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Review of Survey activities 2017

Flemming G. Christiansen 
Deputy Director

2017 was a year where we all experienced how fatal geological 
forces can be for society. On June 17, a tragic natural disaster 
hit Greenland. Following a huge landslide into Karrat Fjord, 
major waves flooded the settlements of Nuugaatsiaq and 
Illorsuit. Four persons were lost and many houses in Nuu-
gaatsiaq were destroyed. Due to the continued high risk for 
more landslides, the inhabitants of the two settlements have 
not returned and the Greenlandic authorities advise against 
visiting the risk area.
 Such a natural disaster together with many extremes in 
weather and climate conditions around the World, also in 
Denmark and Greenland, directs our focus on the conse-
quences of the changing climate. This requires regularly 
updated climate models and response with suggestions for 
adaptation to climate change and will have strong implica-
tions for GEUS’ continued research and monitoring in many 
years to come, including further studies and monitoring of 
geohazards. 
 GEUS will have an important role in guiding society 
for better and safer living conditions in both Denmark and 
Greenland. It is necessary to work with such topics and pro-
vide society and authorities with transparent information. 
GEUS has presented a new website providing key informa-
tion on many different research areas and with specific in-
formation and data from monitoring programmes like www.
promice.dk, celebrating its 10 years anniversary in 2017 and 
www.campcenturyclimate.dk that was established in 2017. 
 It is essential that such key information builds on results 
of a high scientific standard and that data are well document-
ed in international publications, and in papers and maps in 
our own series. This issue of GEUS’ Review of Survey activi-
ties includes 22 papers covering many different activities in 
Denmark, Greenland and internationally. Seven papers are 
on Denmark, 11 on Greenland and four on other themes.

Activities in Denmark
GEUS works with many different – and often closely re-
lated – topics in Denmark such as the use of water, energy 
and mineral resources, protection of nature when exploiting 
resources, and the impact of climate change. The economic 

and political implications are very significant, and making 
up-to-date geological and geophysical data and information 
available for society, authorities and industry is of great value 
in this context.
 One paper is on the diagenetic impact of Upper Jurassic 
sandstones in the Ravn-3 well in the Danish Central Graben. 
Understanding these processes is important for the produc-
tion of oil from deeply buried oil fields. Another paper is on 
the thickness, depth and properties of reservoir rocks within 
the sedimentary succession close to the Lille Torup gas stor-
age facility in northern Jylland. To increase the volume of 
caverns, saline brine from the salt structure must be stored 
elsewhere, and one of the options could be to re-inject the 
brine into the subsurface. A third paper deals with the con-
trolling factors of porosity development in Palaeozoic shales 
and the implications for shale-gas plays in Denmark. An ex-
ample from Bornholm, demonstrates that this is controlled 
by both shale fabric and organic nanoporosity, in contrast to 
conventional sandstone reservoirs.
 Understanding rocks formed by glacial processes is im-
portant in Denmark, e.g. for flow modelling of ground water 
and for handling geotechnical problems when establishing 
new infrastructure. One paper describes the formation of 
chalk-glaciotectonite with examples from former glaciated 
terrains covering chalk and limestone bedrock from locali-
ties on Møn, Sjælland and Jylland. A second paper presents 
sedimentological and glaciotectonic interpretation of geo-
radar data from NW Sjælland, where the interior structure 
of ridges has been characterised.
 For cost-reduction reasons, there is a growing interest for 
oil exploration in the youngest and shallowest part of the 
sedimentary succession in the North Sea. A paper gives a 
detailed description of nanofossils, microfossils and palyno-
morphs in a Miocene oil-bearing diatom ooze from the Val-
hall field area in the Norwegian sector. A final paper is on the 
shallow geology of Tannis Bugt in Skagerak where habitat 
mapping has been carried out in a Natura2000 area. The 
geological history here is very complex with deformed units 
and possibility of pre-Quaternary bedrock being exposed on 
the sea bottom. 

© 2018 GEUS. Geological Survey of Denmark and Greenland Bulletin 41, 7–8. Open access: www.geus.dk/bulletin

http://www.promice.dk
http://www.promice.dk
http://www.campcenturyclimate.dk
http://www.geus.dk/bulletin
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Activities in Greenland
As in previous years, there was a high level of geological and 
glaciological activities in Greenland in 2017: both tradition-
al studies with focus on geological mapping, the mineral and 
petroleum potential and monitoring and research related to 
climate changes and their effects.
 One paper discusses the implications of a new 1:100 000 
map from Kilen in North Greenland for the seamless 
1:500 000 regional map of Greenland. New procedures and 
documentation are necessary, as many geological maps from 
Greenland are likely to be updated in digital versions in the 
coming years. A second paper on North Greenland describes 
base-metal and rare-earth elements (REE) anomalies in low-
er Palaeozoic sedimentary rocks and discusses the implica-
tions for the zinc and lead potential.
 Hyperspectral remote sensing has a great potential for 
geological mapping and exploration in Greenland. A paper 
from West Greenland provides details on mineralogical map-
ping of basement rocks in the Nagssugtoqidian Orogen us-
ing airborne, ship-based and terrestrial platforms. Another 
paper focuses on how the signal from lichens that often cover 
rocks in the Arctic can be distinguished from the mineral-
ogical signal, with examples of ultramafic rocks such as kim-
berlite.
 One paper presents results from subsurface mapping off-
shore southern West Greenland using seismic interpretation 
also including various geological and geochemical analysis. 
This paper includes new and critical information from oil 
exploration wells drilled in 2010 and 2011 that penetrated 
the deeper part of the sedimentary succession and reached 
underlying basement and volcanic rocks. Another paper uses 
3D photogrammetry for lithological mapping and structural 
analysis, in this case from Karrat Fjord in West Greenland. 
Such understanding is also important for further evaluation 
of risk of landslides.
 Climate-related research and monitoring at GEUS pro-
vide important data for global climate models and are often 
based on ground-truth data from the ice and fjords or off-
shore. One paper compares historical records of European 
trading and whaling in the Disko Bugt region with climate 
data from marine sediments and show interesting examples 
of the physical remains from the whaling period. Another 
paper introduces an important climate indicator – the snow-
line elevation that is the maximum elevation during the melt 
season where snow remains from the previous accumulation 
season. Based on satellite data and direct comparison with 

data from PROMICE stations, a series of snowline maps 
covering all of Greenland from 2011 to 2017 have been con-
structed.
 With new and updated climate models, there are con-
cerns that remains from the former US Camp Century base 
buried under the ice in the Thule area might get closer to 
the surface within the next century and that meltwater may 
interact with its waste long before. GEUS has started a new 
climate-monitoring programme and has mapped the extent 
and depth of the debris from the base with an ice-penetrating 
radar survey; results from the first field season are summa-
rised in one contribution. A second paper describes results 
from airborne surveys in 2007, 2011 and 2015 where the ele-
vation of the ice surface, top of bedrock, and the variation 
in thickness of the Greenland ice sheet through time have 
been measured. Another paper is on the sea-ice distribu-
tion along eastern Greenland and Iceland. Original maps by 
Lauge Koch covering the 19th and 20th century have been 
digitised and analysed statistically. This can be very useful 
for future models of sea-ice variation in a changing climate.

Other themes
As the national geological survey, GEUS has a strong obliga-
tion to participate in international assessments of resources, 
use state-of-the-art laboratory equipment, constantly devel-
op new analytical techniques and make the ever-increasing 
volume of data available with systematic quality control and 
updated, user-friendly databases and distribution systems.
 One paper presents an examination of the supply-demand 
balance of REE, which is important for future global wind 
power scenarios; especially lack of neodymium and other ele-
ments for permanent magnets may be critical. Another paper 
describes how analysis of the microchemistry of cod otoliths 
(ear stones) with the LA-ICP-MS technique can be applied 
to understand the age, growth history and migration of fish 
stock. A third paper gives an overview of the development 
and organisation of a common geological data infrastructure 
(EGDI) for Europe. EGDI is important for the research col-
laboration and geological data sharing between the member 
states of the EuroGeoSurveys.  Finally, the last paper presents 
the procedures for 3D mapping at the photogeological labo-
ratory at GEUS. This is a very strong tool for geological map-
ping, structural analysis and evaluation of the risk of natural 
geohazards such as landslides.
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Oil and gas production from siliciclastic reservoirs has hith-
erto been in the Danish Central Graben mostly from Pal-
aeogene and Middle Jurassic sandstone. The Ravn field was 
the first Upper Jurassic field to start operation. The reservoir 
is composed of sandstone of the Heno Formation. Produc-
tion takes place at a depth of 4000 m, which makes Ravn 
the deepest producing field in the Danish North Sea. The 
Heno Formation mainly consists of marine shoreface depos-
its, where foreshore, middle and lower shoreface sandstones 
constitute the primary reservoir. The results of this study of 
the diagenetic impact on the mineralogical composition, po-
rosity and permeability are presented here. Microcrystalline 
quartz has preserved porosity in the sandstone, whereas illite, 
quartz overgrowth and carbonate cement have reduced both 
porosity and permeability. 

Geological background 
The Ravn Member of the Heno Formation is located on the 
Heno Plateau in the Danish Central Graben (Fig. 1; Johannes-
sen 2010). The Ravn field was discovered in the Ravn-1 well in 
1986 and subsequently evaluated in the Ravn-2 well in 1987. 
In 2010, the Ravn-3 well was drilled to test the location of the 
oil–water contact and to evaluate the reservoir quality of the 
south-western flank of the field. Oil was found at several inter-
vals and the oil–water contact was located at a depth of 4572 m. 
 The Ravn Member was deposited during an overall trans-
gression of the Heno Plateau during the Kimmeridgian. The 
member consists of up to 100 m thick marine shoreface de-
posits (Johannessen 2010) where foreshore, middle and lower 
shoreface sandstones constitute the primary reservoirs (Fig. 2). 
The sediments are strongly bioturbated and are dominated by 
very fine- to fine-grained or muddy sandstones with occasional 
white, grey and light brown siltstones. 

Methods
Sedimentological description of the Ravn-3 core was made 
and 18 thin sections were prepared from samples from mid-
dle, lower and foreshore sandstones (Fig. 2). Petrographical 
investigations of the thin sections were undertaken with 

transmitted light microscopy. Mineral abundances were 
quantified by point counting of minimum 500 grains. Addi-
tional information was obtained from scanning electron mi-
croscopy (SEM) of gold-coated rock chips and carbon-coated 
thin sections using a Phillips XL 40 SEM with a tungsten 
filament operating at 17 kV and 50–60 µA. Porosity and per-
meability were measured on core plugs according to the API 
RP-40 standard (American Petroleum Institute 1998) at the 
Geological Survey of Denmark and Greenland. 

Results 
The porosity and permeability of sandstone reservoirs re-
flect, among other things, depositional environmental, 
mineralogical composition and post-depositional diagenetic 
changes. In order to understand what affected porosity and 
permeability, these factors were investigated. 

Detrital components – Quartz is the dominant component in 
all sandstones. The feldspar group consists of K-feldspar and 
minor albite. K-feldspar is typically partially dissolved and 

Diagenetic impact on reservoir sandstones of the Heno 
Formation in the Ravn-3 well, Danish Central Graben

Simone Pedersen, Rikke Weibel, Peter N. Johannessen and Niels H. Schovsbo
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minor mica, rock fragments and chlorite grains are present. 
Accessory minerals are tourmaline, zircon and Fe-Ti oxides. 
Detrital clay occurs as tangential coatings on detrital grains 
and as deformed clay clasts.

Diagenetic phases – Sandstones are occasionally dominated by 
abundant sparry Fe-dolomite and ankerite cement (Fig. 3A; 
Pedersen 2017). Sporadic calcite inclusions occur enclosed in 
the Fe-dolomite-ankerite cement. Calcite from shell fragments 
was recognised in one sample. Small amounts of Fe-dolomite-
ankerite rhombs are present in samples where cement is not 
abundant. Microcrystalline quartz coatings are common in 
several samples independent of depositional environment (Fig. 
3B). Occasionally, excessive microcrystalline quartz also occurs 
in the intergranular pore space (Fig. 3C). In a few sandstones, 
the detrital grain surfaces of quartz are only partly covered by 
microcrystalline quartz giving rise to growth of larger quartz 
overgrowths (Fig. 3C). The amount of quartz overgrowths var-
ies from 0.2 to 10.8 vol%. Illite is present in all samples and 
depositional environments and occurs as fibrous and honey-
comb-structured coatings (Fig. 3D). Authigenic illite occurs as 
protruding fibres growing from honeycomb-structured illitic-
smectitic clay. Illite fibres alternate with quartz overgrowths, 
and are at times enclosed in quartz overgrowth (Fig. 3D).

Porosity versus permeability – The sandstones with highest 
porosity and permeability are dominated by microcrystalline 

quartz coatings and only little diagenetic illite is present to-
gether with a small amount of detrital clay (Fig. 4; Pedersen 
2017). These sandstones are from the upper, middle and low-
er shoreface. Two groups of sandstones are defined based on 
intermediate porosity and low to intermediate permeability. 
Of these two groups, sandstones with quartz overgrowths 
and minor illite have slightly higher permeability than sand-
stones with microcrystalline quartz coatings and high illite 
and high detrital clay contents (Fig. 4). These latter samples 
are from lower and middle shoreface. Also the Fe-carbonate-
cemented sandstones, which have the lowest porosity and 
permeability in the Heno Formation (Fig. 4), represent lower 
and middle shoreface samples. 

Comparison between the Ravn-1, Ravn-2 and Ravn-3 wells – 
The Ravn-3 well was correlated with the Ravn-1 and Ravn-2 
wells based on available core and well log data (Fig. 2). The 
various diagenetic phases in the Ravn-3 well can be recog-
nised in the other Ravn wells. Variations occur, such as 
quartz overgrowth and illitisation of detrital clay being more 
common in the Ravn-1 well, compared to authigenic illite 
in the Ravn-3 well, but the reservoir units can still be recog-
nised. The variations seen in the Ravn-1 cores are also pre-
sent in the Ravn-2 cores together with additional fractures 
filled with barite and ankerite. The porosity and permeabil-
ity in the Ravn-1 and Ravn-2 wells lie within the same range 
as the sandstones in the Ravn-3 well (Fig. 4). 
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Discussion
Early carbonate cement – Intergrown sparry Fe-dolomite and 
ankerite cement (Fig. 3A) is interpreted to be sourced from 
dissolved calcite from shell fragments. Calcite inclusions still 
occur between Fe-dolomite and ankerite. This is supported 
by quartz grains appearing to be ‘floating’ in the carbonate 
cement, which indicates the previous presence of an early car-
bonate cement or fossils. Fe-carbonates are considered more 
stable than calcite during late diagenesis and often replace 
earlier phases of carbonates (Worden & Burley 2003).

Early microcrystalline quartz – When early diagenetic mi-
crocrystalline quartz is present in the sandstones only mi-
nor quartz overgrowth has precipitated (Fig. 3B). A biogenic 
opal CT phase, which has been dissolved without trace, may 
have resulted in supersaturated pore waters that sustained 
nucleation of microcrystalline quartz. Grain-coating micro-
crystalline quartz has previously been proposed to preserve 
reservoir quality by impeding quartz overgrowth, which oth-
erwise may occlude intergranular porosity and reduce per-
meability (Aase et al. 1996; Jahren & Ramm 2000; Weibel 
et al. 2010). The random growth of microcrystalline quartz 
may retard further development of both new microcrystal-
line quartz and quartz overgrowth (Jahren & Ramm 2000; 
Weibel et al. 2010). When microcrystalline quartz does not 
fully cover detrital quartz, it cannot inhibit precipitation of 
quartz overgrowth (Aase et al. 1996; Weibel et al. 2010).

Quartz overgrowths – Late diagenetic quartz overgrowths 
formed where the quartz grains were only partly covered 

by microcrystalline quartz. The quartz overgrowths prob-
ably formed under low silica oversaturation, which favoured 
less nucleation and promoted the growth of larger crystals 
(Fig. 3C; Jahren & Ramm 2000). More intensive quartz ce-

Ca

Fe-Do + An

MQ

IL

MQ
QO

MQ + IL

MQ
IL

IL

MQ

5 µm

20 µm 20 µm

50 µm

A B

C D

Fig. 3. A: Abundant Fe-dolomite (Fe-Do) and an-
kerite (An) occluding porosity and permeability. 
Remnants of the original early calcite (Ca) cement 
are present. B: Random and abundant micro-
crystalline quartz (MQ) coating detrital quartz 
grain, preventing quartz overgrowth (QO). Note 
the fibrous illite (IL). C: Microcrystalline quartz 
on detrital quartz and in pore space together 
with authigenic illite. Quartz overgrowth is 
partly enclosing microcrystalline quartz indicat-
ing that the quartz overgrowth precipitated 
later. D: Abundant fibrous illite growing from 
honeycomb- structured illite succeeding micro-
crystalline quartz and alternating with quartz 
overgrowth (QO). 

10

1

0.1

0.01

0.001
0 5 10 15 2520

He porosity (%)

G
as

 p
er

m
ea

bi
lit

y 
(m

D
)

Carbonate
cemented

Microcrystalline quartz
+ illite + low detrital
clay content

Microcrystalline quartz
+ illite + high detrital
clay content

Thin section Ravn-1
Thin section Ravn-2
Thin section Ravn-3
Lower shoreface
Middle shoreface
Foreshore

Quartz
overgrowth

Fig. 4. He porosity versus air permeability for all thin section samples from 
the Ravn-3 well, together with data from the Ravn-1 and Ravn-2 wells. 
The thin section samples follow the trends from the Ravn-3 well marked 
by the four ellipses, which depict the four characteristics of the diagen-
esis. The purple ellipse comprises samples dominated by microcrystal-
line quartz, illite and low detrital clay content. The green ellipse includes 
samples dominated by microcrystalline quartz, illite and high detrital clay 
content. The orange ellipse comprises samples dominated by quartz over-
growth and the blue ellipse by extensive sparry carbonate cement.



1212

mentation would have been expected in these quartz-rich 
sandstones (Bjørlykke et al. 1989) as they have been buried 
to a depth of > 4 km and hence exposed to temperatures of 
112–117°C as documented by vitrinite reflectance.
As no stylolites were observed and as quartz overgrowth pre-
cipitated before and alternating with illite growth, another 
source for silica must have been present prior to transfor-
mation of smectite to illite. The continued precipitation of 
quartz overgrowth was probably from a silica source from 
the transformation of smectite to illite and dissolution of K-
feldspar (Hower et al. 1976; Boles & Franks 1979). This is 
supported by the honeycomb-structured smectite-illite coat-
ings and partially dissolved detrital K-feldspar.

Illite – Illite occurring as honeycomb structured coatings 
(Fig. 3D) is a strong indicator of a smectite precursor (e.g. 
Pollastro 1985). During burial, the percentage of illite in 
mixed-layer illite/smectite compared to smectite increases 
since smectite becomes more unstable with increasing tem-
perature and pressure (Pollastro 1985), which may be the 
reason why only illite is present in the Ravn-3 well.
 The honeycomb-structured illite commonly forms nu-
cleation or growth points for fibrous illite. K-feldspar is 
typically dissolved concomitantly with smectite dissolution, 
and K-feldspar can be an additional source for K+ and Al3+ 
for further illite precipitation (Hower et al. 1976; Boles & 
Franks 1979). The additional K+ and Al3+ from the dissolu-
tion of K-feldspar might have led to further precipitation of 
the fibrous illite on illite honeycomb structures and singular 
precipitation in pore space. Fe-dolomite-ankerite rhombs are 
considered a by-product of the transition from smectite to 
illite, which may liberate Ca2+ and Fe2+. 

Conclusions
The porosity and permeability of the reservoir sandstones 
in the Ravn-3 well are controlled by the diagenetic phases 
formed during early and late diagenesis.
 The reservoir sandstones with the highest porosity and 
permeability are dominated by low to moderate amounts 
of microcrystalline quartz, illite and detrital clay. However, 
the more distal lower shoreface sandstones with the same 
dominating diagenetic phases, but with higher detrital clay 
content, are considered a poor reservoir due to low poros-
ity and permeability. Sandstones with dominance of quartz 

overgrowth and low detrital clay content have moderate to 
high porosity and low permeability. Carbonate-cemented 
sandstones are considered non-reservoir due to insignificant 
porosity and low permeability. 
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This study is based on a feasibility study for the Danish En-
erginet.dk to identify potential formations for brine storage 
near the gas storage facility at Lille Torup, northern Jylland, 
Denmark (Fig. 1; Hjuler et al. 2017).
 Located on top of a salt structure, the gas storage facility com-
prises seven caverns, which have been washed out by circulating 
water in the salt dome. One cavern contains c. 520.000 m3 of 
intrusive brine that must be disposed of in order to increase the 
storage volume for gas. One option is to inject the brine into the 
subsurface if a target with appropriate storage properties can be 
identified, but it is a prerequisite that the stored brine does not 
compromise freshwater reservoirs. Due to cost considerations, 
the brine storage should be situated within a radius of 50 km of 
the gas storage facility and at a depth not exceeding 2000 m.
 Based on the national geothermal research conducted 
during the last decade, a number of sandy formations are 
considered potential storage reservoirs (Fig. 2; e.g. Mathiesen 
et al. 2009; Vosgerau et al. 2016). Around Lille Torup, these 
include the Bunter Sandstone/Skagerrak, Gassum, Haldager 
Sand and Frederikshavn formations where the two former 
formations are discarded due to present-day burial depths ex-
ceeding 2000 m. In addition, the Chalk Group is considered 
a potential storage formation due to its importance as a hy-
drocarbon reservoir in the North Sea, however, due to risk of 
leakage to the younger sediments and risk of environmental 
issues, the chalk was discarded as potential storage zone.

Geological background
The Lille Torup area is located centrally in the Danish Ba-
sin, where the Upper Permian–Mesozoic succession is 5–5.5 
km thick. The basin was formed in the Late Carbonifer-
ous–Early Permian with basal Rotliegendes coarse-grained 
clastic sediments and thick Zechstein salts overlain by Trias-
sic sandstone, mudstone, carbonate rocks and salt (Nielsen 
2003). These are followed by Lower Jurassic mudstone, Mid-
dle Jurassic sandstone, Upper Jurassic–Lower Cretaceous 
mudstone and siltstone with few sandstone layers. The Mes-
ozoic succession terminates with c. 1200 m thick carbonate 
deposits.
 The salt structure at Lille Torup consists of mobilised 
Zechstein salt penetrating the Mesozoic succession. Its top 
point is c. 250 m below the present-day surface.
 The Haldager Sand Formation in the northern part of the 
basin is 2–150 m thick, but may exceed 200 m in rim syn-
clines of salt structures, where sandstone commonly domi-
nates the lithology. The Frederikshavn Formation is primar-
ily present in the northern part of the basin and frequently 
includes sandstone layers. Its thickness decreases southwards 
from 150–300 m to a few metres. The more than 1000 m 
thick chalk- and limestone-dominated Chalk Group consti-
tutes the topmost pre-Quaternary formation in large parts of 
the Danish Basin.

Potential for brine storage near the gas storage facility at 
Lille Torup, northern Jylland, Denmark
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Methods
The subsurface within a radius of 50 km of the Lille Torup 
storage facility was screened for potential sandstone reser-
voirs suitable for storage. The local database comprises 11 
vertical deep wells and an open grid of regional 2D seismic 
profiles of variable quality and resolution (Fig. 1). Some wells 
were excluded from the database due to location on top of 
salt structures (Erslev-1–2 and Skive-1–2), uncertain data 
quality (Aars-1) or separation from the Lille Torup storage 
facility by fjord water (Mors-1).
 The Danish geothermal WebGIS application (Vosgerau 
et al. 2016) provided maps of formation depth, formation 
thickness and potential reservoir sandstone thickness as well 
as reservoir parameters of relevant wells. The potential reser-
voir sandstone thickness map was developed for assessment 
of the geothermal potential and is used in this study as an 
indicator for injection capacity. 
 Reservoir properties derived from well logs include the 
depths of formation top and base, formation thickness, gross 
sand thickness (i.e. cumulated thickness of all sandstone lay-
ers), potential reservoir sandstone thickness (i.e. cumulated 
thickness of sandstone layers with a shale content <30% 
and a porosity >15%), as well as averaged values of porosity, 
permeability and transmissivity of the potential reservoir 
sandstone. For uncertainty considerations, see http://dybge-
otermi.geus.dk/.

Potential formations for brine storage 
Five potential storage areas were defined based on reservoir 
quality assessments obtained by integration of well-log data 
and WebGIS data improved with locally refined seismic in-
terpretations. Injectivity assessments were performed using 
ECLIPSE 100 reservoir simulation software and Petrel soft-
ware. See Hjuler et al. (2017) for details.
 The Haldager Sand Formation (Figs 3A–C) is presently 
buried more than 2000 m in large parts of the study area, 
but more shallow occurrences exist. The generally 50–150 
m thick formation is dominated by sandstone known to be 
quartz-rich, which points to good reservoir properties. In ar-
eas of relatively shallow burial (<2000 m), the Haldager Sand 
Formation may constitute a storage formation. 
 The Frederikshavn Formation (Figs 3D–F) is buried 
less than 2000 m and generally more than 100 m thick; it 
is thickest east of Lille Torup. Several potential storage res-
ervoirs with sufficient lateral extent can be identified. The 
Frederikshavn Formation constitutes a storage option.
 The Chalk Group (Figs 3G, H) is buried at 100–700 m 
depth and is more than 1 km thick. On top of the Lille Torup 
salt structure, the salt movements may have fractured the c. 
250 m of chalk, and increased permeability and thus reser-
voir quality. However, the overlaying Quaternary deposits 
are not expected to possess sealing qualities and brine storage 
in the chalk could lead to environmental issues. The Chalk 
Group is therefore discarded as a potential storage formation.

Potential seals
The Chalk Group outside the top of the Lille Torup salt 
structure is expected to effectively seal off pore water from 
the sandy formations beneath it due to its low permeability 
and great thickness. In addition, the clayey Lower Creta-
ceous unit is assumed to be of sufficiently low permeability 
to prevent pressure and pore-water propagation from below.

Reservoir parameters of the formations
The Haldager Sand Formation mainly comprises sandstone 
layers with porosities in the 18–22% range and permeabili-
ties in the 140–360 mD range (Table 1). Disregarding burial 
depth, the Haldager Sand Formation is assumed to provide 
suitable storage properties.
 The sandstone layers of the Frederikshavn Formation 
have porosities in the 17–30% range, permeabilities in the 
110–1500 mD range and the thickness of potential reservoir 
sandstone in the 6–66 m range (Table 1). In the Kvols-1 well, 
however, the formation seems to have little or no storage po-
tential, assumedly because clay minerals reduce both pore 
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space and permeability. The thickness of potential reservoir 
sandstone decreases from east to west (Fig. 3F).

Suggested areas for brine storage
The WebGIS-based maps (Fig. 3) are suitable for assessing 
reservoir quality trends on a regional scale of tens of kilo-
metres, but not on a local scale of up to a few kilometres as 
uncertainties will be significant. Thus, the areas suggested 
for brine storage cover several square kilometres (Fig. 1).
 Area 1 includes the Hyllebjerg-1 and Farsø-1 wells (Figs 
1, 3), in which the Haldager Sand Formation is evaluated to 

provide the better storage reservoir, with higher porosities 
and permeabilities than the Frederikshavn Formation (Ta-
ble 1). The two formations offer two storage options within 
a narrow depth interval.
 Area 2 is situated above the rim syncline next to the salt 
structure beneath Lille Torup (Figs 1, 3), where the Frederiks-
havn and Haldager Sand formations may be up to 300–400 
m thick (Figs 3A, D) and include potential reservoir sand-
stone units more than 15 m thick at depths shallower than 
1400 m. However, existing seismic data are insufficient to 
confirm these thickness estimates and the formation depths 
may be closer to 2000 m due to deposition in the rim syn-
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cline. Thus, the estimated reservoir parameters are based on 
average values of the nearby wells, Hyllebjerg-1, Farsø-1, Ho-
bro-1 and Kvols-1. 
 Area 3 includes the Hobro-1 well (Figs 1, 3), in which the 
Haldager Sand and Frederikshavn formations are estimated 
to offer two storage options within a narrow depth interval, 
the Haldager Sand Formation providing the better reservoir 
(Table 1).
 Area 4 includes the Gassum-1 well (Figs 1, 3). The Fred-
erikshavn Formation is more shallowly buried in this area 
(<1000 m; Fig. 3D) and offers the most excellent storage 
properties in the study area (Table 1). The Haldager Sand 
Formation is not present in Area 4 (Fig. 3A). 

 Area 5 includes the Kvols-1 well (Figs 1, 3). This well in-
dicates good reservoir properties of the Haldager Sand For-
mation at a burial depth of 1940–1955 m, but also that the 
Frederikshavn Formation is a poor reservoir (Table 1).

Assessment of injection rate and pore 
pressure
Indicative injection rates (shown as a well injection index) 
and pore pressures for the Frederikshavn and Haldager Sand 
formations in the entire study area are presented in Table 1. 
Reservoir parameters are calculated as averages of all wells. 
The well injection index is assumed to correspond to the well 
production index; the pressure of the subsurface pore fluid in 
the formations is assumed to be hydrostatic.

Conclusions
The Frederikshavn and Haldager Sand formations consti-
tute potential brine storage formations in the larger Lille 
Torup area and are sealed off by the Chalk Group and Lower 
Cretaceous unit. The Haldager Sand Formation offers the 
best reservoir properties but at greater depth than the Fred-
erikshavn Formation. The well injectivity index and pore 
pressure indicate favourable conditions for brine storage. 
Five potential storage areas are suggested, compromising be-
tween burial depth and distance from the gas storage facility.
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Table 1. Reservoir parameters of the
Haldager Sand and Frederikshavn formations 

in five areas suggested for brine storage

Reservoir parameters based on the vertical wells in the suggested areas (Fig. 1). 
Reservoir parameters of area 2 based on average values of the Hyllebjerg-1, 
Farsø-1, Hobro-1 and Kvols-1 wells. For detailed descriptions of parameters 
and uncertainties, see http://dybgeotermi.geus.dk/.

Area 1 
Farsø-1 Haldager Sand 1934 1952 18 16 11 18 138 2
Hyllebjerg-1 Haldager Sand 1885 1894 9 9 9 22 344 3
Average Haldager Sand 1909 1923 14 12 10 20 241 3                    
Farsø-1 Frederikshavn 1689 1839 150 25 9 17 106 1
Hyllebjerg-1 Frederikshavn 1664 1810 146 37 15 19 188 3
Average Frederikshavn 1676 1824 148 31 12 18 147 2    
Area 2                
Average Haldager Sand 1900 1920 20 16 12 20 255 3
Average Frederikshavn 1700 1756 56 33 8 15 133 1      
Area 3
Hobro-1 Haldager Sand 1852 1891 39 24 18 19 175 3
Hobro-1 Frederikshavn 1741 1806 65 12 6 19 238 1   
Area 4
Gassum-1 Haldager Sand 1176 1178 2 2 2 19 188 0.5
Gassum-1 Frederikshavn 1053 1154 101 66 65 30 1500 97   
Area 5                 
Kvols-1 Haldager Sand 1940 1955 15 15 9 21 363 3
Kvols-1 Frederikshavn 1856 1912 56 56 0 5 0 0   
Well average Haldager Sand 1757 1774 17 13 10 20 242 2 9
Well average Frederikshavn 1601 1704 104 39 19 28 406 8 27
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In organic-rich shales, pores form during oil and gas genesis 
within organic matter (OM) domains. The porosity thus dif-
fers markedly from that of conventional reservoir lithologies. 
Here we present the first description of shale fabric and pore 
types in the lower Palaeozoic shales on Bornholm, Denmark. 
The pores have been studied using the focused ion beam scan-
ning electron microscope (FIB-SEM) technique, which al-
lows for high resolution SEM images of ion polished surfaces. 
Shale porosity is influenced by many factors including depo-
sitional fabric, mineralogical composition, diagenesis and oil 
and gas generation (Schieber 2013). Here we discuss some of 
these factors based on a study of lower Palaeozoic shale sam-
ples from the Billegrav-2 borehole on Bornholm (Fig. 1) un-
dertaken by Henningsen & Jensen (2017). The shales are dry 
gas-mature (2.3% graptolite reflectance; Petersen et al. 2013) 
and have been extensively used as analogies for the deeply bur-
ied Palaeozoic shales elsewhere in Denmark (Schovsbo et al. 
2011; Gautier et al. 2014).
            The Danish lower Palaeozoic shale gas play was tested by 
the Vendsyssel-1 well drilled in northern Jylland in 2015. Gas 
was discovered within a c. 70 m thick gas-mature, organic-
rich succession (Ferrand et al. 2016). However, the licence 
was subsequently relinquished, due to a too low gas content.  
The present study confirms a close similarity of pore develop-
ment between the shales on Bornholm and in the Vendsys-

sel-1 indicating a high porosity within this stratigraphic level 
throughout the subsurface of Denmark. However, the rather 
different development of porosity in the different shale units 
presents a hitherto neglected aspect of the Palaeozoic gas play 
in Denmark. 

Methods
Ten samples were selected for thin section and nanoscopic 
pore analyses based on a screening of 30 samples from the 
Billegrav-2 borehole (Fig. 2). Total organic carbon (TOC) 
was determined by measuring CO2 evolved from the 

Shale fabric and organic nanoporosity in lower  
Palaeozoic shales, Bornholm, Denmark
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Fig. 1. Distribution of lower Palaeozoic strata and wells mentioned in the 
text. Modified from Schovsbo et al. (2011). 

Fig. 2. Stratigraphy of the Billegrav-2 core and overview of samples and fab-
ric types. Modified from Schovsbo et al. (2011). Facies associations in the 
interval 35–125 m are adopted from the Billegrav-1 well described by Ped-
ersen (1989); above this level the association is based on the present text. 
AS Fm: Alum Shale Formation. Dicel: Dicellograptus shale. K: Komstad 
Limestone. Lenticular: Lenticular clast-rich mudstone. Lin: Lindegård 
Mudstone. Lithostratigr: Lithostratigraphy. L: Læså Formation. Mudsh: 
Mudshale. Fabric types: see text. 
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combustion of acid pre-treated samples at 1300°C. Porosity 
was measured in a double-chambered helium porosimeter 
at the Geological Survey of Denmark and Greenland. Thin 
sections with a thickness of about 20 µm were prepared by 
Pelcon Material & Testing Aps. The SEM imaging of nano- 
to microscale porosity was performed on cross-sections that 
were milled and surface polished using a focused ion beam 
(FIB) at the Technical University of Denmark. In order to 
minimise erosion of the ion-cut surface, the selected cross-
section site was protected with a 3 µm thick layer of platini-
um. No coating of the imaged surfaces was applied.

Results
Each of the stratigraphical units shows a statistically signifi-
cant correlation between TOC and porosity (Fig. 3). The 
Rastrites shale at 30–62 m in the borehole is the most po-
rous shale and is characterised by the highest ratio between 
TOC and porosity, whereas the Alum Shale is the least po-
rous shale, characterised by the lowest ratio between TOC 
and porosity (Fig. 3). The Dicellograptus shale plots between 
these trends together with samples from the upper 30 m of 
the Rastrites shale (Fig. 3). 
 Four shale fabrics are distinguished: (1) a dark-coloured 
mudstone fabric with high concentrations of OM and pyrite, 
(2) a lenticular clast-rich mudstone fabric, (3) a silt-rich mud-
stone fabric and (4) a bio-mottled mudstone fabric.

 The dark-coloured mudstone fabric was observed in five 
samples and it is the dominant fabric in the Alum Shale. The 
fabric comprises a clay-dominated mudstone with variable silt-
content that sometimes contains sand-sized authigenic barite 
(Fig. 4A). The dark colour is due to high contents of dispersed 
OM and pyrite. This fabric is attributed to a generally slow set-
tling of particles in a low-energy depositional environment. 
 The lenticular, clast-rich mudstone fabric is seen in four 
samples from the Alum and Rastrites shales (Fig. 2). The con-
tent of OM and pyrite is highest in the dark grey samples and 
lowest in the pale grey samples (Fig. 4A). The typical lenticu-
lar clasts range in size from 500 µm to more than 2 mm and 
are composed of clay and silt-sized material. On a macroscopic 
scale, the lenticular clasts create a laminated appearance to the 
shale. The clasts are interpreted as deposited during episodic 
increases in energy in an otherwise low-energy environment.
 The silt-rich mudstone fabric (Fig. 4B) shows varying 
concentrations of disseminated silt grains and is observed in 
four samples from the Rastrites shale (Fig. 2). More dense 
accumulations of silt grains in laminae and streaks are typi-
cally carbonate cemented. The fabric is assumed to be con-
nected to episodic higher-energy currents in the otherwise 
low-energy depositional environment.
 The bio-mottled mudstone fabric (Fig. 4C) occurs in 
three samples from the Dicellograptus and Rastrites shales. 
The fabric contains low amounts of OM that also tends to 
be irregularly distributed, both across and along the bedding 
planes. The distribution reflects the activities of deposit-
feeding organisms. The fabric is interpreted as deposited in 
a more oxic marine environment characterised by low OM 
levels and presence of infaunal organisms.
 Pores related to the OM vary from simple isolated pores 
to large pore populations with internally complex structures. 
Isolated pores are usually discrete and equant in shape and 
can occur both widely disseminated and in more dense pop-
ulations (Figs 4D, E). They also occur in OM occupying the 
space between individual pyrite crystals in framboids (Figs 
4F, G). The pore-size is usually <100 nm. More dense popu-
lations of <50 nm-sized, foam-like pores are also observed. 
This pore type seems to populate entire OM domains, but 
may also be surrounded by non-porous zones in presumably 
coherent OM domains. A third pore type consists of highly 
irregular pores with complex internal sub-parts (Fig. 4H). 
This type has a stalactite-like texture with irregular and ser-
rated internal pore surfaces and may have internal fibrous 
textures resembling wood wool. 
 Pores related to the inorganic particles are mainly associ-
ated with irregularly shaped grains of quartz and pyrite (Fig. 
4I). These pores usually appear as discontinuous slits along 
parts of the grain surface or as curved embayments into the 

Fig. 3. Total organic carbon (TOC) content versus porosity. Arrows rep-
resent positive correlation trends (significant at a calculated probability 
of 0.1) within the stratigraphical units. Points in brackets represent data 
omitted in the correlations. Data from Vendsyssel-1 are wire-line, log-de-
rived average values (Ferrand et al. 2016).
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grain, and they are up to several 100 nm long. Other pore 
types primarily related to inorganic particles are dissolution 
pores that occur where matrix minerals have become partly 
dissolved (Fig. 4I). This pore type occurs only along the edg-
es of carbonate minerals, and the pores tend to be elongated 
and irregularly shaped.

Discussion
The variable correlation between the TOC content and poros-
ity for the Alum, Dicellograptus and Rastrites shales indicates 
that pores in both organic and inorganic matter contribute 
to the total porosity. Within each shale unit the TOC con-
tent correlates with porosity suggesting that pores hosted in 
organic matter are dominant in all units but with additional 
contributions from inorganic porosity. A higher contribution 

of inorganic interparticle pores is seen in the Dicellograptus 
and Rastrites shales that add to the overall more porous na-
ture of these shales (Fig. 3). The Dicellograptus and Rastrites 
shales belong to the mudstone and siltstone associations of 
Pedersen (1989) whereas the Alum Shale belongs to the mud-
shale association (Fig. 2) and apparently the lithofacies was 
the main controlling factor of the porosity development.
 SEM images show that the porosity predominantly oc-
curs within amorphous OM domains intermingled with the 
inorganic matrix minerals, rather than as inter-particle pores 
between the matrix minerals. However, not all OM domains 
contain pores and those that do exhibit considerable varia-
tion in quantity, distribution and size of pores. 
 The presence of OM in the interparticle spaces cannot be 
explained entirely by the processes of admixing and subse-
quent compactional deformation of organic and inorganic 

Fig. 4. Micrographs of different mudstone 
fabrics and pores recognised in the Palaeozoic 
shales. A: Dark coloured mudstone fabric inter-
calated with laminae of lenticular clast-rich mud-
stone fabric, 119.78–119.80 m (Alum Shale Forma-
tion). B: Silt-rich mudstone fabric with normal 
grading, 41.15–41.17 m (Rastrites shale). C: Bio-
mottled mudstone fabric, presumably Chon-
drites, 86.68–86.70 m (Dicellograptus shale). 
Organic pores: D: Rounded pores, 74.77–75.01 
m (Dicellograptus shale). E: Sub-rounded pores, 
24.78–24.80 m (Rastrites shale). F: Subrounded to 
rounded pores in pyrite, 115.63–115.65 m (Alum 
Shale Formation). G: Subrounded to rounded 
pores in pyrite, 115.63–115.65 m (Alum Shale 
Formation). H: Irregularly shaped and complex 
pores, 24.78–24.80 m (Rastrites shale). Inorganic 
pores. I: Irregularly shaped pores surrounding silt- 
to clay-sized grains, 115.63–115.65 m (Alum Shale 
Formation). 
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particles (cf. Kennedy et al. 2002). Instead, it appears that 
secondary OM migrated into interparticle spaces during 
maturation. This interpretation is supported by observa-
tions of well-connected viscous-like OM domains, which 
fill the spaces between matrix minerals. The dominant clay 
mineral in all the samples is illite (cf. Pedersen 1989), which 
was either a detrital mineral or formed after diagenetic trans-
formation of smectite during burial maturation. It may be 
assumed that an early migration of secondary OM occurred 
during the temperature interval, which matches the diage-
netic transformation of the clay minerals. This relationship 
between secondary OM and diagenetically formed illite was 
also observed by Schieber (2013) in gas-mature samples from 
the Devonian Marcellus Shale in North America. Loucks et 
al. (2012) suggested that most smectite is transformed to il-
lite during early catagenesis, which supports the observation 
of presumed migrated OM as interparticle fill.

Comparison with Vendsyssel-1 
One of the discouraging results of the Vendsyssel-1 well was 
the low porosity and the unfavourable pore distribution in 
the shales (Ferrand et al. 2016). The average TOC content 
and porosity in the Vendsyssel-1 well are within the same 
range as those measured in the Billegrav-2 core (Fig. 3). SEM 
images of the Alum Shale from the Vendsyssel-1 well show 
both non-porous OM in the mudstone fabric and porous 
OM of presumed secondary origin intermingled with clay 
minerals (Ferrand et al. 2016) similar to the observations 
from the Billegrav-2 core. 
 The similarity suggests that the lower Palaeozoic shales 
known from Bornholm are valid analogues for the deeply 
buried Palaeozoic shales in Denmark. However, the rather 
different porosity development in the individual shale units 
presents a hitherto neglected aspect of the Palaeozoic gas play 
in Denmark. 

Conclusions
The study shows that the porosities of the lower Palaeozoic 
shales are related to both organic and inorganic matter. The 
dominating porosity types in all stratigraphical units are 
those observed within organic matter. A clear relationship 
between shale fabric and organic nanoporosity has been ob-

served in the lower Palaeozoic shales and this indicates that 
shale composition, depositional environment, and diagenesis 
have all influenced the porosity development. The TOC : 
porosity relationships in the Vendsyssel-1 well are nearly 
identical to those observed in shales from Bornholm indi-
cating a high porosity. The Alum Shale is a low porous but 
TOC-rich shale whereas the two other shale units studied 
are low in TOC but relatively porous. This observation adds 
another variable factor to the Danish shale gas play (cf. Gau-
tier et al. 2014).
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A glacitectonite is defined as a brecciated sediment or a cata-
clastic sedimentary rock formed by glaciotectonic deforma-
tion (Pedersen 1988). The term tectonite was initially intro-
duced by Sander (1912), mainly for tectonically brecciated 
metamorphic rocks in the Alps. In the classic work on cata-
clastic rocks, Higgins (1971) stated that the term covered all 
rocks with fabric displaying coordinated geometric features 
related to continuous flow during deformation.Therefore   

brecciated lithologies formed by glaciotectonic deforma-
tions can be termed tectonites. Banham (1977) suggested the 
prefix glaci- to clarify the relation to glacial dynamics. Fur-
thermore, Pedersen (1988) suggested the application of the 
bedrock prefix. Thus, a chalk-glacitectonite is a brecciated 
chalk formed by shear deformation during a glacial advance 
over an exposed bedrock surface of chalk (Fig. 1). Hence 
the term describes a sedimentary rock in which the primary 
structures are so disturbed that they cannot be continuously 
traced, and a glacitectonic fabric developed as joint fractures 
or shear surfaces superimposed on the lithology.
 The significance of recognising chalk-glacitectonite from 
chalk and limestone bedrock is the difference in textural 
properties, which is fundamental in geological modelling. In 
areas dominated by glaciotectonic complexes, which include 
thrust sheets of pre-glacial sedimentary rocks, the sheets are 
subject to shearing and dragged along the sole of the ice dur-
ing its movement over the glaciotectonic complex. Due to 
truncation and shear-drag, the glacitectonite forms at the 
base of the deformational layer in a lodgement till. From the 
source area, which typically is a detachment anticline, the 

Chalk-glacitectonite, an important lithology in former 
glaciated terrains covering chalk and limestone bedrock
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Fig. 1. Five steps in the progressive formation of chalk glacitectonite and 
limy till developed from bedrock of Danian limestone. The example il-
lustrates the variation of deposits differentiated in the geological mapping 
of north-earstern Djursland, central Denmark (from Pedersen & Petersen 
1997). 1: Undisturbed Danian limestone occurring in the lower part of 
the coastal cliff at Sangstrup Klint. 2: Anastomosing jointing is found in 
the limestone in the upper part of the cliff exposure. Note that the smallest 
angle between joints is located with a half-angle divide in the horizontal 
plan. This corresponds to a lateral stress in the foreland to an advancing 
ice margin. 3: Clasts of chalk have been broken off and displaced in a 
fine-grained matrix; a chalk-glacitectonite is formed. 4: During increased 
shearing the chalk clasts become more and more crushed with chalk pieces 
floating in a chalk-clay matrix. In-basinal erratics comprise clasts of Dani-
an limestone and flint, ex-basinal erratics include basement stones (gneiss 
and granite), which start to appear in the glacitectonite derived from the 
overlying lodgement till. 5: During the continuous translocation away 
from the source area the chalk-glacitectonite is transformed into limy till 
(chalk moraine), which may also be classified as a local till dominated by 
in-basinal clasts of chalk and flint.

Fig. 2. A one-metre thick chalk-glacitectonite exposed in a cliff section 
in the northern part of Stevns Klint displays shear banding of clayey till 
material with cataclasts of chalk and flint. The source area for the chalk 
is Danian limestone which occurs more than 500 m from the exposure.
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glacitectonite thins out in the direction of transport from 
1–2 m (Fig. 2) to a thin shear zone only a few centimetres 
thick over a distance of one to a few kilometres (Pedersen 
1996). Moreover, brecciation of thrust sheets displaced by 
glacial thrusting occurs within glaciotectonic complexes. 
The deformation ranges from initially anastomosing joint-
ing (Figs 1, 3) to brecciation with bedrock clasts in crushed 
bedrock matrix (Fig. 4). The tectonic breccia distributed 
from the décollement zone at the base to the truncating 
glacial unconformity at the top may additionally be termed 
glacitectonites. Here we describe the occurrence and identi-
fication of chalk-tectonites.

Occurrences of chalk-glacitectonites
The occurrences of chalk-glacitectonites are naturally re-
lated to the areas dominated by bedrock of chalk and lime-
stone which in Denmark includes the eastern, north-eastern 
and northern regions (Fig. 5). Bedrock exposures are found 
at Møns Klint and Stevns Klint in eastern Denmark, Sang-

strup Klint (NE Djursland) in central Denmark, in the chalk 
pits in Aalborg and in limestone pits in adjacent areas in NE 
Himmerland. Chalk-glacitectonites occur at these outcrops. 
Furthermore, the cliffs at Agger, Bulbjerg and Hanstholm in 
NW Jylland show outcrops of chalk and limestone. In addi-
tion, chalk that appears in the aureole of salt structures at, for 
example, Gassum, Suldrup, Batum, Erslev, Uglev and This-
ted represent potential areas of glacitectonite occurrences.
 The relation between the overburden of Quaternary de-
posits and the formation of glacitectonites is independent of 
the depth of the deposits. Thus a glacitectonite should always 
be expected between the top of the chalk and an overlying 
till. However, the till and glacitectonite may have been re-
moved by erosion.

Identification of chalk-glacitectonites
There is a general understanding of the complexity of hydrau-
lic properties related to areas with limestone and chalk located 
at shallow depths below Quaternary overburden (Downing 
et al. 1993). This is e.g. recognised in the greater Copenhagen 
area where groundwater flow paths are difficult to predict 
and the permeability in the glacially disturbed chalk layers of 
the København Kalk Formation and the underlying Danian 
bryozoan limestone are notably higher than in the underly-
ing undisturbed limestones (Klitten et al. 2006; Bonnesen et 
al. 2009; Galsgaard et al. 2014). Research into the difficulty 
in predicting groundwater flow paths in shallow chalk aq-
uifers is conduceted in an on-going EU project investigating 

Fig. 3. The initial glaciotectonic deformation is a low-angle, anastomosing 
jointing, which is illustrated by an example of fractured Cretaceous chalk 
exposed in the northern part of the Stevns Klint cliff section.

Fig. 4. A chalk-glacitectonite developed with a limy matrix and rotated 
chalk clasts. Thin dark clayey shear bands illustrate the substantial 
amount of displacement within the rock type. Detail from the cliff sec-
tion at Hvide Klint, south coast of Møn.
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subsurface water technologies to control saltwater intrusion 
(Zuurbier et al. 2016) on southern Falster, SE Denmark. The 
project focuses on the impact of climate change on the salin-
ity of the groundwater resources (Rasmussen et al. 2013). At 

the study site the top surface of the Upper Cretaceous chalk 
is situated at about 10 m below the surface; it is overlain by 
a 5 m thick unit of glacial sediments and 5 m marine sand 
(Fig. 6). However, at a depth of 15 to 18 m there is a layer of 
chalk with gravel and pebbles of basement rocks. Based on 
an evaluation of data from other wells in the area, it became 
evident that another zone with basement gravel and pebbles 
existed even deeper at a level from 30 to 40 m below the sur-
face. These findings have implications for the understanding 
of groundwater flow around the wells as the complexity of 
the hydraulic characteristics markedly changes the aquifer’s 
behaviour. A model of the glacitectonite occurrence was es-
tablished based on a glaciodynamic concept of the area (Fig. 
6). A resistivity log from a nearby well supported the model 
predictions with a glacitectonite on top of the undisturbed 
chalk (Pedersen & Hinsby 2017). On-going studies indicate 
that in some parts of the chalk reservoir the transmissivity 
behaves as single porosity aquifers, while other parts behave 
like fractured dual porosity aquifers.
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Fig. 7. An about one-metre thick bed of chalk-glacitectonite separates two 
till beds exposed at the north coast of Stevns, SE Denmark.
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The position of glacitectonites in  
the glaciodynamic development of the 
Quaternary successions 
The chalk-glacitectonites occur basically at two different 
positions in the glaciodynamic sequence: either as tectonic 
breccias on top of chalk bedrock, or as shear translocated 
chalk debris at the sole of a basal till. In the first position the 
chalk-glacitectonite may be difficult to distinguish from un-
deformed bedrock. This is especially the case with identifica-
tion of lithologies from drill-hole samples. Identification re-
quires that small impurities, basement pebbles etc., displaced 
into the fractures, are recognised and documented. 
 The second position of chalk-glacitectonites is easy to 
recognise due to the unmistakable variation in lithology 
(Pedersen & Gravesen 2016; Fig. 7). The bedrock material 
appears in a succession of glacial deposits. The typical gla-
ciodynamic sequence contains a meltwater unit of clay/silt 
grading up into sand coarsening up into glaciofluvial gravel, 
eventually with a stone-bed of ice-contact deposits mirror-
ing the proglacial environment. On top of the glaciofluvial 
sediments the basal till demonstrates the ice advance over the 
foreland. The till is divided into a basal deformational layer 
and an upper lodgement layer. Thus the chalk-glacitectonite, 
representing the deformational layer, documents the transi-
tion from the foreland setting to the subglacial setting. 

Final remarks
Chalk-glacitectonites are an important lithology to be iden-
tified in glacial terrains with bedrock comprising chalk and 
limestone, i.e. where the pre-Quaternary surface consists 
of limestones and related carbonate rocks. Chalk-glacitec-
tonites are divided into two main types based on the struc-
tural setting in a glaciotectonic complex: (1) brecciated sedi-
mentary rocks deformed within the stratigraphic succession 
of the deformed bedrock, and (2) brecciated rock deformed 
below a basal till and shear-mixed into the lodgment till. The 
recognition of chalk-glacitectonites is important for geologi-
cal and groundwater-flow modelling addressing hydrogeo-
logical and geotechnical problems. Due to the glacial defor-
mation these sedimentary rocks are expected to show higher 
permeability than undeformed bedrock.
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Glaciotectonic deformations often result in a high degree of 
variability, including glaciotectonic and sedimentary vari-
ability. Redeposition of sediments during deformation in-
creases the variability. Ground-penetrating radar (GPR) has 
proven to be a good method to determine sedimentary struc-
tures in glaciofluvial deposits (Olsen & Andreasen 1994; 
Van Overmeeren 1998) as well as glaciotectonic structures 
(Busby & Merrit 1999; Overgaard & Jakobsen 2001). Reflec-
tion facies analysis (radar facies) is a useful tool in the char-
acterisation and interpretation of deformed sediments (Van 
Overmeeren 1998; Jakobsen & Overgaard 2002; Lerche et 
al. 2014).
 A GPR survey was carried out at Jyderup Skov in Ods-
herred in north-west Sjælland (Fig. 1). The presence of par-
allel ridges in the area indicates glaciotectonic deformation. 
The aim of the GPR study was to map the interior of the 
ridge complex and to interpret the genesis of the ridges. 

Geological setting
The morphology of Odsherred in the north-western part 
of Sjælland is dominated by three large arc-shaped ice-push 
ridges (Fig. 1A). The ice-push ridges (arcs) were formed in 
the Late Weichselian during the Bælthav readvance and gla-

ciofluvial deposits related to the ridge formation have been 
dated to be c. 17 000 years (Houmark-Nielsen 2008). The 
arcs cut each other and they were formed by three ice read-
vances of ice-lobes situated east of them. Each arc is a poly-
morphological landscape built-up of several landscape types. 
Data from boreholes show that the arcs contain dislocated 
Paleocene clay and Weichselian marine deposits indicating 
that the interior of the arcs is affected by glaciotectonic de-
formation. The investigated area is located in the western 
part of the Vig arc (Fig. 1B), which is situated in the centre 
of three arcs in Odsherred with the reclaimed Sidinge Fjord 
to the east forming a central depression. On the stoss side 
towards Sidinge Fjord is a terrain of smooth ground moraine. 
The upper part of the Vig arc is characterised by hummocky 
moraine and the western part consists of elongated ice-mar-
ginal moraines. Larger flat-topped kames occur within the 
hummocky moraine landscape and west of the ice-marginal 
moraine glaciofluvial deposits form an outwash plain. A 
number of elongated parallel ridges occur in the eastern part 
of the outwash plain (Fig. 1C). A raw-material investigation 
shows that at least the upper 10 m consist of sand and gravel 
(Region Sjælland 2011), and borehole information shows the 
presence of sandy till.

Sedimentological and glaciotectonic interpretation of 
georadar data from the margin of the Vig ice-push ridge, 
NW Sjælland, Denmark
Cecilie Skovsø Andersen and Peter Roll Jakobsen
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Georadar survey and processing  
parameters 
Five GPR lines were made perpendicular to the ridges and 
one was recorded parallel to the overall strike of the ridges. 
The occurrence of forest roads and paths in Jyderup Skov de-
termined the location of the lines. The data were acquired 
in October 2015 using a 250 MHz Sensors & Software Inc. 
georadar. Due to the forest setting shielded antennae on a 
skid plate were used with a c. 40 cm offset. The traces were 
sampled with a step size of c. 5 cm and then stacked by a fac-
tor of 8. 
 The line LINE05 provides the best image of the internal 
structure of the ridges (Figs 1B, 2). Processing of the raw 
LINE05 was carried out using PulseEKKO software by Sen-
sors & Software Inc. in the following steps: first, a Dewow 
filter with an operational length of 1 pulse width was ap-
plied, followed by a Stolt migration with an estimated veloc-
ity of 0.133 mns–1, which is typical value for dry sand. An 
automatic gain control with a pulse width of 1 and a maxi-

mum scaling factor of 700 was then applied, before the final 
topographic corrections were added. The vertical resolution 
is c. 20 cm.

Georadar facies description and  
interpretation
The LINE05 profile is 850 m long and cross-cuts 10 ridges 
excluding the moraine and the two ridges behind the ice-
marginal moraine of the Vig arc (Fig. 2). Four radar facies are 
distinguished in the profile.
 Radar facies 1 (Fig. 2) is interpreted as glaciofluvial sand 
and gravel based on the relatively strong parallel to subparal-
lel reflections with high contrast, which are moderately con-
tinuous to discontinuous. Borehole data indicate that glacio-
fluvial sand and gravel are found to a depth of c. 20 m below 
the terrain surface. The reflections are primarily planar to 
wavy shaped, but antiforms and synforms are also found (8.5 
m wide on average; Figs 2, 3A). The antiforms have a slightly 
asymmetric appearance with the western flank being steeper 
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(typically c. 12°) than the eastern flank (typically c. 6°). The 
antiform has an interlimb angle of typically c. 160°. The 
reflectors show frequent displacements, which we interpret 
as thrust faults (Figs 2, 3A). The offset is between 0.20 m and 
4.80 m with an average of 1.36 m. The reflections dip 4.0° 
to 13.6° dominantly to the east and are generally steepening 
upwards in a gentle concave to steep convex dipping pattern. 
The facies is truncated by facies 2, 3 and 4 in a concordant 
and erosional way (Fig. 2). We describe the detailed charac-
teristics of the thrusts in the next section.
 In radar facies 2 (Figs 2, 3B) the reflections are discon-
tinuous and show a relatively low amplitude contrast. The re-
flection pattern is chaotic at c. 280 m to subparallel at c. 325 
m (Fig. 3B) and c. 75 m, where the reflections dip downwards 
at the ends of the facies. Based on the facies characteristics, 
this facies is interpreted as a gravelly ablation till. Facies 2 is 
found in patches and it drapes facies 1. 
 Radar facies 3 (Figs 2, 3A) consists of steepening upward 
(on average 10°) moderately continuous to discontinuous 
and subparallel reflections, this facies is mainly found on 
the western slope of the ridges. The reflection pattern is 
similar to facies 1. Based on the position of the facies and 
the reflection pattern, facies 1 is likely to be the source of 
the sediments of facies 3 that were redeposited as solifluction 
sediments. This interpretation is in good agreement with the 
primary location of the facies on the western flank of the 
ridges, where it is more inclined to slope failure.
 In radar facies 4 (Fig. 2) the reflection pattern can be 
described as continuous, parallel and diverging with a high 
density of downlaps and onlaps in the crests between ridges. 
The facies drapes the other three facies, and in some areas, it 
truncates facies 1 in an erosional way. Facies 4 has a strong 
relative amplitude contrast. Based on the reflection pattern, 
facies 4 is interpreted as sand and gravel. The facies is typi-
cally thin and lacking on top of some of the ridges (Figs 2, 
3A). However, it is locally thick on the crests. The facies is 
interpreted as post-deformation deposits.

Structural geology
The thrust-fault planes are commonly concave and convex 
rotating listric faults steepening upwards following and 
cross-cutting the bedding, with a dip of 2.5° to 21.9° (13.4° 
on average) mainly to the east. The westward dipping thrust 
faults are usually small and often back-thrusts from the more 
extensive eastward dipping thrusts. Some of the thrusts are 
clustered in a complex splay pattern, where the main thrust 
jacks up with each splaying thrust. These thrust faults are 
interpreted as linked contractional, leading imbricate stacks, 
originating from the same root at a detachment. The dis-

placement is greatest at the frontal thrust sheet. The leading 
imbricate stacks are primarily located beneath the ridges on 
the eastern flank, but they also occur on the western flanks 
in association with antiforms and synforms. Fault-bend-fold-
ing style of thrusting with hanging-wall ramp-flat-ramps and 
footwall flat-ramp-flats is evident from the concave–convex 
shape of the bedding along the fault plane. Fault propagation 
folding is seen in the imbricate stacks where the tip line ter-
minates in the bedding. By drawing an inferred marker ho-
rizon (Fig. 2) on LINE05, the shortening of the line, caused 
by thrusting and folding, is calculated to be 12% of its initial 
length before deformation. 

Formation of the ridges
The formation of the ridges can be described tectono-strati-
graphically in three steps: 
Pre-tectonic deposits: Radar facies 1 was deposited as glaci-
ofluvial sand and gravel on a pro-glacial outwash plain. Dur-
ing a syn- and post-depositional event, radar facies 1 was 
folded and thrust into gentle anti- and synforms. The thrusts 
are dense on the eastern flank of the antiforms, and occur as 
thick, wide, complex imbricate fans. The slight asymmetry 
of the anti- and synforms and the dip direction of the thrusts 
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and bedding indicate a direction of primary deformational 
stress from the east. 
Tectonically penecontemporaneous deposits: Radar facies 2 
was deposited penecontemporanously as an ablation till. It 
occurs in patches and is only seen in one borehole (DGU no 
190.196) c. 250 m south-west of LINE05, where the upper 
2 m consist of sandy and gravelly till. Radar facies 2 is rec-
ognised in three places along LINE05, at c. 75 m, c. 280 m 
and c. 325 m. At c. 325 m, the radar section cuts an elevated 
area, which does not have the distinct ridge morphology seen 
elsewhere. The flattened morphology is in good agreement 
with deposition of ablation till, in contrast to the deformed 
elongated ridges elsewhere in the area. At c. 75 m the radar 
section is within an area of former stagnant ice, where abla-
tion till should be expected. 
Post-tectonic deposition: After the deformation came to an 
end, erosion of radar facies 1 occurred, and some thrust 
sheets are clearly truncated by solifluction sediments (radar 
facies 3) and post-deformation deposits (radar facies 4).
 The small parallel ridges west of the large Vig arc may have 
been formed in a single deformational event creating a thin-
skinned thrust-fault complex in a gravity-spreading environ-
ment (Jakobsen & Overgaard 2002; Pedersen 2005) or as an-
nual moraines formed at an oscillating ice-margin (Krüger 
1995; Benediktsson et al. 2009). The presence of till deposits 
within the area with the small ridges indicates that the ice 
margin was situated in the area. The topographic relief of the 
ridges is pronounced and there is no indication of erosion of 
the top of the ridges. Thus, the glacier has not moved past the 
individual ridges. We therefore suggest that the ridges were 
formed as ice-marginal push moraines created by seasonal 
advances and retreats of the ice margin.

Conclusions
Ground-penetrating radar was used to map the sedimento-
logical and glaciotectonic structures of a series of parallel 
morine ridges of an area west of the Vig arc in Odsherred. 
The GPR profiles have a high resolution that allows detailed 
sedimentological and structural analyses. Four radar facies 
are distinguished which represent different sedimentary en-
vironments and degrees of deformation and three tectono-

stratigraphic sequences are recognised: pre-tectonic, tectoni-
cally penecontemporaneous and post-tectonic deposits.
 The interior of the ridges is characterised by thrust faults 
and folds created by deformation from the east and the ridge 
morphology is clearly associated with the deformation struc-
tures. Subsequently the ridge morphology has been smooth-
ened by post-tectonic sedimentation. We suggest that ridges 
seen on the proximal part of the outwash plain, west of the 
Vig arc, were formed as ice-push moraines by seasonal ad-
vances and retreats of the ice margin.
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In recent years there has been an increased interest in Neo-
gene hydrocarbon accumulations in the North Sea. The 
production of gas from Pliocene–Quaternary deposits in the 
Dutch sector, the discovery of oil-bearing Miocene sands in 
the Lille John area and oil accumulation in middle Miocene 
deposits in the T-1 well in the northern part of the Danish 
Central Graben area, have documented Neogene hydrocar-
bon accumulations. Some of these deposits are of economic 
interest. This study presents an oil-bearing, middle Miocene 
diatom ooze in the Valhall Field (well 2/8-G-2), within the 
Norwegian sector (Fig. 1). The Valhall Field is located just 
north of the Danish–Norwegian sector boundary.

Geological setting
During the Miocene, the North Sea formed a silled-bound-
ed basin with connection to the Atlantic Ocean via a strait 
between Norway and Shetland (Rasmussen et al. 2008; Fig. 

1). The main sediment source areas were the Shetland Plat-
form, which supplied sediments to the northern North Sea 
and the southern Scandes from which sediments were routed 
southwards into the south-eastern North Sea (Fig. 1). Dur-
ing the early Miocene relatively large delta complexes formed 
from these areas and resulted in eastward progradation off 
the Shetland Platform (Skade Formation; Eidvin et al. 2014) 
and south-westward progradation south of the southern 
Scandes (Ribe Group; Rasmussen et al. 2010). During the 

Miocene oil-bearing diatom ooze from the North Sea
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Fig. 1. Palaeogeographical reconstruction of the early Miocene North Sea. Note 
that the main sediment influx from the Shetland Platform (yellow arrows) 
filled the northern North Sea and that sediment supply to the eastern North 
Sea had its source in southern Scandes. Based on Rasmussen et al. (2008).
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Fig. 2. Cored diatom ooze from the Valhall Field, Norwegian sector of the 
North Sea. A: Optical microscope image of chip of diatom ooze, note the 
diatom in the upper part (black arrow). B: ?Denticulopsis kanayae. C: ?Den-
ticulopsis nicobarica. 
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middle Miocene these delta complexes where flooded due to 
reorganisation of the tectonic regime in North-West Europe 
which resulted in accelerated subsidence of the basin mar-
gins. Consequently, much of the North Sea was starved of 
sediment during the middle and early late Miocene.
 The North Sea area was located in the western wind belt 
with seasonal storms. Therefore, the coast was strongly influ-
enced by wave action. In the deeper basin, which was up to c. 
1000 m deep, hemipelagic deposition predominated. A coun-
ter-clockwise current system redistributed and reshaped mud-
dy sediments along the delta and shelf slopes within the basin 
(e.g. Hansen et al. 2004). During the early Miocene a humid, 
warm temperate climate predominated, similar to present day 
western Florida (USA). A change to a cooler climate com-
menced in the middle Miocene which probably also resulted 
in the enhanced influence of cold-water current systems from 
the Atlantic Ocean. Under these cooler climatic conditions 
diatoms bloomed and resulted in deposition of diatom ooze.

Diatom ooze
The diatom ooze is fine-grained and grey to brown, since it 
contains oil (Fig. 2). Diatom valves and radiolarians could be 

seen in optical and scanning electron microscopes (Figs 3, 4). 
The diatom ooze consists of a mixture of abundant diatom 
valves, radiolarians and clay (Fig. 4). The porosity is 50–60 %.
 Porosity is mainly associated with diatom valves and ei-
ther occurs inside the valves or in pockets next to the valves 
or other fossils. Reduced porosity is observed in some sam-
ples, attributed to clay intruding into the diatom valves. The 
permeability is assumed to be low, due to the small size of the 
pores and tortuous connectivity between the largest pores. 
The measured porosity of the diatom ooze would correspond 
to a permeability of 0.006–0.02 mD in diatom ooze from 
various localities in the Pacific Ocean (Gamage et al. 2011).

Nannofossils and microfossils
Core sample (1802.7 m from the well 2/8-G-2) was analysed 
for nannofossil, microfossil and the presence of diatoms. 
Diatom valves and debris were found to be common. Dia-
toms include ?Thalassiosira spp., ?Denticulopsis kanayae and 
?Denticulopsis niobarica. D. kanayae and D. nicobarica range 
from the early to middle Miocene (Barron 1985; Fig. 2). The 
sample was barren with respect to nannofossils and the mi-

2 µm 10 µm

10 µm50 µm

Fig. 3. Four scanning electron microscope images of the diatom ooze. Note the valve of the centric diatom Thalassiosira spp. in the upper right image.
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crofossil fraction yielded one radiolarian (Cenodiscus spp.) 
and no foraminifera.

Palynology
Six core samples were analysed for palynology (1797.0 m, 
1802.7 m, 1803.4 m, 1813.0 m, 1819.0 m and 1827.0 m). In 
all samples, the assemblages of organic particles are charac-
terised by a dominance of marine dinoflagellate cysts (di-
nocysts). Bisaccate and non-saccate pollen and wood parti-
cles occur very sporadically while no freshwater algae were 
recorded. The dinocyst assemblage is rich and diverse and 

the consistent presence of Nematosphaeropsis spp. and Im-
pagidinium spp. indicates an outer neritic to oceanic set-
ting (Brinkhuis 1994). An increase in cold-water tolerant 
dinocyst taxa (mainly Habibacysta tectata) was found (Fig. 
5), ranging from no recordings in the lowermost sample, to 
sporadic occurrences in the next samples and common oc-
currences in the two uppermost samples. The occurrences 
of the dinocyst species Unipontodinium aquaductum in all 
six samples (Fig. 5) strongly indicate that the cored inter-
val should be referred to the Unipontodinium aquaductum 
Zone of Dybkjær and Piasecki (2010). The age of this zone is 
mid-Langhian to early Serravallian (middle Miocene). The 
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Fig. 4. Optical microscope images of the diatom 
ooze. The ooze comprises siliceous microfossils 
(e.g. diatoms and radiolarians) and clay. Porosity 
inside microfossils is recognised by the blue stain-
ing of the epoxy impregnating the ooze. A and B 
are identical; B with crossed nicols. 1: Stephano-
pyxis turris (diatom). 2: cross section of a diatom 
valve. 3: ?Peridinium longispinum (radiolarian), 
4: ?Stephanopyxis turris. 5: diatom frustule. 
Alexander Mitlehner, UK, kindly helped with 
the identification of the diatoms.
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Fig. 5. Dinoflagelate cysts from the oil-bearing cores. A: Unipotodinium aquaductum. B: Habibacysta tectata. Increased abundance of Habibacysta tectata, 
a cold-water tolorant species, is probably associated with the climatic deterioration in the middle Miocene (Serravalian).
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Unipontodinium aquaductum Zone occurs in the upper part 
of the Hodde Formation defined onshore Denmark which 
correlates with the lowermost part of the Nordland Group.

Depositional environment
Based on palynology and seismic stratigraphic studies (e.g. 
Rasmussen et al. 2005), the depositional setting was outer 
neritic to oceanic, with a water depth just below 1000 m. 
Late early Miocene biosiliceous, organic-rich sediments of 
the upper Lark Formation in the Central Graben area have 
been described by Sulsbrück & Toft (2018). This part of the 
upper Lark Formation was deposited at the termination of 
shoreline progradation from the southern Scandes (Ribe 
Group). The studied section represents slightly younger de-
posits than those laid down during the transgression of the 
lower Miocene Ribe Group. Consequently, the depositional 
environment was sediment starved and fully marine. The oc-
currence of cold water dinocysts in the studied cores, prob-
ably reflects the beginning of the middle Miocene (Serraval-
ian) global climatic deterioration (Zachos et al. 2001).

Petroleum system 
The oil-bearing Miocene diatom ooze from the Norwegian 
sector of the North Sea described here documents oil migra-
tion into younger deposits, which are normally considered to 
be non-prospective. In the Danish North Sea area, a number 
of wells have penetrated hydrocarbon-bearing strata of Mio-
cene and Pliocene ages as described above. The oil-bearing 
deposits are found in the western and central parts of the 
Danish and Norwegian Central Graben. The oil probably 
has a source in the Jurassic shale deep in the Central Graben. 
Migration into Cenozoic deposits probably occurred along 
salt structures. Due to early Quaternary tilting of the North 
Sea Basin (Rasmussen et al. 2005), up-dip migration into 
stratigraphic and structural traps located in the eastern part 
of the Central Graben area and the Ringkøbing–Fyn High 
may have occurred. This calls for a total re-evaluation of the 
petroleum system of the Cenozoic succession in the North 
Sea area.
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During August 2017, as part of the habitat mapping of Na-
tura2000 areas, a geophysical survey of a large area within 
the Skagerrak was undertaken by the Geological Survey of 
Denmark and Greenland. In this article, we use the acquired 
data to discuss the geology of Tannis Bugt (Fig. 1), a large 
shallow bay at the north-west coast of Vendsyssel. The bay 
extends 40 km between Hirtshals in the west and Skagen in 
the east forming the northern-most Danish Skagerrak coast.

Geological setting and glacial history
In northern Vendsyssel, the Late Quaternary succession is 250 
m thick and underlain by Cretaceous or Triassic strata (Hå-
kansson & Pedersen 1992). Tertiary sediments are assumed 
to be absent (Sandersen et al. 2009). Vendsyssel was subjected 
to several ice advances during the Saalian and Weichselian, 
which resulted in a succession that is generally dominated by 
marine to glaciolacustrine clay (Knudsen et al. 2009; Larsen 
et al. 2009a). The oldest Quaternary deposits in Vendsyssel 
are represented by the clay-rich Skærumhede Till Formation, 
which is followed by the marine Lower Skærumhede Clay 
Formation. The till units of the Brønderslev and Åsted for-
mations of the Early to Middle Weichselian reflect a change 
to a colder environment. Boulders are found throughout the 
till units (Pedersen 2005; Knudsen et al. 2009; Larsen et al. 
2009a; Larsen et al. 2009b). The changing climate resulted 
in ice retreat and the deposition of the marine sediments of 
the Upper Skærumhede Clay Formation, which gradually 

Initial observations of the shallow geology in Tannis Bugt,  
Skagerrak, Denmark

Matthew J. Owen, Nicky H. Witt, Zyad Al-Hamdani, Niels Nørgaard-Pedersen,  
Katrine J. Andresen and Jørgen O. Leth

Fig. 1. Locality map. A: Regional setting of the study area. JB: Jammer-
bugt. RK: Rubjerg Knude. B: Tannis Bugt with location of data shown.
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developed into the glaciolacustrine Lønstrup Klint Forma-
tion, and the transition continues into terrestrial and glacial 
sediments of the Kattegat Till Formation. The Late Weich-
selian sediments consist of several phases of till and glaciola-
custrine units. By c. 18 ka BP, as the ice retreated, large parts 
of Vendsyssel were inundated by the sea leading to the deposi-
tion of the marine Vendsyssel Formation.
 Associated with the advance and retreat of ice sheets, the 
area was strongly influenced by isostatic rebound with a re-
gression occurring from the Late Glacial to the present day. 

Raised late-glacial shorelines are found up to c. 60 m above 
sea level (Richardt 1996). A number of glaciotectonic com-
plexes have been mapped in northern Jylland (Fig. 1A) and 
tend to exhibit thrusting from the east or north-east (Peders-
en & Boldreel 2015). The oceanographic setting has varied 
in response to the interplay between isostasy and eustasy. As 
such, the setting is inferred to have varied between an iso-
lated embayment, extending from the Atlantic via the Nor-
wegian Channel, to the present-day setting as a deep-water 
component of the North Sea.
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Marine survey
The dataset obtained in the survey consists of multibeam 
bathymetry, side-scan sonar and Innomar sub-bottom pro-
filer data. Some 2150 km of data were acquired using the 
vessel R/V Aurora (Fig. 1b), covering the northern coast of 
Vendsyssel between Skagen and Hirtshals. WSW–ENE-
orientated nearshore lines were spaced at 300 m intervals 
and N–S-orientated crossing lines at 15 km intervals. In 
addition, 24 video views were made of the sea floor in the 
shallow-water area.

Camera view at site A24 – The site is located at a water depth 
of 12 m in an area characterised by a high-amplitude, ir-
regular, acoustic seabed facies, in a depression adjacent to a 
low-amplitude shallow-banked area (Fig. 2A). To the east an 
adjacent depression is characterised by a similarly high-am-
plitude acoustic facies, but traversed by NW–SE-orientated 
linear ridges. When visible, the apparent strike of the bed-
ding is generally SE, though in some instances a NE strike 
is also visible. The camera view (Fig. 2B) shows a mixture of 
coarse gravel, cobbles and boulders. The larger clasts appear 
to be sub-rounded to well rounded.

Innomar data – Figures 3 to 5 show a selection of the In-
nomar data from Tannis Bugt. The facies visible in these 
figures are representative of those observed across the site. 
The W–E-orientated Innomar profile NS011 (Fig. 3) shows 
a semi-transparent upper unit, which is intermittently pre-
sent. It overlies a deeper unit with reflectors that dip to the 
north-east. An additional deeper unit, with more steeply 

inclined reflectors, is occasionally visible. To aid description 
the data shown in Fig. 3 are divided into zones A to G from 
west to east (Table 1).
 At least five zones of deformation (DZ1–DZ5; Fig. 3) are 
apparent in the Innomar data. Indications of deformation in-
clude folding, offset reflectors and loss of structure. Some of 
these complex features are shown in more detail in Fig. 4. In-
nomar examples (4A–C) show deformed reflectors, areas of lost 
structures and apparent faults. The side-scan example (Fig. 4D) 
shows an area of wave-like bedding outcropping at the seabed.
 Figure 5 shows the N–S-orientated Innomar line XL02, 
which crosses the profile NS011 shown in Fig. 3 as well as 
the area shown in Fig. 2. As with the data shown in Fig. 3, 
an upper semi-transparent unit rests unconformably on a 
unit with truncated dipping reflectors. In the southern half 
of the profile, the upper unit thickens, where it is associated 
with large sand banks. The reflectors of the lower unit show 
steeper inclination in the northern third of Fig. 5, where in-
clination of 1.8° is found. Near the crossing of NS011, shown 
in Fig. 3, DZ3 (Fig. 3, Table 1) is visible and marks a divide 
between the more steeply inclined reflectors farther north 
and the more gently inclined reflectors to the south, where 
inclinations of 0.7° are measured.
 At the far south, reflectors outcrop at the seabed with 
an inclination of 0.5°. Blanking of the Innomar data is par-
ticularly apparent in Fig. 5 north of DZ3; here reflectors 
are clearly cut by blanking zones rising from depth. South 
of DZ3 penetration ends abruptly and is variable. Some 
deformation is visible in Fig. 5 (folded reflectors below the 
thickening surface unit and some loss of structure at DZ3), 
though it is less apparent than in the data shown in Figs 3, 4.

Table 1. Summary of Innomar data shown on line NS011 (Fig. 3).
Zone Length (m) Facies characteristics Representative
   reflector
   inclination

A 3270 Upper unit with a smooth and convex up upper boundary.  The lower boundary shows undulation and a
  hummocky character. No Innomar penetration below. NA
B 4650 Upper unit thins and pinches out eastward.  The seabed becomes increasingly incised with small notches moving
  east. This unit rests unconformably on a lower unit characterised by northeastwardly dipping reflectors. Folded
  and offset reflectors are apparent (DZ1 and DZ2). 0.3°
C 2640 An upper unit is generally present, though it pinches out occasionally and is <1 m thick. Below, reflectors of the
  lower unit are inclined and appear to be more densely spaced, with deformation visible (DZ3).  The upper surface
  of the lower unit becomes more irregular to the east.  0.9°
D 1800 Upper unit is present, though <1 m thick, in the west and pinches out and is absent in the east. Curvilinear,
  inclined reflectors characterise the lower unit, an apparent loss of internal structure is also visible (DZ4).  0.6°
E 930 Lack of penetration, cuesta-like scarps of ~1 m height visible on the seabed. NA
F 4750 A semi-transparent upper unit with a lens-like morphology is intermittently present and <2 m thick. Below,
  densely spaced reflectors are inclined giving the seabed a cuesta morphology where they outcrop. Innomar
  penetration is variable.  Area of folding in the east (DZ5). 0.9°
Fd  Deeper, more steeply inclined reflectors separate from the shallower units. 1.5°
G 2070 Intermittent upper unit, with a semi-transparent facies and lens-like morphology, resting unconformably atop of
  the irregular upper surface of the lower unit with inclined linear reflectors.  The seabed shoals and Innomar
  penetration reduces in the east. 1.0°
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Discussion
Interpretation of Innomar and video data – The upper units 
visible in the Innomar data are interpreted as Holocene ma-
rine sand and gravel. Interpretation of the deeper unit is com-
plicated by limited penetration from the Innomar system 
and no ground control. However, as indicated by the zoning 
in Figs 3 and 5, and the facies characteristics outlined in Ta-
ble 1, there is a clear variation in reflector geometry, and we 
make some provisional observations.
 One of the most striking aspects of the Innomar data is 
the inclined nature of the reflectors, representing bedding 
planes, and the truncated, often irregular upper surface. As 
shown in Table 1, inclination (as distinct from angle of dip 
due to the oblique orientation of the survey lines with respect 
to direction of dip) is low and measures between 0.3° and 
1.5° within the W–E-orientated NS011 profile; it is gener-
ally greater in the east. Measured inclinations from the N–S-
orientated XL02 profile (Fig. 5) are greater, with 1.8°. There 
is also clear variation in angle between zones B–D, F and G 
(zones A and E do not show inclined reflectors).

 The parallel bedding appears to have undergone deforma-
tion (folds and faults are visible in Figs 3, 4) in the centre 
and east of the site. Some deformation is apparent in Fig. 5, 
though it is less clear. Areas of deformation separate zones B 
and C, C and D, and F and G. The reflective facies within 
the zones are distinct and display features indicative of fur-
ther deformation. Shown in Fig. 5, there is a clear reduction 
in bedding inclination between zones C and B. Innomar 
penetration is reduced by a factor of three in zone B com-
pared to zone C and blanking cuts the bedding within zone 
C (indicating gas migration), whereas it does not in the more 
depth-limited imaging of zone B. This indicates a change in 
lithology between zones, with zone B potentially consisting 
of a less permeable and more dense material. Referring to Fig. 
3, the reflectors in zone D display a lower angle of inclination 
and appear folded. Zone E is characterised by no sub-surface 
penetration and the presence of cuesta-like scarps on the sea-
bed. Gas does not appear to be present in this location and 
the surface unit is thin or absent, therefore the lack of signal 
could be due to the presence of a massive or more dense unit. 

Fig. 4. Examples of deformations within Tannis Bugt. A–C: Innomar data shown with a vertical exaggeration of 28 times. D: Side-scan sonar data.
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Inclined reflectors are again apparent in zone F, sub-surface 
penetration varies and is generally limited. Outcropping 
bedding is apparent in zone G, matching the acoustic facies 
visible on the side scan record: where outcropping strata are 
visible as ridges (Fig. 2A).
 Cobbles and boulders visible in camera view A24 (Fig. 
2B), where Innomar data show high amplitude seabed in 
an area with outcropping strata, appear to have two possi-
ble origins: either a winnowed deposit from a Quaternary 
till or drop-stone unit, or eroded pre-Quaternary bedrock. 
The density of the clasts visible would require a large, though 
not impossible, initial thickness of till to yield such a high 
number of clasts. The presence of pre-Quaternary geology 
would be unexpected; however, shown by the bedding visible 
in Figs 3 and 5, outcrop in the location of camera site A24 
is stratigraphically older than the lithological units located 
north and eastward, which extend for up to 20 km. 

Origin and contributing geological processes – One of the 
more puzzling aspects of the geology of Tannis Bugt is the 
difference to the onshore data which show a succession of 
till, glaciomarine and lacustrine units that are incised by tun-
nel valleys covered by a thick succession of Late Glacial and 
Holocene marine deposits (Larsen et al. 2009a; Sandersen 

et al. 2009). Whilst the change in facies observed in the In-
nomar data could occur due to transitions between till and 
glaciomarine or lacustrine units, the bedding inclination is 
not so simple to explain.
 It is possible that the deeper facies could represent cross-
bedding associated with the development of the Skagen spit, 
or palaeo-Skagen spit(s), with marine transgressive erosion 
surfaces noted on the north-western coastline of the present 
spit, which is migrating eastward (Nielsen & Johannessen 
2009). However, the observed facies are too deep and, due to 
the regressive nature of the shoreline, would have been signif-
icantly deeper prior to the early Holocene (Richardt 1996).
 The inclination and north-eastward dipping of the beds 
in Tannis Bugt could indicate deposition within a prograd-
ing system during the development of the shallow-water area 
off Vendsyssel, which extends some 20 km from the coast-
line. The truncated, inclined facies shown in Figs 3, 5 are 
similar to a delta facies which may undergo deformation via 
gravity-driven processes (Postma 1995; Patruno et al. 2015). 
However, if a delta complex is present in Tannis Bugt, the age 
and sediment source are unknown. Early Quaternary delta-
ic units are present in the central and southern North Sea 
(Lamb et al. 2018), but these dip in a westerly direction. If 
deltaic, the NE–SE-direction of dip observed in Tannis Bugt 

Fig. 5. N–S-orientated Innomar profile XL02. See Fig. 2 for location. Vertical exaggeration 40 times.
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would indicate progradation into the Skagerrak and Norwe-
gian Channel. This suggests that the inclined bedding could 
represent subaqueous shelf-prism clinoforms (Patruno et 
al. 2015), deposited within the Skagerrak embayment dur-
ing low stands (producing the observed SW–NE-orientated 
strike) and as a consequence of the stronger south-west flow 
from the North Sea during high stands (producing the SW–
NE-orientated strike).
 Glaciotectonic activity is documented near Tannis Bugt, 
with complexes at Rubjerg Knude (Pedersen 2005) and in 
Jammerbugt (Pedersen & Boldreel 2017; Fig. 1), and could 
also cause the observed facies. Tannis Bugt has a dip geome-
try (to the north-east) that is similar to Jammerbugt, though 
the measured reflector inclination of c. 1–2° is less than the 
c. 6° thrust plane dip seen in the proximal part of the Jam-
merbugt complex (Pedersen & Boldreel 2017). The lower 
angle of inclination could be due to limited penetration of 
the Innomar data not revealing the unit’s true geometry, or 
it could represent a low-angled thrust component, such as a 
flat (Pedersen & Boldreel 2015). However, it is perhaps more 
likely that the facies are a result of the combined processes of 
clinoform deposition, causing the observed inclination, and 
glaciotectonic activity causing the deformation.
 If the deformation in Tannis Bugt is glaciotectonic, it is 
unclear whether it is part of a larger Tannis–Jammerbugt 
complex, or whether there are two separate complexes. In 
any case, their geographical proximity and similar direction 
of dip indicate that they could be formed by a similar process 
such as an advance from the Norwegian Channel ice stream.

Conclusion
Inclined and deformed bedding planes dipping predomi-
nantly to the north-east have been identified in Tannis Bugt, 
off the north coast of Vendsyssel. A bouldery area, represent-
ing either winnowed glacial unit or eroded pre-Quaternary 
bedrock, has been identified near the coastline in the centre 
of the bay. If the inclined bedding represents a prograding 
sequence with an eroded upper surface then the outcrop long 
section could represent a unit of significant age, with the pos-
sibility of pre-Quaternary geology exposed at the seabed. If 
the inclination and deformation are the result of glaciotec-
tonic deformation then the site represents a newly discovered 
glaciotectonic complex. Deeper penetrating multichannel 

seismic data and geological samples will be required to fully 
understand the geology of Tannis Bugt and how it relates to 
the development of northern Denmark.

Acknowledgements
We thank the Danish Environmental Protection Agency for permission to 
publish data acquired during the survey of Natura2000 areas, the captain 
and crew of the R/V Aurora for their assistance during the survey and Or-
bicon A/S for the acquisition of video data.

References
Håkansson, E. & Pedersen, S.A.S. 1992: Geologisk kort over den danske 

underground, map sheet. Copenhagen: Varv.
Knudsen, K.L., Kristensen, P. & Larsen, N.K. 2009: Marine glacial and 

interglacial stratigraphy in Vendsyssel, northern Denmark: foraminif-
era and stable isotopes. Boreas 38, 787–810.

Lamb, R.M., Harding, R., Huuse, M., Stewart, M. & Brocklehurst, S.H. 
2018: The early Quaternary North Sea Basin. Journal of the Geological 
Society 175, 275–290.

Larsen, N.K., Knudsen, K.L., Krohn, C.F., Kronborg, C., Murray, A.S. & 
Nielsen, O.L.E.B. 2009a: Late Quaternary ice sheet, lake and sea his-
tory of southwest Scandinavia – a synthesis. Boreas 38, 732–761.

Larsen, N.K., Krohn, C.F., Kronborg, C., Nielsen, O.B. & Knudsen, K.L. 2009b: 
Lithostratigraphy of the Late Saalian to Middle Weichselian Skaerumhede 
Group in Vendsyssel, northern Denmark. Boreas 38, 762–786.

Nielsen, L.H. & Johannessen, P.N. 2009: Facies architecture and deposi-
tional processes of the Holocene–Recent accretionary forced regressive 
Skagen spit system, Denmark. Sedimentology 56, 935–968.

Patruno, S., Hampson, G.J. & Jackson, C.A.-L. 2015: Quantitative charac-
terisation of deltaic and subaqueous clinoforms. Earth Science Reviews 
142, 79–119.

Pedersen, S.A.S. 2005: Structural analysis of the Rubjerg Knude Glacio-
tectonic Complex, Vendsyssel, northern Denmark. Geological Survey 
of Denmark and Greenland Bulletin 8, 192 pp.

Pedersen, S.A.S. & Boldreel, L.O. 2015: Thrust-fault architecture of gla-
ciotectonic complexes in Denmark. Geological Survey of Denmark and 
Greenland Bulletin 33, 17–20.

Pedersen, S.A.S. & Boldreel, L.O. 2017: Glaciotectonic deformations in 
the Jammerbugt and glaciodynamic development in the eastern North 
Sea. Journal of Quaternary Science 32, 183–195.

Postma, G. 1995: Sea-level-related architectural trends in coarse-grained 
delta complexes. Sedimentary Geology 98, 3–12.

Richardt, N. 1996: Sedimentological examination of the Late Weichelian 
sea-level history following deglaciation of northern Denamrk. In: 
Andrews, J.T. et al. (eds): Late Quaternary Palaeoceanography of the 
North Atlantic Margins. Geological Society (London), Special Publica-
tion 111, 261–273.

Sandersen, P.B.E., Jørgensen, F., Larsen, N.K., Westergaard, J.H. & Auken, 
E. 2009: Rapid tunnel-valley formation beneath the receding Late 
Weichselian ice sheet in Vendsyssel, Denmark. Boreas 38, 834–851.

Authors’ addresses
M.J.O., N.H.W., Z.A.-H., N.N.-P., J.O.L., Geological Survey of Denmark and Greenland, C.F. Møllers Allé 8, DK-8000 Aarhus C, Denmark.  
E-mail: mow@geus.dk.
K.J.A., Department of Geoscience, Aarhus University, Høegh-Guldbergs Gade 2, DK-8000 Aarhus C, Denmark.

mailto:mow@geus.dk


39

Geological maps are core products of national geological 
surveys and represent the sum of geological knowledge of 
any given area. However, dedicated and extensive mapping 
projects in the Arctic are mostly a thing of the past due to 
difficulty in financing such costly basic research efforts. To-
day, an overview of the geology of Greenland is portrayed by 
a seamless digital 1:500  000 scale geological map (Kokfelt 
et al. 2013; Pedersen et al. 2013), based on printed maps on 
this scale produced since 1982 by the Geological Survey of 
Denmark and Greenland (GEUS; see Holst et al. 2013). The 
digital map now makes it possible to update smaller areas 
with new, published or otherwise quality-controlled geologi-
cal data (e.g. Kolb et al. 2016). This ensures that the map re-
flects the current state of geological knowledge without un-
dertaking extensive new mapping to update individual map 
sheets, as has previously been the modus operandi. An online 

version of the map is available from www.greenmin.dk/map. 
However, procedures are required to ensure that updates are 
carried out routinely and that the quality and coherence of 
the updated map is of the Survey’s standards.
 Results of recent field work in the Wandel Sea Basin (Fig. 
1) and in particular the publication of a new geological map 
sheet Kilen on a scale of 1:100 000 (Svennevig in press) have 
implications for the geology shown on the above mentioned 
1:500 000 scale seamless geological map of Greenland. The 
post-Devonian part of this map in eastern North Green-
land has been updated according to the results of studies 
published since the publication of the original printed maps 
(Bengaard & Henriksen 1986; Jepsen 2000). The changes 
do not call for an update of the 1:2 500 000 scale geological 
map of Greenland (Henriksen et al. 2009).

Update of the seamless 1:500 000 scale geological map of  
Greenland based on recent field work in the Wandel Sea Basin, 
eastern North Greenland

Kristian Svennevig
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Updates to the geological map based on 
recent field work in the Wandel Sea Basin
Parts of the seamless 1:500 000 geological map of Greenland 
(Kokfelt et al. 2013; Pedersen et al. 2013) have been updated. 
These updates are based on data from extensive field work 
in 2012, 2013 and 2016 in the Carboniferous–Palaeogene 
Wandel Sea Basin in eastern North Greenland (Bojesen-
Koefoed et al. 2014; Hovikoski et al. in press; Piasecki et 
al. in press), the results of a recent PhD-thesis (Svennevig in 
press; Svennevig et al. 2016, 2017) and previously published 
work (Pedersen & Håkansson 1999; Henriksen 2003). In the 
course of this work, two old map units have been emended 
and four new ones established. Furthermore, four map units 

have been expanded to encompass new areas. The legend of 
the seamless map has been updated accordingly.
 Twenty-one lithological units from the new 1:100  000 
scale map sheet (Svennevig in press) are reduced to five units 
in the 1:500 000 scale map, and the revised stratigraphic res-
olution is seen in Fig. 2B. The letter codes mentioned below 
(IF, C2, MM, LP, MI, Tr, J, JC, LC and UC) refer to the code 
used in the GEUS map database.

1. Expansion of unit C2: Upper Carboniferous sediments. A 
small occurrence of tentatively dated Upper Palaeozoic mel-
ange unit at Kilen is included in the unit ‘Upper Carbonif-
erous sediments’ (C2) found on Amdrup and Holm Land. 

Fig. 2. Geological maps of Kronprins Christian Land showing the geology before (A) and after (B) the update of the digital map. One of the items on the 
new map (Fig. 2B) is a N–S-verging fold and thrust belt covering Prinsesse Ingeborg Halvø and Kilen as described by Svennevig (in press) and Svennevig 
et al. (2016, 2017). Faults on Fig. 2B adopted from Svennevig (in press): I and II: Normal Fault I and II. CD: Central Detachment, ST: Sadelfjeld Thrust. 
GT: Gåseslette Thrust. 
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Furthermore, the ‘Mallemuk Mountain Group’ (MM) in 
Kim Fjelde on Peary Land, a relic from the old printed map 
(Bengaard & Henriksen 1986), is included in the C2 unit 
following (Stemmerik et al. 1996, 2000) and the map unit 
‘Mallemuk Mountain Group’ (MM) has thus been emend-
ed. The unit is also found on Prinsesse Ingeborg Halvø (see 
below, Fig. 2).

2. Erection of a new unit Tr: Triassic siliciclastic sediments, un-
divided. The newly discovered Triassic Isrand Formation at 
Kilen and the Triassic on Amdrup Land (Alsen et al. 2017), 
is combined in a new map unit called ‘Triassic siliciclastic 
sediments, undivided’ (Tr). The strata on Amdrup Land 
were previously mapped as Jurassic (Fig. 2A; Stemmerik et 
al. 2000). 

3. Erection of a new unit J: Jurassic siliciclastic sediments, 
undivided. Jurassic formations at Kilen: the Gletscherport, 
Mågensfjeld, Birkelund Fjeld and Kuglelejet Formations 
(Hovikoski et al. in press; Svennevig et al. in press) are com-
bined into the new map unit ‘Jurassic siliciclastic sediments, 
undivided’ (J) which is only found at Kilen. 

4. Erection of a new unit LC: Lower Cretaceous siliciclastic 
sediments, undivided. The lowermost Lower Cretaceous for-
mations at Kilen, the Dromledome and Lichenryg Forma-
tions, are combined with the Upper Aptian – early to middle 
Cenomanian Galadriel Fjeld Formation (Hovikoski et al. in 
press; Svennevig et al. in press) in the new map unit ‘Lower 
Cretaceous siliciclastic sediments, undivided’ (LC). 

5. Expansion of the unit UC: Upper Cretaceous siliciclastic 
sediments, undivided. The Sølverbæk Formation at Kilen 
(Hovikoski et al. in press; Svennevig et al. in press) is in-
cluded in the unit UC, ‘Upper Cretaceous siliciclastic sedi-
ments, undivided’, together with small occurrences of Upper 
Cretaceous sediments at Kap Washington in northernmost 
Greenland.
 A number of regionally significant faults and fold axes 
from the 1:100  000 scale Kilen map sheet have also been 
adapted for the 1:500 000 scale map. These are the normal 
Fault I and II and the reverse faults of the Central Detach-
ment, the Gåseslette Thrust, and the Saddelfjeld Thrust (Fig 
2B; Svennevig in press; Svennevig et al. in press). 

Updates based on published work on 
Prinsesse Ingeborg Halvø
The geology on Prinsesse Ingeborg Halvø has also been up-
dated (Fig. 2). In the original version of the 1:500 000 scale 

map this area was mapped as mainly “Undivided Upper 
Proterozoic to Lower Palaeozoic sediments” (Bengaard & 
Henriksen 1986; Kokfelt et al. 2013). Since the publication 
of the printed map in 1986, a map was published as fig. 7 in 
Pedersen & Håkansson (1999). This figure was also adapt-
ed for a 1:1 000 000 scale map of the Caledonian orogeny 
(Henriksen 2003). The 1:500  000 scale seamless map has 
been updated according to this and now contains three Car-
boniferous–Permian map units of the Wandel Sea Basin: 
‘Upper Carboniferous sediments’ (C2), the new unit ‘Lower 
Permian sediments, undivided’ (LP) which is only found at 
Prinsesse Ingeborg Halvø, and the Upper Permian ‘Midnats-
fjeld and Kim Fjelde Formations’ (MI). Furthermore, a fault 
sliver of Proterozoic basement of the ‘Independence Fjord 
Group’ (IF) has also been mapped (Fig. 2B).

Updates based on recently published work 
on the Kap Rigsdagen beds
Following a recent publication identifying these beds as be-
longing to the Upper unit of the Early Cretaceous Ladegård-
såen Formation (Piasecki et al. in press), the outcrops found 
at Kap Rigsdagen (Fig. 1) are also assigned to the new map 
unit LC. Likewise, a small locality in southern Kim Fjelde in 
Peary Land is interpreted as Lower Cretaceous (Håkansson 
et al. 1981). In previous versions of the 1:500 000 scale map 
(Bengaard & Henriksen 1986) these two areas were assigned 
to the very broad map unit JC (Upper Jurassic – Lower Cre-
taceous sediments) along with strata at Kilen. This map unit 
is thus no longer necessary for the 1:500 000 scale map and 
has been emended. Piasecki et al. (in press) further ascribed 
a new occurrence of the Paleocene to possibly Eocene Thyra 
Ø Formation on top of the Ladegårdsåen Formation at Kap 
Rigsdagen. This occurrence has been shown as a small poly-
gon with dashed outline on the updated map, since the lat-
eral distribution of the formation at this locality is unknown 
(Fig. 1, arrow).

Suggested procedure for updating  
geological maps at GEUS 
In order to make sure that the maps published by GEUS re-
flect the current state of geological knowledge, the digital 
geological maps should be routinely updated by including re-
sults from of multi-year regional field work such as the 2012, 
2013 and 2016 expeditions to the Wandel Sea Basin, and 
which was also done after field work in South-East Green-
land (Kolb et al. 2016). 
 In order to ensure the quality of the maps, it is important 
that only quality-tested and preferably peer-reviewed data 
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are used for the updates and that there is a fixed procedure 
for how they are carried out and reported. A map editor or 
potentially an external reviewer, checks the map and legend 
for consistency and quality. Before the update is carried out, 
the previous versions of the map are saved in the database 
and the changes to the map are recorded and documented in 
the metadata of the mapped elements. Finally, the details of 
the changes are reported as a GEUS map sheet description or 
in a brief paper such as the present one. When an area corre-
sponding to a map sheet (see Holst et al. 2013, p. 59) has been 
sufficiently updated to justify printing of a new version, the 
updated map sheet can be printed along with a description.
 There is a significant backlog in updating GEUS’ series 
of map sheets with already published data. As exemplified 
above, systematic updating has not previously been the cus-
tom. Conducting this is important to make sure that the of-
ficial maps published by GEUS reflect the current state of 
geological knowledge. 
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During the 2013 field season, siliciclastic and carbonate rocks 
of the lower Palaeozoic sedimentary succession of the Frank-
linian Basin in Amundsen Land, central North Greenland, 
were collected for whole-rock geochemical analysis. These 
data are evaluated here in an attempt to identify possible 
hydrothermal signatures related to sediment-hosted Zn-Pb 
mineralisation, similar to that found in correlative strata at 
the large Citronen Fjord deposit located c. 100 km to the east-
north-east. In this paper, we use the term Sedex in a broad 
sense to describe stratiform, sediment-hosted deposits that 
formed either by syngenetic (exhalative) processes or by sub-
sea-floor replacement coeval with sedimentation (e.g. Emsbo 
et al. 2016); the term Mississippi Valley-type (MVT) is used 
for non-stratiform Zn-Pb deposits that formed epigenetically 
during late diagenesis or tectonism (e.g. Leach et al. 2010). 

Regional setting
The Late Precambrian to Devonian Franklinian Basin 
extends c. 2000 km from the Canadian Arctic Islands to 
eastern North Greenland (Higgins et al. 1991). In eastern 
North Greenland, this basin fill overlies the Proterozoic In-
dependence Fjord Group and the Hagen Fjord Group, cor-
responding to the passive continental margin of Laurentia. 
The Franklinian Basin is characterised by a transition from 

a deep-water trough, with mainly fine-grained siliciclastic 
strata, separated from shelf carbonates to the south (Fig. 1; 
Higgins et al. 1991). As summarised in Kolb et al. (2016), 
Zn-Pb mineralisation in the Franklinian Basin resulted 
from two different events: early exhalative and/or sub-sea-
floor replacement in deep-water siliciclastic rocks, and late 
epigenetic MVT mineralisation in shelf carbonates. The 
present study concerns the potential for Zn-Pb mineralisa-
tion in the Lower Ordovician to Lower Silurian Amundsen 
Land Group, in Amundsen Land. In the study area, the 
Amundsen Land Group comprises black bedded chert and 
laminated mudstone, commonly siliceous, with subordinate 
thin-bedded siliceous turbidites and greenish siltstone; lo-
cally, thick redeposited chert and limestone conglomerate 
interbedded with thick calcareous turbidites are present (Fri-
derichsen et al. 1982). The chert contains radiolarians (Hig-
gins et al. 1991), implying that biogenic silica is responsible 
for the quartz-rich nature of these rocks, and the siliceous 
mudstone. 
 Approximately 100 km east-north-east of the study area, 
in northern Peary Land, correlative siliciclastic rocks host 
the large undeveloped, sediment-hosted Citronen Fjord de-
posit (Fig. 1; van der Stijl et al. 1998), with reported total 
resources (measured + indicated + inferred), at a 2.0% Zn 
cut off, of 132 Mt with 4.0% Zn and 0.4% Pb (Ironbark Zinc 

Base-metal and REE anomalies in lower Palaeozoic  
sedimentary rocks of Amundsen Land, central North 
Greenland: implications for Zn-Pb potential
Diogo Rosa, John F. Slack and Hendrik Falck
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2012). In the model of Slack et al. (2015), this deposit formed 
predominantly by exhalative processes. 
 Younger epigenetic, carbonate-hosted, MVT Zn-Pb oc-
currences, found in the carbonate shelf in southern Peary 
Land, are related to the migration of basinal brines expelled 
by tectonism and/or hydraulic head caused by Ellesmerian 
orogenic uplift during the Middle to Late Devonian (Rosa 
et al. 2016). In Amundsen Land, no carbonate shelf exists, 
so this mineralisation style is not expected to be present, al-
though effects of the Ellesmerian orogeny are well expressed 
by open to recumbent folds and local thrust faults. 

Methods
All samples were collected along one section across strata of 
the Amundsen Land Group at WGS84 longitude 35°.3647 
W and latitude 82°.9655 E (Fig. 1). Twenty-two samples of 
silty limestone, dolomitic mudstone and mudstone were 
analysed using a variety of methods. All data are from Acme 
Analytical Laboratories Ltd. in Vancouver, British Colum-
bia (Canada), except Y and rare-earth elements (REE) that 
were determined at Activation Laboratories Ltd. in Ancaster, 
Ontario (Canada). Detailed information on methods, stand-
ards, and uncertainties are given on the respective web sites 
(www.acmelab.com; www.actlabs.com). Complete analyses of 
all 22 samples are available in Appendix A (online Excel file).

Results 
Several samples have distinctive bulk compositions. For 
major-element oxides, one of three grey mudstones contains 
slightly high Fe2O3

T (7.83 wt%) relative to average shale (6.75 
wt%; Appendix IV in Krauskopf & Bird 1995); this sample 
also has elevated MnO (0.14 wt%) in contrast to the other 
samples that contain <0.05 wt% MnO. The three mudstones 
have uniformly low total S and organic C (<0.8 wt% and 
<0.7 wt%, respectively). For metals of economic and explora-
tion interest, one mudstone sample is noteworthy for having 
slightly anomalous  Zn (174 ppm), Pb (29.6 ppm), Ni (75.0 
ppm) and As (24.7 ppm) relative to average concentrations 
in shale (Zn = 95 ppm; Pb = 20 ppm; Ni = 68 ppm; As = 13 
ppm; Krauskopf & Bird 1995, Appendix IV). One sample 
of silty limestone has the highest total S (1.27 wt%) and Pb 
(63.0 ppm) among all 22 analysed samples, the latter con-
centration being highly anomalous relative to the average of 
3.1 ppm Pb for unaltered limestone (Hartree & Veizer 1982). 
 Abundances of REE vary greatly from 0.6–2.0 × aver-
age Post-Archaean Australian Shale (PAAS; Fig. 2). Most 
of the mudstone and all of the carbonate-rich samples (silty 
limestone, dolomitic limestone, calcareous shale) display 

relatively flat PAAS-normalised patterns, which are typical 
of sedimentary rocks from throughout the geological record 
(e.g. McLennan 1989). However, one mudstone and both si-
liceous mudstone samples show slight depletion of light rare-
earth elements (LREE). Most of the silty limestone samples 
display slight enrichment of LREE. Calculated Eu anomalies 
(Eu/Eu*), relative to PAAS, range from 0.90 to 1.51; 20 of 
22 samples have positive anomalies, the three highest values 
(1.41–1.51) occurring in silty limestone. These Eu anomalies 
are not an analytical artifact of Ba interference on Eu (e.g. 
Slack et al. 2004), because no correlation exists between Eu/
Eu* and Ba. Also important is the fact that all samples dis-
play small negative Ce anomalies (Ce/Ce*), which relative to 
PAAS vary from 0.81 to 0.95; most are true anomalies (i.e., 
unrelated to anomalous La enrichment), based on a discrimi-
nant plot of Pr/Pr* vs Ce/Ce* (Fig. 3).
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Fig. 2. Plots of rare-earth element concentrations of representative sam-
ples of early Palaeozoic sedimentary rocks from Amundsen Land Group 
in Amundsen Land. A: mudstone and siliceous mudstone. B: Calcareous 
mudstone, dolomitic mudstone, and silty limestone. Field of samples host-
ing the Citronen Fjord deposit are included (Slack et al. 2015), for compari-
son; note that small positive Eu anomalies for these samples (1.16-1.29) are 
not evident due to overlapping patterns. Normalisations are to average Post-
Archean Australian Shale (PAAS); data from Taylor & McLennan (1985).
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Discussion
The presence in one mudstone sample of slightly high 
Fe2O3

T, Zn, Pb, Ni and As is permissive evidence of a hydro-
thermal component being present in the basin. The small 
LREE depletion in this sample and in the two siliceous 
mudstone samples (Fig. 2A), likely reflects the dissolution of 
detrital apatite, which in low-temperature sedimentary en-
vironments occurs by interaction with acidic fluids and not 
typical seawater-derived pore fluids (see Slack et al. 2017). 
 The geochemical data for this mudstone sample, namely 
elevated MnO together with very low Mo, record sedimenta-
tion and early diagenesis in oxic bottom waters (e.g. Slack et al. 
2017). Oxic bottom waters are consistent with the presence of 
small negative Ce anomalies in this sample, in both siliceous 
mudstone samples, and in most of the carbonate-rich rocks. 
These conditions, as well as the apparently low availability of 
H2S in pore fluids beneath the palaeo-sea floor (total S <0.8 
wt%), were also proposed by Slack et al. (2015) for the host 
sedimentary rocks during initial formation of the Citronen 
Fjord deposit. However, according to their model for that de-
posit, only after emplacement of debris flows that physically 
restricted the local basin and sealed off communication with 
the larger oxic ocean, did the venting of hydrothermal fluids 
turn the bottom waters anoxic and possibly locally very re-
ducing (euxinic) and allow for sulphide preservation. If this 
model for the redox evolution of the Citronen Fjord deposit 
is correct, an analogous scenario for Amundsen Land (this 
study) hinges on verifying the local presence of anoxic to eux-
inic bottom waters, a requirement as yet unachieved, without 
supporting evidence from additional sampling and analyses.

 The presence of small positive Eu anomalies in most 
samples is consistent with a hydrothermal component (e.g. 
Lottermoser 1992). However, other non-hydrothermal pro-
cesses can also create small positive Eu anomalies in sedi-
mentary rocks, both siliciclastic and carbonate. For example, 
in organic-rich black shales, small positive Eu anomalies 
may form diagenetically in euxinic pore fluids (Slack et al. 
2017, and references therein), but no evidence of such flu-
ids exists in the geochemically anomalous mudstone, based 
on its elevated MnO (0.14 wt%) coupled with low organic 
C (0.37 wt%) and very low Mo (1.75 ppm) contents, which 
together indicate oxic (not anoxic or euxinic) bottom waters 
and pore fluids (see Slack et al. 2017). Furthermore, TOC 
values lack any correlation with metal concentrations. The 
relatively high Fe2O3

T content of this mudstone sample could 
be a hydrothermal signature, but might also reflect a detrital 
component derived from a Fe-rich source area. Regarding the 
positive Eu anomalies present in all of the carbonate samples, 
a possible non-hydrothermal origin for this anomaly may be 
related to a large clay component (Tostevin et al. 2016), but 
this explanation is ruled out by the fact that the samples 
with the highest Eu/Eu* values (1.41–1.51) have uniformly 
low Al2O3 (0.49–0.62 wt%). Given these observations, we 
conclude that the small positive Eu anomalies reflect a hy-
drothermal signature, involving the passage of reduced flu-
ids that preferentially carried Eu2+ (Bau 1991). Importantly, a 
hydrothermal origin has also been proposed by several work-
ers for positive Eu anomalies in the carbonate gangue and 
carbonate-rich wall rocks and country rocks of several strati-
form Sedex deposits (e.g. Slack et al. 2004; Frimmel 2009). 
 The inferred hydrothermal component in the early Pal-
aeozoic siliciclastic and carbonate rocks of the studied section 
can be ascribed to either a distal or a proximal source, or both. 
In the case of a distal source, the likely prolonged (c. 105–106 
y) venting of hydrothermal fluids into seawater to form the 
Citronen Fjord deposit could account for the Eu incorporat-
ed into the distal mudstones and carbonates of Amundsen 
Land during sedimentation, by mixing of hydrothermally 
derived Eu with seawater. In the latter case, involving a prox-
imal source, the observed base-metal and REE anomalies 
– both Eu and LREE – in the samples analysed here could 
record a hydrothermal signature from a local system of either 
syngenetic or epigenetic origin. Given the apparent lack of 
organic-rich black shales in the study area with anoxic or eu-
xinic redox signatures, a syngenetic origin for this postulated 
Zn-Pb mineralisation is considered unlikely, either by purely 
exhalative or downward-penetrating brine processes (Emsbo 
et al. 2016; Sangster 2018). The occurrence of undiscovered 
MVT Zn-Pb deposits is also possible (Rosa et al. 2016), but 
this type of mineralisation is characterised by negative, not 
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positive, Eu anomalies in carbonate host rocks and gangue 
minerals (e.g. Graf 1984; Souissi et al. 2013). 
 In summary, considering all available field and geochemi-
cal data, including the lack of evidence for anoxic or euxinic 
bottom waters during sedimentation, we suggest that the 
base-metal and REE anomalies highlighted in this study from 
the Amundsen Land Group, in Amundsen Land, favour a 
potential for local Sedex Zn-Pb mineralisation that formed 
mainly by the sub-sea-floor replacement of carbonate-rich 
sediments. Additional sampling and geochemical analysis 
are recommended for the study area, in order to better evalu-
ate this mineral potential.
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While multispectral images have been in regular use since the 
1970s, the widespread use of hyperspectral images is a relative-
ly recent trend. This technology comprises remote measure-
ment of specific chemical and physical properties of surface 
materials through imaging spectroscopy. Regional geological 
mapping and mineral exploration are among the main appli-
cations that may benefit from hyperspectral technology. Min-
erals and rocks exhibit diagnostic spectral features through-
out the electromagnetic spectrum that allow their chemical 
composition and relative abundance to be mapped. 
 Most studies using hyperspectral data for geological appli-
cations have concerned areas with arid to semi-arid climates, 
and using airborne data collection. Other studies have inves-
tigated terrestrial outcrop sensing and integration with laser 
scanning 3D models in ranges of up to a few hundred metres, 
whereas less attention has been paid to ground-based imag-
ing of more distant targets such as mountain ridges, cliffs or 
the walls of large pits. Here we investigate the potential of 
using such data in well-exposed Arctic regions with steep 
topography as part of regional geological mapping field cam-
paigns, and to test how airborne hyperspectral data can be 
combined with similar data collected on the ground or from 
moving platforms such as a small ship. The region between 
the fjords Ikertoq and Kangerlussuaq (Søndre Strømfjord) 
in West Greenland was selected for a field study in the sum-
mer of 2016. This region is located in the southern part of 
the Palaeoproterozoic Nagssugtoqidian orogen and consists 
of high-grade metamorphic ortho- and paragneisses and me-
tabasic rocks (see below). A regional airborne hyperspectral 
data set (i.e. HyMAP) was acquired here in 2002 (Tukiainen 
& Thorning 2005), comprising 54 flight lines covering an 
area of c. 7500 km2; 19 of these flight lines were selected for 
the present study (Fig. 1). The target areas visited in the field 
were selected on the basis of preliminary interpretations of 
HyMap scenes and geology (Korstgård 1979).
 Two different sensors were utilised to acquire the new hy-
perspectral data, predominantly a Specim AisaFenix hyper-
spectral scanner due to its wide spectral range covering the 
visible to near infrared and shortwave infrared parts of the 
electromagnetic spectrum. A Rikola Hyperspectral Imager 
constituted a secondary imaging system. It is much smaller 

and lighter than the Fenix scanner, but is spectrally limited 
to the visible near infrared range. The results obtained from 
combining the airborne hyperspectral data and the Rikola 

Mineral mapping by hyperspectral remote sensing in 
West Greenland using airborne, ship-based and  
terrestrial platforms
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Fig. 1. Geological map across the southern Nagssugtoqidian Orogen 
simplified from Garde & Marker (2010) and locations of scanned areas 
mentioned in the text. Red frame: coverage of airborne hyperspectral data 
selected for this study. From south to north this region comprises (K. 
Sørensen, personal communication 2018): an autochthonous zone 
in which deformation regularly increases towards the parautochthonous 
zone expressed in clockwise rotation of Kangâmiut basic dykes, a parau-
tochthonous zone in which Nagssugtoqidian deformation and meta-
morphism are highly heterogeneous, and an allochthonous zone where 
juvenile metasedimentary rocks are interfolded and thrust-stacked with 
Archaean gneisses containing amphibolitic metadykes.

© 2018 GEUS. Geological Survey of Denmark and Greenland Bulletin 41, 47–50. Open access: www.geus.dk/bulletin

http://www.geus.dk/bulletin


4848

instrument are presented in Salehi (2018), this volume. In 
addition, representative samples of the main rock types were 
collected for subsequent laboratory analysis. A parallel study 
was integrated with geological and 3D photogrammetric 
mapping in Karrat region farther north in West Greenland 
(Rosa et al. 2017; Fig. 1).

Analysis of surface mineralogy using sub-
horizontal hyperspectral data collection
The extreme influence of atmospheric effects and topogra-
phy-induced illumination differences in long-range ground-
based spectra data cannot be corrected by means of correction 
tools commonly used for nadir satellite or airborne data. An 
adapted workflow is presented in Lorenz et al. (2018) to over-
come the challenges of long-range outcrop sensing, including 
atmospheric and topographic corrections. Minimum Noise 

Fraction transformation (Boardman 1993) and Spectral An-
gle Mapper classification (Kruse et al. 1993) were applied to 
test the applicability of the data for mapping the main rock-
forming minerals. The former is important for dimensional-
ity reduction and filtering of noise from hyperspectral data. 
This method can extract spatially coherent information and 
show the variations between bands in the hyperspectral data. 
The Spectral Angle Mapper classification permits rapid map-
ping of the similarity between image and reference spectra.

Long-range terrestrial hyperspectral 
scanning in the southern Nagssugtoqidian 
orogen
In the summer of 2016, new hyperspectral datasets from rela-
tively distant targets were acquired in the allochthonous (Fig. 
1, scans 1–6) and autochthonous (Fig. 1, scan 8) zones of the 

Fig. 2. A, C: True colour Fenix hyperspectral scenes from the Maligiaq area. See Fig. 1 for scene locations. B, D: Minimum Noise Fraction false colour im-
age: Red: band 2. Green: band 7. Blue: band 8, overlain on grayscale hyperspectral images.
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Nagssugtoqidian orogen. Metasedimentary rocks in the al-
lochthonous zone are tectonically interleaved with quartzo-
feldspathic gneisses between the southern shore of Qeqertalik 
fjord and the northern border of the Ikertoq shear zone (Figs 
1, 2). Parts of this zone are well exposed along the eastern 
shore of Maligiaq and were scanned with the Fenix instru-
ment from a distance of c. 2–3 km (see Fig. 1 and below). The 
metasedimentary rocks are predominantly biotite-garnet par-
agneisses but also comprise aluminous schists and graphitic–
sulfidic varieties with up to a few percent graphite and iron 
sulfides, and they may include both Archaean and Palaeopro-
terozoic components (see legend to the regional map of Garde 
& Marker 2010).  The scanned area also transects an amphi-
bolite–granulite facies boundary, which follows one of the 
shear zone branches (Fig. 2). Such facies transitions may be dif-
ficult to precisely identify in the field, because the occurrence 
of the granulite facies index mineral hypersthene depends on 
bulk rock composition in addition to P, T and xH2O condi-
tions; hypersthene first occurs in mafic rocks and will be ab-
sent from leucocratic metasedimentary and magmatic rocks 
at similar metamorphic grade. Besides, granulite facies rocks 
can be retrogressed along younger shear zones.    
 The result generated from the Fenix spectral data (Fig. 2) 
highlights the metasedimentary screens. The graphite- and sul-
phide-bearing schists mapped using such data are shown with 
purple colour in Fig. 2B and pink in Fig. 2D. The general colour 
differences are caused by changes in illumination conditions 
between the acquisition of the two datasets. While graphitic 
and sulfidic lithologies are readily detected with the Minimum 
Noise Fraction method used here, the metamorphic transition 
from amphibolite facies to granulite facies (Korstgård 1979) is 
not distinguishable; this might be due to absence of diagnos-

tic, hypersthene-bearing lithologies. The boundary might be 
detected e.g. Matched Filtering (Harsanyi & Chang 1994) and 
Mixture-tuned Matched Filtering (Boardman 1998), where 
changes in mineral chemical composition and information on 
relative abundances of the lithologies are enhanced.  

Integration of ship-based hyperspectral 
scanning and 3D photogrammetry 
Mobile mapping of steep coastal cliffs using ship-based hy-
perspectral scanning was tested – for the first time – in the 
outer part of the Kangerlussuaq area (Figs 3, 4) and in the 
related study in the Karrat region mentioned in the introduc-
tion. The data processing related to such data acquisition has 
been fully discussed in Salehi et al. (2018). 
 Our analysis in the former area reveals Kangâmiut dykes 
intruding intensely deformed Archaean gneisses, besides 
other metabasic bodies (Fig. 3). The gneissic foliation is 
clearly identifiable, and several ductile and brittle structures 
can be observed in the dykes and other metabasic rocks, 
where amphiboles are the dominant minerals and mica and 
pyroxene are present with secondary abundances. 
 The spectral mapping products were integrated with 3D 
photogrammetric data to create accurate, large-scale out-
crop models, which are well suited for quantitative purposes 
in geological analysis or in preparation for field operations 
(Fig. 4). For this, a dense and accurate dataset of topographic 
points (also referred to as a point cloud) can be generated 
from stereo images describing the terrain surface in three di-
mensions. The implemented algorithms work reliably even 
for complex geometries, and with high accuracy. Slightly dis-
torted data, such as images over a low-relief landscape, can be 

Fig. 3. Scan 9 in Fig. 1. A: 2D pseudo-ortho-
photo. B: The resulting Spectral Angle Mapper 
classification image from the Søndre Strømfjord 
region. See Salehi et al. (2018) for a detailed de-
scription of how to match hyperspectral products 
to pseudo-orthophotos. Spectral end-members 
used in the classification are shown in the plot. 
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treated quickly using homographic or polynomial transfor-
mations, and even data with high local distortions caused by 
the underlying topography can be processed.

Concluding remarks
The workflow presented here for the acquisition of spectral 
data from moving platforms and long-range, ground-based 
hyperspectral scanning opens up a range of new possibilities 
in the application of hyperspectral imagery by significantly 
enlarging the scale of measurements. The proposed auto-

matic approach to combine spectral and point cloud data is a 
fast alternative to manual approaches and has high potential 
for field geologists who wish to establish accurate outcrop 
models in areas of difficult access that can be brought to life 
and visualised in 3D surface models.
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Lithological mapping using remote sensing depends, in part, 
on the identification of rock types by their spectral charac-
teristics. Chemical and physical properties of minerals and 
rocks determine their diagnostic spectral features through-
out the electromagnetic spectrum. Shifts in the position and 
changes in the shape and depth of these features can be ex-
plained by variations in chemical composition of minerals. 
Detection of such variations is vital for discriminating min-
erals with similar chemical composition. Compared with 
multispectral image data, airborne or spaceborne hyperspec-
tral imagery offers higher spectral resolution, which makes 
it possible to estimate the mineral composition of the rocks 
under study without direct contact. 

Arctic environments provide challenging ground for geo-
logical mapping and mineral exploration. Inaccessibility 
commonly complicates ground surveys, and the presence of 
ice, vegetation and rock-encrusting lichens hinders remote 
sensing surveys. This study  addresses the following objec-
tives: 

 1.   Modelling the impact of lichen on the spectra of the rock  
substrate; 

2.   Identification of a robust lichen index for the deconvolu-
tion of lichen and rock mixtures and 

3.   Multiscale hyperspectral analysis of lithologies in areas 
with abundant lichens.

Modelling the impact of lichen cover 
Spectral mixing of lichens and bare rock can shift the wave-
length positions of characteristic absorption features and 
complicate the spectral mapping of minerals and lithologies. 
Salehi et al. (2017) investigated how surficial lichen cover 
affects the characteristics of shortwave infrared mineral ab-
sorption features and the efficiency of automated extraction 
of absorption features. For this purpose, mixed spectra were 
synthetically generated from laboratory spectra of common 
rock-forming minerals and lichens. Wavelength displace-
ments of characteristic absorption features for each mixed 
spectrum were then analysed as a function of lichen cover 
percentage (see an example in Fig. 1). By quantifying lichen 

Hyperspectral analysis of lithologies in the Arctic in  
areas with abundant lichen cover
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cover effects on mineral absorption features, this study high-
lights the importance cautious interpretation in areas char-
acterised by abundant, lichen-covered outcrops. This can be 
of significant importance for mineral and deposit identifica-
tion, because slightly shifted features for a given spectrum 
caused by lichen cover can be erroneously identified as a path 
to a deposit. Salehi et al. (2017) showed that spectral shifts 
caused by lichens are not constant, i.e. each mineral spectral 
feature may be affected differently depending on the shape of 
the lichen spectrum. For example, the absorption feature re-
lated to the chlorite mineral group around 2254 nm is shifted 
towards longer wavelength, while the one around 2320 nm 
is shifted towards shorter wavelength and the 2380 nm band 
maintains its spectral characteristics. Spectral shifts are not 
only related to rock/lichen proportions but also to the modal 
abundance of minerals in certain rock types. Background 
minerals and associated overlapping features will have an ef-
fect on the related absorption depth and play a critical role in 
the scale of wavelength displacement. 

Identification of a robust lichen index
The ability to distinguish a lichen cover from its rock/miner-
al substrate is important, and decomposition of a mixed pixel 
into a collection of pure reflectance spectra can improve the 
use of hyperspectral methods for mineral exploration. In or-
der to identify spectral indices that can directly reflect the ra-
tio of the rock and lichen in hyperspectral data, a number of 
index structures were assigned to an optimisation algorithm, 
which was tasked to find the best values for the location of 
the bands along the reflectance spectra measured in the labo-
ratory (Salehi et al. 2016). In order to further investigate the 
functionality of the indices for the airborne platform, the 
spectra were resampled to HyMAP resolution. 
 The indices proposed by Salehi et al. (2016) proved robust 
to the type of the substrate rock and permitted an estimate of 
the lichen cover with acceptable, albeit varying, levels of error. 
The results revealed that the ratio between R894-1246 and R1110 
explains most of the variability in the hyperspectral data at 
the original laboratory resolution (R2=0.769). However, the 
normalised index incorporating R1106-1121 and R904-1251 yields 
the best results for the HyMAP resolution (R2=0.765).
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 The proposed methodology has the advantage of not re-
quiring a priori knowledge about the exact effects of lichens 
– or any other substance – on the reflectance of the mixtures. 
Instead, this information is obtained by an automated trial 
and error process. Therefore, this technique can also be ben-
eficial for identification of sensitive bands and indices for de-
convolution of any other mixed spectra, whether synthetic as 
in this case, or obtained directly from the samples.

Multiscale hyperspectral analysis of  
lithologies with abundant lichen cover 
Two sets of hyperspectral data acquired by airborne HyMap 
(350–2500 nm) and light-weight Rikola (500–900 nm) sen-
sors were chosen to investigate the potential of visible near 
infrared and shortwave infrared spectral range for detailed 
lithological mapping in the Nagssugtoqidian orogen of West 
Greenland, where an ultramafic rock unit with abundant li-
chen cover is exposed. The extent to which geological infor-
mation derived from airborne data is retained in the Rikola 
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hyperspectral data, is examined as an insight to future drone-
based hyperspectral mapping capabilities and the possibility 
of extracting valuable mineralogical and lithological infor-
mation using such platforms. 
 The airborne hyperspectral dataset is corrected for ab-
normal pixels and removal of bad bands (such as water va-
pour absorption features and noisy bands) prior to atmos-
pheric correction. Dark pixels, snow, clouds and water were 
filtered out. Next, the spatial–spectral end-member extrac-
tion method (Rogge et al. 2007) is used to derive an image 
end-member set. This makes an assessment of subtle litho-

logical variability across a given study area possible. These 
end members are then sorted based on expert knowledge of 
known spectral features (water, snow, vegetation, lichen and 
geological materials) followed by a more detailed sorting into 
individual classes within each category. Subtle shortwave 
infrared features related to key minerals in the geological 
materials are particularly important. The resulting sorted 
end-member classes are subsequently averaged to produce a 
final end-member set. A final set of six geological end mem-
bers (Fig. 2), and two end members related to vegetation and 
lichens are deducted from expert-based analysis. Figure 2 
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shows a plot of the extracted end members using the spatial–
spectral end-member extraction method and the correspond-
ing signatures from the United States Geological Survey 
(USGS) spectral library (Kokaly et al. 2017). The shortwave 
infrared spectral characteristics of the ultramafic rocks stud-
ied here were controlled by amphibole minerals as exemplified 
by hornblende, actinolite and anthophyllite (Fig. 3). The ab-
sorption features in the shortwave infrared region are located 
at 2320 and 2380 nm and are of the same order of magnitude. 
The shortwave infrared spectrum of olivine-rich rocks clearly 
reflects a mixture of antigorite serpentine with a characteristic 
stronger absorption feature at 2320 nm. A less distinct absorp-
tion feature at 2310 nm is present for rocks enriched in talc. 
Fractional abundances of the end members within the scene 
are determined using an iterative implementation of spectral 
mixture analysis method (Rogge et al. 2007). 
 The interpretation of HyMap data revealed a number 
of mafic and ultramafic complexes in the border area be-
tween the parautochthonous and allochthonous zones of the 
Nagssugtoqidian orogen. One such complex occurs to the 
east of the head of the fjord Kangerluarsuk, here referred to 
as Innarsuaq (see fig. 1 of Salehi & Thaarup 2018, this vol-
ume). As can be seen from Fig. 3, the predictive map from the 
Innarsuaq area displays a complex distribution of exposed 
bedrock, a feature confirmed during a brief field visit. The 
results were validated using expert knowledge of spectral 
characteristics of lichens and mineralogy, as well as spectral 
measurements of field samples and associated XRD results.
 The Rikola camera was operated in ground-based mode 
and panned stepwise to acquire a set of five overlapping im-
ages. The images were corrected for geometric, radiometric 
and topographic effects and stitched to a continuous mo-
saic (Figs 4, 5). The distribution of lithological units were 
then mapped using the Minimum Noise Fraction method 
(Kruse et al. 1993).The information regarding mineral 
abundances were retrieved using the Spectra Unmixing 
procedure (Fig. 5). 

Conclusions
1.   Lichen effects on the spectra of their rock substrate have 

important implications for the geological analysis of air-
borne/spaceborne hyperspectral data where rock-encrust-
ing lichens partially obscure exposed bedrock. 

2.   Analysis of airborne hyperspectral data can result in high-
quality regional mapping products capable of discriminat-

ing geological materials of interest based on subtle spectral 
differences. The map product generated from the Rikola 
scenes in this study captures the broad geological patterns 
and many of the lithologies generated from the airborne 
data, although some spectral and lithological discrimina-
tion is lost due to its more limited wavelength range. 

3.   The performance of hyperspectral data acquired from 
different platforms and at various scales is investigated 
for qualitative mapping of arctic mineral resources in the 
presence of abundant lichens. The application of such 
technologies to extract detailed geological information 
from complex inaccessible regions of Greenland certainly 
has a very low cost/benefit ratio in comparison to tradi-
tional geological fieldwork. Future space-borne hyperspec-
tral sensors will offer new possibilities to expand the scale 
of mapping in Greenland. Integration with other remote 
sensing datasets such as magnetic data will simplify min-
eral exploration and geological mapping in the Arctic.
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The West Greenland continental margin has been the sub-
ject of petroleum exploration by companies and research 
projects since the 1970s and many data have been acquired 
since. Licensing rounds issued by the Greenland authori-
ties in 2002 and 2004 offshore southern West Greenland 
resulted in company licenses which led to data acquisition 
and three exploration wells. The extensive new data form a 
basis for updated mapping by means of data, new analyses of 
the subsurface geology and improved understanding of the 
stratigraphy and the geological development. The Geologi-
cal Survey of Denmark and Greenland (GEUS) has recently 
completed a comprehensive mapping project of the subsur-
face in an area covering 116 000 km2 offshore southern West 
Greenland (Fig. 1). The results include maps displaying large 
structural highs and faults, Cretaceous sedimentary basins 
and volcanic areas, illustrated by cross-sections through the 
area. A new seismic stratigraphy with eight mega-units from 
the seabed to the basement was also defined. In addition, 
studies from wells of biostratigraphy and petrology were car-
ried out that provide important new information. The new 
data include extensive 2D seismic data and eight wells in-
cluding the three exploration wells AT2-1, AT7-1 and LF7-1 
drilled in 2011 by Cairn Energy (Fig. 1). Key results of the 
work are summarised below.

Geological setting and scope of project
The southern West Greenland continental margin is located 
between West Greenland to the east and the oceanic crust 
and parts of the Davis Strait High to the west (Fig. 2). A num-
ber of rifted basins with large structural highs are interpreted 
to have developed offshore southern West Greenland dur-
ing the Cretaceous (Chalmers et al. 1993; Sørensen 2006; 
Gregersen 2014). Cretaceous and Cenozoic sedimentary suc-
cessions were previously defined from wells and outcrops on 
the central and southern West Greenland continental mar-
gin (Rolle 1985; Dam et al. 2009; Nøhr-Hansen et al. 2016). 
During the Paleocene and Eocene, oceanic crust developed 
between Canada and Greenland, and the Cretaceous rifted 
continental margin of West Greenland was separated from 
eastern Canada (Oakey & Chalmers 2012). The large-scale 

movements between Greenland and Canada generated new 
structures during the Palaeogene and reactivated faults with-
in Cretaceous basins. 
 The purpose of the research-based project described here 
was to update previous subsurface mapping with the most 
recent data to provide an improved knowledge of the struc-
tures and the geological development, which can lead to an 
evaluation of the resource potential. The project was carried 
out in 2015–2017 for the Ministry of Mineral Resources in 
Nuuk and incorporated a number of sub-tasks including: (1) 
seismic interpretation and mapping; (2) well correlation; (3) 
biostratigraphy; (4) analyses of potential reservoir rocks in 
wells from 2011 and (5) analyses of igneous rocks, basement 
and provenance. This paper describes some of the key results 
from the seismic interpretation, mapping and well data-re-

New subsurface mapping offshore southern  
West Greenland using geophysical and geological data

Ulrik Gregersen, Morten S. Andersen, Henrik Nøhr-Hansen, Emma Sheldon, Thomas F. Kokfelt, 
Mette Olivarius, Christian Knudsen, Kristian G. Jakobsen and Jan S. Adolfssen

Fig. 1. Map of the study area offshore southern West Greenland with posi-
tions of 2D seismic lines and exploration wells. The positions of Figs 3 and 
4 are also shown. 
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lated tasks. The lateral extent of the main tectonic elements, 
including structural highs, faults and basins, is outlined in a 
structural elements map (Fig. 2). 

Methods
Interpretation of seismic stratigraphic horizons and units 
was carried out using Schlumberger Petrel © software and 
included data from wells and seismic surveys (Fig. 1). In ad-
dition, other data including gravity and magnetic surveys 
and seabed sampling were used for the interpretation and 
mapping. Most structural highs and basins are defined and 
outlined by seismic interpretation in combination with 
gravity- and magnetic anomaly maps, and are supported by 
other data such as published refraction models. A number 
of methods were used at GEUS for the other studies, includ-
ing scanning electron microscopy, porosity & permeability 
measurements, and rock/mineral analyses and radiometric 
dating using a laser ablation inductively coupled plasma mass 
spectrometer. Biostratigraphic dating based on palynology 
and micropalaeontology was carried out on a total of more 
than 200 samples from the AT2-1, AT-7-1 and LF7-1 wells.

Seismic stratigraphy and structures
A robust stratigraphic framework was established with eight 
seismic stratigraphic mega-units (A–H) divided by horizons 

from the seabed (A1) to the top of Pre-Cretaceous sedimen-
tary rocks or the acoustic basement (H1) shown in Fig. 3. The 
mega-units include internal tops of sub-units (E2, Ev, F2, Fv 
and Hx) described below, and new biostratigraphy was used 
to constrain ages of the units. The units and most horizons 
are shown in seismic cross-sections across deep rifted basins 
separated by large structural highs (Figs 3, 4). Most of the 
structural highs, faults and basins trend SE–NW but a few 
strike in a more northerly direction or towards NE (Fig. 2). 
The total succession between the seabed and the basement 
has been mapped and shows thick basins between the main 
structures (Fig. 5), and also more local structures where the 
wells were drilled. Some basins and parts of basins are un-
tested by wells.

Mega-unit H; Pre-Cretaceous basement
Mega-unit H includes the lower parts of basins and the base-
ment of pre-Cretaceous ages (Fig. 3). It mostly includes the 
acoustic basement in large structures below the Cretaceous 
and Cenozoic basins, and was drilled in the AT7-1 and LF7-1 
wells (Figs 3, 4). GEUS’ analyses of igneous rock samples from 
lower parts of the AT7-1 well mainly reveal granites, grano-
diorites and tonalities. U-Pb dating of zircons from some of 
the samples gives ages of c. 2730–3190 Ma. The samples are 
from the lower part of mega-unit G and the uppermost part 
of mega-unit H in the drilled structure (Fig. 3) in a succession 

Fig. 2. Structural elements map of the southern 
West Greenland continental margin. The map 
shows areas with structural highs, faults, Creta-
ceous basins and Palaeogene volcanic cover. The 
majority of the large structures and faults trends 
towards the NW with a few towards the NE. In 
addition, the positions of the wells and the bound-
ary to Canada are shown. FSC: Fylla Structural 
Complex with its composite structures, incl. FCB: 
Fylla Central Basin. LFH: Lady Franklin High. 
MB: Maniitsoq Basin. KR: Kangâmiut Ridge. 
IFZ: Ikermiut Fault Zone. Structural element 
names are mainly from Chalmers et al. (1993), Sø-
rensen (2006) and Døssing (2011). The geological 
map of West Greenland onshore is from Henrik-
sen et al. (2009). The position of the oceanic crust 
and the Davis Strait High in the Canadian sector 
are from Oakey & Chalmers (2012). The names of 
the wells are shown in Fig. 1.
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with interbedded sedimentary layers. Similar igneous rocks, 
some of which have been weathered, were also reported from 
the succession by Cairn Energy (2011). The rocks are mostly 
similar in age and composition to parts of the basement ter-
rane in southern West Greenland. Metamorphic rocks re-
ported by Cairn Energy (2011) from the lowermost part of 
the LF7-1 well occur just below the H1 horizon. However, 
pre-Cretaceous sedimentary rocks are also expected to be lo-
cally preserved in basins such as in the Sisimiut Basin (Fig. 
2), where a sub-unit is present in the upper part of mega-unit 
H. Ordovician marine carbonates were sampled from the 
seabed over the Davis Strait High, where some possibly are 
in situ (Stouge et al. 2007). Such rocks may also occur in the 
adjacent basins. In addition, an organic-rich Ordovician sam-
ple from the Davis Strait was considered to have source rock 
potential (Bojesen-Koefoed 2011). Cretaceous and Paleocene 
oil seeps have been described from the Nuussuaq Basin far-
ther north with a possible wider occurrence in West Green-
land (Bojesen-Koefoed 2011).

Mega-unit G; Early to mid-Cretaceous
Large rift structures, local wedge-shaped units within mega-
unit G and extensional faults developed during the Early to 
mid-Cretaceous (Figs 3, 4). Bowl or V-shaped, strong reflec-
tions near the G1 horizon (Fig. 3) are interpreted as sills of a 
larger sill complex in the Nuuk Basin and Lady Franklin Ba-
sin. Mega-unit G is most likely late Albian to Cenomanian in 
age.  A seismic correlation (Fig. 3) with the AT7-1 well shows 
that the G1 surface divides a Cenomanian–Turonian sedi-
mentary succession. The overlying lower part of mega-unit 
F is dominated by sandstones with conglomerates and thin 
claystones. The underlying mega-unit G includes a thick suc-
cession dominated by conglomerates and a lowermost ?late 
Albian – early Cenomanian succession including rocks from 
an igneous basement, interbedded thin sandstones, con-
glomerates and claystones. Lithologies in the AT2-1, AT7-
1 and LF7-1 wells were determined by Cairn Energy (2011) 
and in this study. 

Mega-unit F; Late Cretaceous – Paleocene
The present study shows that the lower succession of mega-
unit F is mainly of Cenomanian–Turonian age. Variable res-
ervoir properties were found from the study of well samples. 
In the lower part of mega-unit F of the AT7-1 well, the ana-
lysed conglomerate samples show intermediate to good reser-
voir quality, e.g. a sidewall core sample with 24.77% porosity 
and 78.73 mD permeability. The sandstones and overlying 
diatomite have high porosities, and medium to low and low 

permeability, respectively. The other Cretaceous rocks, ana-
lysed in the other two wells (AT2-1 and LF7-1), mostly show 
poorer reservoir quality. However, sandstones with reservoir 
potential are expected to be present in some of the structures. 
A 323 m thick succession dominated by sandstones of late 
Santonian age with reservoir potential is described from 
the lower part of the Qulleq-1 well in the Fylla Structural 
Complex (Christiansen et al. 2001; Fig. 2) and its top is also 
mapped in this study.
 During parts of the Late Cretaceous, relative tectonic qui-
escence prevailed in most areas and thick claystone-dominat-
ed units were deposited in the basins. This study shows that 
parts of mega-unit F (Figs 3, 4) are dominated by thick Upper 
Cretaceous to Paleocene successions, which consist mostly of 
claystones. Such successions are drilled in the LF7-1, AT2-1, 
Qulleq-1 and Ikermiut-1 wells, which include the Ikermiut 
Fm (Rolle 1985). However, tectonic movements and erosion 
probably related to rifting and/or uplift may have occurred in 
the study area during Late Cretaceous to Paleocene, in some 
places indicated by truncation and faulting of structures (see 
also Chalmers et al. 1993). Erosion or non-deposition may 
also be indicated by missing sections in wells. Hiati of differ-
ent timespans seem to occur during the Late Cretaceous to 
Early Paleocene (mostly from within the late Campanian to 
Danian) in the AT2-1 and AT7-1 wells (in AT7-1 even to the 
Coniacian), and were also previously noted in the Qulleq-1 
and Ikermiut-1 wells (Nøhr-Hansen et al. 2016).

Volcanism 
The lower parts of the AT2-1 well succession contain vol-
canic rocks and thin claystones, which are biostratigraphi-
cally dated in the present study as late Cenomanian to early 
Turonian. The horizon Fv correlates with the top of the vol-
canic succession which may partly cross or overlie mega-unit 
G (Fig. 3). 
 During the Paleocene–Eocene, flood basalts and other vol-
canic rocks were deposited in large parts of the West Green-
land continental margin (Skaarup 2001; Sørensen 2006; 
Larsen et al. 2016). The tops of extensive volcanic areas and 
highs are mapped offshore southern West Greenland (Fig. 2) 
primarily from seismic reflection data at horizon Ev (Fig. 4) 
and from magnetic anomaly data. These volcanic areas in-
clude the Hecla High, the Maniitsoq High, the Davis Strait 
High and parts of the Nukik High (Fig. 2). The Nukik-2 well 
on the Nukik High includes a lower succession with hyalo-
clastite beds and thicker intrusives (dolerites), where the up-
per part has been biostratigraphically dated as Late Paleocene 
(Hald & Larsen 1987). An almost 700 m thick succession with 
Paleocene subaerial basaltic lava flows was drilled in the lower 



6060

part of the Hellefisk-1 well (Hald & Larsen 1987) north of 
the study area. Paleocene basalts were sampled from the sea-
bed over the Davis Strait High and south of the Hecla High, 
where additional Early Eocene basalts were recovered (Larsen 
& Dalhoff 2006). A refraction seismic study by Funck et al. 
(2007) also shows basalts in the western parts of the study 
area and farther west with a tie to the Canadian Gjoa G-37 
well. This well includes basalts with thinner mudstones in a 
>1 km thick Danian to Thanetian interval (Nøhr-Hansen et 
al. 2016). The Palaeogene volcanic rocks mostly cover parts 
of structures and Cretaceous sedimentary basins in the study 
area (Figs 2, 4), in parts of the Davis Strait – southern Baffin 
Bay areas (Gregersen & Bidstrup 2008) and in the Nuussuaq 
Basin (Dam et al. 2009; Larsen et al. 2016). The top of the 
volcanic successions (Ev) is overlain by the seismic horizon E2 
of Late Paleocene age (late Thanetian from Nøhr-Hansen et 
al. 2016) towards the south (Fig. 4).

Geological development of younger units
The West Greenland continental margin moved towards NE 
and N in connection with the Palaeogene sea-floor spreading 
between Canada and Greenland (Oakey & Chalmers 2012). 

These movements caused compression–transtension tecto-
nism with thrust faults and associated basins along the Da-
vis Strait High and the Ikermiut Fault Zone during the Late 
Paleocene to Eocene (Fig. 2; Gregersen & Bidstrup 2008). 
Seismic geometries in mega-units E and D with irregular 
sub-units near faults and basin mounds suggest mass-flows 
including slumps and basin fans (Fig. 3). They were formed 
during mainly the Eocene and Miocene and may include po-
tential leads for hydrocarbon. Parts of the mass-flows may 
be related to movements during the formation of Palaeogene 
oceanic crust. Parts of upper Eocene, Oligocene and lower 
Miocene successions are mostly absent in wells from the area 
(Nøhr-Hansen et al. 2016). The upper parts of mega-unit D 
and mega-unit C are Miocene in age, mega-unit B is possibly 
Late Miocene to Pliocene and mega-unit A is probably Late 
Pliocene to Pleistocene in age (Fig. 3). The ages of the me-
ga-units are indicated from biostratigraphy (Piasecki 2003; 
Nøhr-Hansen et al. 2016). In Miocene to Pleistocene succes-
sions, fewer large faults and other indications of tectonism 
are found. Large contourite drifts, slides and other forms of 
mass-mobilisation developed during the Miocene to Pleisto-
cene (Nielsen et al. 2011) within mega-units A–C (Fig. 4). In 
addition, S- and SW-directed shelf progradation occurred, 

Fig. 3. Composite NW–SE seismic section across the Nuuk Basin with large structures and the AT2-1 and AT7-1 wells. The succession from the seabed 
to the basement is divided by seismic stratigraphic horizons A1–H1 into seismic mega-units A–H and tentative ages (maximum timespans) of major suc-
cessions are shown in colour. The deeper parts of the section are dominated by a Cretaceous sedimentary succession with rifted basins, and with a local 
volcanic succession and sills. The seismic lines shown (TGS-GREEN2003-29, TGS-GR2000-215 and ENC2005-1) are courtesy of TGS-NOPEC Geo-
physical Company ASA. The location of the section is shown in Fig. 1.
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probably as a result of glaciations, and a near-horizontal suc-
cession also formed in mega-unit A. 

Conclusions
A study was carried out with subsurface mapping using geo-
physical and well data offshore southern West Greenland. 
A seismic stratigraphy with eight mega-units (A–H) from 
the seabed to the pre-Cretaceous basement has been defined 
in the area and shown on cross-sections. A new structural 
elements map displaying the main structures, basins and 
faults, as well as a sedimentary thickness map are presented. 

Fig. 4. The LF7-1 well and a composite NW–SE seismic section across the Lady Franklin Basin. The succession from the seabed to the basement is divided 
by seismic stratigraphic horizons A1–H1 into seismic mega-units A–H and tentative ages of major successions are shown in colour (Fig. 3). It is dominated 
by Cretaceous successions of mega-units F and G and includes rifted structures. Mega-unit F is overlain by a probably thin Palaeogene volcanic succession. A 
Miocene–Pliocene contourite succession of mega-units B and C occurs south-east of the LF7-1 well. The seismic line shown (TGS-BLF2005-43) is courtesy 
of TGS-NOPEC Geophysical Company ASA. The location of the section is shown in Fig. 1.

Fig. 5. Thickness isochore map in two-way travel time (ms) between the 
seabed (A1 horizon) and the Pre-Cretaceous basement (H1 horizon). The 
map includes mostly sedimentary successions but locally also includes 
volcanic successions as illustrated in Figs 2–4. Thick dominantly sedi- 
mentary successions occur in mainly the Lady Franklin Basin, the Fylla 
East Basin, the Nuuk Basin, the Kangâmiut Basin and the Sisimiut Basin, 
whereas successions thin over structural highs (Figs 2–4). The names of 
the wells are shown in Fig. 1.
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Biostratigraphic ages, radiometric dating and lithologies 
from well data are correlated to parts of the mega-units. The 
studied wells comprise Cretaceous to Cenozoic sedimentary 
successions, a volcanic succession and granitic rocks from the 
basement. The results presented here are based on analyses 
from this study and recently released data from the wells 
drilled in 2011 by Cairn Energy (AT2-1, AT7-1 and LF7-1). 
The results have improved the understanding and outline of 
the large-scale structures, basins and provide input for fur-
ther work in the region including new resource-potential 
evaluations, but also point out uncertainties and risks that 
require clarification.
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The geology of the Paleoproterozoic Karrat Group in West 
Greenland (71°–74°50´N) was investigated during the field 
seasons 2015–2017, using a combination of digital photo-
grammetry and traditional field work in a collaboration 
between the Geological Survey of Denmark and Greenland 
and the Ministry of Minerals Resources of Greenland. The 
area is characterised by steep alpine terrain with more than 
2000 m of relief that in many places is completely inacces-
sible, which makes field work extremely difficult. Therefore 
3D mapping using digital photogrammetry is an invaluable 
tool in the investigation of the region. Early geological in-
vestigations of the area involved the first use of photogram-
metry in Greenland (Henderson & Pulvertaft 1987). This 
contribution serves as an example of the present-day use of 
photogrammetry in geological interpretation, following the 
workflow outlined in Sørensen & Dueholm (2018). During 
the last three years, more than 50  000 stereo images have 
been collected using handheld, calibrated digital cameras 
while conducting field work in the area (Rosa et al. 2016, 
2017, 2018). The images, which cover large parts of the steep 
cliff sections in which the geology is superbly exposed, are 
essential to the ongoing revision of the geological map sheets 
covering the area. Here we present a small subset of the data 
from the island of Karrat (Fig. 1), showcasing the potential 

of 3D geological mapping in Greenland as well as presenting 
new insights into the geology of the Karrat Group.

Regional Geology
The Karrat region is part of the Rinkian fold belt of West 
Greenland (Henderson & Pulvertaft 1967). The area mainly 
consists of reworked Archaean gneisses overlain by supracrus-
tal successions of the Palaeoproterozoic Karrat Group. The 
group initially comprised two formations: the Qeqertarssuaq 
and Nûkavsak Formations, but was later extended to also in-
clude the Mârmorilik Formation (Henderson & Pulvertaft 
1987), originally considered to be of Archaean age but later 
shown to be Palaeoproterozoic and resting with a deposition-
al unconformity on Archaean gneiss (Garde 1978). The Kar-
rat Group and its Archaean basement were metamorphosed 
and folded during the Rinkian orogeny c. 1.9–1.8 Ga (Hen-
derson & Pulvertaft 1987; Grocott & Pulvertaft 1990).

Data acquisition and preparation
Stereo images were collected with calibrated, hand-held digi-
tal SLR cameras from a boat (which served as base-camp) 
and from a helicopter used for day excursions and to sup-

Remote geological mapping using 3D photogrammetry: 
an example from Karrat, West Greenland

Erik Vest Sørensen and Pierpaolo Guarnieri
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Fig. 1. Part of the new geological map of Karrat 
island (location in Greenland marked on inset 
map), prepared as part of an ongoing revision 
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map sheets. The digital elevation model was 
generated from the oblique stereo-images col-
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port field camps. The images were typically collected while 
moving along the cliff faces in straight or gently curving tra-
jectories tens to hundreds of kilometres long at varying dis-
tances to the cliffs. We here present results from a subset of 
the images collected from boat and helicopter flights around 
Karrat. We used a hand-held Nikon D800E (36 megapixel) 
digital, single lens reflex camera equipped with a Carl Zeiss 
Distagon 35 mm lens that was pointed perpendicularly to 
the slope of interest through an open helicopter window or 
from boat. With the images we have almost complete cover-
age of the island with a resolution of c. 0.1–0.5 m (pixel size 
on the ground).
 The images were prepared for 3D mapping following 
the exact workflow of Sørensen & Dueholm (2018). GPS 
positional data collected together with the images during 
field work were used as a first approximation for absolute 
positioning. The absolute orientation was subsequently re-
fined through a proper bundle adjustment also including 
pass points measured stereoscopically in monochrome aerial 
photographs on a scale of 1:150 000 (i.e. points also identi-
fied in the oblique stereo-images), as well as planar levelling 
points (sea-level points) measured in the oblique images. The 
absolute accuracy of the stereoscopic models is around 3 m 
(xyz) while the photogrammetric or relative accuracy is in 
the millimetre to centimetre range.
 The images were subsequently used to extract elevation 
data for Karrat, using SURE software from Nframes. A digi-
tal elevation model of Karrat island with a 2 × 2 m grid (Fig. 
1) was produced to assist in the geological interpretation, 
as well as a so-called point cloud (a set of data points in 3D 
space representing the terrain surface) of the island to be used 
for visualisation purposes (Fig. 2A). 

Data interpretation – 3D mapping 
With the images properly oriented in 3D, essentially all cor-
ners of the island can be visited stereoscopically with the ease 
of a mouse-click and a geological interpretation can be per-
formed. In this way it is possible, so to speak, to bring the 
rock exposures into the laboratory where the geology can be 
analysed. Whereas previous geological investigations have 
taken place in the more accessible lower parts of Karrat, here 
we focus on the inaccessible, higher parts of the island. Kar-
rat represents the north-westernmost exposure of the Kigar-
sima Nappe (Henderson and Pulvertaft 1987). The south-
western top of the island displays the overturned basement 
core of this tectonic nappe that forms an inverted sequence 
of Archaean banded gneiss (Umanak gneiss) with amphi-
bolite layers sitting structurally on top of garnet-mica schist 
and quartzite of the Qeqertarssuaq Formation, metavolcanic 

rocks of the Kangilleq Formation and biotite schist of the 
Nûkavsak Formation (Fig. 2). 
 In addition to the actual 3D mapping with tracing of geo-
logical units, bedding and foliation (Figs 2B, C), a powerful 
feature of the 3D mapping tool is the possibility to gather struc-
tural data remotely. This makes it possible to extend structural 
information from the shoreline, from where most structural 
data are usually collected during field work, up to outcrops 
at the top of the mountain (Fig. 2A). This is important as it 
gives a more complete data coverage, and because the Karrat re-
gion is structurally complex with multiple deformation stages 
(Henderson & Pulvertaft 1987; Grocott & McCaffrey 2017).
 The structural data obtained with 3D photogrammetry 
consist of strike and dip of bedding/foliation, faults and 
thrusts together with traces of the geological boundaries be-
tween lithological or lithostratigraphic units. The data are 
stored as points (vertexes) along vectorised lines, so-called 
polylines. The strike and dip measurements presented here 
were calculated for each vertex of the polylines obtained 
through the 3D mapping as a moving average of best fitted 
planes by least square adjustment. More specifically, for each 
individual vertex a search window including seven adjacent 
vertexes was used in the calculation. In this way strike and 
dip measurements were generated for all vertexes of the 
mapped polylines. The measurements were subsequently fil-
tered based on the standard deviation of each measurement. 
The result of this is a dataset of georeferenced points with 
calculated strikes and dips of their associated planar surfaces, 
which can be plotted on a geological map and analysed us-
ing stereoplots (Fig. 2). The Karrat island dataset consists of 
foliation in the Umanak gneiss and amphibolites, bedding/
foliation in quartzites of the Qeqertarssuaq Formation, bed-
ding of folded metavolcanic rocks of the Kangilleq Forma-
tion and the intensely folded metagreywacke strata of the 
Nûkavsak Formation, as well as folded pegmatites.

Fig.  2. Point cloud model of Karrat, looking north. A: Lower hemisphere 
stereographic plots 1–4 of foliation and bedding measurements obtained 
from 3D polylines and shown as pole-to-bedding great circles and density 
averages. Average fold axis orientations are defined by the intersection of 
great circles, shown with stars on the individual stereoplots. B: Structural 
data from the southern part of the Karrat showing the overturned limb 
of the Kigarsima Nappe (Umanak gneiss and Qeqertarssuaq Formation), 
folded metavolcanic rocks of the Kangilleq Formation and Nûkavsak For-
mation metagreywackes. C: Detailed close-up of the intense kink folds 
(purple lines) in the Nûkavsak Formation (numbers indicate dip direc-
tion/dip angle. Blue line at the base: thrust fault dipping 30°NW compat-
ible with the average fold trends. Red line: normal fault dipping 60°W 
with a measured offset of 6 m.



65

 

D
en

sit
y 

(%
)

0
6

12
18

24
30

10
0 

m

30
0 

m

93
4 

m

78
4 

m

78
5 

m

91
2 

m
77

6 
m

A B
C

W
SW

E
N

E

2b

2c

Ka
ng

ille
q 

Fm

Ka
ng

ille
q 

Fm

N
ûk

av
sa

k 
Fm

Th
ru

st
 (3

48
/3

0)

Fo
ld

 a
xi

s 
(2

50
/1

0)

 7
76

 m
 7

84
 m

 7
85

 m

34
0/

32

Fau
lt (

26
4/6

0)

O
ffs

et
 6

m

N
ûk

av
sa

k 
Fm

N
ûk

av
sa

k 
Fm

U
m

an
ak

 g
ne

iss
Q

eq
er

ta
rs

su
aq

 F
m

 (n
 =

 1
00

)1

Ka
ng

ille
q 

Fm
 (n

 =
 3

5)

2

pe
gm

at
ite

s (
n 

= 
35

)

3

N
ûk

av
sa

k 
Fm

 (n
 =

 1
30

)

4

Av
er

ag
e 

fo
ld

 a
xi

s

Fo
ld

 a
xi

s o
f F

ig.
 2

C



6666

Previously, Grocott and McCaffrey (2017) described the em-
placement of the Kigarsima Nappe towards ENE as estab-
lished by structural analysis of stretching lineations along a 
basal thrust contact. The authors also described an intersec-
tion lineation between cleavage and bedding, gently plunging 
towards SW, which appears to be compatible with a stretch-
ing lineation defined by hornblende and biotite minerals ori-
ented WNW−ESE that they related with a later top-to-NW 
tectonic transport overprinting the Kigarsima structures. 
 Our new data presented in Fig. 2 are in good agreement 
with the observations of Grocott and McCaffrey (2017). At 
Karrat island only the lower limb of the Kigarsima Nappe is 
preserved, represented by the Umanak gneiss and Qeqertar-
ssuaq Formation (Fig. 2B). The c. 100 new foliation measure-
ments (Fig. 2 stereoplot 4) calculated from the mapped 3D 
polylines (Fig. 2B) describe the geometry of a large recumbent 
fold with a subhorizontal, NNW−SSE- to NW−SE-trending 
fold axis. This structural trend is compatible with ENE−WSW 
to NE−SW compression that is consistent with the ENE- to 
NE-tectonic transport suggested by Grocott and McCaffrey 
(2017). In contrast, a different structural trend is observed in 
the younger lithostratigraphic units. From the structural data 
(Fig. 2A stereoplots 1–3) it appears that the structural trends 
are rotated almost 90°. In fact, the 40 measurements obtained 
from the folded metavolcanic rocks of the Kangilleq Forma-
tion (Fig. 2A stereoplot 2) located in the overturned limb of 
the Kigarsima Nappe show an average NE-plunging fold axes 
that is similar to the fold axes obtained from the 130 measure-
ments (Fig 2A stereoplot 4) from the large kink folds observed 
in the Nûkvsak Formation (Fig. 2C). These trends of folds are 
compatible with NW−SE compression that in turn seems to 
be consistent with the top-to-NW tectonic transport indicat-
ed by Grocott and McCaffrey (2017). Similar fold axis trends 
are observed in the mapped pegmatites that cut the stratigra-
phy in the central part of the island (Figs 1 and 2A stereoplot 
3). This establishes an important cross-cutting relationship 
between the folding event and the pegmatites which are prob-
ably related to high temperature metamorphism dated at c. 
1830 Ma (Rosa et al. 2017; Kirkland et al. 2017).

Summary 
This study demonstrates how 3D mapping can be used for 
geological mapping in remote and inaccessible areas such 
as Greenland following the procedures of Sørensen & Due-
holm (2018). This is done with an example from the island of 
Karrat, West Greenland. Using just a digital camera, we have 

generated a new revised geological map of Karrat including 
topography, geology and structural data. Our approach and 
methodology offer great support to standard field work 
where detailed outcrop information can be extended into 
regional-scale mapping. 
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The European trading and whaling activities of the 17th–
19th centuries provide records of climate and sea- ice con-
ditions off West Greenland in the form of ships’ logs and 
other official documents in many archives around Europe. 
These documents, combined with evidence from marine 
sediments, help describe climate changes in general, and sea-
ice volume changes in particular, in connection with human 
activity in the region. The Greenland National Museum & 
Archives in Nuuk (NKA) hosts a unique collection of origi-
nal documents presenting detailed insight into weather and 
ice conditions as well as the daily life of the colonial centres 
and outposts recorded by the documents of the Danish ad-
ministration. These documents also reveal many aspects of 
the interaction between the Inuit and Europeans from 1779 
onwards. Information retrieved from the archives in Nuuk 
has been combined with results from palaeo-environmental 
investigations of marine sediment cores to unravel climate 
variability and changes in sea ice. This information has been 
supplemented with data from an extensive field programme 
using drones to document onshore remains from the whaling 
period in the Disko Bugt region (Fig. 1).

History of European whaling off West 
Greenland
European Arctic whaling around Svalbard and Jan Mayen 
declined in the early 18th century, and it has been debated 
whether over-exploitation (e.g. Nansen 1924) or climate 
change (e.g. Vibe 1967) was responsible for the decline. Euro-
pean summer temperature records (Luterbacher et al. 2016) 
indicate that the decline coincided with a marked climate 
cooling in Europe. High hunting pressure on the whales and 
thick sea-ice cover in Svalbard waters early in the 18th centu-
ry apparently forced the whale population to seek away from 
inshore areas into the ice-loaded waters farther offshore. As 
a consequence, European whaling companies began to look 
for other areas, which led them to explore the whale resources 
of the Davis Strait. Taking a general ‘seesaw’ winter-climate 
pattern between (West) Greenland and Europe into consid-
eration (Seidenkrantz et al. 2008), in contrast to the cold 
conditions around Svalbard (Luterbacher et al. 2016), the 
sea-ice and whaling conditions in Disko Bugt around 1700 

were likely more favourable. A large part of the European 
whaling fleet therefore moved their activities to the Davis 
Strait off West Greenland where the Disko Bugt region be-
came the focal point of whaling activities. In the region, the 
European whalers’ contact with the local Inuit population 
significantly impacted their culture and living conditions 
through the exchange of goods and social interaction. 
 In 1719, an increased number of Dutch whaling ves-
sels started to operate in the Davis Strait (Leinenga 1995; 
Hacquebord 2006) with the Greenland (bowhead – Balaena 
mysticetus) whale as the main target. Whaling activities in the 

European trading, whaling and climate history of West 
Greenland documented by historical records, drones and 
marine sediments
Naja Mikkelsen, Antoon Kuijpers, Sofia Ribeiro, Mikkel Myrup, Inge Seiding and Ann E. Lennert
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Fig 1. Disko Bugt was the focus of whaling activities in past centuries. Ar-
eas investigated in 2016 and 2017 were Rodebay embayment, Hunde Ej-
land and Pullat. A sediment core POR16_RB#1 was retrieved just outside 
the Rodebay embayment. 

Fig 2. Whales caught by Danish shore-based whaling stations were num-
bered and often drawn as cartoons in Danish reports. This document 
clearly illustrates that whaling had been successful for the period reported 
(source NKA Archives, Nuuk).
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Davis Strait were concentrated around Disko Bugt. In 1721, 
Denmark affirmed sovereignty over Greenland and in 1776 
established the state-owned Royal Greenland Trade Depart-
ment (KGH) with whales and seals as the primary commodi-
ties. This Danish initiative had difficulty competing with other 
highly efficient whaling fleets and after disappointing catches, 
further attempts with Danish sea-going whaling ceased after 
1780. Instead Danish activities primarily used shore-based sta-
tions for sealing and whaling and this hunting turned out to be 
economically successful in the following decades.
 After the Napoleonic wars, European demand for whale 
products increased, and new Danish coastal whaling projects 
were started in the Davis Strait area (e.g. the island of Pullat 
off the coast at Aasiaat – Egedesminde). However, due to in-
creasing industrial use of coal and other types of oil in Europe 
and as a consequence of a series of severe ship losses early in 
the 19th century, the Davis Strait whaling lost its importance.
 

Evidence from historical archive data
Data from several whaling settlements are available in the ar-
chives in Nuuk and provide a wealth of detailed information 
after 1779 on weather, sea ice occurrence, number of whales 
caught (Fig. 2) as well as results from hunting, fishing, travel-
ling, social life, health conditions, religious celebrations and 
occasional visits by European whalers (NKA archives). Suc-
cessful coastal whaling was only possible with participation 
of the local Inuit population, in many cases also involving 

women. The European whaling activities thus had signifi-
cant impact on the previously prosperous Inuit hunting and 
their traditional way of life. The Inuit women’s national 
costume rich in bead decoration, and various forms of folk 
dance music are examples of social interaction between the 
two groups. Although Dutch whaling activities along the 
West Greenland coast had virtually ceased by 1800, a series 
of geographical Dutch names are a reminder of this period, 
such as: Vaigat (Dutch for windy passage), Rodebay, For-
tunebay, Grønne Ejland, and Hunde Ejlande.
 In the early 20th century, Scottish whalers, the only group 
still active in the area, moved their centre of activity north-
wards and made port calls at Upernavik instead of Disko 
Bugt. As can be seen in the historical records from Uperna-
vik (Fig. 3), this period is clearly characterised by longer sea-
ice seasons than in the later part of the 19th century suggest-
ing that better whaling conditions in the early 20th century 
had shifted northwards into more ice-affected areas along 
the west coast of Greenland. 

Tracing past whaling activities onshore 
The coastal areas of the Disko Bugt region display a rich va-
riety of physical remains from the whaling period. To locate 
and investigate former whaling sites, Mikkel Myrup from 

Fig. 3. Dates of freezing and ice breakup in the Upernavik district plotted 
from archival data. The time of sea-ice breakup shows a clear shift, with 
the sea-ice duration increasing by c. 40 days over a period of c.  30 years 
(c. 1890–1920; A. Kuijpers, unpublished data 2014).

Fig. 4. Remains from the coastal whaling period on the island of Pullat are 
documented on the orthophotomosaic based on drone flights. A: winter 
house. B: the main structures from the whaling station period 1823–1825. 
C: winter houses. D, E: grave fields. Photo: M. Myrup 2017.
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NKA in 2017 undertook a number of drone operations in 
three areas in the Disko Bugt region: Oqaatsut (Rodebay), 
Kitsissuarsuit (Hunde Ejlande) and Pullat (Fig. 1).
 The small Greenlandic settlement Oqaatsut (Rodebay) is 
located in a protected embayment just north of Ilulissat. In 
the 1600s, this area was called ‘Roo Baj – Red Bay’ by the 
Dutch. Whales caught locally by traditional whaling tech-
niques were pulled ashore on the flat rocks where blood from 
the butchered animals coloured the small embayment red. 
Today remains from the whaling activities are visible in the 
form of natural butchering places created by rock depressions 
with winches still present. 
 Amongst other structures still visible are the remains of 
a whaling station established by Danish authorities on the 
island of Pullat in 1823 (Fig. 4). It was a sudden and intense 
effort by KGH to boost the coastal-based whaling activity in 
the area and also to counteract the strong presence of Euro-
pean whalers interacting with the Inuit farther north. The 
whaling station at Pullat, however, was closed after only two 
years due to unsuccessful whale hunting. Towards the mid-
dle of the 19th century, KGH eventually gave up the whaling 
outposts in the Disko Bugt region and focused its efforts on 
seal hunting and procuring other Greenlandic products. 
 The graveyard on Kitsissuarsuit (Hunde Ejlande) hosts mod-
ern graves with traditional white-painted wooden crosses and a 
central section from the European whaling period. This central 
section known as ‘the Old Whalers Graveyard’ is occupied by c. 
100 graves covered by elongated stone piles. Unlike the modern 
white crosses, two of these graves are marked with plain wood-
en, squared posts (Fig. 5). Similar old graves are reported from 
the graveyard ‘Liknesset’ on north-western Svalbard, which was 
established by Dutch whalers in the 17th century.

Evidence from marine sediment records 
In August 2016, A sediment coring campaign was undertak-
en from the Research Vessel Porsild. Twelve sediment cores 
were retrieved from the Rodebay area to obtain a record of 
climate and hydrographic changes and possible environmen-
tal effects of human activity in this area spanning the whal-
ing period. Cores collected from the enclosed inner part of 
the Rodebay area consist of unconsolidated mud with high 
organic contents are underway. DNA analyses will be per-
formed on these cores to identify which mammalian species 
were slaughtered at the site throughout the whaling period. 
To capture changes in the marine environment a core (Core 
POR16_RB#1) was retrieved just outside the Rodebay em-
bayment. The geochronology of this 158 cm core was based 
on 210Pb and 137Cs analyses of the upper 15 cm, and 3 AMS 
14C dates on marine bivalve shells. The age-model was con-
structed using Bayesian analyses with the BACON package 
available in the R platform. The radiocarbon offset used was 
140 ± 60 years, and radiocarbon dates were calibrated using 
the Marine13 calibration curve. The core was XRF scanned 
and analysed in terms of magnetic susceptibility and total 
organic carbon (TOC) content (Fig. 6). The prominent 
dark colouration of the interval corresponding to the period 
c. AD 1600–1750 reveals the presence of poorly oxygen-
ated sediments. Locally enhanced organic matter fluxes can 
be expected at this site to originate from whale butchering 
colouring the sediments black. However, this dark interval 
precedes by c. 100 years the beginning of intensive whaling 
activity in the region, and the organic carbon content does 

Fig. 5. Among the graves in the ‘Old Whalers Graveyard’ on Kitsissuarsuit 
(Hunde Ejlande), two graves are marked with plain squared timbers. This 
type of grave marking has only been found in the old whalers’ graveyard 
on Svalbard established in the 17th century. Modern graves with the tradi-
tional white painted wooden crosses are seen in the background.

 0 

 100 

 200 

 300 

 400 

 500 

 600 

 700 

 800 

 900 

 1000 

 1100 

 1200 

 1300 

 1400 

 1500 

C
or

e 
de

pt
h 

(m
m

)

0.6 0.9 1.2

TOC (%)

160 360

K

240 440 640

Ca

0 100

Br

30 60 90

Magnetic Susceptibility

1300

1400

1500

1600

1700

1800

1900

2000

A
ge

 (
A

D
)

Fig. 6. Sediment core POR16_RB#1 was retrieved just outside the Rode-
bay embayment. The geochronology of this 158 cm core was based on 210Pb 
and 137Cs analyses of the upper 15 cm, and 3 AMS 14C dates on marine 
bivalves. The prominent dark colouring of the interval corresponding to 
the period c. AD 1600–1750 of the Little Ice Age reveals the presence of 
non-oxic conditions most likely due to persistent sea-ice cover. Sediments 
deposited after AD 1600 display regular oscillations in K and Ca with a 
duration of close to 80 years. 
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not indicate enhanced fluxes in organic matter. Instead, 
local hydrographic conditions with reduced bottom-water 
oxygenation are likely to be responsible for the dark layers. 
This sediment interval corresponds to one of the more severe 
Little Ice Age cooling episodes during which the sea-ice cover 
along the coast of the inner part of Disko Bugt may have per-
sisted throughout most of the year (Ribeiro et al. 2011).
 During cold intervals of the Little Ice Age, the mean an-
nual temperature in the Disko Bugt region area was 2–4°C 
lower than present day values (Humlum 1999). Prior to this 
period of generally colder climate, about 1000 years ago, the 
regional atmospheric climate was relatively mild in West 
Greenland, but soon after, i.e. close to AD 1200, average 
temperatures started abruptly to decline by as much as 4°C 
over about 80 years (D’Andrea et al. 2011). This climate de-
terioration involved an increase of widespread ice formation 
in the inshore waters and fjords of West Greenland (Kuijpers 
et al. 2014). Regional climate since then has remained gen-
erally colder until about 150 years ago, although with large 
fluctuations (Ribeiro et al. 2011). 
 The XRF data of core POR16_RB#1 reveal regular oscil-
lations in the upper part of the core that appear to occur on a 
multi-decadal time scale. During the past 1000 years, 60–80 
years periodicity is noted in sea-surface conditions of the 
Disko Bugt areas (Allan et al. 2018) suggesting clear link-
ages with the ‘Atlantic Multidecadal Oscillation’ (AMO) in 
which warmer and more saline North Atlantic surface-water 
conditions alternate with cooler and less saline conditions 
around AD 1910 (Reverdin 2010). 
 Based on historical information from the KGH records 
from Upernavik (A. Kuijpers, unpublished data 2014), the 
temperature and salinity may also be reflected by the dura-
tion of the sea-ice season off West Greenland, which in the 
beginning of the 20th century extended into June (Fig. 3). 
Such a relationship between winter sea-ice conditions in the 
north-western North Atlantic and ‘Atlantic Multidecadal 
Oscillation’ has also been reported by Chan et al. (2017), who 
found that during the past four centuries an extended sea-ice 
cover and associated reduced ice productivity can be linked 
to the cool phase of the ‘Atlantic Multidecadal Oscillation’. 
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The Arctic region is warming more rapidly than the global 
average (AMAP 2017) and it is well established that this 
warming is at least partially responsible for the Greenland 
ice sheet losing mass at an accelerating rate, raising concern 
worldwide (e.g. Kahn et al. 2015; Rahmstorf et al. 2015). 
It is essential to monitor the changes of the Greenland ice 
sheet to be able to assess the potential environmental, social 
and economic implications around the globe, and to provide 
decision-makers with reliable data. The annual mass-budget 
deficit of the Greenland ice sheet has grown over the past two 
decades due to increases in surface melting (Van den Broeke 
et al. 2017) and ice-flow acceleration (Kahn et al. 2015). 
Currently, and for the last two decades, the Greenland ice 
sheet is the single largest Arctic cryospheric contributor to 
global sea-level rise and the Greenland ice-surface melt rates 
are projected to increase as the Arctic continues to warm 
(AMAP 2017). 
 The snowline is here defined as the maximum elevation 
during the melt season at which snow remains from the pre-
vious accumulation season (Cogley et al. 2011). The snow-
line is a valuable climate indicator as its position integrates 
the competing effects of melt (increasing snowline elevation) 
and snow accumulation (decreasing snowline elevation). 
Thus the snowline provides a key holistic variable indicating 
climate change.
 We have developed a methodology that determines snow-
line elevation utilising the moderate resolution imaging spec-
troradiometer (MODIS) sensor on the Terra satellite. The 
MODIS sensor produces a global dataset on a daily basis, 
with a resolution varying between 250 m and 1 km, in 36 
bands covering the visible to thermal wavelengths. Using 
MODIS, we derived the maximum snowline altitude for the 
Greenland ice sheet for the years 2000–2017. We are pro-
ducing a freely available, consistent dataset that provides an 
important tool for the monitoring of the long-term impact of 
climate change on the Greenland ice sheet. Direct compari-
son with field observations from automatic weather stations 
(AWSs) from the Programme for Monitoring of the Green-

The Greenland ice sheet – snowline elevations at the 
end of the melt seasons from 2000 to 2017

Robert S. Fausto and the PROMICE team*

* Signe B. Andersen, Andreas P. Ahlstrøm, Dirk van As, Jason E. Box, Daniel Binder, Michele Citterio, William Colgan, Konstanze Haubner, 
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Fig. 1. Greenland map showing the location of PROMICE automatic 
weather stations and the 2016 snowline as derived from Terra satellite data 
using the moderate resolution imaging spectro- radiometer (MODIS) 
sensor. The locations of the ground-control automatic weather stations 
(PROMICE) are indicated. EGP: East GRIP. KAN: Kangerlussuaq. 
KPC. Kronprins Christian Land. NUK: Nuuk. QAS: Qassimiut. SCO: 
Scoresby Sund. TAS: Tasiilaq. THU: Thule. UPE: Upernavik. DEM: 
Digital elevation model. GIMP: Greenland ice mapping project.
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land Ice Sheet (PROMICE) network validates the snowline 
dataset derived from MODIS. We use the services of the 
CryoClim internet portal, providing an operational and per-
manent service for long-term systematic climate monitoring 
of the cryosphere, to distribute our snowline product. More 
specifically, end-of-melt season, 1 km2 resolution raster grids 
illustrating snow and bare-ice surfaces, and snowline shape 
files can be downloaded via CryoClim. Here, we describe the 
snowline classification algorithm, its validation and its inter-
annual variations for 18 years spanning 2000–2017.

Snowline classification algorithm
We processed all MODIS MOD12KM and MOD03 scenes 
covering Greenland from late July to the beginning of Sep-
tember 2000–2017. We used the surface-type detection algo-
rithm of Fausto et al. (2015) that distinguishes between bare-
ice and snow surfaces. Fausto et al. (2015) uses normalised 
thresholds (Th) from calibrated radiances (MOD021KM) 
between the near-infrared band 5 (1230–1250 nm) and the 
visible band 10 (483–493 nm) with surface-type thresholds 
Thdry snow≤0.86, 0.86<Thmelting snow<0.94 and Thglacier ice≥0.94. 
The classification algorithm is updated by implementing a 
new surface-type threshold to address a ‘noisy’ snow clas-
sification over the northern part of the ice sheet identified 
by Fausto et al. (2015). The algorithm is thus supplemented 
by Thbare ice>265–2.1×LAT, where LAT is latitude. Thbare ice 

is defined as: 
T h bare ice= c 0 + c1×b1+ c 2 ×b2+ c 3 ×b3 + c 5 ×b5 + c7×b7  
where c0=–0.0015, c1=0.160, c2=0.291, c3=0.243, c5= 
0.112, c7=0.081 and b1 to b 7 designate band 1 to band 7. 

Cloud-covered regions are removed using the MOD35_L2 
dataset. Subsequently pixels are classified for every MODIS 
scene as either snow or bare ice for the whole Greenland ice 
sheet.
 Daily classification scenes are aggregated to yield a maxi-
mum extent of bare ice to define an end-of-melt-season 
snowline. Snowlines from peripheral glaciers are generally 
excluded, and the snowline products are based on an algo-
rithm success rate of over 95% classified pixels.

Validation
To help validate the MODIS data we make use of the PROM-
ICE automatic weather station network that currently con-
sists of two or three stations primarily in the ablation area 
in eight ice sheet regions. Each automatic weather station 
records a suite of meteorological and glaciological measure-
ments, supplemented by e.g. surface-height changes due to 
accumulation or ablation (Fig. 1; Van As et al. 2016). 
 To validate the classified snowline elevation at the end 
of the melt season, we use the mass-budget values from the 
PROMICE weather stations  (Fig. 2; e.g. Fausto et al. 2012) at 
different elevations to calculate the vertical surface mass-bal-
ance gradient for all eight PROMICE transects to determine 
the equilibrium line altitude (ELA, zero mass budget), for di-
rect comparison with MODIS estimated snowline elevation 
(Fig. 1). AWS balance profiles from the Upernavik region, 
and those indicating an ELA above 2000 m are excluded as 
we find them unrealistic. The location of the upper AWS 
should be close to the actual ELA to get the best balance pro-
files. In total, we exclude 25% or 17 out of 67 balance profiles. 

Fig. 2. South Greenland PROMICE automatic 
weather station at the end of the 2013 melt 
season. From the stakes to the left of the weather 
station, the amount of melt (c. 4 m) is directly 
visible. The melt is also measured with a pres-
sure transducer system drilled into the ice.



73

Figure 3 illustrates the performance of the MODIS end-of-
melt-season snowline algorithm for all PROMICE regions in 
Greenland. The correlation (r=90%, p=0.0001, n=50) and 
the root-mean-square error (RMSE=200 m) are reasonable 
as the ELA and snowline elevation can be different due to 
superimposed ice formation (Cogley 2011). The mean differ-
ence between snowline altitude and ELA is −104 m. 

Results and discussion
Figure 1 illustrates the location of remotely sensed snowline 
plotted on top of the digital elevation model (DEM) from 
the Greenland Ice Mapping Project (GIMP, Howat et al. 
2014). The snowline is easily visible in the southern, western, 
and northern parts of Greenland due to the relatively even 
terrain, while the snowline shows a more complicated pat-
tern in the mountainous terrain in East Greenland (Fig. 1).
 The snowline separates bare ice from snow areas and can 
therefore be used to document the change in bare-ice areas. 
We find the extent of bare-ice exposure to be increasing in 
the period 2000–2017 at an average rate of c. 500 km2 per 
year (Fig. 4), which roughly corresponds to the size of the 
Danish island of Bornholm. This increase in the bare-ice 
area is insignificant, but it demonstrates a small average gain 
of melt over accumulation since 2000. The increasing trend 
in the bare-ice area is consistent with increasing Greenland 
mass loss due to surface processes (Van den Broeke et al. 
2017). Both independent, in situ observations (Machguth et 
al. 2016) and remotely sensed observations (Hall et al. 2012; 
Tedesco et al. 2017) show that the Greenland melt area is ex-
panding to higher elevations. Further, the increase in bare ice 
enhances the positive feedback mechanism of a darkening ice 

sheet surface (ice is darker than snow), which affects the sur-
face mass and energy balance of the Greenland ice sheet (Box 
et al. 2012). Figure 4 also illustrates the inter-annual variabil-
ity of the 2000–2017 snowlines, which is highly dependent 
on the complicated seasonal weather systems around Green-
land. For instance, the below average snowline of the snowy 
year of 2016/2017 is consistent with positive albedo anoma-
lies that reduced melting in 2017 (Tedesco et al. 2017). 
 Uncertainties associated with the different surface-type 
detection are assessed with the ELAs derived from the AWS 
surface mass-budget observations. Figure 3 shows a signifi-
cant correlation between the MODIS snowline and ELAs 
derived independently from PROMICE AWSs. A reason for 
the difference between the two can be that the MODIS data 
have a spatial resolution of 1 km2, pan-ice sheet coverage and 
quasi-daily temporal coverage, while the footprints of the in 
situ measurements are small (5–50 m2), and surface patchi-
ness is clear in aerial photography (Stroeve et al. 2006). 
 Fausto et al. (2015) discuss an August anomaly in their 
monthly surface-type data set during the 2010–2014 peri-
od, illustrated by a noisy melting-snow classification in the 
northern ice sheet, which was most likely due to false clas-
sification. However, with the updated bare-ice threshold, 
we improve the detection of snow and ice surfaces (Fig. 1), 
visualised by a less noisy snow classification of snow in the 
northern part of the ice sheet, resulting in a more reliable cli-
mate indicator for Greenland. 

Conclusions
Remotely sensed MODIS data can yield daily, automated 
classification of the Greenland ice sheet surface type (snow 
and ice). Validation indicates a high correlation (0.9) be-
tween MODIS-derived snowline altitudes and ELAs esti-
mated from in situ measurements. The end-of-melt-season 
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snowline is useful as an ice-sheet climate indicator for the 
competing processes of surface accumulation and ablation, 
quantified by an average annual increase of c. 500 km2 of the 
bare-ice area for the 2000–2017 period. 
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Initial field activities of the Camp Century Climate  
Monitoring Programme in Greenland

William Colgan, Allan Pedersen, Daniel Binder, Horst Machguth, Jakob Abermann and Mike Jayred

Fig. 1. Location of Camp Century that was constructed by the US Army 
Corps of Engineers in 1959 in the Greenland ice sheet. Camp Century was 
abandonned in 1967.

500 km

Camp Century

Thule Air Base

Camp Century was a military base constructed by the US 
Army Corps of Engineers in 1959 in the near-surface layers 
of the Greenland ice sheet at 77.13°N, 61.03°W and 1886 m 
above sea level (Clark 1965; Fig. 1). The base housed up to 
200 military personel and was continuously occupied until 
1964. After three years of additional seasonal operation, 
the base was abandoned with minimal decommissioning in 
1967. Recent Danish scholarship has documented the politi-
cal and military history of Camp Century in detail (Nielsen 
& Nielsen 2016).
 In 2016, the Geological Survey of Denmark and Green-
land (GEUS) participated in a multi-nation study that pre-
sented regional climate simulations that suggested the ice-
sheet surface mass balance at Camp Century may change 
from net accumulation to net ablation by 2100 under the 
UN Intergovernmental Panel on Climate Change RCP8.5 
‘business-as-usual’ climate scenario. However, according to 
Colgan et al. (2016), net accumulation would persist beyond 
2100 at Camp Century under the climate-change mitigation 
characterised by RCP4.5, an approximately ‘Paris Agree-
ment’ climate scenario.
 In 2017, in response to concerns from the Government of 
Greenland over the potential to remobilisation of contami-
nants from Camp Century within the next century, the Gov-
ernment of Denmark established a programme for long-term 
climate monitoring and detailed one-time surveying of the 
debris field at Camp Century (Colgan et al. 2017). This re-
port describes the initial field activities of the Camp Century 
Climate Monitoring Programme in the context of the four 
programme goals:
1.  To continuously monitor relevant climate variables, in-

cluding the depth to which meltwater percolates, at the 
Camp Century site. 

2.  To regularly update annual likelihoods of meltwater in-
teracting with abandoned materials at the Camp Century 
site over the next century.

3.  To map the estimated spatial extent and vertical depth of 
abandoned wastes across the Camp Century site.

4.  To publicly report all findings from the Camp Century 
Climate Monitoring Programme in a timely manner. 

Field logistics
Field activities of the Camp Century Climate Monitoring 
Programme were initiated in summer 2017, when a six-per-
son team spent two weeks at the Camp Century site (19 July 
to 3 August). There is no abandoned infrastructure visible 
at the ice-sheet surface at Camp Century (Fig. 2). Debris 
field location, as well as zones of restricted drilling depth, 
were estimated prior to field work  (Fig. 3). This was done by 
georeferencing a historical site map using a single tie-point, 
the location of the original drill tower, corrected for motion 
since its last precise survey in 1986 (Gundestrup et al. 1987). 
The 2017 summer camp, which consisted of three common 

© 2018 GEUS. Geological Survey of Denmark and Greenland Bulletin 41, 75–78. Open access: www.geus.dk/bulletin
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tents and six personal tents, was established within the debris 
field, approximately aligned with the location of post-closure 
summer camps (Kovacs 1970). Although decamped entirely, 
the footprint of the 2017 summer camp will likely be visible 
in subsequent ice-penetrating radar surveys due to the forma-
tion of massive wind-sculpted snowdrifts around it. 
 During field work, there was persistent cloud cover with 
frequent storm conditions. The mean wind speed was 8.8 
m/s, and the maximum 1 hour mean wind speed was 18.3 m/s 
(Beaufort 8). Thule Air Base, located approximately 200 km 
west, served as logistical base for the field work. A ski-equipped 
Twin Otter aircraft was used to transport 3200 kg of equip-
ment and supplies to and from the ice sheet. Field work con-
sisted of installing three automated instrument stations, drill-
ing boreholes for instrument installation and firn sampling, 
surveying velocity stakes, and collecting ice-penetrating radar 

profiles. Of the 175 m firn core drilled, 135 m were analysed in 
the field and 40 m were transported to Copenhagen for more 
detailed radionuclide analysis by the Center for Nuclear Tech-
nologies at the Technical University of Denmark. 

Instruments and data
Climate measurements were initiated using automated weath-
er station technology previously developed by GEUS. The 
automatic weather station design has a proven record of more 
than 175 station-years of deployment in Greenland since its 
introduction in 2007 (Citterio et al. 2015). The primary 
weather station at Camp Century (CEN) measures air tem-
perature and humidity, wind speed and direction, atmos-
pheric pressure, upward and downward shortwave and long-
wave radiation, subsurface (snow/ice) temperatures to 10 m 
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Fig. 3. Overview of initial field activities at 
Camp Century. Recently constructed instru-
ment towers refer to the primary weather 
station (‘CEN’), the supplementary thermis-
tor station (CEN-THM), the supplementary 
compaction station (CEN-COM) and the 
supplementary global positioning system station 
(CEN-GPS; to be installed). Boreholes refer 
to the 73 (B73) and 62 (B62) m firn cores. 
Restricted drill zone depths were assessed based 
on georeferencing of a historical as-built site 
map (Kovacs 1970).

Fig. 2. The temporary ice-sheet camp at 1600 
UTC on 20 July 2017. The camp consisted of 
three common tents and six personal tents. There 
was persistent cloud cover with frequent storm 
conditions and a mean wind speed of 8.8 m/s. 
No abandoned infrastructure is visible at the 
ice-sheet surface; the entire debris field is now 
subsurface as a result of net snow accumulation 
since closure. 
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Fig. 4. Left: Near-surface firn density profiles 
measured both inside (B73) and outside (B62) 
the debris field. The high-density layer between 
32 and 35 m depth within the debris field likely 
reflects enhanced compaction during the c. 
1960–1964 active period. Right: Near-surface 
snow/ice temperatures at B73 inside the debris 
field. The annual temperature cycle penetrates to 
c. 12 m depth, with year-round firn temperatures 
remaining c. –24°C below this depth. Density (kg/m  )3
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depth, and snow depth, as well as diagnostic parameters such 
as battery voltage. The temperature of the relatively porous 
near-surface ice-sheet layer known as firn is also measured by a 
supplementary thermistor station (CEN-THM) to a depth of 
73 m, which approximates local pore close-off depth (Fig. 3). 
 Ice-sheet structure was analysed with 73 and 62 m deep 
firn cores, hereafter referred to as B73 and B62. Firn density 
and melt percentage were measured to a minimum depth of 
62 m at locations inside and outside the debris field (Fig. 4). 
A third automatic station was deployed to measure the com-
paction rate of snow into ice, or vertical strain, over the 0 
to 5 m, 0 to 20 m and 1 to 62 m depth ranges. This third 
automatic station, the supplementary compaction station 
(CEN-COM), is located outside the debris field. All three 
automatic stations satellite-transmit their measurements in 
near-real-time to www.campcenturyclimate.dk. A fourth sta-
tion that records observations from the global positioning 
system (CEN-GPS) will be installed to continuously moni-
tor ice flow. These climate and ice data will be used to cali-
brate and validate future simulations of firn evolution.

Preliminary interpretation
The measurements from the automated weather station 
(CEN) record that midday air temperature exceeded 0°C for 
three days during the operational period of the 2017 summer 
camp. The maximum one-hour mean air temperature was 

1.8°C. Under these warm conditions, surface melt quickly 
froze to moving drill parts when the drill was lowered into 
cold winter firn. This necessitated a two-day suspension of 
drilling. Preliminary analysis of the B73 deep thermistor 
measurements, located within the debris field, indicates that 
the annual temperature cycle in near-surface snow and ice 
temperatures penetrates to c. 12 m depth (Fig. 4). Beyond 
this depth, year-round firn temperatures appear to remain 
c. –24°C. In summer 2017, there was limited meltwater pro-
duction and refreezing, with no apparent change in firn tem-
perature beyond this annual diffusion cycle. 
 Preliminary analysis of near-surface firn structure indi-
cates that refrozen meltwater layers are readily identifiable 
in the uppermost 15 m of the firn. The largest of these lay-
ers is c. 8 cm thick, which represents the melt-and-refreeze of 
c. 25% of annual snowfall (Buchardt et al. 2012). The firn 
cores suggest that meltwater movement beyond the annual 
layer is unlikely. Near-surface firn densities are similar both 
inside and outside the debris field to 32 m depth (Fig. 4). Be-
tween 32 and 35 m depth, firn density is significantly greater 
within the debris field. This high-density layer is slightly dis-
coloured in appearance and likely reflects enhanced compac-
tion and pollution during the c. 1960–1964 active period. 
Below this active layer, firn densities are similar inside and 
outside the debris field. After drilling B73 through the high-
density active layer, pressurised hydrocarbon vapours vented 
from the borehole until it was backfilled. Mobile hydrocar-

http://www.campcenturyclimate.dk
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bon vapours were not anticipated, and vapour-tight equip-
ment was not available on-site to opportunistically sample 
these vapours.

Radar survey
Data from the one-time summer 2017 radar survey are be-
ing analysed to perform a detailed assessment of the hori-
zontal extent and vertical range of the debris field. 100 and 
250 MHz ice-penetrating radar data were collected by cross-
country skiing in a dense grid pattern over the Camp Cen-
tury debris field (Fig. 3). The radar profiles, each tagged with 
global positioning system coordinates, will be available on 
the programme website. A preliminary field analysis of the 
ice-penetrating radar data shows that the sub-surface debris 
field is c. 2 km in diameter, with debris ranging between c. 20 
and 100 m depth. This ice-penetrating radar data will permit 
improved geo-referencing of historical as-built site maps, via 
precisely positioning key subsurface infrastructure features, 
which will facilitate delineating the debris field beyond the 
extent recorded by as-built site maps.

Programme outlook
This report describes the initial field activities of the Camp 
Century Climate Monitoring Programme in the context 
of programme goals. Near-real-time climate and ice meas-
urements from automated stations, ice-penetrating radar 
profiles, as well as programme outreach materials and pub-
lications, can be accessed at www.campcenturyclimate.dk. 
Subsequent field work at Camp Century will be undertaken, 
as needed, to service deployed instrumentation. During these 
subsequent site revisits, ice-velocity stakes will be resurveyed 
to precisely measure the relatively slow (<5 m/yr) ice velocity 
over several years.  
 Data analysis, in support of observationally-constrained 
numerical simulations of the evolution of meltwater and firn, 
is the major programme focus. While climate change now 
gives Camp Century previously unanticipated social signifi-
cance, the sustained effort of the Camp Century Climate 
Monitoring Programme will continue to provide Danish 

and Greenlandic stakeholders open access to relevant in situ 
measurements and model projections. Refined knowledge of 
the spatial extent and vertical range of the debris field, as well 
as the changes in firn structure and meltwater production 
anticipated under climate change, will inform science-based 
discussions of the shifting fate of Camp Century. 
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The Greenland ice sheet has experienced an average mass loss 
of 142 ± 49 Gt/yr from 1992 to 2011 (Shepherd et al. 2012), 
making it a significant contributor to sea-level rise. Part of 
the ice- sheet mass loss is the result of increased dynamic 
response of outlet glaciers (Rignot et al. 2011). The ice dis-
charge from outlet glaciers can be quantified by coincident 
measurements of ice velocity and ice thickness (Thomas et 
al. 2000; van den Broeke et al. 2016).
 As part of the Programme for monitoring of the Green-
land Ice Sheet (PROMICE; Ahlstrøm et al. 2008), three air-
borne surveys were carried out in 2007, 2011 and 2015, with 
the aim of measuring the changes in Greenland ice-sheet 
thicknesses. The purpose of the airborne surveys was to col-
lect data to assess the dynamic mass loss of the Greenland ice 
sheet (Andersen et al. 2015). Here, we present these datasets 
of observations from ice-penetrating radar and airborne laser 
scanning, which, in combination, make us able to determine 
the ice thickness precisely. Surface-elevation changes be-
tween surveys are also presented, although we do not provide 
an in-depth scientific interpretation of these.

Instrumentation
All three surveys were conducted using the same Air Green-
land/Norlandair De Havilland DHC-6 Twin Otter aircraft, 
currently registered as TF-POF. This Twin Otter has been 
modified in such a way that part of the fuselage can be re-
moved in the rear cargo hole providing an unobstructed view 
of the surface below the aircraft when airborne. The precise 
position of the aircraft (and instruments) is tracked by three 
geodetic dual-frequency GPS receivers each connected to 
one of two GPS antennas mounted on top of the aircraft. 
The orientation of the instruments is monitored by an iner-
tial navigation system (INS). The primary INS is of the type 
Honeywell H-764G. During the last two flights, we also in-
stalled a back-up INS of the type OxTS Inertial+2.
 For measuring snow- or ice-surface elevations, a near in-
frared, airborne laser scanner (ALS; Forsberg et al. 2001) 
was mounted in the rear cargo hole, alongside the INSs. The 
ALS flown on the Twin Otter in 2007 was of the type Riegl 
LMS-Q140i-60, which was upgraded to a Riegl LMS-Q240i 
in 2011 and 2015. In 2007 and 2011, a 60 MHz coherent 
ice-penetrating radar, developed at the Technical University 
of Denmark (DTU), was also mounted to measure bedrock 
topography (Christensen et al. 2000).

Survey design
The survey flight path was designed as a polygon to encircle 
the entire Greenland ice sheet where the surface of the ice 

Circum-Greenland, ice-thickness measurements  
collected during PROMICE airborne surveys in  
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is at an elevation of c. 1700 m above sea level, as well as to 
include survey lines over the centerline of several main outlet 
glaciers. The surveys have been carried out at four-year inter-
vals (2007, 2011 and 2015). The planned flight path in 2007 
left a data gap on the east coast (from c. 72N to c. 74N) which 
was bridged during the 2011 and 2015 surveys. 
 All three surveys were planned to be carried out in Au-
gust, as this timing represents the end of the melt season and 
ensures that the changes observed in surface elevations are 
not affected by individual accumulation events. Due to bad 
weather conditions in August 2015, half of the survey (the 
part from Constable Pynt in East Greenland clockwise to 
Kangerlussuaq in West Greenland) was carried out in Octo-
ber. The late acquisition of these data thus results in a poten-
tial bias of individual accumulation events due to snowfall in 
this dataset compared to the surveys in 2007 and 2011. As 
the flight path from 2011 was repeated in 2015, and since the 
bedrock elevation is not expected to change within this time 
frame, it was decided not to utilise the ice-penetrating radar 
on the last survey in 2015. 

Surface-elevation data
The ALS operates in the near-infrared wavelength band, 
which is reflected from the snow or ice surface. This means 
that data can only be acquired during periods without clouds 
or fog below the aircraft. The sampling frequency of the ALS 
instrument is 10 kHz, resulting in 40 across-track scan lines 
per second. Each of these scan lines consists of 250 individual 
elevation measurements on-ground. The scan angle of 60° 
and the typical flight height of c. 300 m result in a swath 
width on ground of c. 300 m with c. 1 m resolution.
  The processing of the ALS data combines the raw ALS data 
with the positioning data from the GPS and altitude data from 
the INS. Post-processing of the data includes visual inspec-
tion to filter out laser reflections from clouds. The positional 
uncertainty in both latitude and longitude is estimated to be 
± 1 m, while the elevation uncertainty is estimated from track 
cross-over differences to be ± 0.05 to 0.1 m over flat surfaces.
 To reduce the file size and to create a dataset which is 
more comparable to the resolution of the bedrock data, the 
full-resolution ALS data have been reduced to a spatial reso-
lution of c. 100 m. This has been done through simple averag-
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ing of available height measurements along and across track. 
An example of full-resolution versus reduced-resolution data 
is shown in Fig. 1A. The data are compiled in one file per 
year (ALS_yyyy.ave) and can be downloaded from http://
promice.dk/DownloadAirborne.html. As an example, the el-
evations from 2011 are shown in Fig. 2A.

Bedrock-elevation data
The ice-penetrating data acquisition consists of transmitting 
pulses at a pulse repetition frequency of 10 kHz (i.e. sampling 
in the flight direction) and sampling the returned echo at 75 
MHz, which results in 4096 samples per transmitted pulse. 
While internal scattering masks the desired echo, reflection 
and absorption within the ice sheet reduce the strength of 
the returned echo. Substantial processing is therefore carried 

out to produce a radargramme that enhances the detection of 
the echo from the bottom of the ice-sheet.
 A semi-automatic layer detection program is used to digital-
ise the surface and bedrock layers individually. In some areas, 
primarily near the ice margin in South Greenland, the radar 
was not able to detect the bedrock due to heavily crevassed ice 
or water present within the ice. Figure 1B shows a good exam-
ple of a radargramme where a bottom echo was obtained. Based 
on radar system setup, vertical uncertainty in radar-derived ice-
sheet bed elevation is estimated to be ± 35 m, which is con-
firmed by the cross-over differences between the two surveys. 
 The data are compiled in one file per year (ARS_yyyy.
ave), which is also available for download from http://pro-
mice.dk/DownloadAirborne.html. As an example, the bed-
rock elevations from 2011 are shown in Fig. 2B.

 
Surface-elevation changes
Having three surveys of surface elevations spanning eight 
years enables us to derive and analyse surface elevation 
changes along the flight lines. In Fig. 3, we show the mean 
annual surface-elevation changes between August 2007 and 
August/October 2015. The map was generated by comput-
ing height differences between any points in the two (re-
duced resolution) datasets for the two years. Height differ-
ences are computed only if the points are located not more 
than 200 m apart. By knowing the exact date of the survey, 
the rate of surface-elevation change can be computed. In the 
map in Fig. 3, the part that was only flown in 2007 is plotted 
with black, while the parts only surveyed in 2015 are shown 
in grey. There are some clearly visible gaps: One leg of the 
flight line is missing in north-eastern Greenland from Ni-
oghalvfjerdsfjorden to Hagen Bræ and similarly and a part 
of the line is also absent south of Jakobshavn Isbræ. The gap 
in the north is caused by gaps in the 2015 dataset due to time 
and weather constraints. The gap south of Jakobshavn Isbræ 
is due to cloud cover in 2007.
 Figure 3 shows that the mean annual elevation changes 
in the period 2007–2015 is clearly dominated by thinning 
with some main outlet glaciers such as Jakobshavn Isbræ and 
Kangerlussuaq Gletscher thinning rapidly. Only a few places 
along the flight line are associated with thickening, e.g. at 
Storstrømmen. The sections of the flight path in the south-
eastern parts that actually show modest thickening might be 
a result of accumulation since these parts of the 2015 survey 
were mapped in October after some snowfall in the area.
 Elevation change data, such as presented here, are scientif-
ically very valuable e.g. to validate satellite data and ice-sheet 
models. Furthermore, the data presented here represens an 
important supplement to the heights and height differences 
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available from the NASA Operation IceBridge field surveys 
(Krabill et al. 2009; Krabill 2014) as the flight lines cover 
different areas, and also our measurements are made at the 
end of the melt season while Operation IceBridge data are 
collected mainly in the spring. 

Comparison to BedMachine v3 bedrock 
elevations 
The bedrock elevation dataset described above also represents 
a valuable legacy dataset that can be used by a wider scientific 
community. Knowledge of bedrock elevations in Greenland 
is essential in, e.g. ice-discharge studies and ice-sheet model-
ling. One widely used bedrock topography model is the one 
available in BedMachine v3 (Morlighem et al. 2017) which is 
based on the conservation of mass and constrained by avail-
able measurements. The BedMachine v3 model is provided 
together with an error map, which shows how the error in-
creases with increasing distance to measurement points. To 
evaluate whether the PROMICE dataset can potentially 
contribute to an improvement of the BedMachine model in 
the future, we have extracted the BedMachine error values 
for all the 2007 and 2011 bedrock elevations in the PRO-
MICE datasets. The two corresponding histograms in Fig. 
4 show that in c. 50% of the data locations the error in the 
BedMachine v3 model is greater than 100 m, indicating that 

the PROMICE dataset with an uncertainty of ± 35 m could 
indeed contribute positively to a future, improved version of 
the model. It may also be noted that only 25% of the BedMa-
chine data are related with similar or lower errors than the 
PROMICE dataset.
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Arctic sea ice has a significant impact on the global radiation 
budget, oceanic and atmospheric circulation and the stabil-
ity of the Greenland ice sheet (Vaughan et al. 2013). Prior to 
the era of aircraft and satellite, information on sea-ice extent 
relied on observations from ships and people living at the 
coast. This information is a valuable contribution to better 
understand the history of sea ice. However, the information 
exists in a range of formats, e.g., sea-ice extent before the late 
1800s is typically reported in the literature as an annual in-
dex from a single geographical point or as hand-drawn maps. 
This makes it difficult to assess and compare data across time 
and space. The combination of digitised historical maps and 
single-point data makes the information more accessible and 
provides a record that can help understand the dynamics and 
processes of the climate and its interactions with the cryo-
sphere (Chapman & Walsh 1993).
 In this study, maps of sea-ice extent by Koch (1945) were 
digitised. We use these maps in combination with sea-ice 
charts from the Danish Meteorological Institute (DMI) and 
Koch’s sea-ice index from 1820 to 1939, to map estimated 
sea-ice extent between Iceland and Greenland going back to 
1821. This information has not been included in even the 
most recent databases of Arctic sea ice (Walsh et al. 2015, 
2017). Furthermore, we extract time series of sea-ice extent 
at a number of locations and investigate the relationship be-
tween them.
 Our observation area is along eastern Greenland, between 
the southern tip of Greenland at 59°46́ N northwards to 
77°21́ N.

Digitising Lauge Koch’s maps
Koch’s (1945) monograph comprises over 400 small maps 
that show monthly sea-ice extent  from 1877 to 1939. We 
digitised the maps for the months in those years that con-
tained sea ice. The data used by Koch were compiled by 
Thoroddsen (1884) from annals that describe the sea-ice ex-
tent off Iceland. The final result is 134 digital maps showing 
sea-ice extent from 1877 to 1939. These maps are available 
for download at http://dx.doi.org.pangaea.de/10.1594/PAN-
GAEA.887453

Reconstructing the extent of sea ice  
between Greenland and Iceland from 
Koch’s index
Koch’s monograph contains a sea-ice index that categorises 
the width of the ice belt off Iceland, based on observations 
from 1820 to 1939. The Koch index has three main catego-
ries from A to C and subcategories from 1 to 3 for each letter 
(Table 1). A represents a narrow ice belt year, B is a broad ice 
belt year and C depicts a very broad ice belt year. The num-
ber next to the letter indicates how far the sea ice spread off 
Iceland. A subcategory value of 1 means the ice did not reach 
Iceland, 2 means it had spread along the northern coast and 
3 indicates it had spread down as far as the southern coast of 
Iceland. Koch described an A year as the least severe sea-ice 

Observationally constrained reconstruction of 19th to 
mid-20th century sea-ice extent off eastern Greenland
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year, whereas C is the most severe sea-ice year, with B being of 
intermediate severity. For example, the year 1895 is classified 
as B3 because it had a wider area of sea ice that touched on 
northern Iceland. Table 1 gives a summary of the index for 
each year. The duration of sea ice is not taken into consider-
ation in these indexes.
 The dataset we produced comes from three different 
sources of historical maps. The first is the digitised Icelandic 
maps, the second source is the DMI sea-ice charts that we 
digitised for 1893 to 1900 for the months between March 
and September each year. We have only digitised sea-ice ex-

tent along the east coast to the southern tip of Greenland 
from the DMI charts. These charts were based on ice condi-
tions from variable sources such as land-based observations, 
scientific explorations and ship logs.
 The third source is shapefiles from DMI that are available 
online. These files contain digitised sea-ice data from 1901 
to 1956 (Underhill et al. 2014). We subsequently used these 
data to create the digitised maps. The DMI shapefiles were 
downloaded from the NSIDC at: https://nsidc.org/data/
G10007/versions/1. The original maps used to create the 
shapefiles from 1893 to 1956 can be found on the NSIDC 
website: https://nsidc.org/data/G02203/versions/1#. Due to 
World War II, there is a gap in the data from 1939 to 1946.
 Digitisation of the maps was done using ArcMap and ex-
ported as completed map files in jpeg format. Next, and for 
ease of data manipulation, the images were processed to con-
vert the values into binary arrays, so that sea ice has a value 
of 1 and no sea ice has a value of 0. This was done in order 
to better visualise and plot the data. For each category (A1, 
A2...C) of the index, where there are at least 10 years present 
(Table 1) we created a map showing the probability that sea 
ice had a certain extent. The maps contain three lines of sea 
ice that depict 80–100%, 60–79% and 40–59% probability 
of sea-ice extent (Fig. 1). The percentages are calculations of 
the average sea-ice extent. We used the average sea-ice extent 
for each year belonging to each category to calculate the fre-
quency of the extent. For example, the dataset shows that in 
80–100% of those years within a certain category the sea ice 
extended to the thick dashed line, 60–79% of the time the 
extent reached the solid black line and only 40–59% of the 
time did the sea ice extend to the thin dashed line. The result 
of this procedure is six maps (A1, A2, A3, B1, B2 and C) 
from 1893 to 1956. In some cases, we can go even further back 
in time; three maps showing Iceland only (B2, B3 and C) have 
been constructed for the years 1877 to 1939. Figure 2 shows 
an example of a C year. There are no probability maps for A 
years for the Iceland-only maps, because of a lack of data.

N

Iceland

N o r t h  A t l a n t i c  O c e a n

100-80%
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0 150 30075 km
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Fig. 2. Example of probability map of sea ice off Iceland 1877 to 1939. 

Index

Year 1884 1823 1853 1924 1830 1902 1862 1913 1836 1916 1821 1861 1914 1822 1868 1911 
1922 1832 1867 1928 1831 1903 1876 1838 1917 1824 1870 1915 1828 1869 1918
1926 1839 1899 1930 1835 1923 1877 1850 1921 1825 1875 1919 1837 1878 
1927 1841 1904 1933 1854 1925 1879 1880 1932 1827 1883 1938 1840 1881
1931 1843 1905 1937 1864 1929 1889 1885 1829 1886 1855 1882
1934 1844 1908 1871 1889 1890 1834 1895 1856 1887
1935 1845 1909 1872 1893 1897 1857 1896 1858 1888
1936 1846 1910 1873 1894 1898 1859 1906 1865 1891
1939 1848 1920 1901 1900 1912 1860 1907 1866 1892

Total

Table 1. Summary of how Koch’s index was classified for each year from 1821 to 1939
 A1 A2 A2 A2 A3 A3 B1 B1 B2 B2 B3 B3 B3 C C C

 9 23 14 10 13 22 20

https://nsidc.org/data/G10007/versions/1.
https://nsidc.org/data/G10007/versions/1.
https://nsidc.org/data/G02203/versions/1
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 For further analyses of the sea-ice data, 12 points were 
selected (Fig. 3) to pinpoint areas of interest in order to in-
vestigate if there is a relationship between the points. A con-
ditional probability matrix (Table 2) was created to analyse 
the relationship between the 12 selected points using the 
digitised datasets described above. We calculated the prob-
ability that if there is sea ice at a given point then there is 
sea ice at another point. For example, the value 0.177 in the 
last column indicates that if point 12 has sea ice then there 
is a 0.177 probability that point 11 also has sea ice. A strong 

probability is defined as a value of 0.850 to 1.000, a medium 
probability is defined as a value of 0.490 to 0.849 and a weak 
probability is less than 0.490.

Results
In this section, we discuss the observed relationship between 
the East Greenland sea ice and the sea ice off Iceland using 
nine probability maps and the conditional probability ma-
trix (Table 2). Koch describes an A1 year as a year when the 
ice between Greenland and Iceland would have been nar-
row and Iceland free of ice throughout that year. During A1 
years the probability maps show that sea ice would definitely 
have been present along the coast of Greenland, down to the 
southern tip with fluctuations out from the coast but the ice 
would not have reached Iceland. In A2 years, sea ice is ap-
proaching the north coast of Iceland, but Iceland itself would 
have been almost completely free of ice. It is further estimat-
ed that 80–100% of the time, sea ice would most likely have 
been at the northern part of the coast, and for only 60–79% 
of the time to be present at the southern part of Iceland. In 
A3 years the sea-ice belt would have been wider at times ex-
tending into the northern fjords of Iceland.
 In B years, the sea ice would have formed a broad belt 
north of Iceland. Koch describes in his report that the ice 
edge reached near 67°N and 15°W, which corroborates the 
digitised data. In B1 years, the probability maps reflects a 
wider range of sea-ice extent along the coast of Greenland. 
For example, at Scoresby Sund (point 7), the maps show that 
the fjord is not always covered by ice during those years. In 
B2 years, the probability map shows that the probability of 
80 to 100% covers a larger area along Greenland’s east coast, 
and has an extent of sea ice that reached further along the 
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Fig. 3. Map of the location of the twelve points used for the probability 
matrix.

 1 2 3 4 5 6 7 8 9 10 11 12

1 1.000 0.916 0.896 0.942 0.789 0.625 0.889 0.898 0.880 0.969 0.828 0.169
2 0.924 1.000 0.948 0.942 0.842 0.500 0.937 0.933 0.930 0.984 0.841 0.171
3 0.896 0.940 1.000 0.919 0.789 0.625 0.913 0.918 0.907 0.977 0.832 0.168
4 0.976 0.976 0.960 1.000 0.842 0.500 0.980 0.988 0.981 0.977 0.845 0.165
5 0.060 0.064 0.060 0.062 1.000 0.750 0.063 0.063 0.062 0.094 0.082 0.316
6 0.020 0.016 0.020 0.015 0.316 1.000 0.016 0.016 0.016 0.031 0.026 0.375
7 0.900 0.940 0.924 0.950 0.842 0.500 1.000 0.961 0.946 0.961 0.823 0.163
8 0.920 0.948 0.940 0.969 0.842 0.500 0.972 1.000 0.965 0.984 0.845 0.169
9 0.912 0.956 0.940 0.973 0.842 0.500 0.968 0.976 1.000 0.984 0.828 0.167
10 0.498 0.502 0.502 0.481 0.632 0.500 0.488 0.494 0.488 1.000 0.509 0.305
11 0.771 0.777 0.775 0.754 1.000 0.750 0.758 0.769 0.744 0.922 1.000 0.177
12 0.977 1.000 0.977 1.000 0.140 0.070 0.953 1.000 1.000 0.907 0.953 1.000

Table 2.  A conditional probability matrix
Known point with sea ice

The left hand column indicates the point with sea ice (in relation to Fig. 2), while the rows show the probability of sea ice present relative to that point
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Icelandic northern coast. Unlike that observed in B1 years, 
for B2 years Scoresby Sund was often filled with sea ice. Fi-
nally, during C years, sea ice was present along the entire East 
Greenland coast and for 40–59% of the years the ice would 
extend down the eastern coast of Iceland.
 Of the nine maps, the remaining three show sea-ice data 
off Iceland from 1877 to 1939. These maps provide more 
details on sea-ice extent during a more severe ice period in 
the 1880s (Kelly et al. 1987, based largely on Koch’s index 
of Icelandic sea-ice occurrence). In B2 years, there was a 40 
to 59% probability of sea ice reaching all along the northern 
coast of Iceland, but persisting mainly between Iceland and 
Greenland. The B3 years have a wider area between Green-
land and Iceland and cover a further range along the north-
ern Icelandic coast. Kelly et al. (1987) discuss three of the B3 
years (1914, 1915 and 1938) as being years with extensive sea 
ice around Iceland. During C years, the sea ice extended to 
the south coast of Iceland. Seven of these years (1881, 1882, 
1887, 1888, 1892, 1911 and 1918) were severe sea-ice years for 
Iceland (Kelly et al. 1987).
 A statistical analysis was carried out to see if there is any 
correlation between sea ice being present at one point (Table 
2) to other points on the map. The strongest probabilities 
are the points along eastern Greenland, points 1–4 and 7–9. 
This implies that if there is sea ice at one point along the 
coast then it is very likely that the rest of the eastern coast of 
Greenland would have been filled with ice. Point number 12 
is located farther from the coast but has a perfect correlation 
with points 2, 4, 8 and 9 along the coast. The points farther 
from the coast 10–12 have a range of weak to strong prob-
ability with the other points. Point 12 also shows a relatively 
higher probability value of 0.316 and 0.375 with points 5 and 
6 than the other points closer to Greenland, which all have 
weak values of less than 0.094.
 Lauge Koch’s index extends further back in time than the 
maps of the spatial extent. When using the probability maps, 
it is now possible to see how extensive the sea ice was likely to 
have been in the period from 1821 to 1893. The final applica-
tion of the maps is to use them in combination with Table 1 
to be able to estimate sea-ice extent back to 1821.

 
Conclusion
134 maps showing sea-ice extent  from 1877 to 1939 are avail-
able as jpeg files and shapefiles. Detailed probability maps 
have been created from observed and estimated sea-ice condi-

tions from observed data that date back to the early 1800s. 
These probability maps can be downloaded at https://dx.doi.
org/10.1594/PANGAEA.887452 where the maps are avail-
able as jpeg files. The datasets can be used in further studies 
to help understand the characteristics of sea ice during the 
19th and 20th centuries. Previous studies have used Koch’s 
sea-ice index to infer atmospheric circulation patterns (Kelly 
et al. 1987). Our new dataset can provide important input to 
studies of climatic variability in the (sub)Arctic including the 
link between ice and atmospheric circulation modes such as 
the Arctic and North Atlantic Oscillations (AO/NAO) and 
thus helps predicting how the climate may respond to future 
sea-ice loss (Screen et al. 2017).
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Rare-earth elements (REE) are considered Critical Raw 
Materials (CRM; EC 2018; US Department of the Interior 
2018) and essential in the technological transformation of 
the energy sector into carbon-free technologies such as wind 
turbines, electrified transport and LED-lights. The new 
technologies have led to swiftly expanding markets for REE 
products, in which China has achieved a monopolistic role 
in all segments of the REE value chains. Political strategies 
aimed to establish REE supplies outside China are currently 
being implemented within the EU and in other Western 
countries in order to ensure an adequate future REE supply. 

However, new REE value chains outside China have not yet 
materialised. 
 The aim of this paper is to assess whether the global REE 
supply from present and potential mines can keep pace with 
the REE demand for the expanding offshore wind energy 
sector (Fig. 1). A successful development of this sector out-
side China relies on an adequate supply of particularly neo-
dymium (Nd) and to some extent praseodymium (Pr), ter-
bium (Tb) and dysprosium (Dy), used in permanent magnets 
for windmill generators. In 2015, about 82% of the global 
Nd-oxide production was used in the permanent magnets 

Examining the rare-earth elements (REE) supply– 
demand balance for future global wind power scenarios

 Per Kalvig and Erika Machacek
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Fig. 1. Global rare-earth element mines and advanced exploration projects. FS: Feasibility study. PEA: Pre-economic assessment. 
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production (Adamas 2016). Here we evaluate the future sup-
ply and demand situations for Nd, Pr, Tb and Dy in the glob-
al wind energy sector in the form of three scenarios, one for 
2020 and two for 2030 based on high and low demand. The 
balance is discussed. Our assessment reflects the challenge 
caused by limited insight into the REE supply chains inside 
China, and the figures presented in this paper are therefore 
only indicative. 

Scenarios for future global REE demand of 
the wind energy sector
In 2016, the Global Wind Energy Council reported a total 
global wind power capacity of 487 GW (GWEC 2016), of 
which the offshore capacity amounted to 3% according to 
the Global Status Report 2017 for Renewables. Due to the 

otherwise very high maintenance costs of the offshore wind 
energy, it depends in part on direct-drive and hybrid wind 
turbine technologies that use REE-based permanent magnet 
(PM) or high-temperature superconducting (HTS) genera-
tors (Barteková 2016). This is why the offshore wind energy 
sector is the focus of this study.
 Our scenarios solely deal with technologies using perma-
nent magnets in which Nd is vital. Barteková (2016) specifies 
the consumption of total rare-earth element oxides (TREO) 
for the individual types of magnets used in wind turbines 
and indicates the individual REE used. The REO content 
per magnet varies by generator design between c. 23–35%, 
highest in the permanent magnet of a direct-drive synchro-
nous generator (PMSG-DD), and lowest in hybrid single and 
multistage synchronous generators (PMSG-SG and PMSG-
MG). The relative magnet weight proportions of the four 
REOs are about 95% Nd, 4% Pr, 0.99% Tb and 0.01% Dy 
(Barteková 2016).
 In order to estimate the future REO-demand of the sector, 
the following assumptions about the wind energy technolo-
gy are made based on Barteková (2016, p. 158), who reported 
that in 2014 the REE-based permanent magnet technology 
accounted for 4% of the offshore wind technology, equally 
divided between  direct-drive and hybrid generator designs. 
For our 2016 baseline scenario, we (i) increased this share 
to 5%, (ii) maintained the equal split between direct-drive 
and hybrid generator technologies, and (iii) subdivided the 
hybrid generator designs equally into single and multistage 
gearbox designs. Further, we assume that in 2016, China 
held 8% and the rest of the world (ROW) 92% of the global 
offshore wind capacity.
 From the 2016 baseline scenario, we developed three sce-
narios: (1) the REO use in the total global offshore wind en-
ergy capacity in 2020, and (2, 3) low and high forecasts of the 
same in 2030. We set the regional offshore shares to 85% for 
ROW and 15% for China. See details in Table 1.
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Fig. 2. Rare-earth metal demand by wind energy deployment in China and 
the ROW in 2016, and forecasts for 2020 and 2030. A: assuming that all 
offshore wind technology is centred on REE-based permanent magnets. 
B: assuming that only a small share of offshore wind technology uses REE-
based permanent magnets, and differentiating between varying REE uses 
per PM generator technology. Note: Both figures show cumulated (fore-
casted) individual REE use by examined wind energy technology in the 
respective year. ROW: the rest of the world.

Table 1. Forecast scenarios for installed global
offshore wind energy capacity in 2020 and 2030

Forecast 2020 739 GW 5% = 37 GW 5% = 1.85 GW
Forecast 2030 low  1260 GW 7% = 88 GW 10% = 8.80 GW
Forecast 2030 high  2110  GW 7% = 148 GW 10% = 14.80 GW

REE permanent mag-
nets installed capacity

offshore capacity %assumptions,
this survey

From GWEC
(2016a)

Global totalWind
energy
capacity

scenarios

Global offshore
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 Our scenarios are based on the estimates by GWEC 
(2016) for 2020, 2030-low, and 2030-high global wind en-
ergy capacity. It is important to note the large variability in 
the underlying assumptions. The most significant parameter 
is the share of REE-based permanent magnets deployed in 
offshore installations. For instance, if all offshore technol-
ogy capacity would employ REE-based permanent magnet 
technology and 75% of this was installed with the highest 
REE-using direct-drive design, this would result in the con-
sumption 16 400–27 500 tons Nd-oxide in 2030 ( Fig. 2A). 
In contrast, the wind-turbine sector will demand only about 
740–1250 tons Nd-oxide (Fig. 2B) for the   alternative tech-
nology split-up outlined in Table 1. 

Scenarios for the future global REE supply
In 2016, the primary global production of total rare-earth 
oxides (TREO) amounted to 129 000 tons, of which China 
produced 83%, Australia 11%, Russia 2%, Brazil 1%, India 
1% and Malaysia, Thailand, and Vietnam still less (USGS 
2017). Although the TREO supply figures for 2016 reported 
by different sources are rather similar (USGS 2018: 23 680 
tons; Adamas 2016: 24 377 tons), there are major discrep-
ancies at national level. This partly stems from the assumed 
contributions of the non-reported market which may ac-
count for 25–30% (Roskill 2016) and from uncertainties 
pertaining to production and smelting quota (Adamas, per-
sonal communications 2018). This study applies the figures 
for for 2016 from USGS (2018), and contribution from non-
reported production is not considered. The 2016 supplies of 
Pr, Nd, Dy and Tb from China and seven ROW countries 
are shown in Figs 3A, B. The official Chinese production 
quota for 2016 was set to 105 000 tons TREO (Machacek & 
Kalvig 2017); our estimate of the regional REO production 
is based on Kingsnorth (2016) and shown in Fig. 3A. Given 
that no scheduled production quotas for 2020 and 2030 are 
available, our China 2020 and 2030 supply scenarios are ar-
bitrarily set to an increase of 5% p.a., reflecting the antici-
pated growth in demand (Dutta et al. 2016), the potential 
for higher capacity on existing plants, as well as continued 
efforts to transform the informal sector into to a formal one. 
 The ROW supply in the 2020 and 2030 scenarios is de-
veloped as follows: of the recorded 320 REE exploration 
projects outside China, 99 are reported to be active (S&P-
database 2017). Our search revealed that 31 of these projects, 
located in 12 countries, have reached an advanced stage (Fig. 
1). These 31 projects are divided into four classes of develop-
ment, which are in turn translated into expected production 
start-ups in 2020, 2025, 2030 and 2035. 

 The estimates of relative REO grades and targeted pro-
duction of Pr, Nd, Tb and Dy are based on TMR (2015) and 
company data. Where relative grade data are not available, 
our estimate is based on the actual REE mineralogy. Accord-
ing to these data, new REO productions in Australia, USA, 
and Vietnam are expected in 2020. In 2030, REO will also 
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Fig. 3. Current and future REE production scenarios. A: Current and 
forecasted Chinese production of praseodymium, neodymium, terbium 
and dysprosium in seven regions. Forecast assumes a general 5% annual in-
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tion. C: Forecasted production of praseodymium, neodymium, terbium 
and dysprosium from 31 advanced REE projects outside China. 
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be supplied by Canada, Greenland, Malawi, Namibia, South 
Africa, Sweden, Tanzania and Turkey (Figs 1, 3C). The sce-
narios indicate ROW-TREO productions of 6920 tons in 
2020 and 154 075 tons in 2030 (Fig. 3C).

Discussion and summary
We demonstrate here that the level of detail applied to esti-
mates of the future use of different types of generators and 
their relative shares allow for great variance in the current 
and forecast REE demand by the wind energy sector. Against 
this background, our ROW scenario for 2020 points to a Nd 
demand by the wind energy sector within a wide range of 
230–6300 tons (Fig. 2), while our ROW supply forecast for 
Nd-oxide from both current and new mines is around 4500 
tons. A top-down approach indicates that the REE-based 
permanent magnets for the wind sector absorb 10%, equiva-
lent to about 4000 tons TREO (Lucas et al. 2015). Adamas 
(2016) estimates that Nd-oxide accounts for c. 73% of the 
TREO in the permanent magnets for the wind sector. In ef-
fect this means that in 2020, the total Nd-oxide supply for 
the wind energy sector would be roughly 3000 tons Nd-ox-
ide, i.e. in the middle range of the forecasted global demand 
for this purpose. 
 For the 2030 low scenario and with REE technology 
applied in some but not all offshore technology, the global 
Nd-oxide demand by the wind sector is forecasted to c. 740 
tons and for the 2030 high scenario close to 1250 tons. If it is 
assumed that all offshore technology will draw on REE use, 
these figures increase to 16 400 and 27 500 tons, respectively. 
Our global supply forecast of Nd-oxide in 2030 from current 
operations is about 35 000 tons from China and 3700 tons 
from ROW, to which advanced ROW REE projects could 
contribute an additional c. 25 000 tons if all projects go into 
production. If the 10% share of the REE-based permanent 
magnet sector as well as a stable demand for REE-based per-
manent magnets from the wind sector are maintained, about 
450 tons Nd-oxide could be made available by ROW suppli-
ers in 2020, and 2900 tons in 2030. However, in the scenar-
ios based on generator technologies that consume a higher 
percentage of REE-based magnets, the estimated ROW sup-

ply is inadequate and an additional Nd-oxide supply will be 
required, e.g. from Chinese REE operators.
 This study shows that there are currently significant un-
certainties in trying to determine both the current REE de-
mand and supply in the wind sector and in building scenarios 
for 2020 and 2030. Given that Nd-Dy permanent magnets 
represent a fast-growing sector, there is a need to establish a 
comprehensive, research-based and harmonised framework 
for precise estimates of the future supply and demand sce-
narios for REE-based permanent magnets.
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Fish otoliths, also called ear stones or statoliths, are calcified 
structures functioning as movement and equilibrium indica-
tors in the inner ear of fish (Fig. 1). From hatching to death 
these structures grow incrementally, with new material ac-
creted daily (Pannella 1971) in successive layers of protein 
(1–8%, Degens et al. 1969) and calcium carbonate. The ac-
cretion rate of otoliths varies with fish growth, and in tem-
perate species it is usually lowest during the winter season 
(Hüssy et al. 2010). This results in concentric growth resem-
bling the ringed structure in trees (Fig. 1D), enabling the use 
of dendrochronological techniques to approximate the age 
and growth history of fish. During growth, certain elements 
are incorporated into the otolith structure, some associated 
with proteins and some with the calcium carbonate compo-
nent (Thomas et al. 2017), supplying a valuable record of dif-
ferent aspects in fish life history and serving as a potential 
environmental record.
 Previous studies show that trace element and isotopic 
compositions of otoliths can be used as a proxy for recon-
structing water chemistry, temperature and salinity (Pat-
terson et al. 1993; Thorrold & Shuttleworth 2000). Other 
studies demonstrate that elemental histories can be used to 
investigate fish spawning and migration patterns (e.g. Stur-
rock et al. 2012), and more recent studies use elements such 
as Zn, Cu and Mg as indicators of seasonality (Hüssy et al. 
2016; Limburg et al. 2018). Combining this knowledge of 
elemental variation with the micro-beam capabilities of laser 
ablation inductively coupled plasma mass spectrometry (LA-
ICPMS) turns otolith microchemistry into a powerful tool 
for studying important parameters fundamental for estab-
lishing modern, sustainable fisheries management policies 
(e.g. stock identification, migration, pollution indicators, 
spawning habitats, duration of larval and juvenile stages, and 
magnitude and timing of spawning).
 We present an analytical method developed by the Geo-
logical Survey of Denmark and Greenland (GEUS) in col-
laboration with the National Institute of Aquatic Resources, 
Technical University of Denmark (DTU Aqua), for element 
abundance analysis in otoliths. Analyses of otoliths from 
Baltic Cod (Gadus morhua; Fig. 1) are used as an example for 
its application.

Analytical approach
The microchemical analysis of otoliths focuses on Mg, P, Ca, 
Mn, Cu, Zn, Sr and Ba, as these elements are typically incor-
porated into otoliths, and are either subject to environmental 
control (e.g. Sr and Ba correlate with water salinity) or physi-
ological control (e.g. Zn, Cu and Mg are useful to the inter-
pretation of otolith growth history; Hüssy et al. 2016 and 
references therein; Limburg et al. 2018). The LA-ICPMS fa-
cility at GEUS employs a NWR213 laser system coupled to 
an ELEMENT 2 double-focusing, single-collector magnetic 
sector field ICPMS. Operating conditions, data acquisition 
and processing parameters are listed in Table 1. LA-ICPMS 
is often the preferred technique for rapid, in-situ analyses of 
trace elements and isotopes obtained from natural samples, 

Simon Hansen Serre, Kristian Ege Nielsen, Peter Fink-Jensen, Tonny Bernt Thomsen and  
Karin Hüssy

Analysis of cod otolith microchemistry by continuous  
line transects using LA-ICP-MS

5 mm

C
D

A

2 mm

B

Fig. 1. A: Cod specimen caught in the Baltic Sea. B: Removal of otoliths, 
the cut is situated just above the eyes. C: Otolith, with dotted line show-
ing the direction of a cross-section. D: Photograph (reflected light) of a 
polished cross-section of an otolith. The red line shows the position of the 
laser scan.
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as it requires little sample preparation and can produce high 
sample throughput, extracting elemental and isotopic infor-
mation at a micrometre scale. Most conventional LA-ICPMS 
analysis is performed by spot analyses, following a bracketing 
analysis protocol using well-characterised standard materials. 
This is a powerful method when studying specific areas in 
solid materials. However, for compositional variations along 
millimetre- to centimetre-scale transects, the spot approach 
becomes very time-consuming. For example, a 5 mm long 
transect requires about one hundred spots 40 µm in diam-
eter, taking 3–4 hours to complete. Spot analysis also intro-
duces difficulties like downhole-element fractionation when 
the laser drills into the material. Instead, research of fish oto-
lith microchemistry favours faster sampling approaches such 
as line scans across the sample to acquire continuous time-
resolved compositional profiles (a 5 mm long line takes c. 17 
min, using a fixed scan speed of 5 μm s-1; e.g. Søndergaard et 
al. 2015; Hüssy et al. 2016). This approach is rapid, suppress-
es depth heterogeneity and avoids downhole elemental frac-
tionation, as it ablates only to a depth of a few microns. The 
potential interfering effects of varying scan speeds, washout 
times and debris blanketing from the ablation are not yet 

studied, but this is intended in the near future. For ongoing 
otolith studies, we used a line-scan LA-ICPMS approach to 
measure 325 cod otoliths (15–30 otoliths per day).
 The otoliths were embedded in epoxy resin and cut along 
the dorsoventral profile to expose the core and annuli. For 
streamlined, high-throughput analyses, custom-made epoxy 
mounts 7 × 0.8 × 0.8 cm large were cast, each holding 10 
otoliths. A custom-made 10 cm2 sample holder with four 
mounts allows for analysis of 40 otoliths per day. For each 
otolith, a reflected light optical photo depicting a line from 
core to edge (Fig. 1D) was imported as an overlay image into 
the laser ablation software. The image was fitted to the oto-
lith position in the live image, using reference points to facili-
tate the exact positioning of the line scans. 
 The ICPMS analysis was optimised for dry plasma condi-
tions through continuous linear ablation of the NIST 612 
standard. The signal-to-noise ratios were maximised for the 
isotopic mass range from Mg to Ba, while opting for low ele-
ment-oxide production levels by minimising the 254UO2/238U 
ratio. Instrumental drift was minimised by following a stan-
dard–sample–standard analysis protocol, bracketing every 
sample analysis by line analyses of the NIST-612 and NIST-
614 glass standards (Jochum et al. 2011), while the FEBS-1 
otolith (Sturgeon et al. 2005) and the MACS-3 carbonate 
powder tablets (Jochum et al. 2012) provided quality con-
trol of the NIST-612 standard measurements. The averaged 
2σ accuracy and uncertainty of the standards were typically 
<5% for element abundances >1–3 ppm. Data processing was 
done with software Iolite v. 2.5 (Hellstrom et al. 2008; Paton 
et al. 2011) using the Trace Elements IS data reduction rou-
tine. Calculation of abundances were based on 43Ca isotope 
as the internal standard, assuming 38.3 wt% Ca in all oto-
liths, comparable to the certified Ca concentration reported 
for the FEBS-1 otolith standard (Sturgeon et al. 2005).

Application of the analytical approach on 
Baltic cod
The main purpose of the analyses is to answer research ques-
tions important to the fisheries management in Denmark 
and Greenland. The specific approach presented here and 
modified versions of this method are used in several projects 
addressing a range of management questions relating to stock 
structure, migrations and age determination. Here, we high-
light some preliminary results of the most advanced project. 
 The project Tagging Baltic Cod (TABACOD) is a joint 
Baltic collaboration aiming to develop a new age-estimation 
method based on seasonal variations in element concen-
trations along a gradient from the core (birth) to the edge 
(death) of otoliths. Fish age is one of the key variables in stock 

Table 1. Instrument operating conditions,
data acquisition and processing parameters

Instrumentation:
Thermo-Fisher Scientific Element 2 double focusing SF-ICP-MS
 Forward power: 1470 W
 Cones: Ni
 Plasma gas: 16 l min-1

 Auxiliary gas (He): 0.85 l min-1

 Nebuliser gas (Ar): 0.95 l min-1

New Wave Research NWR 213 solid state Nd:YAG laser ablation system
 Laser wavelength: 213 nm
 Laser fluence: ~ 9.5 J cm-2

 Spot size: 40 µm
 Repetition rate: 10 Hz
 Scan speed: 5 µm s-1

Data acquisition and processing:
Analyte isotopes: 25Mg, 31P, 43Ca, 44Ca, 55Mn, 65Cu, 66Zn, 88Sr, 137Ba
Sampling time, ms: 10 10 10 10 10 10 10 10 10
Samples per peak: 10 10 10 10 10 10 10 10 10
Acquisition: Time resolved (continuous analysis) along transects
Mass resolution: 300 (low)    
Oxide production rate tuned to ≤0.3% UO2 (254UO2/238U) 
Single analysis duration and setup: 30 s blank, 2–20 min ablation
(sample dependent), 30 s washout
Software for data reduction:
 Iolite version 2.5 (Paton et al. 2011; Hellstrom et al. 2008)
Standards:
 Internal standard isotope: 43Ca     
 External standardisation: NIST-612 glass   
 Secondary standards: NIST-614 glass, FEBS-1 otolith powder 
 and MACS-3 carbonate powder pressed as tablets
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assessment and has traditionally been obtained by visual ex-
amination of otolith cross-sections, where seasonal fluctua-
tions in growth are visible as optically contrasting growth 
zones much like the rings in cross-sections of trees. In recent 
years, this traditional method has failed to provide reliable 
age information, thus posing severe management problems 
for the Eastern Baltic cod stock. Initial results from the TA-
BACOD project on the seasonality in the otolith chemical 
composition are presented as an example of the application 
of the LA-ICPMS approach. All analysed otoliths were ac-
quired from cod that were subjected to a mark-recapture 
experiment. A total of c. 500 cod specimens were captured, 
externally marked, injected with SrCl2 and released again. 
When the cod were recaptured they were sent to DTU Aqua 
for analysis. The SrCl2 is incorporated into the otolith as it 
grows and acts as an internal timestamp. The chemical sig-
nals from timestamp to edge corresponds to the time the fish 
spent at sea between capture and recapture. Combining in-
formation on how many days the fish had been at sea, what 
time of year it was released/recaptured and how much it had 
grown since tagging allows us to validate our hypotheses on 
seasonally varying element concentrations. Concentrations 
of elements like Mg and Zn vary with season (Hüssy et al. 

2016). Figure 2 depicts core-to-edge compositional profiles 
of Mg, P, Mn, Cu, Zn and Sr from the otolith shown in Fig. 
1D, corresponding to the entire life of the fish. The red line 
in Fig. 2 marks where the Sr concentration dramatically in-
creases, representing the SrCl2-tagging event. The Mg, P 
and Mn concentrations show clear and similar variations 
throughout the otolith structure on a scale of tens to hun-
dreds of ppm. Zn and Cu concentrations vary around our 
analytical resolution threshold of c. 1–3 ppm and do not 
show significant systematic variations. 
 The LA-ICPMS data are currently undergoing statistical 
analysis to quantitatively identify seasonal variations. Howev-
er, some analysed elements indicate clear patterns resembling 
seasonality. If a seasonality in element concentration occurs, 
superimposing individual transects (like the ones shown in 
Fig. 2) of all cod in one plot will result in a generic signal. If 
element signals are random in relation to time, no such signal 
will be evident. Figure 3 shows P concentrations from all ana-
lysed otoliths, standardised by dividing each measured value 
by the mean profile P concentration to remove the effect of 
differences in average P levels between individuals. All pro-
files were centred at the Sr peak, since all cod were tagged 
during the same season (April to May of the same year). The 
time scale on the x-axis is estimated, assuming linear growth 
within years, similar growth in individuals across the year, 
and that all specimens were tagged and released on the same 
date of a given year. Although there are individual differences 
between fish, Fig. 3 indicates a general seasonal variation in 
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Fig. 2. Trace-element concentration profiles in ppm of the cod otolith 
shown in Fig. 1D. The x-axis indicates the concentration along the profile 
from 0 µm, when the fish was born, to 4300 µm, when it died. The red line 
marks the position of the Sr peak induced by SrCl2 injection. Data from 
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P concentrations. The total number of minima occurring in 
the profiles from birth to death thus corresponds to the num-
ber of winters the fish has experienced and hence its age.

Other ongoing projects
Migration patterns of the Kattegat cod: This project seeks 
to map migration patterns of cod captured in the Kattegat, 
which were genetically identified to belong to the North Sea 
or western Baltic stock. Elemental profiles of 400 cod cap-
tured along a geographic gradient covering the entire Kat-
tegat will be compared with baseline samples from adjacent 
areas. Comparing the results to information about the oto-
liths’ annual growth zones can reveal at what time in its life 
the cod has migrated to and from the Kattegat.
 Stock structure in capelin: With partners from Greenland’s 
fishing industry this project investigates stock structure, mi-
gration and natal homing (the return to a birthplace to repro-
duce) of capelin (Mallotus villosus) from 18 areas along the 
coasts of South and West Greenland. The aim of this project 
is to provide counsel on sustainable management of a species 
that plays a vital role in the marine food chain. 

Final remarks
A LA-ICPMS approach for quantitative, high-throughput 
transect measurements of otoliths was successfully set up at 
GEUS. Data from 325 otoliths are being thoroughly exam-
ined, and only an ‘appetizer’ of the data is presented here. 
The LA-ICPMS approach is adaptable for most solid car-
bonate (e.g. bivalves) and phosphate (e.g. teeth, horn) materi-
als showing cross-surface compositional variations. Analyte 
isotopes include most major, minor and trace elements and 
acquisition parameters are easily optimised for the specific 
sample type, thus providing a rapid and extremely versatile 
in-situ analytical approach for comparable natural materials.
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Geology does not respect national borders. Hence, in order 
to get geological overviews of Europe, input from geologi-
cal surveys in more than 35 countries is required. European 
policy makers have several times been forced to rely on the US 
Geological Survey to provide e.g. resource estimates from the 
European continent, but for obvious reasons there is a wish 
to base European decision making on European knowledge. 
Consequently, the European Commission and the European 
Parliament have formulated a request for the establishment of 
a ‘Geological Service for Europe’. In its strategy towards 2020, 
EuroGeoSurveys (EGS) addresses the creation of such a ser-
vice through three pillars. EGS is an umbrella organisation 
through which national geological survey organisations of 36 
European countries cooperate, referred to below as national 
surveys. The three pillars are designed to integrate input from 
all national surveys into a system that can swiftly act on ur-
gent needs for knowledge-based decision support.  The three 
pillars relate to joint research, data integration and sharing 
of facilities (Fig. 1). Whilst the third pillar has only recently 
been dealt with, the two first have already advanced through 
a number of recent initiatives. Having been a key player in 
numerous EU projects for many years, the Geological Survey 
of Denmark and Greenland (GEUS) has attained a central 
role in the implementation of these two pillars of the strategy, 
both as coordinator of the European Geological Data Infra-
structure (EGDI, www.europe-geology.eu) and as one of the 
biggest players in the so-called GeoERA programme. GEUS 
participates in ten projects and is a partner in the secretariat 
and the coordinator of the GeoERA Information Platform. 
The present paper outlines the main steps towards the current 
situation and provides a background for GEUS’ role in this.

Towards a EU geological knowledge base
The European Commission has contributed financially 
through several framework programmes to increase knowl-
edge sharing, capacity building as well as cross-border and 
pan-European research within different geoscience domains. 
In most cases, data play a central role, and EGS members 
have many years of experience in working together with 
the purpose of making geological data FAIR (Findable, Ac-
cessible, Interoperable and Reusable). In many cases, Euro-

pean projects have historically only had the participation of 
a limited number of national surveys, but in 2008 a flagship 
project funded by the EU was launched with the participa-
tion of 20 national surveys as a logical follow-up of the global 
OneGeology initiative (www.onegeology.org). OneGeology 
aimed at assembling a geological map of the world on a scale 
of 1:1 000 000 by piecing together national contributions in 
whatever format they had, using distributed web services. 
The OneGeologyEurope project went a step further. GEUS 
and the 19 other European national surveys worked together 
for two years to produce a distributed, web-based surface 
geological map of Europe on a scale of c. 1:1 000 000 that 
was harmonised with a common data structure and agreed 
geological classifications. At that time, the project represent-
ed a leading edge activity, as it demonstrated the power of 
national organisations working together around a common 
data structure and nomenclature for geological units (geo-
chronology and lithology). Importantly, the project built on 
principles and rules from the INSPIRE directive from 2007 
and was thus not only a step on the way for the national sur-

Towards a common geological data infrastructure  
for Europe
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Fig. 1. The three pillars of the EGS strategy for the establishment of a 
European Geological Service.
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veys to fulfil their obligations towards the directive, but also 
served to demonstrate the feasibility of making geological 
data interoperable for Europe and beyond. The results of the 
project were fed into the legal process to define the EU-wide 
INSPIRE geological data specification, which since 2014 
constitutes the implementing rules.
 Upon the success of OneGeologyEurope, a natural ex-
tension came with the increased attention on securing 
the supply of critical raw materials for European industry. 
This was partly based on the rare-earth element trade dis-
pute that began in 2010 when China imposed strict export 
quotas for rare-earth elements. Such elements are used in a 
number of high-technology industries, and since China ac-
counts for 97% of the world production, the situation was 
considered critical (Kalvig & Machacek 2018, this volume). 
Consequently, the European Commission urgently needed 
an overview of raw materials resources in Europe. This led to 
a number of EU projects. Especially one of them had strategic 
importance for the EGS, namely the Minerals4EU project. 
GEUS cooperated with 27 other national surveys and other 
EU organisations to build the foundation for a European 
raw materials knowledge base, by extending the OneGeolog-
yEurope philosophy and by complying with and contributing 
to INSPIRE. Subsequently, other EU projects like EURare, 
ProSUM, MICA and the recently launched ORAMA pro-
ject have extended and/or improved this common knowledge 
base. At the same time GEUS also participates in the Knowl-
edge and Innovation Community (KIC) for Raw Materials, 
through which a number of complementary projects are run 
in cooperation with universities and industrial partners.
 Simultaneously with these raw materials projects, a num-
ber of other European data harmonisation projects were 

carried out within other EGS research areas such as ground-
water, energy, geohazards and soil. However, it became in-
creasingly clear along the way that there was a need for co-
ordination in order to increase the efficiency, reusability and 
sustainability – not only to meet European expectation, but 
also for the sake of geoscientists. This was addressed in the 
EGS strategy that was published in 2014 and laid the founda-
tion for the European Geological Data Infrastructure.

The European Geological Data  
Infrastructure
In 2012, EGS’ members were granted a two-year EU project 
called EGDI-Scope, aiming to assess the possibilities of set-
ting up a long-term sustainable European geological data in-
frastructure in line with the second pillar of the EGS strategy. 
The initiative addressed the fact that almost all previous com-
mon European geoscience projects had succeeded in producing 
good European datasets and commonly also web-based dis-
semination platforms, but that such systems would typically 
disappear after a certain period because of lack of financial sup-
port for basic operation and maintenance. The EGDI-Scope 
project revealed that data from more than 80 past European 
projects, worth 400–700 million Euro, could potentially be 
‘saved’ and made available through a common data infrastruc-
ture which should also be the natural dissemination platform 
for future projects. GEUS was part of the EGDI-Scope core 
team and was in charge of stakeholder consultation, thereby 
analysing both end-user needs and interfaces to other large 
European earth science projects and initiatives.
 An important goal of EGDI-Scope was to pave the way for 
a larger EU project, whereby EGDI could be implemented. 

Fig. 2. The interactive map viewer of the Euro-
pean Geological Data Infrastructure (EGDI) 
portal through which hundreds of different 
data themes can be viewed in combination. The 
map shown here illustrates the concentration of 
lead in grazing land (coloured dots) on top of a 
geological map of Europe.
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Unfortunately no appropriate Horizon 2020 (EU’s frame-
work programme) calls were launched, and two proposals 
targeting some generic electronic infrastructure calls were 
rejected. However, the concept of EGDI was widely used in 
strategic communication, and eventually the situation became 
critical: everybody talked about EGDI, but it did not exist. 
Consequently, GEUS mobilised the so-called ‘Spatial Infor-
mation Expert Group’ of the EGS, and after a long process of 
argumentation and communication the EGS General Assem-
bly accepted to provide in-kind resources from the national 
surveys to establish a first basic implementation of the EGDI.

EGDI version 1
On 14 June 2016, the first version of EGDI was launched at 
the premises of the EGS secretariat in Brussels. Besides di-
rectors and other EGS key persons, the audience comprised 
a number of distinguished EU commissioners representing 
different parts of the commission, including DG GROW 
(raw materials), DG MARE (maritime affairs), DG ENER 
(geoenergy), DG RTD (research) and DG JRC (joint re-
search and INSPIRE). The participants were very happy 
with what they saw. Even though it is not fully-fledged, 
EGDI V.1 contains most parts of the system that was identi-
fied under the EGDI-Scope project. A number of datasets 
from past European projects are included and made available 
through a common web portal (www.europe-geology.eu; Fig. 
2), which was to a large extent developed by GEUS. However, 
the portal is only a small part of EGDI. The infrastructure 
itself consists of a complex of central databases, a metadata 
catalogue and distributed web services that all conform to 
the same standards. Roles and responsibilities are agreed in-
ternally in EGS, and work is in progress to establish a more 
permanent governance structure.

EGDI in the European landscape of  
electronic infrastructure
EGDI is not alone! There are many other related European 
initiatives (Fig. 3) and a few will be mentioned here. The 
European Plate Observing System (EPOS) is a research in-
frastructure for solid-earth sciences in Europe and is of stra-
tegic importance to the EU. It aims to facilitate research into 
natural disasters such as earthquakes and volcanic eruptions 
through the integration of geoscience data from a number 
of different research communities. Geological data represent 
one of the domains that EPOS will integrate; the EGS com-
munity is the main provider of such data. GEUS has a role in 
the implementation project EPOS-IP and actively uses this 
position together with other participating national surveys 
to ensure the complementarity between EGDI and EPOS 
through various coordination activities. 
 The European Marine Observation and Data Network 
(EMODnet) is a large programme aiming at providing uni-
form access to marine data from Europe’s coastal states. 
EMODnet is divided into seven discipline-based themes, 
one of which deals with geological data. The EMODnet-
geology project has been running in several phases since it 
started in 2008. In the current third phase, GEUS has lead-
ing role in the work package dealing with data management 
and web portal development – again a strong position that 
GEUS uses to strengthen the coherence of the European 
e-Infrastructure landscape through technical coordination 
with EGDI, EPOS and other large initiatives.
 The role of EGDI as a central data-bearing component 
in European geoscience research is continuously being 
strengthened through coordination with other European 
projects and programmes. One of these is GeoERA.

 

RMIS, OpenEcho...

Fig. 3. The central position of the EGDI in the 
European e-Infrastructure landscape. EGDI serves 
geological data from a lot of different geological re-
search areas and thereby contributes geological data 
to numerous European information systems through 
interoperable web services.
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GeoERA
The first pillar of the EGS strategy, the joint research pillar, is 
on its way to be implemented through an ERA-NET on ‘Es-
tablishing the European Geological Surveys Research Area 
to deliver a Geological Service for Europe (GeoERA)’. The 
main objective of GeoERA (http://geoera.eu) is to contrib-
ute to the optimal use and management of the subsurface. 
Forty-eight national surveys from 33 European countries 
will participate in research projects under GeoERA with the 
purpose of supporting a more integrated and efficient man-
agement as well as a more responsible and publicly acceptable 
exploitation and use of the subsurface. GeoERA covers the 
three geoscientific themes of geo-energy, groundwater and 
raw materials; the projects will run for three years starting 
in July 2018.
 The three geoscientific themes share the objective of or-
ganising and disseminating a large amount of results in the 
form of digital maps and other data. Furthermore, cross-
thematic integration of information is an important aspect 
of GeoERA. It has therefore been decided to establish a com-
mon ‘Information Platform’ for the efficient integration of all 
IT-related and technical issues (database and dissemination) 
from all GeoERA projects. The platform will be capable of 
integrating up-to-date data, interpretations and models from 
different and distributed sources, both within and across the 
three main geoscientific themes of GeoERA.
 The platform will be based on EGDI which contains some 
of the functionality foreseen to be required by the GeoERA 
projects. EGDI will, however, have to be extended in order to 
handle and disseminate for instance 3D/4D geological mod-
els.
 In addition to organising the geoscientific projects, Geo-
ERA also carries out ‘foresight activities’ with the purpose 
of assessing how longer-term funding of the activities can 
be obtained and eventually lead to a ‘Geological Service for 
Europe’. The safeguarding of the GeoERA results through 
the information platform and the long-term operation and 
maintenance of the entire EGDI should be seen in this con-
text.

The future
One of the main challenges for all these European initia-
tives, including EGDI, is to make them sustainable. All EU 
projects are run for a limited period after which the funding 

ends, and due to budget mechanisms, the European Com-
mission is not in a position to fund permanent maintenance 
of any system. EGS has therefore continuously tried to find 
sustainable funding models to keep EGDI alive in a techni-
cal and organisational sense. Currently the EGS members 
are able to finance the very basic operation of EGDI. From 
2018–2021 work within the GeoERA projects will ensure 
that EGDI will be significantly upgraded with much more 
data and functionality. With EGDI becoming a continu-
ously bigger and more integrated piece in the European puz-
zle, the chances of finding a long-term solution are on the 
increase, but a sustainable solution will probably have to be 
connected to the establishment of the ‘Geological Service for 
Europe’ at least partly funded by EU.
 Other challenges facing the generation of truly pan-
European harmonised geological datasets are that some of 
the most relevant data are considered confidential in some 
countries. This is for instance the case for some data about 
mineral occurrences in certain East European countries. In 
other countries the organisation and provision of data are the 
responsibility of regional authorities instead of national sur-
veys, who are less committed to the European viewpoint on 
data than EGS.
 Finally, it has turned out that it is difficult to convert na-
tional geological databases and make them interoperable ac-
cording to the requirements in the INSPIRE implementing 
rules. Many of these rules are very complicated, and many 
resources have been allocated to the database administrators 
at the national surveys in order to make their data compliant 
with the standards.
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Photogrammetry is a classical remote sensing technique dat-
ing back to the 19th century that allows geologists to make 
three-dimensional observations in two-dimensional images 
using human stereopsis. Pioneering work in the 1980s and 
1990s (Dueholm 1992) combined the use of vertical (nadir-
looking) aerial photographs with oblique stereo images from 
handheld small-frame cameras into so-called multi-model 
photogrammetry. This was a huge technological step for-
ward that made it possible to map, in three dimensions, 
steep terrain that would otherwise be inaccessible or poorly 
resolved in conventional nadir-looking imagery. The devel-
opment was fundamental to the mapping and investigation 

of e.g. the Nuussuaq basin (Pedersen et al. 2006). Digital 
photogrammetry, the all-digital version of multi-model pho-
togrammetry, is nowadays an efficient and powerful geologi-
cal tool that is used by the Photogeological Laboratory at the 
Geological Survey of Denmark and Greenland (GEUS) to 
address geological problems in a range of projects from 3D 
mapping to image-based surface reconstruction and ortho-
photo production. Here we present an updated description 
(complementary to Dueholm 1992) of the analytical pro-
cedures in the typical digital workflow used in current 3D-
mapping projects at GEUS.

Analytical procedures for 3D mapping at the  
Photogeological Laboratory of the Geological Survey  
of Denmark and Greenland

Erik Vest Sørensen and Mads Dueholm

Fig. 1. During field work new stereo imagery is normally collected from helicopters or boats, but could also be collected from smaller fixed-wing aircraft, 
drones or while walking. 

© 2018 GEUS. Geological Survey of Denmark and Greenland Bulletin 41, 99–104. Open access: www.geus.dk/bulletin
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 Multi-model photogrammetry in its present form is es-
sentially a technique that allows geologists to combine stereo 
images of different origin e.g. from satellite, aerial or hand-
held cameras, and with different resolutions and viewing an-
gles in their geological interpretations (Fig.1), using a digital 
photogrammetric workstation. Examples are plentiful with 
scales ranging from metres (Vosgerau et al. 2010, 2016) to 
kilometres (Svennevig et al. 2015; Sørensen & Guarnieri 
2018, this volume) or even hundreds of kilometres (Sørensen 
et al. 2017). 
 The strength of the methodology lies in the ability to 
combine stereo images with different viewing angles. Re-
gional geological structures are e.g. typically well resolved in 
nadir-looking aerial or satellite images, while steep cliffs are 
better resolved from closer range images acquired perpen-
dicularly to the slope of the outcrop. Essentially, digital pho-
togrammetry allows the user to map and quantify in three 
dimensions whatever can be seen in the stereo images across 
different scales and resolutions. 
 The digital photogrammetric workstation described here 
is the modern equivalent to the analytical setup previously 
used at GEUS (Hougaard et al. 1991) and at the Institute 
of Surveying and Photogrammetry, Technical University 
of Denmark (Dueholm 1992). The workstation consists of 
a Windows-based computer and a split-screen 3D monitor 
system (Fig. 2). Technically, the monitor system displays an 
image of an object in one screen and an overlapping image 
of the same object but from a slightly different position on 
a second screen. A beam splitter mirror splits the polarisa-
tion direction of the two screens into separate horizontal and 
vertical directions. Polarising glasses used by the viewer then 
filter the signals so that the top screen is solely presented to 

the right eye and the bottom screen is solely presented to the 
left eye. This allows the human visual system to merge the 
two images, whereby a stereoscopic model is created in front 
of the user. 
 The central part of the workstation is the photogramme-
tric software, which is essentially a computer-controlled set 
of algorithms that controls the viewing of the stereoscopic 
model as well as the collection and manipulation of three-
dimensional data within the model. This allows for seamless 
movement and data capture between different stereoscopic 
models regardless of scale, origin and viewing angle, which 
highly increases the speed and efficiency of geological map-
ping, especially in steep and inaccessible terrains. 
 At present, the Photogeological Laboratory uses two com-
mercial photogrammetric 3D-mapping software solutions 
(Socet GXP from BAE Systems and 3D Stereo Blend) that are 
complementary to each other in terms of technical capabili-
ties. In the following, we describe the typical workflow used 
with 3D Stereo Blend: 1) data acquisition during field work, 
2) data preparation of the images, 3) data interpretation (Fig. 
3). This description, however, should not be viewed as a com-
plete manual to the software. 3D Stereo Blend is developed by 
Anchor Lab in close collaboration with GEUS’ Photogeolog-
ical Laboratory. The software is optimised to 3D-mapping 
and structural interpretation using oblique stereo images 
collected with calibrated hand-held digital cameras. It is an 
essential part of the overall strategy of the Photogeological 
Laboratory to increase the efficiency and usability of digital 
photogrammetry from data acquisition to end-product, so 
that the method becomes a geological tool routinely used by 
geologists also without prior expert knowledge. 

Fig. 2. The geologist at work in the Photogeological Laboratory. The stereoscopic model is displayed on a 3D monitor system that is well suited for full-day 
working. The stereoscopic model can be observed simultaneously by several viewers; this makes it easy to illustrate and discuss geological observations and 
ideas, which is beneficial for the geological interpretation.
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Data acquisition – field photography 
Field work provides the geologist with important first order 
observations of the bedrock. Working in remote and moun-
tainous areas such as Greenland is often challenging because 
of inaccessible outcrops (steep cliffs) and time constraints 
(short field seasons). The result is spatially scattered outcrop 
observations that can be difficult to correlate or relate to 
overall regional structures. To overcome this problem, stereo 
images, i.e. strips of overlapping images taken from different 
positions and covering the geological outcrops of interest are 
collected on a routine basis using hand-held digital cameras, 
commonly deployed from helicopters (Fig. 4). The simplicity 
of using a hand-held digital camera makes the data acquisi-
tion extremely mobile and fast. Furthermore, the quality, 
resolution and storage capacity of modern digital cameras 
have led to a huge increase in efficiency and capacity during 
data acquisition compared to the earlier days of 3D mapping. 
As an example, overview images of a small outcrop were col-
lected within minutes using a helicopter, while on a more re-
gional scale, a 100 km cliff section was photographed within 
less than one hour (Sørensen et al. 2015a). Depending on the 
logistic setup, the images could equally well be collected by 
other means (Fig. 1), as long as sufficient overlap between the 
images is ensured. As a rule of thumb, 60–80% overlap is 
needed to obtain continuous overlap and good stereoscopic 
measurement accuracy (Dueholm 1992). However, it is now 
recommended that images are taken with up to 90% overlap 
because this results in a more successful automatic genera-
tion of common points (so-called tie points) between differ-
ent images. It will also, at a later stage, make it possible to 
use the images for surface reconstruction using dense image 
matching routines (Sørensen et al. 2015b). The cameras are 
full-frame, digital single-lens reflex with high-quality 35 mm 
prime lenses that are fixed and focused at infinity. However, 
essentially any camera can be used as long as the camera pa-
rameters (lens distortion, focal length and principal point) of 
the camera can be modelled. The cameras are calibrated prior 
to field work using a test field consisting of a steel grid with c. 
100 points. We recommend that the images are acquired in 
the raw image format of the camera and that the location of 
the camera is registered with Global Navigation Satellite Sys-
tems (GNSS). Depending on the requirements for absolute 
accuracy, different GNSS equipment can be used, from sim-
ple geotagging devices to more advanced differential GNSS 
systems.

Data preparation 
Setting up the images essentially consists of two steps. First, a 
relative model is constructed by identifying common points 

(tie points) between overlapping images. Secondly, this mod-
el is transformed into absolute, ‘real-world’ coordinates by 
combining camera location data and control points.

Relative orientation
The relative connectivity between images in object space is 
established by automatic tie point measurement using ‘Struc-
ture from Motion’ (SfM) image-matching algorithms (Lowe 
2004; Snavely et al. 2008), with possible manual editing or 
addition of tie points by stereoscopic measurement within 
3D Stereo Blend. The commercial software Photoscan Profes-
sional (PS) from Agisoft is used for the image matching, but 
other software solutions can also be used. The raw image-
matches (tie points) are subsequently exported to 3D Stereo 
Blend. 3D Stereo Blend uses the imported tie point file as 
a block definition and set-up file as well as for preliminary 
triangulation. The file is typically thinned when imported 
using an area-based thinning technique to give an even dis-
tribution of tie points across the images. The next step is to 
make a preliminary so-called bundle adjustment or trian-
gulation, including error detection and elimination of er-
roneous tie points from the imported data. The images can 
subsequently be viewed in 3D with the orientation of that 
exported from PS. If positional data, such as e.g. GNSS cam-
era positions, are included in the export from PS, the stereo-

Field acqusition
using calibrated digital

cameras

Automatic Image
matching using

Structure from Motion
(Photoscan)

Traditional
photogrammetric
bundle adjustment
(3D Stereo Blend)

Archive
stereo imagery

Surface
reconstruction

(Point cloud/DEM)
(SURE & Photoscan)

3D mapping
(3D Stereo Blend)

Data
interpretation

Data
preparation

Data
acquisition

Fig. 3. Schematic flow diagram summarising the typical 3D-mapping 
workflow from data acquisition to photogrammetric data preparation and 
interpretation.
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scopic model will be placed in absolute coordinates within 
3D Stereo Blend. Depending on the project requirements, 
one could move directly on to the 3D-mapping stage for 
rapid results or if absolute accuracy is of minor importance. 
However, requirements for absolute accuracy often mean 
that additional control data must be added. 

Absolute orientation
The absolute orientation relates the photogrammetric mod-
els in object space to absolute coordinates through a proper 
bundle adjustment process, whereby the stereoscopic model 
gets the correct scale and levelling. When solving the bundle 
adjustment, all provided control information is weighted ac-
cording to an a priori estimated error. Different sources of 
control data can be used in this process, including surveyed 
control points, pass-points, camera GNSS-data, planar lev-
elling points and distances. Surveyed ground-control points 
generally give the best positional accuracy. However, consid-
ering the regional scale of many 3D-mapping projects, this 
approach is often not viable from a practical point of view. 
Instead, pass-points from already aerotriangulated aerial 
photographs can be used as control-point source, which 
eliminates the need for ground-control-point collection dur-
ing field work. This is done by identifying common points 
between for example a set of vertical aerial photographs and 
local oblique-view images. This process is sensitive due to 
the different perspectives of the image data sets as well as the 
different resolutions, and takes some practical experience to 
carry out. However, workflows implemented within 3D Ste-
reo Blend have significantly improved the efficiency of the 
identification process. GNSS data collected with the camera 

yield the position of the camera at the time of acquisition 
that is important for setting up the images. Simple geotag-
ging equipment typically yields a camera position accuracy of 
around 5–10 m. However, more advanced differential GNSS 
set-ups could result in a positional accuracy at the sub-metre 
level, which might minimise or completely eliminate the 
need for surveyed ground- control points or measured pass-
points.
 The overall time consumption in the preparation of the 
images has significantly decreased compared to the early days 
of analytical 3D mapping. This is largely a consequence of 
computer hardware and digital camera development, but also 
of software improvements including better image-matching 
algorithms and improved photogrammetric workflows in 
the 3D Stereo Blend software. Consequently, small blocks of 
stereo images can be prepared for geological interpretation 
within a day. This opens up for e.g. using digital photogram-
metry as an active tool during field work. 

Stereoscopic image interpretation –  
3D mapping
Once the images are properly prepared, or if archive data are 
available, the geologist can commence the geological pho-
tointerpretation in three dimensions. This is done by trac-
ing geological features of interest in the stereoscopic mod-
els. The change between neighbouring stereo models takes 
place automatically, so that important horizons can be traced 
seamlessly for kilometres. Several views can be opened simul-
taneously, whereby an outcrop can be seen from different 
perspectives and at different resolutions, which is important 
for the geological interpretation. The different views can fur-

Fig. 4. Stereo images collected from helicopter 
using a hand-held digital camera. This method 
makes the data acquisition very mobile and fast. 
The location of the camera is registered with 
Global Navigation Satellite Systems.  
Photo: Jonas Petersen.
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thermore be linked, so that a movement in one window is 
also updated in the linked window. Changing the displayed 
stereo block is either done by selecting from a pull-down win-
dow or by selecting the cameras in perspective view interac-
tively. All images from the cameras within a project can be 
shown in the perspective view. This makes it easy to manage 
and move around in large regional data sets with thousands 
of images. The outcome of the drawing is a number of vec-
torised lines in 3D with many nodes (so-called polylines) su-
perimposed on the stereoscopic model (Fig. 2). The polylines 
can be labelled and grouped according to the user’s need, and 
subsequently exported to GIS packages for GIS analysis or 
to 3D-modelling software. The software automatically reg-
isters the original stereo model in which each node of a given 
polyline was drawn. This makes it possible to automatically 
adjust the images if their orientation is changed at some 
point. This is helpful e.g. if an initial interpretation of the 
images is done on a preliminary set-up of the images without 
proper ground control.
 A central part of the 3D Stereo Blend software is a set of 
structural tools that enables the viewer to evaluate structural 
parameters such as strike and dip of bedding, plunge and di-
rection of fold axes and stratigraphic thickness of beds. This 
allows the geologist for instance to populate a geological map 
with many structural observations from areas that could not 
be visited in the field, to correlate bedding from one side of a 
fjord to the other or to measure true thicknesses. The struc-
tural tool-set consists of selected routines from the Geopro-
gram software (Dueholm & Coe 1989) and works by fitting 
planes by least-squares adjustment of captured data points. Of 
special importance is the possibility to project captured data 
into geological sections which can have arbitrary orientations 
and also be inclined to better reflect e.g. true thicknesses. 
 In summary, with the present set-up, 3D mapping has be-
come much more effective and user-friendly than previously, 
which is largely due to the improved photogrammetric work-
flows in the 3D Stereo Blend software. For instance, it is now 
possible for the untrained geologist to engage in 3D mapping 
with only 1–2 days of training.

Resolution and accuracy
The resolution of the stereoscopic models depends on the 
distance between the camera and outcrop, the camera focal 
length and the pixel size (pixel pitch) of the sensor of the digi-
tal camera. As an example, photographing an outcrop at a 
distance of 100 m gives a ground sampling distance (GSD) of 
14 mm using e.g. a 36 megapixel Nikon D800E camera with 
a calibrated sensor pixel pitch of 4.89 µm and a focal length 
of 36 mm, or a scale of c. 1:3000, while increasing the dis-

tance to 1000 m will give images with GSD of 0.14 m (scale 
1:30 000). 
 The photogrammetric or geometric accuracy in the image 
plane on the ground (the x and y axes perpendicular to the 
direction of view) relates to the distance between the cam-
era and outcrop, the camera focal length and how accurately 
a point can be determined in the stereoscopic model. The 
latter is a function of the accuracy of the triangulation, the 
camera calibration and on how well the user can place a point 
in the stereoscopic model. In addition, the photogrammetric 
accuracy in depth (the z axis, in the direction of view) also de-
pends on the ratio between the distance between the camera 
and the object and the distance between the camera stations 
(also called the baseline). A typical value for the point deter-
mination is around one pixel, which leads to an accuracy of 
c. 14 mm in the image plane, while the accuracy in depth is 
c. 35 mm with a distance to the outcrop of 100 m and a base-
line of 40 m (corresponding to 60% overlap). If the camera-
to-object distance is increased to 1000 m, the accuracy in 
the image plane decreases to 0.14 m, while the accuracy in 
depth will decrease to 0.35 m, assuming that the baseline is 
increased to 400 m to maintain a 60% image overlap. How-
ever, if the baseline remains 40 m long there is a significant 
decrease in the depth accuracy to c. 3.5 m. This illustrates the 
importance of having an appropriate image overlap. 
 The absolute accuracy of the stereoscopic model relates 
to that of the control source. In Greenland, pass-points are 
commonly acquired from the monochrome vertical aerial 
photographs on a scale of 1:150 000 that cover most ice-free 
areas. Typical achievable accuracies on the point transfer 
from these photographs is around 3–5 m. Using high-preci-
sion differential GNNS setup it should be possible to obtain 
accuracies of less than 1 m, whereby the absolute accuracy 
approaches the photogrammetric accuracy.
 Although the absolute accuracy generally exceeds that 
of the photogrammetric accuracy, the relative accuracy be-
tween models remains equal to the photogrammetric accu-
racy, because the ground-control data is weighted during the 
bundle adjustment. This means that when calculating e.g. 
thicknesses or structural parameters such as strike and dip, 
the accuracy is determined from the photogrammetric accu-
racy. In practice, this is all handled automatically within the 
3D Stereo Blend software. 

Other derived products
In addition to the 3D geological mapping workflow, the tech-
nical development of automatic multi-view- stereo-matching 
routines (Rothermel et al. 2012) has facilitated the extrac-
tion of digital outcrop models from stereo imagery (Sørensen 
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et al. 2015b). The digital outcrop model is a 3D representa-
tion of the outcrop surface. This type of routine utilises the 
redundancy of high image overlap to produce a set of high-
resolution data points in space (so-called point clouds) that 
need little manual editing. Although a high image overlap 
(i.e. a small baseline) reduces the precision of individually 
matched pixels, this is compensated by determining the same 
point in multiple images, which leads to effective automatic 
elimination of erroneous points. The point cloud is used e.g. 
for visualisation purposes where it can be integrated with 
the results of the 3D geological mapping, but it can also be 
further processed into 3D mesh representations of the ter-
rain, or production of digital terrain models and orthopho-
tos. GEUS’ Photogeological Laboratory is currently using a 
suite of software solutions for terrain extraction. Software 
such as Photoscan Professional from Agisoft and SURE from 
Nframes is typically used in the digital outcrop model work-
flow, while more conventional aerial and satellite imagery is 
processed using Socet GXP. 

Summary
The all-digital version of multi-model photogrammetry, now 
referred to as digital photogrammetry or just 3D mapping, 
has brought the geological outcrop into GEUS’ Photogeo-
logical Laboratory. The recent increases in efficiency all the 
way from data acquisition to the geological interpretation 
makes 3D mapping an attractive geological tool available to 
the geologist. With a digital photogrammetric workstation, 
the users can view, map and explore any geological feature in 
three dimensions, following the principle that whatever can 
be seen in the images can also be mapped and quantified in 
3D. 
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