and the Western Barents 
Sea margins is based on the described similarities of 
stratal stackning patterns at the two margins. The 
common thermal and plate tectonic history during 
continental breakup forms the framework for the 
correlation. All available stratigraphic information is 
utilised to date the seismic sections. (Faleide et al. 1993; 
Faleide et al. 1996; Ryseth et al. 2003). Significant struc-
tural differences exist between the two margins, as the 
northwest Eurasian margin is dominated by complex 
compressional, strike-slip and extensional tectonics 
(Saettem et al. 1994; Tsikalas et al. 2002), whereas the 
North-East Greenland margin is mostly dominated by 
extensional tectonics during the Palaeogene breakup 
(Petersen et al. 2015). This is primarily observed as a 
higher frequency of faulting during the pre-breakup 
and syn-breakup phases on the West Barents Sea 
margin. This is most likely caused by the transverse 
motions along the De Geer Mega Shear zone, where 
true passive margin development occurred later com-
pared to North-East Greenland.

The lower Palaeogene seismic stratal geometries 
are dominated by infill between structural highs that 
formed positive bathymetrical elements on both mar-
gins (Figs 4A, 10A–C). In the West Barents Sea area, 
the rotated fault blocks of the Veslemøy High and 
Senja Ridge are positive structural elements (Fig. 5). 
On the North-East Greenland margin the Danmark-
shavn Ridge separates depositional areas from the 
incipient breakup zone. The Danmarkshavn Ridge has 
a position similar to that of the rotated fault blocks on 
the West Barents Sea Margin (Figs 4A,B, 5, 11). Both 
margins show evidence of low angle prograding to 
sub-parallel infill to be focused in the lows, which is 
consistent with deposition on flooded end-Mesozoic 
inherited topography. Relatively low gradients in both 
the basin and hinterland are expected in this setting 
(Hamann et al. 2005; Worsley 2008; Petersen et al. 2015). 
Deposition is interpreted to take place in the tectoni-
cally relatively quiet period following the prolonged 
Late Palaeozoic–Mesozoic rifting that occurred in 
the region prior to the opening of the North Atlantic 
(Doré 1991). Therefore, the succession is interpreted to 
predate continental breakup, and a Paleocene age for 
the pre-breakup package on the North-East Greenland 
shelf is suggested by correlation with the West Barents 
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Ridge area is apparently uplifted during this phase 
(Figs 11, 12), and hence deposition is restricted to the 
Sørvestsnaget Basin, but other studies have shown 
that deposition during early drifting also occurred 
further to the west in the Lofoten Basin (Ryseth et al. 
2003). The distribution and limited lateral thickness 
variations are consistent with this succession repre-
senting deposition during a relatively quiet period of 
thermally related, large scale subsidence following the 
heating of the margins during the breakup volcanism. 
The transition to early drift deposition is observed 
on both margins as aggradational geometries with 
onlaps on the structural highs (Fig. 12). Evidence of 
a common tectonic history is also found in the form 
of a soft-linked, right-lateral transfer zone that cor-
relates between Lofoten-Vesterålen and North-East 
Greenland (Faerseth 2012; Petersen et al. 2015).

Conclusions
The seismic units identified on the North-East Green-
land shelf and in the West Barents Sea have been 
correlated on the basis of their stratal geometries and 
their relation to plate tectonic and volcanic events, thus 

centres of both margins further towards the central 
axis of breakup (Figs 11, 12). This is also observed in 
the thickness distribution of the sediments deposited 
during breakup (Fig. 5). Basinal highs are overstepped 
and sediments accumulate in the basins near the 
breakup zone. The breakup phase was dominated by 
an increase in both accommodation space and sedi-
ment supply as basins were formed near the breakup 
axis and the hinterland produced more sediment due 
to an increased gradient of the depositional system 
(Fig. 12). In the Sørvestsnaget Basin on the Barents Sea 
margin, extensive normal faulting occurred during 
this period (Fig. 9) as a result of pull-apart tectonism, 
whereas the southern North-East Greenland Margin 
was less tectonically deformed (Fig. 4). Tectonism that 
influenced the depositional fairways are however 
observed in the Eurekan region, most likely including 
the Wandel Sea (Petersen et al. 2016).

Following breakup, early drift deposition is 
dominated by a relatively homogenous distribution 
of sediments across both margins and further bas-
inward migration of the depocentres. Post-breakup 
erosion intersects the Palaeogene succession on both 
margins, hampering any palaeogeographic interpre-
tation away from the central axis of breakup (Fig. 5). 
In the West Barents Sea, the Veslemøy High–Senja 

Fig. 12. Simplified chronostratigraphic chart correlating the individual depositional units identified at both conjugate margins. 
The absolute ages are associated with some uncertainty. Numbers refer to the seismic units shown in Fig. 11.
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margin. Tectonism was limited during this period, 
with only minor evidence of fault activity at the mar-
gins. Thermal cooling was the main process creating 
the accommodation space and generated seismic units 
of relatively homogenous thicknesses.
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reef and cool-water coral mound facies (Rózycki 1948; 
Ager 1965, 1967; Asgaard 1968). Asymmetry in Meso-
zoic brachiopods from tropical reefs is particularly 
prevalent in the order Rhynchonellida (Afanasjeva 
2014). The form of asymmetry in this order is mainly 
confined to the frontal commissure and is described 
as commissural asymmetry. The asymmetry is most 
conspicuous at the commissure, but will in general 
affect the overall shape of the brachiopod. 

The two former species Terebratula flustracea von 
Buch 1834 and Rhynchonella faxensis Posselt 1894 from 
the Faxe Formation, exposed in the Faxe limestone 
quarry in eastern Denmark, both exhibit commissural 
asymmetries to varying degrees. Starting with the 
work of Asgaard (1968) Terebratula flustracea von Buch 
and Rhynchonella faxensis Posselt have been referred 
to with the genus name Rhynchonella in inverted 
commas. For the sake of simplicity, this form is used 
throughout in the present paper when referring to 
older works. 

‘R.’ flustracea was described by von Buch (1834, 1835) 
based on the material collected by von Schlotheim in 

Brachiopods are very common in most of the coral and 
bryozoan mound facies of the middle Danian Faxe 
Formation in eastern Denmark. The most common 
brachiopod species ‘Rhynchonella’ flustracea and ‘Rhyn-
chonella’ faxensis are present in all the coral mound 
facies, with the exception of mudstone and floatstone 
facies. They are here considered as conspecific and 
are referred to as Obliquorhynchia flustracea (as revised 
herein). The specimens exhibit commissural asym-
metry, which is a relatively rare feature in articulated 
brachiopods (Fürsich & Palmer 1984). The success of 
this species was probably due to an adaptation to a 
life between the branches of the scleractinian coral 
Dendrophyllia candelabrum (Asgaard 1968). The species 
is very commonly found sitting in this position.

Modern asymmetric brachiopods are known from 
tropical reef systems and cool-water coral mounds at 
relatively deep, cool settings, notably from the Atlantic 
Ocean (Elliott 1948, 1958; Atkins 1959, 1960, 1961; Frei-
wald et al. 2002; Freiwald et al. 2004; Henry & Roberts 
2007). In the fossil record asymmetric brachiopods are 
commonly found in association with tropical coral 
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Geological setting 
The Faxe Formation represents a middle Danian cool-
water complex of interfingering coral and bryozoan 
mounds (Lauridsen et al. 2012). The coral mounds 
were established by the azooxanthellate scleractinian 
coral species Dendrophyllia candelabrum (Hennig 1899), 
Oculina becki (Nielsen 1922) and Faksephyllia faxoensis 
(Lyell 1837), shortly after the mass extinction at the 
Cretaceous–Palaeogene (K/Pg) boundary. Two million 
years after the K/Pg boundary the coral mounds start-
ed to grow on top of bryozoan mounds in relatively 
deep water below the photic zone over the easternmost 
part of the Ringkøbing-Fyn High, limiting the Danish 
Basin to the south (Floris 1980; Bernecker & Weidlich 
1990, 2005; Lauridsen et al. 2012; Lauridsen & Bjerager 
2014). The formation consists of a number of different 
bryozoan and coral limestone facies (Lauridsen et al. 
2012). The formation is exposed in the Faxe limestone 
quarry, Denmark, in the Limhamn quarry, Malmø, 
Southern Sweden, and has been encountered in sev-
eral boreholes south of Faxe. The Baunekule facies 

coral limestone in the Faxe quarry. ‘R.’ faxensis was 
described by Posselt (1894) as a new species based 
on 20 specimens collected in the quarry. He noted 
that the specimens of ‘R.’ faxensis were rather similar 
to ‘R.’ flustracea and relatively rare, but erected the 
new species on the basis of minor details in external 
morphology such as number of ribs and occasional 
uniplication of the commissure. In the original mate-
rial collected by von Schlotheim, which comprised 
nine syntypes (now one lectotype and eight paralec-
totypes, as revised herein) of ‘R.’ flustracea (Museum 
Für Naturkunde Leibniz-Institut Berlin, number 
MB.B.9116.1–9), one paralectotype actually possesses 
the characteristics that Posselt (1894) used in his de-
scription of ‘R.’ faxensis as a new species, such as fewer 
ribs and a uniplicate commissure. 

The aim of this study is to erect a new rhynchonel-
lid brachiopod genus, Obliquorhynchia gen. nov. based 
on material from the middle Danian Faxe Formation, 
and to describe the variation within the two types of 
asymmetric brachiopods here classified as one species, 
Obliquorhynchia flustracea.
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Fig. 1. A: Map of the Danish 
Basin with the main structural 
elements and distribution of mid-
dle Danian bryozoan limestone, 
including isolated coral mound 
complexes and chalk (coccolith 
Zone 5 of Thomsen 1995). Loca-
tions of selected outcrops and 
boreholes where middle Danian 
coral limestone have been en-
countered: 1, Aggersborggaard; 
2, Spjellerup; 3, Herlufsholm; 
4, Everdrup; 5, Faxe quarry; 6, 
Stevns Klint; 7, Flinterenden-
Trindelrenden, Øresund (both 
submarine outcrop and borings); 
8, Limhamn quarry; 9, Malmø. 
B: Map of Faxe limestone quarry 
with the Baunekule facies locali-
ties and type section of the Faxe 
Formation indicated. Modified 
from Lauridsen & Bjerager (2014). 
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quarry. More material was collected by the authors in 
the type section of the Faxe Formation in the western 
part of the quarry (Lauridsen et al. 2012). The samples 
are housed at Østsjællands Museum, Denmark. The 
material from the Baunekule facies comprises 2986 
specimens with both dorsal and ventral valves intact, 
12 ventral valves and 9 dorsal valves. The material 
from the type section alone comprises 940 specimens. 

Bivariate regressions, Hotelling’s T2 test and a prin-
cipal component analysis (PCA) were undertaken in 
order to investigate if ‘R.’ flustracea and ‘R.’ faxensis 
represent two species or if they are conspecific. The 
statistical tests and PCA analysis are based on standard 
measurements commonly used in the descriptions 
of new brachiopod species (e.g. Steinich 1965; Surlyk 
1970; Johansen 1987; see Fig. 2). Both inner and external 
morphologies have been assessed. 

A total of 10 specimens from the Baunekule facies 
were attached by the ventral valve to a glass slide 
with UV hardening glue and opened manually using 
dissection needles to expose the inner morphology. 
The dimensions of the morphological features here 
are however, difficult to quantify due to poor preser-
vation of the crura and overgrowth of calcite crystals, 
and no statistical tests were carried out on the inner 
morphology. 

All individuals from the Baunekule facies were ex-
amined in terms of external symmetry/asymmetry ex-
pressed by the frontal commissure. Asymmetry on the 
commissure is either ‘left-handed’ or ‘right-handed’ 
and is expressed as a bend on the frontal commissure 
in anterior view, and is comparable to the period of 
a sine wave where one side is sloping upwards with 
respect to the other side. If the left side of the commis-
sure, in anterior view with the ventral valve oriented 
downwards, slopes upwards with respect to the right 
side, it is referred to as ‘sinistroasymmetry’ (Fig. 2), 
and if the right side slopes upwards with respect to 
the left side, it is referred to as ‘dextroasymmetry’. 

A total of 48 complete specimens from the 
Baunekule facies were selected in order to quantify 
and compare the morphological variation. The mor-
phological dimensions measured are defined in Fig. 2. 
AH is a morphological dimension that measures the 
degree of asymmetry. It is measured from the lowest 
to the highest point on the frontal commissure line 
on the anterior part of the specimen. Symmetrical 
individuals have an AH value of 0 mm. An asym-
metrical individual has an AH value higher than 0 
mm. A higher AH value thus equals a higher degree 
of asymmetry expressed by the frontal commissure.

Principal component analysis (PCA), Hotelling’s T2 
test and regressions were conducted using the PAST 
software package (Hammer et al. 2001; Hammer & 
Harper 2006; Hammer 2012). 

of Lauridsen et al. (2012) occurs in the upper part of 
the formation. It consists of non-consolidated coral 
rudstone to floatstone forming isolated, lensoidal 
bodies in the coral mound flanks. The facies contains 
a well-preserved high-diversity fauna of calcitic and 
originally aragonitic-shelled invertebrates. More than 
300 species have been described from the facies, com-
prising more than 80% of the species from the Faxe 
Formation (Lauridsen & Bjerager 2014; Lauridsen 
& Schnetler 2014). The Baunekule facies is known 
from the east-central and north-western parts of the 
quarry (Fig. 1). Ravn (1903) described the facies for the 
first time; however, the section with this occurrence 
located in the centre of the quarry has been removed 
by quarrying. In the 1970s the facies was recorded 
from a locality in the east-central part below the road 
Stationsvej by Sten Lennart Jakobsen and Søren Bo 
Andersen, but this has now also been quarried away. 
In the 1990s a new occurrence of the Baunekule facies 
was exposed nearby (Lauridsen et al. 2012). Currently, 
the facies is not exposed in the quarry.

 
Material and methods 
The material studied in the present paper was collect-
ed by the late Alice Rasmussen in the beginning of the 
1990s at the Stationsvej locality in the Faxe limestone 

AH

LV
LD

T

W

DF

NR

Fig. 2. Measured dimensions referred to in the text. LV: length 
of the ventral valve. LD: length of the dorsal valve. W: width. 
DF: diameter of the foramen. NR: number of ribs. T: thickness. 
AH: height of asymmetry. It is measured from the lowest to the 
highest point on the frontal commissure line on the anterior 
part of the specimen. AH is here shown on a sinistroasym-
metric specimen.
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Results 
Six of the opened specimens have their crura covered 
in calcitic crystals and it was not possible to determine 
the type of crura or hinge. However, four specimens 
have intact and well-preserved hinges and crura, 

Photographed specimens, with the exception of 
the designated lectotype, have been coated with am-
monium chloride. 

Abbreviations used: OESM – Østsjællands Mu-
seum; MB – Museum Für Naturkunde Leibniz-Institut 
Berlin. 

A B C

D E F

G H I

J K L

1mm

Fig. 3. Internal structures of Obliquorhynchia flustracea (von Buch 1834). The new genus Obliquorhynchia is erected in this paper. A: 
Hingeline with thick, robust, triangular hinge teeth, OESM-10064-0116. B: Hingeline with thick, robust, triangular hinge teeth, 
OESM-10064-0117. C–F: Ventral, dorso-ventral, posterior and lateral view of crura, OESM-10064-0118. G–L: Ventral, posterior-ventral, 
tilted posterior-ventral, ventro-lateral and tilted ventral and ventro-lateral view, OESM-10064-0119. The external morphology of 
specimens reflects the characteristics formerly used to describe and distinguish ‘R.’ flustracea (von Buch 1834) (A and C–F) and 
‘R.’ faxensis (Posselt 1894) (B and G–L). Scale bar = 1 mm for all pictures.
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allowing them to be referred to subfamily level. The 
specimens reflect the morphology used as charac-
teristic of ‘R.’ flustracea and ‘R.’ faxensis respectively. 
The type of hinge and crura is the same in both types 
(Fig. 3). 

The morphological variations between ‘R.’ flustra-
cea and ‘R.’ faxensis were quantified and compared 
based on 48 specimens. Of these specimens, 38 were 
picked at random among both adults and juveniles in 
the different symmetry groupings: adults were sub-
divided into sinistroasymmetric, dextroasymmetric, 
uniplicate, rectimarginate and ‘peculiar’ asymmetric, 
whereas juvenile specimens were subdivided into 
sinistroasymmetric, dextroasymmetric and rectima-
rginate. The remaining 10 specimens were picked at 
random from 89 specimens. These specimens exhibit 
traits characteristic of ‘R.’ faxensis and are all asym-
metric. 

The frontal commissure is rectimarginate, unipli-
cate, sinistroasymmetric or dextroasymmetric. There 
is a higher frequency of commissural asymmetry in 
adult individuals (58.7 %) compared to juveniles (8.8%) 
and there is a lower frequency of adults exhibiting a 

rectimarginate commissure (8.5%) compared to ju-
veniles (16.5%) (Fig. 4A). Only 4.5% of the specimens 
exhibit uniplication of the frontal commissure. A few 
of the adult specimens (2%) display a different form 
of asymmetry which cannot be ascribed to any of the 
aforementioned forms. Asymmetry is still present, 
but in contrast to sinistro- and dextroasymmetry, 
this asymmetry is most conspicuous in brachial and 
ventral views, with only little asymmetry expressed 
by the frontal commissure. This form is regarded as 
‘peculiar’ asymmetry, only observed in adult speci-
mens (Fig. 4A, Fig. 5A–C). 

Bivariate linear regressions, RMA algorithm, on 
LV/LD, LV/W and LV/AH were applied in order to 
test whether there is a correlation between the mor-
phological measurements of ‘R.’ flustracea and ‘R.’ 
faxensis. The fitted line in the scatter plot of LV/LD 
is y = 0.8679x – 0.0249 (Tn˗2 = 76.00, t = 2.00, P<0.05) 
(Fig. 4B). The fitted line in the scatter plot of LV/W is 
y = 0.9253x – 0.4434 (Tn˗2 = 28.87, t = 2.00, P<0.05) (Fig. 
4C). In the scatter plot of LV/AH the data are fitted 
to an exponential function by log transformation: 
y = 0.0222e0.4712x (Tn˗2 = 14.71, t = 2.045, P<0.05) (Fig. 
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Fig. 4. A: Histogram showing the distribution of specimens according to symmetry/asymmetry expressed by the frontal commis-
sure. Adult: black, juvenile: grey, N: number of specimens, Sin.: sinistroasymmetry, Dex.: dextroasymmetry, Rect.: rectimarginate, 
Unipl.: uniplicate, Pec.: peculiar. Values above each column show the distribution of specimens in percentage of the total sample 
size of 2986 specimens. B–D: Scatter diagrams plotting with regression lines, showing intraspecific variability of Obliquorhynchia 
flustracea (von Buch 1834), r: correlation coefficient, N: number of specimens, black filled dots are specimens exhibiting traits of 
both ‘R.’ flustracea (von Buch 1834) and ‘R.’ faxensis (Posselt 1894), grey open circles exhibit traits with closer resemblance to ‘R.’ 
faxensis (Posselt 1894). Both types of specimen are used in calculation of regression lines and level of significance. B: LV/LD: length 
of ventral valve plotted against length of dorsal valve. C: LV/W: length of ventral valve plotted against width. D: LV/AH: length 
of ventral valve plotted against height of asymmetry. The onset of asymmetry is established when the specimen has reached a 
length (LV) between 4 and 6 mm. 
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Principal component analysis (PCA) and Hotelling’s 
T2 test were conducted on 10 specimens exhibiting 
traits characteristic of ‘R.’ flustracea (5 sinistro- and 
5 dextroasymmetric), and 10 specimens exhibiting 
traits characteristic of ‘R.’ faxensis (5 sinistro- and 5 
dextroasymmetric) (Fig. 6). The characteristics are very 
subtle and only confined to the external shell morphol-
ogy. In most instances, it is impossible to distinguish 
specimens based on the description of Posselt (1894), 
since there is a gradual transition between ‘R.’ faxensis 
and ‘R.’ flustracea (Fig. 5D). The specimens used are 
those showing the largest differences in external mor-
phology. The PCA analysis (multivariate normality Ep 
= 10.48 and p = 0.39 > 0.05) of ‘R.’ flustracea, illustrates 
that all of the faxensis population falls within the 95% 
confidence ellipse describing the ‘R.’ flustracea popula-
tion, indicating they belong to the same species. The 
PC1 component or axis is interpreted as a size axis: All 
five variables, AH, DF, LV, LD, W tilt more or less to-
wards the right, illustrating that they increase in value 

4D). Only the data where AH > 0 mm are included in 
the exponential model (N = 31). All three plots show 
significant correlation between the morphological 
dimensions, indicating that ‘R.’ flustracea and ‘R.’ 
faxensis belong to the same species. 

Juvenile shells appear smooth, but ribs are visible 
when the specimens are coated in ammonium chlo-
ride, normally in the form of weakly developed striate 
or finely capillate costae. Some adults and juvenile 
specimens with apparently smooth shell surfaces are 
recognised even when coated. This is due to diagenetic 
dissolution of the outer layer of the calcitic shell, thus 
causing the shell surface to appear smooth (Fig. 5B). 
The number of ribs (NR) varies from 7 to 49 meas-
ured on the ventral valve. NR has not been included 
in the statistical analyses due to this variability and 
differences in preservation of the external layer of 
the calcitic shell. The measurements of thickness (T) 
are not normally distributed and are excluded from 
the analyses. 

171 

A B C D

2 mm

Fig. 5. Obliquorhynchia flustracea (von Buch 1834). All specimens are from the Baunekule facies, Faxe Formation. Each specimen 
is shown in dorsal and frontal view. A–C are examples of peculiar asymmetry. A: An asymmetric specimen where the asym-
metry affects especially the left side of both valves, OESM-10064-0112. B: A specimen with no visible ribs, caused by diagenetic 
dissolution of the outer layer of the calcitic shell, with asymmetry affecting the right and anterior part of both valves, OESM-
10064-0113. C: A specimen with asymmetry affecting the right side of both valves and the frontal commissure, OESM-10064-0114.  
D: A strongly sinistroasymmetric specimen, but with few and flattened costae and an extremely small foramen with no significant 
pedicle collar development compared to the size of specimen, transitional between ‘R.’ faxensis and ‘R.’ flustracea OESM-10064-
0115. Scale bar = 2 mm. 
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with higher scores on PC1. PC2 is interpreted as an 
asymmetry/width difference axis as indicated by the 
upward-directed AH vector (Fig. 6). Thus, specimens 
with high scores on this axis are more asymmetric, 
longer and narrower, whereas specimens with lower 
scores are wider, shorter and less asymmetric. PC1 
represents 95.7 % of the total variance and PC2 3.1 %. 
Variance–covariance matrix was used for the PCA 
plot. The Hotelling’s T2 test, which is a multivariate 
analogue to the t test, calculates the probability p = 
0.12 (Box’ M = 27.9 and p = 0.18 p > 0.05), indicating 
that the two species show no significant difference 
based on the five selected variables.

Systematic palaeontology 
Phylum Brachiopoda Duméril 1806 

Subphylum Rhynchonelliformea Williams, 
Carlson, Brunton, Holmer & Popov 1996 

Class Rhynchonellata Williams, Carlson, 
Brunton, Holmer & Popov 1996 

Order Rhynchonellida Kuhn 1949 

Superfamily Pugnacoidea Rzhonsnitskaia 
1956 

Family Basiliolidae Cooper 1959 

Subfamily Basiliolinae Cooper 1959 

Obliquorhynchia gen. nov. 

Lectotype. Terebratula flustracea MB.B.9116.1, original 
from the collection of von Schlotheim (1832, cat. 65 
no 62), described by von Buch (1834, p. 63); here des-
ignated as lectotype and illustrated in Fig. 7A–D. 

Derivation of name. From latin ‘obliquus’ meaning ‘slop-
ing’ and ‘rhynchia’ as the genus belongs to the order 
Rhynchonellida. 

Diagnosis. Small subtriangular to rounded-subpentag-
onal in outline; greatest width about mid valve; glo-
bose subequibiconvex to dorsibiconvex; shell surface 
finely capillate to costellate; frontal commissure varies 
from rectimarginate, strongly asymmetric to occasion-
ally broadly uniplicate; beak short, erect or suberect; 
foramen small, circular, submesothyrid; pedicle col-
lar well-developed; deltidial plates small, conjunct, 
auriculate; ventral valve with thick, triangular hinge 
teeth; widely spaced crura, widening anteriorly with 
inner surface concave and outer surface strongly 
convex, hamiform; outer hinge plate narrow, no inner 
hinge plate; dorsal valve without median septum or 
median ridge. 
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Fig. 6. Principal component analysis (PCA) of measured dimensions LV, LD, W, DF and AH of Obliquorhynchia flustracea (von Buch 
1834). Ten specimens exhibiting traits characteristic of ‘R.’ flustracea (von Buch 1834) (5 sinistro- and 5 dextroasymmetric), and 10 
specimens exhibiting traits characteristic of ‘R.’ faxensis (Posselt 1894) (5 sinistro- and 5 dextroasymmetric). A plot of scores and 
loadings on PC1 and PC2 of the species is shown together with the 95% confidence ellipses. Black filled dots: ‘R.’ flustracea (von 
Buch 1834). Grey open dots: ‘R.’ faxensis (Posselt 1894). Axis PC1 is interpreted as being controlled mainly by size, while PC2 is 
affected primarily by asymmetry (AH) and width (W). 
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1834 Terebratula flustracea, Leonhard & Bronn, p. 619, 
623 

1835 Terebratula flustracea, von Buch, p. 83 

1848 Rhynchonella danica, d’Orbigny, p. 295 

1866 Terebratula flustracea, Fischer-Benzon, p. 17 

1885 Rhynchonella flustracea, Lundgren, p. 39, pl. 1 fig. 
35–37 

1894 Rhynchonella flustracea, Posselt, p. 31–32 pl. 2 fig. 
1–3 

1894 Rhynchonella faxensis, Posselt, p. 30–31 pl. 2 fig. 4–9 

1909 Rhynchonella flustracea, Nielsen, p. 158 

1968 ‘Rhynchonella’ flustracea, Asgaard, p. 110 fig. 4 

1968 ‘Rhynchonella’ faxensis, Asgaard, p. 112 fig. 5 

1970 ‘Rhynchonella’ flustracea, Asgaard, p. 363 

1987 ‘Rhynchonella’ faxensis, Meyer, pl. 8 fig. 6–10 

2008 ‘Rhynchonella’ flustracea, Dulai et al., p. 199–200 

Remarks on the diagnosis. The type of crura is one of 
the most important characters when defining the 
affinity to superfamilies in the revised classification 
of the order Rhynchonellida used in the Treatise on 
Invertebrate Paleontology, part H, volume 4 (Savage 
et al. 2002a). The type of crura of this taxon was pre-
viously misidentified as raduliform (Asgaard 1968) 
which would group it as a genus under the superfam-
ily Rhynchonelloidea (Owen & Manceñido 2002). The 
crura are in fact hamiform and not raduliform. The 
absence of a median septum and a cardinal process 
places the taxon in the superfamily Pugnacoidea, fam-
ily Basiliolidae (Savage et al. 2002b). These features and 
the occurrence of asymmetry place the taxon in the 
subfamily Basiliolinae. The material differs from the 
existing basiliolid genera in this subfamily in having 
hamiform crura together with a larger number of and 
finer ribs and predominantly strong asymmetry, jus-
tifying the erection of the new genus Obliquorhynchia. 

Obliquorhynchia flustracea (von Buch 1834) 
Fig. 3, Fig. 5, Fig. 7, Fig. 8

1832 Terebratula lustraceus, von Schlotheim, catalogue 
65, no 62 (nomen nudum) 

1834 Terebratula flustracea, von Buch, p. 63 

A B

C D

2 mm

Fig. 7. A–D: Dorsal, ventral, lateral and ante-
rior view of the lectotype of Obliquorhynchia 
flustracea (von Buch 1834), MB.B.9116.1. Scale 
bar = 2 mm. 



·     105Obliquorhynchia (gen. nov.): An asymmetric brachiopod from the Faxe Formation, Denmark

present in the form of stronger costae. Uniplicate 
specimens generally have fewer ribs, taking the form 
as broader and rounded costae, in some cases only 
recognisable in the sulcus. Number of ribs varies from 
7 to 49 measured on the ventral valve. Ribs begin in 
the umbonal region but are more pronounced at the 
anterior margin. The number of ribs is greatest along 
the margin, due to intercalation. Faint growth lines 
are present in older growth stages. Specimens exhib-
iting sinistro- or dextroasymmetry show positive, 
exponential correlation between size of individuals 
(LV) and degree of asymmetry (AH) (Fig. 4D, Fig. 8). 
Beak suberect to erect in adults. Deltidial plates small 
and separated, auriculate in juveniles and conjunct in 
adults. During ontogenesis the foramen changes from 
triangular hypothyrid to circular submesothyrid with 
a well-developed pedicle collar. 

Description, internal characters. Ventral valve has thick, 
robust, triangular hinge teeth. Outer hinge plates nar-
row and without inner hinge plates. Dorsal valve has 
widely spaced hamiform crura, with inner surface 
concave and outer surface strongly convex, widen-
ing to anteriorly almost spatulate in dorsoventral 
view (Fig. 3). Dorsal valve has no median septum or 
median ridge. 

Remarks. The name of the species was proposed by 
von Schlotheim in Systematisches Verzeichniss der Petre-
facten-Sammlung des verstorbenen wirklichen Geheimen 
Raths under the species name lustraceus (1832, cata-
logue 65, no 62). This is a catalogue of von Schlotheim’s 
manuscript names and collections. It includes no illus-
trations or species descriptions. The species name and 
a description were published by von Buch (1834, 1835), 
but the species name was changed to flustracea, with 
reference to the nine specimens in the collection of von 
Schlotheim. Von Buch did not include an illustration of 
the species in this or any later works (1834, 1835, 1840). 
Neither von Schlotheim nor von Buch designated a 
holotype and there are no illustrations found in any 
of the earlier works of von Schlotheim, such as Die 
Petrefactenkunde auf ihrem jetzigen Standpunkte durch die 
Beschreibung seiner Sammlung versteinerter und fossiler 
Überreste des Thier- und Pflanzenreichs (1820) or Beiträge 
zur Naturgeschichte der Versteinerungen in geognostischer 
Hinsicht (1813, 1822). Von Schlotheim has been cited as 
author of the species name flustracea, even though it is 
von Buch (1834, 1835) who actually published the de-
scription under the name flustracea and not lustraceus 
which was the manuscript name originally proposed 
by von Schlotheim. The species name lustraceus is thus 
considered a nomen nudum. The lack of illustration in 
von Buch’s (1834) description could pose a problem of 
the validity of the name. However, he cited the col-

2008 ‘Rhynchonella’ faxensis, Dulai et al., p. 200 

2010 ‘Rhynchonella’ flustracea, Motchurova-Dekova & 
Harper, p. 109–117, fig. 3–4

2012 ‘Rhynchonella’ flustracea, Lauridsen et al., fig. 10A 

2012 ‘Rhynchonella’ faxensis, Lauridsen et al., fig. 10J

Lectotype. Terebratula flustracea MB.B.9116.1, original 
from the collection of von Schlotheim (1832, cat. 65 no 
62) described by von Buch (1834, p. 63); here designated 
as lectotype and illustrated in Fig. 7A–D. 

Material. The material was collected by Alice Rasmus-
sen at the Stationsvej locality where the Baunekule 
facies was exposed in the 1990s. It is housed at Øst-
sjællands Museum, Denmark. The material of von 
Schlotheim was collected from coral limestones in the 
Faxe limestone quarry. The samples are housed at the 
Museum Für Naturkunde, Berlin, Germany. 

Stratigraphical age. Middle Danian. 

Occurrence. Obliquorhynchia flustracea (von Buch 1834) 
is known from the middle Danian Faxe Formation, 
Faxe limestone quarry in Denmark (von Buch 1834, 
1835; Posselt 1894; Nielsen 1909; Asgaard 1968, 1970; 
Lauridsen et al. 2012), Annetorp in south-west Sweden 
(Lundgren 1885), and the Vigny Formation, France 
(Meyer 1987). It is only found in association with the 
scleractinian coral Dendrophyllia candelabrum. 

Diagnosis. As for the genus. 

Description, external characters. Shell relatively small, 
the adult shell reaches a length of 5–11 mm, measured 
at the ventral valve. Subpentagonal in outline and 
rounded anteriorly. Shell varies from globose sub-
equibiconvex to dorsibiconvex. Juvenile specimens 
mainly symmetrical subtriangular to subpentagonal 
in outline in both dorsal and ventral view. Most adults 
exhibit strong commissural asymmetry which affects 
the overall shape of the individual in dorsal, ventral 
and frontal views. Frontal commissure either recti-
marginate, strongly sinistro- or dextroasymmetric, 
occasionally broadly uniplicate. In some specimens 
that exhibit uniplication the sulcus is shifted towards 
either right or left in frontal view. Such specimens 
are considered dextro- or sinistroasymmetric or 
transitional between uniplicate and asymmetric. 
Maximum width anterior to the midline of the shell. 
Presence and form of ribs varies greatly between both 
individuals and growth stages. In juveniles, ribs are 
striate or finely capillate. In adults, ribs are normally 
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Obliquorhynchia flustracea (MB.B.9116.2–9) one speci-
men actually possesses the characteristics e.g. fewer 
number of ribs and uniplication that Posselt (1894) 
used in his description of ‘R.’ faxensis. He included an 
illustration but did not designate a holotype and never 
referred to a specific collection or a set of syntypes. 
‘R.’ faxensis is thus considered a junior synonym of 
Obliquorhynchia flustracea (see. Art 11 of ICZN 1999).

lection of von Schlotheim of nine syntype specimens 
instead. This collection (MB.B.9116.1–9) still exists and 
is accessible at the Museum für Naturkunde in Berlin. 
The species is thus ascribed to von Buch (1834) (see 
Art. 50 and 51 of ICZN 1999). After the designation 
of a lectotype herein, the collection no longer con-
sists of nine syntypes, but of one lectotype and eight 
paralectotypes. Of the now eight paralectotypes of 

A B C D

2 mm

Fig. 8. Obliquorhynchia flustracea (von Buch 1834). All specimens are from the Baunekule facies, Faxe Formation, Faxe limestone 
quarry. Each specimen is shown in dorsal, lateral and frontal view. A: Symmetrical specimen with a rectimarginate commissure 
line and with few and capillate ribs, OESM-10064-0111. B: Specimen with incipient dextroasymmetry noticeable in brachial and 
frontal view, OESM-10064-0078. C: Specimen with developed dextroasymmetry that is evident in all views, OESM-10064-0073. 
D: Strongly dextroasymmetric specimen, OESM-10064-0110. Scale bar = 2 mm.
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Museum für Naturkunde, Leibniz Institute for Evolu-
tion and Biodiversity Science. We are grateful to Jan 
Audun Rasmussen (Museum Mors, Denmark) and 
Attila Vörös (Hungarian Natural History Museum) 
for useful reviews. 
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(1946) from the Triplagnostus gibbus Zone of Brante-
vik, Scania (Fig. 2), was assigned to T. corrugatus by 
Pokrovskaya (1958), whereas Rushton (1979) consid-
ered the specimens possibly representing T. deformis 
Pokrovskaya 1958. Robison (1994) did not discuss the 
status of T. cf. corrugatus but reassigned all specimens 
identified with T. deformis to either T. corrugatus or T. 
perrugatus and we concur with this interpretation. 
However, T. cf. corrugatus sensu Westergård (1946) rep-
resents a new species of Tomagnostus, here described as 
Tomagnostus brantevikensis n. sp. Its cephalon resembles 
that of T. corrugatus whereas the pygidium is similar 
to that of T. perrugatus.

Systematic palaeontology
The figured specimens of T. brantevikensis n. sp. are 
deposited in the Swedish Geological Survey (SGU), 
Uppsala, those of T. perrugatus are kept in the Museum 
of Evolution (PMU), Uppsala University, and the T. 
corrugatus material is in the collection of the Sedgwick 
Museum (SMA), University of Cambridge, UK. 

Four species of the agnostid trilobite genus Tomag-
nostus Howell 1935 are known from Scandinavia (see 
Grönwall 1902; Westergård 1946; Weidner & Nielsen 
2009, 2014, 2015). They occur in the Triplagnostus gibbus 
and Acidusus atavus zones of the middle Cambrian 
Paradoxides paradoxissimus Superzone (Fig. 1), and 
comprise Tomagnostus fissus (Lundgren in Linnars-
son 1879), T. perrugatus (Grönwall 1902), T. sibiricus 
Pokrovskaya & Egorova in Savitsky et al. 1972, and 
T. bothrus? Robison 1994. Overall, representatives of 
Tomagnostus are common only in Scania and Born-
holm, but sporadic occurrences are known also from 
the middle Cambrian of Öland, Närke and the Oslo 
area (Westergård 1946; Høyberget & Bruton 2008; 
Weidner & Nielsen 2009), as well as Västergötland 
(TW unpublished).

The coeval species T. gracilis (Illing 1916) and T. cor-
rugatus (Illing 1916) have not been recorded from Scan-
dinavia. For detailed descriptions of the Tomagnostus 
species including a summary of their geographical 
distribution and stratigraphical ranges, see Rushton 
(1979), Weidner & Nielsen (2014, 2015) and, in particu-
lar, Robison (1994) who presented a comprehensive 
review of species assigned to Tomagnostus.

Tomagnostus cf. corrugatus, illustrated by Westergård 
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Sweden. Note that Westergård (1946, pl. 8, fig. 12) er-
roneously stated the magnification for his illustration 
as ×4; it is in fact ×3.

Material and occurrence. Westergård (1946) reported 
this form from boulders of the Triplagnostus gibbus 
and Acidusus atavus zones found on the shore between 
Brantevik and Gislövshammar, eastern Scania. How-
ever, of his material only the two illustrated specimens 
(from the former zone) could be located in the SGU 
collection. Subsequent fossil collecting from this area 
has failed to locate additional new material of this 
apparently very rare form. 

Diagnosis. A Tomagnostus species with moderately 
wide cephalic and pygidial borders. Glabella distinctly 
tapering, creating a subtriangular outline; deltoid de-
pression developed. Pygidium with evenly rounded 
border, non-spinose; non-elongate node on M2.

Description. The thoracic segments are telescoped 
under the cephalon in the holotype (Fig. 3A), in 
which the cephalon is approximately ≥6.0 mm long 
and the pygidium measures 6.6 mm in length. Total 
reconstructed length was thus c. 15 mm (adding the 
length of the thorax). The other illustrated complete 
specimen (Fig. 3B) is 9.5 mm long, of which the cepha-

Family Ptychagnostidae Kobayashi 1939

Genus Tomagnostus Howell 1935

Type species (by original definition). Agnostus fissus 
Lundgren in Linnarsson 1879, from the Exsulans 
Limestone Bed, T. gibbus Zone, near Brantevik, Scania, 
Sweden.

Diagnosis. See Robison (1994) and Shergold & Laurie 
(1997).

Tomagnostus brantevikensis n. sp.
Fig. 3A, B

1946 Tomagnostus cf. corrugatus (Illing 1916); West-
ergård, pp. 60, 61, pl. 8, figs 11, 12.

Derivation of name. The new name alludes to the small 
village of Brantevik on the east coast of Scania, well 
known for exposures of Cambrian strata along the 
shore. 

Holotype. Complete specimen, SGU 4859, originally 
illustrated by Westergård (1946, pl. 8, fig. 12), here 
reillustrated in Fig. 3A. It derives from the T. gibbus 
Zone, Alum Shale Formation, Gislövshammar, Scania, 
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lon occupies 4.1 mm and the pygidium 4.2 mm. The 
larger specimen, although less perfectly preserved, 
is designated above as the holotype because it allows 
better comparison to large specimens of T. corrugatus 
and T. perrugatus.

The cephalon is rounded in outline and slightly 
wider than long, with a moderately wide border 
and a deltoid depression. The genae show long and 
deep radiating furrows and a distinct pair of anterior 
arcuate furrows adjacent to the anteroglabella. A ves-
tigial posterior pair of arcuate furrows is indicated 
adjacent to the posteroglabella (Fig. 3A). Glabella is 
rather strongly tapering, giving it a subtriangular 
outline. Anteroglabella with a distinct frontal sulcus; 
posteroglabella with short and deep F1 and F2 fur-
rows, M2 bears a narrow, elongate glabellar node (see 
also Westergård 1946, pl. 8, fig. 11). A shallow median 
depression separates the cheeks. The basal lobes are 
slightly elongate. The border, axial and transglabel-
lar furrows are deep and narrow; the latter shallows 
medially. The thoracic segments are developed as in T. 
perrugatus, T. corrugatus and T. sibiricus; for description 
see Weidner & Nielsen (2015).

The pygidum is evenly rounded in outline and 
slightly wider than long. The border is moderately 
wide and flat, of even width throughout and without 
any trace of lateral pygidial swellings or incipient 
spines. The axis occupies about 70–80% of the pygidial 
length and accounts for c. 35% of the pygidial width. It 
tapers to a point and the posteroaxis has a transverse 
depression with a pair of distinct pits just anterior to 
the midlength with additional indistinct pairs of pits 
further back (Fig. 3A). The border furrow and the axial 
and F1 and F2 furrows are narrow. F1 bends forward, 
F2 is deflected backward by the M2 node which is less 
elongate than in T. corrugatus, T. perrugatus or T. fissus. 
Median postaxial furrow very faint.

Remarks. Tomagnostus brantevikensis n. sp. most closely 
resembles T. corrugatus and T. perrugatus. In larger 
cephala of T. corrugatus from England (Rushton 1979, 
fig. 6A [here Fig. 3C], 7E), Greenland (Robison 1994, fig. 
29: 5–6) and Siberia (Pokrovskaya 1958, pl. 2, fig. 2) the 
scrobiculation is more irregular than in T. branteviken-
sis n. sp. Therefore, the axial furrows are less distinct, 
but nevertheless the subtriangular shape of the glabel-
la is still obvious and is a diagnostic feature for both T. 
corrugatus and T. brantevikensis n. sp. (see Rushton 1979, 
fig. 7E). The border of T. corrugatus is evenly rounded, 
distinctly narrower than in T. brantevikensis n. sp. and 
lacks the deltoid depression. The anterior part of the 
cheeks is finely granulated in T. corrugatus, a feature 
not developed in T. brantevikensis n. sp.

The differences between cephala of T. perrugatus 
and T. brantevikensis n. sp. are more pronounced. 
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glabella in T. brantevikensis n. sp.; besides, the border 
is evenly rounded, lacking a deltoid depression, and 
is narrower than in T. brantevikensis n. sp. (Fig. 3E, G; 

Tomagnostus perrugatus typically has a parallel-sided 
posteroglabella and a rounded or only slightly ta-
pering anteroglabella vs a quite strongly tapering 
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Pokrovskaya 1958, pl. 2, figs 5–7, 9; Westergård 1946, 
pl. 8, figs 1, 3–4, 6–7; Savitsky et al. 1972, pl. 5, figs 7, 9; 
Egorova et al. 1982, pl. 5, fig. 5, pl. 54, fig. 9; Weidner & 
Nielsen 2014, fig. 20A–D; Weidner & Nielsen 2015, fig. 
11K–O). Smaller cephala of the three species are, how-
ever, quite alike (Figs 3B, D, G) and in order to assign 
smaller specimens unerringly to one of the species, 
an associated pygidium is required (Figs 3B, D, H).

Where the cephalon of T. brantevikensis n. sp. resem-
bles that of T. corrugatus, the pygidium of T. brantevik-
ensis n. sp. more closely resembles that of T. perrugatus. 
The latter is distinguished by having a more elongate 
axial node, extending for the entire length of M2, 
and posterolateral pygidial spines of variable length 
(see Westergård 1946, pl. 8, figs 2, 5, 8, 10; Robison 
1994, fig. 31:2–3; Weidner & Nielsen 2015, fig. 11P–T). 
However, some illustrated pygidia have only tiny 
posterolateral swellings or a mere angulation of the 
pygidial border instead of spines (Pokrovskaya 1958, 
pl. 2, figs 5, 8–9; Rushton 1979, fig. 6C, E). The border 
is not as evenly rounded as in T. brantevikensis n. sp., 
and the lateral parts are generally almost straight until 
where the posterolateral spines protrude. There is an 
obtuse angle between the straight lateral parts and the 
posterior part of the border just inside the spine base 
(Fig. 3H; Pokrovskaya 1958, pl. 2, figs 5, 8–9; Weidner 
& Nielsen 2015, fig. 11P–S); the posterior part of the 
border may be broadly rounded or sharply curved 
(Pokrovskaya 1958, pl. 2, fig. 5, and Weidner & Nielsen 
2015, fig. 11P–T, versus Pokrovskaya 1958, pl. 2, figs 6, 
8–9; Rushton 1979, fig. 6C, E and Egorova et al. 1982, 
pl. 54, fig. 12). Furthermore, the border is narrowing 
anteriorly and often with a posterior collar (Fig. 3F; 
better seen in Westergård 1946, pl. 8, figs 2, 5; Egorova 
et al. 1982, pl. 54, fig. 12). Pokrovskaya (1958) realized 
the affinities between T. deformis and T. perrugatus and 
stated as key differential characters the narrowing 
anteroglabella and the “sharply triangular-rounded” 
posterior part of the pygidial border as well as the 
lack of posterolateral spines and collar in T. deformis. 
However, Pokrovskaya (1958) had only comparative 

illustrations of T. perrugatus from Westergård (1946) 
at hand, and since then T. perrugatus has been treated 
and illustrated in numerous publications showing 
the deformis features as intraspecific variations of per-
rugatus (Savitsky et al. 1972; Rushton 1979; Egorova et 
al. 1982; Robison 1994; Weidner & Nielsen 2014, 2015). 
We therefore agree with the transfer of the material 
described as deformis to T. perrugatus as suggested by 
Robison (1994).

The pygidium of T. corrugatus is different from that 
of T. brantevikensis n. sp. in several features. The overall 
shape of the former is more quadrate than rounded 
and the axis is shorter and narrower and considerably 
more constricted at M2 than in T. brantevikensis n. sp. 
Furthermore, the border is distinctly narrower. Typical 
T. corrugatus pygidia have either vestigial spines or at 
least an angulation of the border (Fig. 3C; Pokrovskaya 
1958; Rushton 1979; Robison 1994) whereas T. brantevik-
ensis n. sp. has a smooth and evenly rounded border. 
Some specimens of T. corrugatus from Greenland (Ro-
bison 1994, fig. 29: 5–6) and Siberia (Pokrovskaya 1958, 
pl. 2, figs 1–3) have a longer axis than is typical for the 
species and are almost as long as those observed in T. 
brantevikensis n. sp. However, the more constricted axis 
and narrower border of T. corrugatus readily separates 
the two species.

 

Conclusions
Four species of Tomagnostus have hitherto been re-
ported from Scandinavia, viz. T. bothrus?, T. fissus, T. 
perrugatus and T. sibiricus (see Grönwall 1902, West-
ergård 1946, Weidner & Nielsen 2009, 2014, 2015). 
Material originally described as T. cf. corrugatus by 
Westergård (1946) is here recognized as a fifth species 
named T. brantevikensis n. sp. This form occurs sparsely 
in the T. gibbus and A. atavus zones of Scania, Sweden, 
according to Westergård (1946). 

t Fig. 3. Comparison of Tomagnostus brantevikensis n. sp. with T. corrugatus and T. perrugatus. Black scale bars 1 mm. Upper row 
(A, C, E and F) shows larger specimens and lower row (B, D, G and H) shows smaller specimens. A–B: Complete specimens of 
Tomagnostus brantevikensis n. sp. from the Triplagnostus gibbus Zone, Alum Shale Formation, Gislövshammar, Scania, Sweden. 
Previously figured by Westergård (1946, pl. 8, figs 11, 12). A: Holotype, SGU 4859. B: Cast of SGU 4858; note that Westergård (1946, 
pl. 8 fig. 11) illustrated the inverted negative imprint. C–D: Complete specimens of Tomagnostus corrugatus (Illing 1916) from the 
Tomagnostus fissus Zone, Abbey Shales, England. Previously figured by Rushton (1979, fig. 6A, B). C: Lectotype, SMA 242. D: SMA 
55446. E–H: Tomagnostus perrugatus (Grönwall 1902) from the Alum Shale Formation, Brantevik, Scania, Sweden. E: Cephalon, PMU 
27361, Triplagnostus gibbus Zone. Previously figured by Weidner & Nielsen (2015, fig. 11K). F: Pygidium, PMU 27370, Triplagnostus 
gibbus Zone. Previously figured by Weidner & Nielsen (2015, fig. 11T). G: Smaller cephalon with atypical slightly triangular gla-
bella, PMU 27365, Triplagnostus gibbus Zone. Previously figured by Weidner & Nielsen (2015, fig. 11O). H: Pygidium, PMU 25874, 
Acidusus atavus Zone. Previously figured by Weidner & Nielsen (2014, fig. 20F).
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Cover: Coastal flat at the south coast of Læsø, Kattegat. The flat is 
an abrasion plain of glacio-marine clays with a residual deposit 
of boulders. The boulders were originally deposited in the clay 
as dropstones from icebergs both before and after the last glacia-
tion. Such boulder-strewn abrasion plains are marked landscape 
elements on southern Læsø and coastal flats south of the island. 
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