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Review of Survey activities 2016

Flemming G. Christiansen
Deputy Director

2016 was a year of transition in the international geological
society. Like previous years, it was still a period with lots
of reorganisation and cut-backs in the energy and mineral
industry but also with obvious signs of an even more com-
plex business pattern where well-organised geological data
and easy access to geological knowledge will be strongly
needed. Compared to the industry, and also to some of
the authorities that are regulating the use of natural re-
sources, GEUS has a high degree of continuity of both
activities and personnel; in these years with strong focus
on key strategic goals. This creates and develops a corpo-
rate memory that can be easily applied even with sudden
shifts of a political or business agenda. This also establishes
GEUS as the starting point for getting access to geologi-
cal information from Denmark and Greenland, and makes
GEUS a natural collaboration partner nationally as well as
internationally.

Publication of results, both internationally and in our
own series is a key factor for keeping a high scientific stand-
ard and for documentation of this towards society, authori-
ties and industry. This issue of GEUS’ Review of Survey
activities shows like in previous years a broad spectrum
with a total of 17 papers covering many different activi-
ties. The papers give a good overview in their own right
but with systematic references to background reports and
other papers, they also provide an easy way to dig deep into
the important work that GEUS is carrying out. Eight pa-
pers are on Denmark, six on Greenland and three on other
themes.

Activities in Denmark

GEUS works on many different — and often closely interre-
lated — topics in Denmark such as the use of water, energy,
and mineral resources, protection of nature under signifi-
cant climatic changes, and by making up-to-date geologi-
cal and geophysical data and information easily available
for all sorts of purposes.

The use of groundwater is very important for Denmark,
and GEUS carries out many studies on water resources
and their protection in connection with climate changes,
environmental impact and domestic use. Systematic geo-

logical and geophysical studies provide not only specific
water data, but also give a much better understanding of
the geological models that can be used to predict resources
and regulate their use. One paper with a case study from
Samsg describes how traditional geological mapping can
be optimised by using high-resolution electromagnetic
induction data. Another paper gives an overview of bur-
ied valleys in Denmark, their geological architecture and
very significant length, which has great implications for
the groundwater resources in many parts of Denmark. A
third paper gives a detailed description of nitrate transport
pathways in one catchment area in northern Jylland where
results from year-around monitoring can be used for plan-
ning and regulating to meet the demands of the EU Water
Framework Directive.

In many areas in Denmark, chalk and limestone are
directly exposed or found near terrain surface with only
a thin cover of Quaternary deposits. Such deposits are im-
portant as a mineral resource for many different purposes
and due to their groundwater resources and they may also
control structures in overlying sediments. One paper docu-
ments the structures and stratigraphy of Danian limestone
on eastern Sjelland, whereas another study uses GIS and
digital terrain models to map karst sinkholes in areas of Jyl-
land and to interpret the geological and climatic conditions
and anthropogenic activities that influence their develop-
ment.

Denmark has a large potential for subsurface geother-
mal energy and for heat and energy storage. Following the
recent launching of the Geothermal WebGIS portal with
all geological and geophysical data relevant for geothermal
exploration, GEUS has continued with more detailed stud-
ies of specific areas and on specific parameters. One pa-
per gives a summary of a EUDP-supported project on the
planning of exploration in urban areas of Copenhagen by
targeting on shallower reservoirs in the Gassum Formation
and by using smaller drilling rigs. Another paper has focus
on the porosity and permeability variation of the Bunter
Sandstone Formation that is a potential geothermal reser-
voir in large onshore areas of southern Denmark.

Shale-gas production has been a major game changer
in the energy sector for quite some years, and we have seen

©2017 GEUS. Geological Survey of Denmark and Greenland Bulletin 38, 7-8. Open access: www.geus.dk/publications/bull 7



many studies of the resource potential and some explora-
tion in Europe, including Denmark and southern Sweden.
One paper gives a detailed description of the gas compo-
sition and discuss biogenic versus thermogenic origin of
gas in Lower Palacozoic shales from scientific core holes in
southern Sweden.

Activities in Greenland

Once again there was a high level of geological and gla-
ciological activities in Greenland in 2016, both traditional
studies with focus on the mineral and petroleum potential
and exploration studies as well as monitoring and research
related to climate changes and their effect.

GEUS has been active with regional mapping and re-
search in South-East Greenland for quite some years, and
some of the geo-datasets are important for identifying ex-
ploration targets. One paper argues for the possibility of
orogenic gold deposits by using acromagnetic and stream
sediment geochemistry data in a minerals systems model.
A large number of data and proxies maps have been applied
to construct a final prospectivity map pointing towards the
most interesting possibilities in the Tasiilaq area.

The Nuussuaq Basin in West Greenland has served as
an analogue geological model for offshore petroleum ex-
ploration for decades but there may also be an onshore po-
tential. As preparation for both off- and onshore licensing
rounds, GEUS has compiled key data in a GIS model and
re-studied especially the large-scale structures in more de-
tail using photogrammetric mapping. One paper describes
a very large inversion anticline on central Nuussuaq that
could be an interesting drilling target. A revised migration
pathway model is proposed; this could explain distribution
of both oil and gas seeps outside the traditional area with
common seepage. Another paper describes the reservoir
properties of quite a number of sedimentary and volcanic
successions of Aptian to Paleocene age in the Nuussuaq
basin.

Monitoring programmes of the Greenland ice sheet and
research based on local ground truth data from stations on

the ice — and from fjords and nearby offshore areas — are
very important contributions from GEUS to global climate
models. One paper gives an example of albedo grids meas-
ured from satellite and checked with local data to give a
much better de-noising and bias correlation. Another paper
outlines a new climate monitoring and radar mapping pro-
gramme in the Camp Century area in northern Greenland
that will be managed by GEUS; some historical informa-
tion and background models are also presented. A third
paper describes the ice-sheet development along the cen-
tral East Greenland margin in late Miocene to recent time
where thick and different types of glacigenic deposits are
interpreted using seismic data.

Other themes

As the national geological data center GEUS has a strong
obligation to make all data available to authorities, edu-
cational and research institutes and to private enterprises.
The ever accelerating changes in technology make this a
great challenge in terms of competence, capacity and eco-
nomic resources, both for collection and quality control
of the actual data and for the database and distribution
systems. The value for society is, however, very high and
there is a strong focus on digitalisation strategy in Den-
mark these years.

One paper describes the tremendous effort that was made
to rescue most of the seismic field data from exploration
activities in the 1980s and 1990s in the Danish North Sea
and how successfully this worked in collaboration with the
operators. Another paper introduces Jupiter, the integrated
public database for geology, groundwater and drinking
water in Denmark, and describes the data systems, agree-
ments and management behind it.

Finally, the last paper presents the early history of earth-
quake monitoring in Denmark and Greenland, and dis-
cusses how this was as geopolitically important more than
a century ago as it is today.



Optimising geological mapping of glacial deposits using
high-resolution electromagnetic induction data

Knud Erik S. Klint, Ingelise Mgaller, Pradip K. Maurya, and Anders V. Christiansen

There is a growing demand in modern society for detailed,
localised geological maps and 3D models in connection
with e.g. planning of major construction works, study of
subsurface drainage systems, infiltration of storm water or
risk assessment of contaminated waste dumps and pollu-
tion plumes. This demand is difficult to meet in Denmark
as the surficial glacial deposits that cover most of the coun-
try are notoriously very heterogeneous. Standard geological
maps are based on regional data collection, and their reso-
lution is far from sufficient to identify structural elements
on the 10-20 m scale needed in the above-mentioned ap-
plications.

Geophysical mapping for geological characterisation of
the upper ¢. 5 m of the subsurface can be carried out using
for instance direct-current geoelectrical methods (e.g. Loke
et al. 2013), induced polarisation (e.g. Revil ez al. 2012) set
up with 1-2 m electrode spacing, electromagnetic induc-
tion (EMI; e.g. Christiansen ez a/. 2016; Doolittle & Bre-
vik 2014), ground penetrating radar (GPR; e.g. Neal 2004)
or seismic refraction tomography using a multicomponent
landstreamer (e.g. Brodic ez al. 2015). The resulting geo-
physical maps show the distribution of the measured pa-
rameter, for instance electric resistivity or seismic velocity.
To construct geological maps using geophysical methods,
the data must be verified and calibrated with geological
field observations. GPR imaging of geological structures
require laborious interpretation before a geological map
can be constructed, and the method is limited to low-loss
materials such as sandy sediments (Neal 2004).

A new approach, using a combination of shallow, high-
resolution EMI surveying and traditional spear-auger soil
sampling along the same transects, was tested in an area of
¢. 2 km? around the contaminated, former landfill site at
Pillemark on Samse (Fig. 1). The resistivity recorded using
the EMI method is strongly related to the clay content,
and this parameter is therefore well suited for geological
mapping. The EMI method is also robust, data acquisition
is 5-50 times faster than with other geophysical methods
and the processing and inversion scheme is well defined
(Christiansen ez /. 2016).

Methodology
Spear-auger mapping

In the past almost 130 years, the geological mapping of
the surficial cover of Denmark has largely been based on
simple collection of pristine samples of the local sediment
below the mull horizon using a specially designed sampling
device, the so-called spear auger. This is a 1 m long steel
rod with a diameter of 12 mm, a handle bar, and a 15-25
cm long, single or double slit at its tip. When the spear
is pushed into the ground and turned, the slit captures a
small soil sample (Fig. 2). The mapping geologist interprets
the nature and origin of the sample and adds a soil-type
symbol to a field map currently using the terminology de-
scribed by Jakobsen ez a/. (2011). To map the boundaries
between different soil types, samples are collected with a
distance of 100-200 m depending on the local geological
complexity. The symbols are then transferred to a master

50 m

25m

Om

-25m

-50 m
Elevation relative
to sea level

Fig. 1. The location of the study area on the island of Samse is shown on

the digital terrain model.
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Fig. 2. Traditional geological mapping using the spear auger.

map sheet on a scale of 1:25 000; the resolution of the re-
sulting geological map is about +100 m.

Geophysical mapping by electromagnetic induction

EMI methods are commonly used for soil mapping (e.g.
Doolittle & Brevik 2014). During the last decade the de-
velopment of multi-coil sensors, integration with GPS and
use of inversion algorithms for data interpretation (e.g.
Christiansen et al. 2016; Doolittle & Brevik 2014), have
made EMI a very fast technique for mapping the resistivity
of the upper 4—8 m of the subsurface (Fig. 3). The multi-
coil DUALEM-421S sensor used in our study transmits an
electromagnetic wave at 9 KHz from a horizontal coil and
samples the total signal in horizontal and vertical receiver
coils 1, 2 and 4 m from the transmitter coil. A signal is re-
ceived 10 x per second, making the equipment suitable for
towing behind a motorised vehicle (Fig. 3).

Acquisition of field data in the study area

The EMI survey of the study area comprised ¢. 85 line-
km mainly by towing; in difficult terrain and vegetation
the sensor was carried manually. The EMI data were (1)
averaged using a running mean filter of 2 m, (2) outliers
manually culled and (3) inverted using a full-solution 1D
algorithm (Auken ez a/. 2015), where the models are linked
by 3D constraints to obtain a pseudo-3D resistivity model
(Viezzoli et al. 2008). The resistivity models were discre-
tised in 10 layers covering the upper 10 m of the subsurface;
the mean depth of investigation was ¢. 6 m (Christiansen
& Auken 2012). The interval resistivity at 1-2 m below

10

Fig. 3. The EMI survey system towed behind a vehicle. The ¢. 4 m long
sensor is located inside a white tube on two sleds. The GPS sensor is
mounted in the front of the tube above the transmitter coil. A data log-
ger and a computer controlling the data acquisition are placed on the

vehicle.

surface was calculated (Fig. 4) and used together with the
spear-auger mapping.

The EMI survey was conducted prior to the spear-auger
mapping, and the selection of soil sampling points was
adjusted to the interval resistivity map so that areas with
highly variable resistivity were mapped at a resolution of
10-20 m between the sampling points and areas with more
homogeneous resistivity were mapped at a lower resolution.
In Fig. 4 soil symbols and transitions of polygons with sim-
ilar soil types based primarily on the spear-auger mapping
are shown as an overlay on the geophysical mapping. The
final interpretation of the soil type distribution is shown in
Fig. 5, where it is seen that the soil type boundaries could
be drawn with much higher accuracy than with traditional
spear-auger mapping.

Results

The Pillemark study area (Fig. 1) has a hummocky topo-
graphy. The geological map (Fig. 5) shows that a large va-
riety of soil types is present. Clayey deposits such as clay
till partly overlying meltwater clay dominates the hills,
whereas sandier deposits such as sandy tills, meltwater
sand/gravel occur along the fringes of the hills and on the
highest hilltops. Extramarginal sand predominates in the
low-lying areas, in the lowermost areas and in local de-
pressions partly covered with postglacial sediments such as
freshwater sand, clay and peat.

Based on the combined mapping techniques, the depo-
sitional history of the soil types could be outlined. The
hills are interpreted to consist of mainly layered lacustrine
deposits, which were overridden by a glacier that deposited
tills and potentially deformed the lake sediments before



Postglacial deposits
& FG Freshwater gravel
L FS Freshwater sand
¥ FL Freshwater clay/silt
L FT Freshwater peat
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Fig. 4. Raw data from the spear-auger mapping
and the interval resistivity at 1-2 m depth

in the survey area. Note how the boundaries
between soil types as interpreted in the field on
this figure were modified during the construc-

tion of the geological map (Fig. 5). Note also m e brofile

the strong dark blue signature of the Pillemark
landfill site, indicating the distribution of
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Fig. 5. High-resolution geological map of the research

area based on combined spear-auger mapping and EMI

surveying.
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stagnating and melting. Lakes in local depressions were
then slowly filled with postglacial freshwater sand, silt/clay
and organic matter, slowly transforming into peat bogs.
The landfill site was covered with anthropogenic soil and
fill material; the outline of the contaminated soil is clearly

apparent in Fig. 4.

Summary and perspectives

Compared to traditional spear-auger mapping, the com-
bined EMI and spear-auger mapping makes it possible to
produce high-resolution geological maps in highly hetero-
geneous glacial landscapes. It efficiently outlined the con-
taminated area at the landfill site. The method is consid-
ered solid and very cost-effective, since the total mapping
of the area was carried out in three days plus another three
days’ work for processing the geophysical data and correla-
tion with the spear-auger mapping,.

Unfortunately, local disturbance from buried pipes,
electrical wires etc. influences the quality of the geophysi-
cal data within a distance of 10—15 m from the instrument,
making the technique less applicable in densely urbanised
areas. Moreover, without using a GPS, the precision of
spear-auger mapping is low on a 10-metre scale. A dedi-
cated mapping exercise coordinating GPS positioning of
all sampling points with geophysical measurements would
increase the overall resolution. Finally, spear-auger map-
ping requires a well-trained geologist for interpreting the
very small soil samples correctly.

The combined EMI and spear-auger mapping also has
great potential for site characterisation, from general sur-
veys on a scale of ¢. 10 km to local studies on a scale of c.
100 m. The methodology can easily be adapted to, or com-
bined with, more dedicated soil sampling e.g. for detection
of contaminated soil. There is also an obvious potential in
other situations where high-resolution geological maps are
needed, for example for identification of efficient infiltra-
tion areas in connection with establishment of suburban
drainage systems (Bockhorn ez al. 2015).
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Buried tunnel valleys in Denmark and their impact on
the geological architecture of the subsurface

Peter B.E. Sandersen and Flemming Jergensen

Buried valleys are elongate erosional structures in the Da-
nish subsurface now partly or completely filled and covered
with younger sediments. The majority was formed by melt-
water underneath ice sheets. The number of buried-valley
structures in Denmark is large, and because the valley-in-
fill in many areas hosts significant groundwater resources,
knowledge of them and their formation is important. This
was the starting point of the buried-valley mapping project,
which was initiated in the late 1990s and continued until
the end of 2015 (Sandersen & Jorgensen 2016). This pro-
ject became part of the National Groundwater Mapping
Programme which was set up with the purpose of mapping
the groundwater resources within areas of specific ground-
water interest (Thomsen ez al. 2004). The areas of specific
groundwater interest encompass existing catchment areas
and cover around 40% of the country. Within these areas,
high-density electromagnetic surveys have typically been

Fig. 1. Mapped buried valleys in Denmark as
of end 2015. The mapped valleys are shown
as dark grey polygons and the TEM-surveyed
areas are shown in light grey. The Haderslev
area covered by Fig. 2 is highlighted with a

red rectangle.

performed together with exploration drilling and supple-
mentary geophysical measurements. The mapping of the
buried valleys has been based on these newly collected data
as well as existing data in the national databases. In some
instances, it has also been possible to map buried valleys in
less data-dense areas outside the surveyed areas, mainly on
the basis of borehole data.

The groundwater resource and its vulnerability have
been important in the mapping of the buried valleys. The
valleys also constitute an important part of the subsurface
geological architecture, and it is obvious that a thorough
knowledge of them is critical for the general understand-

Buried valley
[ ] Surveyed area

50 km
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ing of the geology of the uppermost 100-400 m of the
Danish subsurface. In this paper we present an overview of
the buried-valley mapping project and an updated buried-
valley map (Fig. 1).

Mapping of the buried-valley structures

All relevant geophysical and lithological data from pri-
marily onshore areas have been used to map and describe
the buried valleys. The transient electromagnetic method
(TEM; Serensen & Auken 2004) has proven especially
valuable because such surveys usually provide a spatially
dense data grid that can be combined with borehole data
and other geophysical data (Jorgensen & Sandersen 2009).
The valleys have been delineated from an integrated in-
terpretation of the data, and their outlines and extensions
within the mapped areas were drawn as polygons using
simple signatures (Fig. 2). In order to obtain a high degree
of certainty and objectivity in the delineation of the val-
leys, the lateral extent and orientation of the valleys were
to be unambiguously expressed in the data. Therefore,
no interpolations outside and between the local mapped
areas have been made, and accordingly the map in Fig. 1
represents the minimum occurrence of buried valleys in
Denmark rather than their true distribution and density.
The advantage of this approach is an un-biased picture of
the valleys based on the data available and not on second-
ary data and assumptions. In addition to this, the approach
gives an opportunity to get a valuable insight into the for-
mation history and age of the valleys.

The highest valley densities are found in areas where
TEM data have been collected and the conditions for the
chosen methods were ideal. The map in Fig. 1 only shows
the location of the valley structures where they can be out-
lined by interpretation of the data. The grey areas indicate
the areas where TEM data are available and many addi-
tional buried valleys must be expected outside these areas.

Although many buried valleys have been mapped, even
more are expected to exist, because not all valleys can be
identified with the used methods. For instance, very narrow
valleys or channels can be difficult to resolve, and valleys
with low lithological and/or electrical resistivity contrast
compared to the surroundings can be difficult to outline.

Occurrence and subsurface architecture

The depth of the mapped buried valleys is variable, with
the deepest structures sometimes exceeding 400 m. Their
width is generally between 0.5 and 1.5 km, but widths of
more than 3.5 km occur. Their lengths are difficult to as-
sess because many of the surveyed areas are small, but some
exceed 25-30 km. They commonly terminate abruptly and
are highly irregular, with depressions and thresholds along
the valley floors. Buried valleys appear both as single val-
leys and in dense cross-cutting networks. Their internal
structure is typically complex due to repeated erosional and
depositional events.

The majority of the buried valleys were formed during
the Pleistocene as tunnel valleys eroded by high-pressure
meltwater underneath the ice sheets (Jorgensen & Sand-
ersen 2006). With respect to morphology and dimensions,

| TEM mean resistivity (ohm-m)

Hoved

Completely buried valleys

=
—
== Poorly documented

—t
=7 indata

Well documented
in data

Partially buried (open) valleys

I
‘ Poorly documented
;1‘” in data
I
[

‘ i I Well documented
“‘ ""in data

Fig. 2. Survey area RIB62 Haderslev, south-western Denmark (outlined by blue polygon). A: Airborne TEM resistivity data (30-35 m b.s.l.). B: Same

map window without TEM data but with interpreted buried valleys shown as hatched polygons. Green line shows location of cross-section in Fig. 3.

Tunnel valleys marked A to F corresponds to valleys shown in Fig. 3.
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the mapped buried valleys are comparable with open tun-
nel valleys found in the present-day Danish landscape. The
water seemed to flow in relatively small channels on the
floors of the tunnel valleys, which gradually became ice-
filled. Tunnel valleys were often re-used during repeated
cycles of glaciations, producing separate valley generations
and multiple internal cut-and-fill structures. The ages of
individual valleys are usually difficult to assess because
of the repeated erosion and the general lack of precise age
determinations, but it is assumed that tunnel-valley for-
mation has been a common phenomenon throughout the
Quaternary. Relative dating of the individual generations
can commonly be performed, based on the lithology of the
infill and on cross-cutting relationships in the subsurface.
In rare cases mapped valley generations can be related to
specific ice advances (i.e. Sandersen ez al. 2009).

Even when taking the irregular distribution of the survey
areas into consideration, the mapped valleys show signs of
a preferred geographical distribution (Fig. 1). For instance,
the highest densities of buried tunnel valleys are typically
found in areas where thick successions of Palacogene clays
occur close to the surface, and the lowest densities typically
where coarse-grained sediments dominate the near-surface
part of the succession. The tunnel-valley formation is thus
more likely to occur in areas with impermeable substrata be-
cause the high subglacial water pressures favour channelised
erosion and tunnel-valley formation. However, in areas
where the permeable sediments underneath the glacier were
able to drain parts of the meltwater, no or only few valleys
were formed. Apparently, an important factor is whether
drainage through the substrata can be sufficient to prevent
tunnel-valley formation (Sandersen & Jorgensen 2012).

A map of the Pre-Quaternary surface in Denmark by
Binzer & Stockmarr (1994) reveals a deep valley-network
eroded into the Pre-Quaternary surface. This map was pri-
marily based on on-shore borehole data. The interpolation
of the Pre-Quaternary surface was highly interpretative
and performed throughout the Danish area under the pre-
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sumption that the structures were sub-aerially eroded val-
leys and would therefore not contain isolated depressions
and blind endings. It is tempting to compare the map by
Binzer & Stockmarr with the map in Fig. 1, because some
of the valley structures coincide. However, the buried-val-
ley map in Fig. 1 is made differently and is not a map of the
Pre-Quaternary surface. The map shows the occurrence of
buried-valley structures regardless of whether they pene-
trate the Pre-Quaternary surface or not and hence the map
is not limited to showing valleys in the Pre-Quaternary
surface, and isolated depressions and blind endings have
not been avoided when making the map.

A rtotal length of 5600 km of buried valleys has been
found within the TEM-mapped areas in Denmark (.
17 000 km?) and in selected adjoining areas (c. 1700 km?);
in total ¢. 18 700 km?. If the average width of the valleys is
1 km (see Jorgensen & Sandersen 2006) the valleys cover
5600 km?.

This means that in ¢. 30 % of the mapped area, erosion
of the valleys has significantly changed the lithology and
architecture of the subsurface. An example where mapped
buried tunnel valleys dominate ¢. one third of the area is
illustrated in Fig. 2. The TEM data show that tunnel val-
leys in this case have been eroded through the Quaternary
and Miocene deposits and in some instances deeply into
the underlying Palacogene clays (Fig. 3).

The cross-section in Fig. 3 illustrates the influence the
buried tunnel valleys have on the subsurface architecture.
The Pre-Quaternary succession of Miocene sands and clays
have been removed and replaced with sandy and clayey in-
fill of Quaternary age. Figure 2A shows a horizontal slice
(30-35 m b.s.1.) approximately through the central part of
the Miocene succession. The red to orange colours show
high resistivities corresponding to predominantly sandy
sediments. The buried tunnel valleys are seen as both green
elongate structures where the green colours represent pre-
dominantly clayey sediments and red elongate structures
consisting of predominantly sand. As seen on the cross-sec-

Palaeogene

10 15 19 km

Fig. 3. Cross-section of tunnel valleys A to F in survey area RIB62 Haderslev based on 3D-gridded airborne TEM resistivity data. Vertical exaggera-

tion 15 times. Vertical rods are boreholes included in the national Jupiter database. See Fig. 2 for resistivity legend and location.
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tion (Fig. 3) valley erosions reach down to the Palacogene
clays, seen as very low resistivities in the TEM data (blue
colours).

The valleys show dominant orientations of NE-SW
and SE-NW, respectively (Fig. 2B). The valley infill is of
Quaternary age, but the precise age of the valleys is not
known. However, relative ages of the individual valley gen-
erations can be inferred from cross-cutting relationships,
the terrain and the character of the overlying sediments.
The buried tunnel valley D in Fig. 2B, for example, is par-
tially buried and is expected to extend all the way to the
terrain surface because it coincides with an open tunnel
valley in the present-day terrain (Smed 1982). The valley
obviously belongs to a young generation. The deep valley
C, however, is completely buried by predominantly clay
tills and apparently not reaching the surface. This valley is
therefore most likely older than the adjacent valley D to the
south-east. The valley E and its extension to the north-west
appear to be cut by the valleys C, D and F, thus suggesting
an older generation. The southern part of valley E is quite
easily seen in the TEM-data from ¢. 30 to 100 m b.s.L.,
whereas the levels above the succession are dominated by
low-resistivity clays apparently not belonging to the valley.
At the nearby coastal cliff of Halk Hoved in the south-
easternmost part of the area (Fig. 2), a large glaciotectonic
complex formed by proglacial deformation of the NE-ad-
vance in Late Weichselian has been described by Madsen
& Piotrowski (2012). This thrust-fault complex consists of
stacked layers of tills and glaciofluvial sediments deposited
during the Warthe glaciation in Late Saalian. According
to Madsen & Piotrowski (2012), the decollement layer of
the glaciotectonic complex is ¢. 20 m b.s.l. which is appar-
ently above the level of the buried valley E farther to the
south-west. The uppermost parts of the buried tunnel val-
ley may have been deformed by the glaciotectonic event in
Late Weichselian, but obviously the formation of the deep
tunnel valley can be related to an earlier event.

Conclusions and perspectives

If the rough calculation above is extrapolated to cover all of
the Danish onshore area, a plausible total length of buried
valleys of around 13 000 km emerges. Despite the uncer-
tainty of this calculation, the figure calls for attention when
interpreting the subsurface geology of areas not at present
covered by dense geophysical datasets. Mapping outside the
areas with specific groundwater interests is at present sparse,

but the general knowledge obtained from the mapping
project can be used in areas not yet covered by dense da-
tasets. Along with the continuously increasing knowledge
of the occurrence and the origin of buried tunnel valleys in
Denmark, the importance of their structures has become
more and more evident. The importance for assessments of
groundwater resources and their vulnerability is straight-
forward (i.e. Andersen ez al. 2013; Sandersen & Jorgensen
2003), and the necessity of making the buried-valley struc-
tures play a significant role in the geological interpretations
of Quaternary sedimentary sequences is unquestionable.
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Nitrate transport pathways in riparian zones of
the Hagens Mgllebak catchment, northern Denmark

Bertel Nilsson, Anker Lajer Hgjberg and Per Jensen

The Water Framework Directive (WFD) of the European
Union prescribes “good ecological status” of all waters. In
terms of nitrate this means, among other things, to avoid
eutrophication and achieve a good ecological balance in
surface water systems for the benefit of the groundwater
dependent flora and fauna (Hinsby ez /. 2012). In Den-
mark, the nitrate load to estuaries has been nearly halved
since the first national action plan was implemented in the
mid-1980s, but further abatements are required in many
areas to fulfil the WFD. New approaches to regulate ni-
trate use are needed with measures targeted to the areas
where most effect is obtained, and this is recognised at po-
litical level. Recent legislation allows farmers to increase
nitrate application, but should at the same time introduce
new mitigation measures and a more targeted approach to
regulation. Therefore the physical system, i.e. the geologi-
cal framework and topography, of the catchment has to
be understood (Winter 1999). Previous studies have shown
that in hydrological catchments with high geological vari-
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Fig. 1. A: Topographical map of the Hagens Mollebek catchment with
locations of nitrate-measuring stations of riparian zones, drain pipe out-

lets, stream and stream bed. B: Index map with position of study area.

ability, sampling of groundwater in riparian zones, the
stream water itself and water in the stream bed can help to
identify near-stream areas with specific nitrate problems.
Detailed studies are, however, not feasible in all catch-
ments, and development of representative typologies to
guide an optimal location of mitigation measures in the
catchment is thus needed. The present study is a detailed
characterisation of nitrate transport and reduction in the
groundwater—stream system in the river Hagens Mollebak
catchment for this purpose.

Study area and hydrogeological setting

The Hagens Mollebak catchment is located west of Skive
and discharges into Skive Fjord (Fig. 1). The hydrological
catchment covers 27.2 km?. The area is relatively flat with
elevations between 1-52 m above sea level (a.s.l.) and slopes
near the streams. Quaternary clayey tills dominate in the
west and south and glacial meltwater sand and gravel oc-
cur in the east. Holocene sand, clay and organic deposits
overlie the Quaternary deposits in the stream-valley system
and near the outlet of Hagens Mollebzk. In the southern
part of the cacchment, Oligocene clay with very low perme-
ability is found underneath a few metres of clayey till . The
primary land use is agriculture, which covers more than
80% of the area. The soil types are clay (50%), sand (47%)
and organic sediments (3%).

Hagens Mglle

@@

0 1 2 3 4 5 6 7 8 km
- Holocene sand and clay |:| Clayey till - Oligocene clay
- Late Glacial sand gzlt;;\t,:[ sand

Fig. 2. Conceptual geological profile along Hagens Mollebzk with lo-
cations of numbered nitrate-measuring stations along the main stream

channel.
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Conceptual geological model

A conceptual geological model is presented in Fig. 2 by a
profile along the main stream of Hagens Mellebzk from
Jebjerg in the north (near station 15, Fig. 1A) to Hagens
Molle (station 1) near the stream outlet into Skive Fjord.
The model is based on existing geological data from the
Jupiter database and a Quaternary soil map on a scale of
1:200 000 (both found at www.geus.dk). From the con-
ceptual model, a general understanding of the contact and
interaction between the stream and the underlying aquifers
is established on catchment scale. Between stations 4 and 5
the stream bed overlies poorly permeable clayey tills or Oli-
gocene clay with little or no expected water exchange. Con-
versely, exchange of water and nitrate between the stream
and the underlying aquifer is more likely where the stream
bed is located directly on top of sandy aquifers.

Regional contact between aquifers and
riparian zones

The local geological and hydrogeological conditions in
the riparian zone of the Hagens Mollebak catchment were
characterised at 12 localities by means of geological cross-
sections 10-100 m long, from the margin of the riparian
zone adjacent to the cultivated field to the margin of the ri-
parian zone on the opposite side of the stream channel (Fig.
3). In each cross-section 8—10 boreholes were hand drilled
to depths of 2-4 m and the sediment described at 15 ¢cm in-
tervals. From this geological profiling of the riparian zones,
the hydrogeological contact between the stream system
and the underlying aquifer was conceptualised according
to the typology of groundwater — surface water interaction
(GSL; Dahl ez al. 2007), see Fig. 4A. The hydrogeological
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settings adjacent to the riparian area aquifer were classi-
fied at the twelve cross-sections (Fig. 4B). Combining the
regional conceptual model (Fig. 2) and the cross-sections, a
preliminary delineation of local or regional sandy aquifers
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Fig. 4. Riparian zones along Hagens Mollebak and its tributaries, di-
vided into riparian hydrogeological types. A: Eight conceptual hydro-
geological models of the riparian zone with different combinations of
deposits with high (white-dotted) and low (grey) permeability (from
Dahl et al. 2007). B: Classification of 12 cross-sections in the study

area into types of riparian hydrogeological contacts (see also main text).



was obtained (Fig. 5). Further detailed field instigations are
still needed at six of the locations to distinguish between
local and regional aquifer characteristics. It is evident that
stream reaches along the headwater of the stream system
have contact to local shallow aquifers, and that the more
central and down-gradient parts of the stream system have
contact to a regional sand aquifer.

Observed exchange between stream
water and groundwater

Stream discharges were measured on the same day in Au-
gust 2016 at all stations using an OTT acoustic digital
current meter (OTT Hydromet GmbH). The groundwa-
ter flux to the stream system, quantified as the so-called
specific baseflow, was calculated as the change in flow (Q
in L/sec) between an upstream and downstream location,
divided by their distance along the stream. The specific
baseflow for the summer day in August 2016 is shown in
Fig. 5B. The first-order streams provide the lowest inflow
rates of groundwater to the stream (0—5 L/sec/km) because
of limited or no interaction between the stream system and
groundwater aquifers. Higher-order (more down-gradient)
stream reaches provide 5-25 L/sec/km. Along a shorter
reach between stations 4 and 5 the tributary loses water
through the stream bed to the underlying shallow aquifer.

At the twelve intensively monitored stations (Fig. 1A),
8-10 piezometers were installed along the cross-sections us-

ing metal or polyethylene (PEH) pipes with a screen length
of 10 cm (metal) and 30 cm (PEH). The metal piezometers
were pushed into the subsurface with a pneumatic ham-
mer. The PEH pipes were manually pushed into the open
boreholes for geological characterisation. All piezometers
were levelled using the Trimble® R8 GPS system (vertical
accuracy +16 mm). Vertical changes in the hydraulic heads
between the water table in the stream (i.e. the water stage)
and the intakes of the piezometers about 0.5 m below the
stream beds were measured with an accuracy of +1 cm.
Negative, vertical, hydraulic gradients indicate recharge to
the groundwater aquifer, whereas positive gradients indicate
discharge of groundwater into the stream. This made it pos-
sible to identify stream reaches where the exchange and di-
rection between the stream and the aquifer can be assessed.
The measurements carried out from August 2016 to Janu-
ary 2017 showed similar spatial distributions. This means
that the vertical hydraulic gradients were positive along
most stream reaches indicating groundwater discharge to
the stream during the period August 2016 — January 2017.

Based on the detailed conceptual understanding of the
local hydrogeological setting, the quantitative determina-
tion of baseflow and hydraulic gradients, the groundwa-
ter—stream interaction at the monitoring stations can be
assessed. No or limited groundwater—stream interactions
were found at stations 2—4, 6 and 15, while some or signifi-
cant groundwater—stream interaction is expected to occur
at stations 1 and 8—14 between the stream system and an
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Fig. 5. Aquifers and nitrate in the Hagens Mollebzk catchment. A: Delineation of local and regional groundwater aquifers underneath the river sys-

tem in contact with the river bed at the monitoring stations. B: Estimated specific base flow for individual stream reaches in August 2016. C: Nitrate

concentrations in stream water sampled in August and October 2016 and in January 2017.
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underlying sandy aquifer of local or regional extent. Fur-
ther investigations of the hydraulic conditions are required
at stations 5 and 7 before these can be classified.

Exchange of nitrate between groundwater,
drains and stream water

The nitrate transport pathways in riparian zones were as-
sessed by collecting water samples from groundwater in the
riparian zones, in drain-pipe outlets, in the stream bed and
in stream water. Groundwater samples were collected from
the piezometers using 100 mL syringes. Drain-pipe outlets
to the stream were only observed near five of the cross-
sections (stations 4, 5, 8, 10 and 12). Water from drains
having outlets above the water stage in the stream was sam-
pled by filling a bottle directly from the outlet. Sampling
of drain water from outlets below the water stage was more
critical. Here a 2-3 m long, 5 mm tube was pushed into
the drain pipe and a sample collected with a 100 mL sy-
ringe. The stream water itself was sampled by filling a bot-
tle of water flowing past the monitoring station. All water
samples were analysed for nitrate (NO,-N) few hours after
collection using a portable PhotoFLEX STD photometer
(WTW GmbH, Weilheim).

In the cross-section of the riparian zone shown in Fig. 3,
groundwater samples with nearly 20 mg/L were collected
in the oxic zone 25 m east of the stream, decreasing to 0
mg/L underneath the stream bed. Normally, nitrate is not
degraded in the oxic zone and the observed disappearance
of nitrate in the riparian zone is likely due to the presence of
microniches in the meltwater sand and gravel layer enriched
with organic matter or pyrite, where nitrate degradation may
occur. Moreover, it is possible that simultaneous discharge of
nitrate-free groundwater into the riparian zone and stream
bed may dilute the nitrate concentration in the groundwater
in the riparian zone. At present we do not possess field data
on a sufficiently detailed scale to support this hypothesis.

The stream water at the 15 measuring stations contained
less than 5—6 mg/L of nitrate in the three sampling rounds
in August 2016, October 2016 and January 2017, as expect-
ed with the highest values in January 2017 (Fig. 5C). Atall
the stations we have monitored, the riparian zone seems
to be efficient in removing nitrate from the groundwater.
However, leaching of nitrate from the nearby agricultural
areas through drainage pipes can bypass the riparian zone
and enter the stream system.

A river gauging station was established by the Ministry
of Environment and Food of Denmark in December 2016
at the same position as station 1 in the present study. The
gauging station measures the total river flow and nitrate run-
off from the Hagens Mollebak catchment to Skive Fjord.
The preliminary results of this study indicate that it is use-
ful to establish a dense monitoring system along streams to
complement the new gauging monitoring station. We expect
that this type of instrumentation can deliver the necessary
insight to locate where nitrate-mitigation measures will be
most effective.

Conclusions

After the first six-months’ monitoring period (2016-2017),
it seems likely that the nitrate loads to the streams in both
summer and winter conditions almost entirely arise from
nitrate transported by agricultural drains to Hagens Molle-
bak. However, a longer monitoring period of two to three
years is required to conclude this with more confidence.

In the Hagens Mollebzk catchment, riparian zones
along the stream reaches with widths from a few metres
to 10 m seem to be very efficient in removing nitrate from
groundwater before it discharges into the stream. Howev-
er, drainage pipes allow nitrate-rich water to enter directly
into the stream system bypassing the riparian zone.
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Structures and stratigraphy of Danian limestone,

eastern Sjalland, Denmark

Peter Roll Jakobsen, Magnus Marius Rohde and Emma Sheldon

West of Kobenhavn, the top of the pre-Quaternary lime-
stone is found near the terrain surface. There is only a rela-
tively thin cover of Quaternary deposits, which makes the
limestone vulnerable to pollution. Region Hovedstaden,
being responsible for treating polluted sites, therefore asked
GEO and the Geological Survey of Denmark and Green-
land to describe the geology and hydraulic characteristics
of the limestone formations (Galsgaard ez 2/. 2014). During
this work new information and data were collected and a
revised geological model established for the area between
Kgbenhavn and Roskilde (Fig. 1). The model is based on
seismic sections, a revised map of the pre-Quaternary sur-
face, biostratigraphy, borehole information and geophysi-
cal data. This paper presents the revised geological model.

Limestone formations

The uppermost 100 m of the pre-Quaterary deposits be-
tween Kgbenhavn and Roskilde comprises Maastrichtian
chalk, bryozoan limestone (Stevns Klint Formation), the
Kgbenhavn Kalk Formation and the Lellinge Grensand
Formation (Figs 1, 2).

Cretaceous (Maastrichtian) chalk is a carbonate mud-
stone. It is overlain by Danian deposits in the area between

Roskilde and Kebenhavn, but occurs at the pre-Quaterna-
ry surface in the southern part of the area.

The early and middle Danian bryozoan limestone, de-
fined as the Stevns Klint Formation by Surlyk ez /. (2006),
usually contains 20 to 45% bryozoan fragments, but the
formation also comprises mudstone or calcarenite with
scattered bryozoans. Usually the bryozoan limestone is
deposited in mounds, which are strongly asymmetrical in
the lower mound complex and less so in the middle and
upper mound complexes (Fig. 2). Flint occurs as layers be-
tween the limestone layers and lenses of coral limestone
also occur. The bryozoan limestone is 53—63 m thick in
the Kobenhavn area (Stenestad 1976).

The Kegbenhavn Kalk Formation is of late Danian age.
Itis a sandy and silty carbonate mudstone defined by Stene-
stad (1976). It has sub-horizontal layering with pronounced
flint layers parallel to the layering. A log-stratigraphy was
established in the Kgbenhavn area by Klitten ez a/. (1995;
Fig. 2). The formation is 40—45 m thick.

The youngest formation, the Lellinge Gronsand Forma-
tion, is of Selandian age and consists of glauconite and car-
bonate-rich sand with layers and lenses of sandy limestone.
Glauconite-rich marl also occurs.

Roskilde

| Kebenhavn [,

Selandian
[ Lellinge Gronsand Formation

Danian

1 Kebenhavn Kalk Formation
[ Calcarenite

[ Stevns Klint Formation

[ Maastrichtian chalk

~~— - Fault

@ Biostratigraphical sample

Fig. 1. A: A revised geological map of the pre-Quaternary surface in the Kobenhavn—Roskilde area. The numbered dots show the location of analysed

samples. R: Roskilde. K: Kobenhavn. B: An east—west profile. C: Location of the study area.
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Fig. 2. Chronostratigraphy, biostratigraphy, lithostratigraphy and lithol-
ogy in the greater Kgbenhavn area (modified from Lund ez a/. 2002).
Numbered dots are the numbered localities in Fig. 1A.

Biostratigraphy

Calcareous nannofossils are the main constituent of chalk
deposits. Calcareous nannofossils are thought to be the re-
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Table 1. Biostratigraphical results

Locality* Nannofossil zone Stage
1 Hove limestone pit NNTp5B-6 Uppermost Danian
— Selandian
2 Kallerup pit NNTp4C Early late Danian
3 Naverland 26, Glostrup NNTp2F Middle Danian
4 Kirkebjerg Parkvej 14 NNTp2G Middle Danian
5 Dalager 7 NNTp2G Middle Danian
6 Hesselager 17 NNTp2G Middle Danian
7 Hvidovre Hospital NNTp2F Middle Danian
*

locality numbers refer to localities marked on Figs 1,2

mains of the principal calcareous nannoplankton group:
the haptophyte algae (Bown & Young 1998). They are use-
ful as biostratigraphic markers as they have a widespread
distribution and are present globally in the photic zone of
almost all marine habitats.

The nannofossil biostratigraphic dating of the outcrops
and wells from eastern Sjelland is based on the North Sea
zonation scheme of Varol (1998) which, along with the
Danish onshore nannofossil zonation scheme of Thom-
sen (1995) for comparison, is seen in Fig. 2. The zonation
scheme of Varol (1998) was mainly based on North Sea
wells, but sections from onshore Denmark were also used in
its construction. As seen in Fig. 2, the zonation scheme of
Varol (1998) allows for a higher resolution biostratigraphic
breakdown than that of Thomsen (1995). Table 1 (youngest
stratigraphy at the top) shows the biostratigraphic dating of
samples taken from two outcrops and five wells (Fig. 1). The
results show that samples from the more easterly localities
are the oldest (middle Danian, subzones NNTp2F-G), and
the samples become younger to the west (upper Danian—Se-

landian subzones NNTp4C and NNTp5B).

Faults and interpreted faults

The most pronounced tectonic feature in the subsurface of
Kgbenhavn is the SE-NW-trending Carlsberg Fault that
separates the Kebenhavn Kalk Formation from the Stevns
Klint Formation (Fig. 1). The fault is one of a number of re-
lay faults related to the Tornquist—Sorgenfrei Wrench Fault
Zone. The Carlsberg Fault can be regarded as a negative
flower structure with a main offset between 50 and 100 m
of the hanging-wall block down to the NE (Fallesen 1995;
Jakobsen ez al. 2002). The Carlsberg Fault may still be ac-
tive as terrain movements have been detected across the
fault (Jakobsen er al. 2013) and neo-tectonic faulting of
the Quaternary cover is seen (Kammann ez 4/. 2016). The
Carlsberg Fault is recorded on the seismic profile HGS-
002 (Fig. 3) along with the @resund Fault and the Ishgj
Fault Zone. The Qresund Fault is almost parallel to the
Carlsberg Fault, but they merge about 12 km north of the



seismic profile. The Ishgj Fault Zone is a ¢. 5 km wide
positive flower structure with folding between the faults
and an over-all inversion across the zone. The inversion has
caused the Maastrichtian chalk to be present at the pre-
Quaternary surface in the Ishgj area.

One of the prominent continuous reflectors in the up-
per part of the seismic profile is outlined in Fig. 3, and it
dips ¢. 50 m from the Ishgj Fault Zone to the eastern part
of the area shown in the seismic section. The same dip is
seen on the seismic section HGS-001 about 10 km north
of HGS-002. The Roskilde and Risp Faults are the west-
ernmost faults presented in Fig. 1; they form part of a series
of N-S-trending relay faults in the Roskilde area (Pedersen
& Gravesen 2016).

Pre-Quaternary surface

The Danian limestone forms the pre-Quaternary surface
in eastern Sjelland and is the primary source of groundwa-
ter in the area. The large number of wells and well-logs and
geological information recorded and stored in the national
Jupiter database allow a detailed mapping of the limestone
surface. Based on these well-logs and several geological
models, a new map of the level of the pre-Quaternary sur-
face was constructed (Fig. 4).

In the northern part of the map area, the Senderso Val-
ley has a valley bottom ¢. 40-30 m below sea level and
strikes SW-NE. Several buried valleys have been identi-
fied and marked with red lines on the map (Fig. 4). The
longest of these is the Herlev Valley that is oriented paral-
lel with the Senderse Valley ¢. 5 km south to the of it.
Towards the west, the Herlev Valley almost intersects the
smaller Katrinebjerg Valley. The general level of the pre-
Quaternary surface is 5-10 m higher south of the Herlev

HGS-005 HGS-003
W | | E

Two-way travel time (s)

o
(%]
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Fig. 3. Seismic section HGS-002. The inset map shows the location
of the profile and some additional profiles used for the interpretation.

and Katrinebjerg valleys compared with the area between
these valleys and the Senderse Valley.

Two narrow valleys, the Radhus and Vibenhus valleys,
situated below the city of Kgbenhavn are generally well
mapped based on borehole data. Several conspicuous de-
pressions in the limestone surface are only identified from
one or a few boreholes, e.g. in the northern part of Taastrup
and the eastern part of the Herlev Valley. It is possible that
these small depressions are un-mapped valleys similar to
the clear buried valleys identified on the map in Fig. 4.

Geological model

The revised geological map and model are presented in
Fig. 1. The map is based on interpretation of the map
of the pre-Quaternary surface, seismic sections and bio-
stratigraphic analyses. The biostratigraphic analysis of the
middle part of the Stevns Klint Formation (Fig 1) shows
that the limestone in this area, at the pre-Quaternary sur-
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Fig. 4. Topography of the pre-Quaternar
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surface in the Kgbenhavn—Roskilde area based

on the latest data.
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face, is of middle Danian age and belongs to the upper
mound complex (Fig. 2). Compared with the depth to the
Maastrichtian—Danian boundary, registered in adjacent
boreholes, the thickness of the Stevns Klint Formation is
fairly uniform and comparable with thicknesses known
from the Kobenhavn area, and a uniform thickness of the
limestone unit is consequently assumed. Previous maps do
not show the presence of the Kebenhavn Kalk Formation
between the Lellinge Gronsand Formation and the Stevns
Klint Formation in the western part of the area (Stenestad
1976). With a dip of ¢. 50 m from the Ishgj Fault Zone to
Roskilde, it is therefore expected that the Kgbenhavn Kalk
Formation is present between the Stevns Klint Formation
and the Lellinge Grensand Formation. This was confirmed
by biostratigraphical analyses of samples from localities 1
and 2 (Figs 1, 2). However, the two samples representing
Kobenhavn Kalk Formation are from the uppermost and
lowermost parts of the formation, respectively. This means
that the Katrinebjerg Fault (Fig.1), interpreted from the
pre-Quaternary surface map, is in fact a fault, with an off-
set of ¢. 50 m. At Hove (locality 1, Fig. 1) a geophysical log
from borehole DGU 200.5248 shows the same log pattern
as it is known from the Kobenhavn area and shows the
presence of the whole formation.

Many samples from boreholes within the western Ko-
benhavn Kalk Formation area are described as bryozoan
limestone. This could represent a facies variation with a
higher concentration of bryozoans than is usually seen in
the Keobenhavn area. However, it is also possible that the
tectonic conditions are more complex, with more faults
than those documented so far.

Conclusions

The geological map of the pre-Quaternary surface is re-
vised for the area between Kobenhavn and Roskilde. The
revision is based on new seismic sections, a map of the pre-
Quaternary surface and biostratigraphic analyses.

The Ishej Fault Zone is a positive flower structure, and
a prominent structural feature in this area. Between the
Ishej Fault Zone and the Roskilde Fault, the limestone dips
westwards.

The Upper Danian Kgbenhavn Kalk Formation is doc-
umented in the western part of the pre-Quaternary surface
between Kobenhavn and Roskilde and may have a higher
content of bryozoans than in the Kobenhavn area.
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Karst sinkhole mapping using GIS and

digital terrain models

Peter Brogger Serensen, Holger Lykke-Andersen, Peter Gravesen and Bertel Nilsson

Danish glacial landscape elements such as basal till plains,
hummocky moraine areas and outwash plains contain a
variety of small and large depressions. They were probably
formed in glacial, late-glacial or Holocene time and may
represent dead-ice holes or degraded pingos, or sinkholes
formed by interaction between pre-Quaternary chalk or
limestone bedrock and the thin glacial cover. The aim of
this study is to map terrain depressions that might poten-
tially be karst sinkholes by analysing digital terrain models
in the geographic information system (GIS). The incentive
to apply the technique for mapping of sinkholes came from
an accidental acquaintance with a farmer, Jens Kirk, whose
farmland is located near Thisted. Jens Kirk told us that the
front end of his tractor had suddenly sunk into the ground
during routine farming work, and this incident was our
inspiration to start the project described here.

Geological setting and study areas

Sinkholes have previously been registered in mainly north-
ern Denmark where the pre-Quaternary surface consists
of chalk and limestone (Feddersen 1880). In these areas
sinkholes and other karst features including dolines, karst

lakes, small caves, disappearing streams and karst springs
are known (Nilsson & Gravesen 2017). The landforms are
found at locations where Quaternary surface layers are thin
and calcareous rocks are present near the surface. Sink-
holes can be formed when acid groundwater dissolves and
removes calcium carbonate from the calcareous sediment.
Cavities are formed in the carbonate sediments, and the
overlying deposits may collapse and create a surface de-
pression. The present authors have carried out pilot studies
around Limfjorden and in the northern part of Djursland
in Jylland. The results from north of Thisted and in the
planted wood of Svinklev Plantage south of Svinklgv are
presented here (Fig. 1). It should be noted, that Svinklov
Plantage has never been farmed, and the depressions found
here are small compared to those in farmed areas. This
means that even small depressions have been preserved if
not covered by drifting sand.

The first study area is located 2-3 km north of Thi-
sted (Fig. 1). The pre-Quaternary surface of Maastrich-
tian chalk and Danian bryozoan limestone and micritic
limestone in this area is commonly covered by a thin (less
than 5 m thick) Quaternary cover. Small dolines filled
with Paleocene clay are found in the Danian limestone in

Mapped sinkholes

@ Sinkholes: DHM 1.6 m data
@ Sinkholes: DHM 0.4 m data

40 km

Fig. 1. Locations of mapped small depressions

in northern Jylland. The surface is shown as

Nors Se

pre-Quaternary where parts of it consists of Cre-
taceous chalk and Danian limestone covered by

Quaternary deposits. Red and blue dots: possible
sinkholes mapped with the 1.6 and 0.4 m digital

clevation models, respectively. Black frames:

local study areas.
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Thisted town (Gravesen & Jakobsen 2016). Sinkholes are
distributed over the entire area. In cliffs and limestone pits
it is possible to find two types of dolines: Funnel-shaped
and vertical-sided. Both types have originated as areas of
intense fracturing where acid water has percolated down-
wards and dissolved the chalk. In the western part of the
area, large karstic lakes such as Nors Sg occur along a fault
zones and in the middle of a salt structure (Hansen & Ha-
kansson 1980). Between Svinklev and Fjerritslev on the
north-west coast of Jylland many sinkholes and dolines
are registered in the chalk and limestone cliffs (Gry 1979).
Sinkholes also occur in the area of elevated chalk south of
Fjerritslev.

Methods and data

The detailed topographic maps that became available from
¢. 1900 made it possible for Ussing (1903) and Harder
(1908) to interpret the Danish glacial landscape. Since
then the technological evolution has resulted in a highly
detailed digital terrain model (in Danish ‘digital hejde-
model’, DHM) with a lateral resolution of 1.6 m in the
2007 version (DHM 1.6) and 0.40 m in the 2016 version
(DHM 0.4) with a vertical accuracy of a few centimetres
(www.sdfe.dk). Using hill-shade versions of the DHM 1.6
model with a vertical exaggeration of 3 even the smallest
vertical variations can be detected. Numerous depressions
were identified, and detailed mapping was initiated, using
QGIS (open source version of GIS) as a data repository.
The DHM 0.4 model is delivered with hill shade but with
no vertical exaggeration.

The 3D geographical information of the mapped de-
pressions was analysed in GIS supported by other sources
of spatial data such as orthophoto and topographic maps.
Mobile devices such as tablets and smartphones with GPS
were used in the field documentation of the depressions
throughout the mapping project. Two of the authors re-
cently demonstrated the usefulness of the combination of
these techniques for identification and mapping of rem-
nants of pingos in Denmark (Serensen & Lykke-Andersen
2017).

More than 350 depressions supposed to be sinkholes in
northern Jylland were mapped (Fig. 1); in Svinklev Plan-
tage sinkholes were mapped using the DHM 0.4 model.
The digital terrain models were provided by the Danish
Agency for Data Supply and Efficiency (www.sdfe.dk) as a
digital service in raster format with and without hill shade
for visual interpretation, and as a web map service for anal-
ysis and measurement.
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The depression mapping was divided into three steps.
Firstly, the location of each depression was found and
digitised using GIS. Secondly, a profile of the depression
was constructed using the QGIS profile tool and its diam-
eter and depth measured, allowing a descriptive statistical
analysis of the sinkholes and their spatial distribution. In-
spection of orthophotos was sometimes helpful because the
vegetation pattern can reveal differences in the topsoil. On
this basis the depression was either approved or rejected.
For example, a shallow depression on an inclined surface
facing away from the incident light produces a significant
shadow which does not represent a sinkhole. Finally, a field
check was carried out for some of the proposed sinkholes,
because previous studies have shown that the structural
and sedimentary conditions of some of the depressions
should be investigated by excavation (Zhu ez al. 2014).

Fig. 2. Hill-shade map with 10 x vertical exaggeration showing exam-

ples of sinkholes mapped with the 1.6 m digital elevation model. A: Un-
marked map. B: Mapped sinkholes (red dots). Yellow dot: location of
the excavated ‘Jens Kirk sinkhole’ north of Thisted as shown in Fig. 3.



Results

Results from the depression mapping north of Thisted and
in Svinklgv Plantage are shown in Figs 2 and 3. In the
Thisted area c. 116 sinkholes are identified, and 20 depres-
sions were identified on the hill shade map within the sub-
area measuring 1 x 1.5 km shown in Fig. 2. The diameter
of the depressions in the Thisted area varies from 21 to 100
m, with depths between 0.3 and 2.5 m. To obtain informa-
tion about the geometry of the depression encountered by
Jens Kirk and to prove it is a sinkhole, a trench was dug
(Fig. 3). The diameter of the excavated depression is 25 m.
Outside the depression, the depth below the topsoil to the
chalk surface was 30 cm. In the middle of the depression
the chalk surface occurs about 2.35 m below the terrain
surface outside the sinkhole. In the south-western part of
the profile, the chalk surface is almost vertical, indicating
subsidence along a fault. Stone-free topsoil, probably gla-
cial, was found overlaying the chalk. In the middle of the
depression about 40 cm above the chalk surface, a chert
layer 7 m long and 5-10 cm thick was found. The geom-
etry and structure of the depression strongly indicate that
it is a karstic sinkhole. It should be noted that the diameter
of the ‘Jens Kirk sinkhole’ (Fig. 3A) is in the lower range of
those mapped north of Thisted.

In Svinklev Plantage, 65 small sinkholes were mapped
with success using the DHM 0.4 model (Fig. 4), which are
not visible in the 1.6 m model; the area is partly covered
by dune sand. The diameter of the small sinkholes varies
from 1 to 10 m, with depths between 0.4 and 4.5 m. A
survey in the Bulbjerg area has revealed a few similar small
depressions that are likewise supposed to be sinkholes. The
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Fig. 3. A: Section drawn from the excavated trench through the Jens

Kirk sinkhole’ (vertical exaggeration 1.7 x). B: The excavated trench
with the chalk surface exposed at the bottom. UTM coordinates:
481294E, 6316209N.

DHM 0.4 model is obviously better suited for the minor
landscape elements such as the small depressions found in
Svinklgv Plantage even with the absence of vertical exag-
geration.

A significant difference in the diameter/depth ratio be-
tween the sinkholes in the Thisted and Svinklev Plantage
areas is seen in Table 1. The sinkholes in Svinklev Plan-

Fig. 4. Sinkholes (red dots) mapped in Svinklgv
Plantage using the 0.4 m digital elevation

model.
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Table 1. Depths and diameters of sinkholes

Depth, m$ Diameter, m$ Diameter/Depth
Thisted 0.3-2.5 (0.8) 21-100 (43.6) 574
Svinklgv Plantage 0.4-4.5 1.0-10 (4.3) 38

§Minimum. maximum and mean values

tage are ten times smaller but slightly deeper than those in

Thisted.

Discussion
Origin of the mapped depressions

Mapping of karst sinkholes using GIS and DHM in areas
with carbonate sediments underlying thin Quaternary de-
posits seems to be evident. However, the mapping in this
study also identified depressions in areas with Palacogene
clays underneath thin glacial deposits (area west of Skive;
Fig. 1). These depressions cannot have been developed
due to karst evolvement. Thus, dead-ice holes or degraded
pingos can be other potential origins of these depressions
and have thoroughly been discussed in Serensen & Lykke-
Andersen (2017). However, it is beyond the scope of this
study to collect the required structural and sedimentary
documentation to classify all of the individual depressions
found in northern Jylland.

Factors influencing the formation and geometry of
the mapped sinkholes

Sinkholes may develop if the Pre-Quaternary surface con-
sists of carbonate sediments such as Maastrichtian chalk or
Danian limestone, which are easily dissolved and contain
fractures, hollows and cavities. In order to allow the sink-
hole-forming process to operate during the Neogene, the
overlying sediments (mainly Quaternary deposits) must be
thin. The circular shape of the sinkholes is possibly a com-
bination of crossing fault lines and dissolution processes.
The anthropogenic activity seems to be an important fac-
tor for the collapses, but also the climate with changing
wet and dry conditions may influence the development.
Changes in the groundwater level, abstraction of water and
changing drainage patterns are other controlling factors.

Conclusions

1. The pilot study demonstrates that analysing digital ter-
rain models in GIS is a powerful method. The DHM
1.6 model with a vertical exaggeration of 3 is very well
suited for the identification of depressions with diam-
eters greater than 20 m, while the DHM 0.4 model is
better suited for the identification of small landscape
elements even without vertical exaggeration.

2. The sinkholes in Svinklgv Plantage are much smaller
and slightly deeper than in Thisted. One explanation
for this could be that the Svinklov area has never been
farmed.

3. The structural and sedimentary conditions in other
sinkholes should be investigated by excavations.
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Towards a geothermal exploration well in the Gassum

Formation in Copenhagen

Henrik Vosgerau, Ulrik Gregersen, Lars Kristensen, Sofie Lindstrom, Anders Mathiesen,
Carsten M. Nielsen, Mette Olivarius and Lars Henrik Nielsen

Geothermal resources in the deep subsurface in many parts
of Denmark have the potential to form a central compo-
nent in the future Danish energy supply for district heat-
ing. Geothermal energy is sustainable and environmentally
friendly and independent of climatic and seasonal varia-
tions, in contrast to solar and wind energy. Furthermore,
geothermal plants may be integrated with other green ener-
gy supplies. The sandstone reservoirs from which the warm
geothermal water is extracted may also act as temporary
storage for excess heat e.g. from industrial production pro-
cesses or from solar-heated water in summer periods when
the demand for heating is low.

Therefore, there are many good reasons to include geo-
thermal energy in Denmark’s energy mix. Despite this,
only three geothermal plants exist at present at Thisted,
Copenhagen and Senderborg (Fig. 1). Several district heat-
ing companies have, however, shown interest in geother-
mal energy and have taken the first step towards estimating
if suitable geological conditions are present within their re-
spective district heating areas. This has been done by ana-
lysing geological and geophysical data gathered from the
nearest deep wells and seismic surveys, in some cases sup-
plemented with new seismic data. Although these analyses
generally show promising geothermal potential, hesitation
prevails when it comes to drilling the actual geothermal
wells. Deep drilling is complicated and expensive, but nec-
essary in order to deduce if productive reservoir sandstones
are present that can produce the required volumes of geo-
thermal water.

In order to mitigate the geological risks and facilitate uti-
lisation of geothermal energy, publicly supported initiatives
financed by research grants have been undertaken for the last
40 years. Thereby our knowledge of the Danish subsurface
and the reservoir properties of deep geothermal sandstones
has considerably increased, and fundamental uncertainties
regarding subsurface structures and resources have been re-
duced. The many promising results are publicly available
via the newly established Geothermal WebGIS Portal at the
Geological Survey of Denmark and Greenland (Vosgerau
et al. 2016). Furthermore, the industry is now taking more
interest in geothermal exploration and sees it as a promis-

ing business case into which it is willing to invest and share
the risks associated with expensive wells. The public sector
facilitates this development by supporting research projects
via grants from the Energy Technology Development and
Demonstration Programme of the Danish Energy Agency
(EUDP) and the Innovation Fund Denmark. These pro-
jects involve research institutes, district heating companies,
private companies and other stakeholders.

The present paper deals with the outcome of one of
these projects called the Geothermal Pilot Hole, finan-
cially supported by the EUDP. The project elucidates e.g.
how drilling can be made less expensive by focusing on
geothermal sandstone reservoirs at depths shallower than
¢. 2200 m, thereby allowing the use of small rigs suitable
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Fig. 1. Coverage and quality of seismic and petrophysical log data from

deep wells in Sjelland. The quality indeces reflect to which degree the
data can be used to extract information about major geothermal sand-
stone reservoirs in the deep subsurface. The Margretheholm wells are
part of the existing geothermal plant in Copenhagen. Stars mark the
approximate positions of the two areas of interest. On the inset map the

locations of the Thisted (T) and Senderborg (S) plants are shown.
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for operation in urban areas. For comparison, the existing
geothermal plant in Copenhagen utilises water from the
Lower Triassic Bunter Sandstone Formation ata depth of c.
2.6 km. Another important part of the project is to provide
a well-constrained prognosis of relevant reservoir param-
eters (depth, thickness, transmissivity, production capac-
ity, temperature, etc.) of geothermal sandstone reservoirs
of the Upper Triassic — Lower Jurassic Gassum Formation
within two prospect areas of special interest in northern
Copenhagen (Fig. 1). This activity will provide the neces-
sary background to select the location of an exploration
well in a future phase of the project yet to be granted. Previ-
ous studies have shown that the subsurface of Copenhagen
contains large quantities of geothermal energy which may
form a substantial contribution to domestic heating for
hundreds of years to come, and the two areas in northern
Copenhagen (stars, Fig. 1) have already been selected as
relevant, based on suitable geological conditions and in-
frastructure. Copenhagen is a major city with a substantial
demand for heating and like other Danish cities it has a
well-established district heating network, and for these rea-
sons it is an obvious site for geothermal energy.

The Gassum Formation constitutes the most well-known
sandstone reservoir in Denmark and is exploited for geo-
thermal energy in Thisted and Senderborg and for gas stor-
age at Stenlille. It is dominated by fine to medium-grained
sandstones alternating with darker-coloured claystones,
siltstones and thin coal seams. The sand was deposited in
the Danish Basin mainly as marine shoreface sand in rela-
tively continuous and widely distributed bodies, as well as
deposits in river channels, estuaries and lagoons. In the
Copenhagen area, the Gassum Formation occurs in depths
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zone. The coloured surface reflects the depth
and morphology of the base of the Gassum
Formation, clearly illustrating the different,
fault-controlled positions of the two prospect
areas west and east of the fault. The thickness of
the Gassum Formation, marked on the seismic
profiles, increases considerably from west to

east across the Amager Fault zone. Depths are

shown as seismic two-way travel time, TWT.

of around 2000 m and has a temperature of ¢. 60°C (Bal-
ling ez al. 2016), sufficiently high to make a district heating
plant economically profitable. Furthermore, the depth is
shallow enough to prevent serious diagenetic alteration un-
der high pressure and temperature conditions which might
reduce the porosity and permeability of the reservoir sand-
stones (Kristensen ez a/. 2016). The results of the project
phases conducted so far illustrates e.g. that the subsurface
geological conditions may vary considerably within a city
area, thus influencing the geothermal potential.

Geological database

The critical subsurface geological information from deep
wells and seismic lines in central and north-eastern Sjel-
land (Fig. 1) controls the reservoir prognosis for the two
prospect areas in northern Copenhagen. The seismic cov-
erage is reasonable around these two areas, especially be-
cause an E-W-trending seismic line of very good quality
occurs immediately north of them. Detailed analysis of
this and other nearby lines has been used to identify and
estimate the depth and thickness of the Gassum Formation
in the two prospect areas. The two areas are separated by
the NN'W-SSE-striking Amager Fault which forms part of
a major regional fault zone, along which the easternmost
part of Sjelland has been down-faulted (Fig. 2). The seis-
mic mapping reveals that the Gassum Formation is thicker
and occurs at a deeper level in the eastern area than in the
western area.

Deep wells in north-eastern Sjelland are limited to
Margretheholm-1/1A and -2, Karlebo-1/1A and Lave-1
from which no cores of the Gassum Formation exist, and
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Fig. 3. Porosity—permeability models based on gas measurements on core
material at laboratory conditions. The ‘Copenhagen model’ represents
the eastern prospect area and is based on measurements on sidewall cores
from the Margretheholm-2 well, whereas the ‘Stenlille model’ represents
the western prognosis area and is based on conventional core analysis
data from several Stenlille wells. The methodology for establishing local

porosity—permeability models is described in Kristensen ez a/. (2016).

the petrophysical log data from Lave-1 are of poor quality.
However, a large amount of good quality petrophysical log
and core data exist from the Stenlille area in the central
part of Sjzlland, ¢. 60 km west of the two areas of interest
(Fig. 1), although not all of the well data are equally rel-
evant for setting up a reservoir prognosis for the Gassum
Formation in the prospect areas. Representative well data
have been chosen based on e.g. sequence stratigraphic and
biostratigraphic analysis and on similarities to the prospect
areas in terms of structural setting, depositional environ-
ment, inferred distance from the palacoshoreline, sediment
sources, petrography, burial depth, diagenetic alternation,
etc. In general, the data from the Margretheholm and Kar-
lebo-1/1A wells are considered the most relevant for the
eastern prospect area, as also these wells are located on the
eastern, down-faulted side of the Amager Fault (Fig. 2).
The locations of the Lave-1 and the Stenlille wells west of
the Amager Fault justify a higher weighting of data from
these wells in the prognosticating of the western area.

Estimated reservoir values

Based on the seismic data, the Gassum Formation is esti-
mated to be around 200 m thick with its top at ¢. 2000 m
below sea level in the eastern of the project areas in Co-
penhagen, and around 150 m thick with its top at ¢. 1750
m below sea level in the western area (Table 1). Core and
petrophysical well log data form the basis for estimating
the reservoir properties of the sandstones including local
porosity—permeability models (Fig. 3). The porosity and
permeability values are estimated to be slightly lower in

Table 1. Estimated reservoir values for the
Gassum Formation in two potential areas$

Prospect areas in Copenhagen

western eastern

Macro reservoir parameters
Depth to top of formation (m below sea level) 1750 2000

Thickness (m) 150 200
Thickness, potential reservoir sand (m) 75 80
Water-conducting properties (reservoir sand)
Porosity (%) 25 21
Gas permeability (mD) 300 250
Reservoir permeability (mD) 375 313
Reservoir transmissivity (Kh) (Dm) 28 25
Temperature (°C), middle of formation 57 65

§See Kristensen et al. (2016) for details.

the eastern than in the western area, most likely related
to its deeper burial depth and corresponding higher pres-
sure—temperature conditions (Table 1). The reservoir trans-
missivity, given by multiplying the estimated thickness of
potential reservoir sand with the estimated reservoir per-
meability, is an important parameter as it expresses the
overall performance of the reservoir. As a rule of thumb,
the transmissivity of a sandstone interval in the Danish
subsurface should be greater than 10 Darcy-m in order to
constitute a potential geothermal reservoir. Both areas ful-
fil this criterion as the estimated reservoir transmissivity
for the Gassum Formation is 25 and 28 Darcy-m, respec-
tively, for the two arcas. Although the estimated porosity,
permeability and transmissivity values are slightly higher
in the western area, this does not necessary qualify this as
better for geothermal exploitation. This is because the geo-
thermal water of the Gassum Formation in the eastern area
benefits from being hotter than in the western area (65°C
versus 57°C, Table 1) as a consequence of its greater depth.

Reservoir model simulations

Reservoir simulations in both of the prospect areas have
shed further light on the suitability of the Gassum Forma-
tion for geothermal exploitation. The reservoir data and
interpreted regional seismic surfaces have thus been used
to simulate flow rates and the time span before cooled wa-
ter from injection wells will reach the production wells. In
each of the simulations, separate production and injection
wells supplemented with a vertical spud well were used.
Simulation runs with different well spacings show that
the distance between the production and injection wells
at depth can be kept as low as 900 m without cold-water
breakthrough at the production well within the simulation
period of 25 years. Given that the injection and produc-
tion wells would typically originate from the same surface
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position, short distances between the injection and pro-
duction wells at the reservoir level are preferred in order to
minimise the inclination of the well trajectory. This will
lower the drilling risks, as drilling generally becomes more
complicated with increasing inclination.

Overall, the simulations showed suitable production ca-
pacities for both locations but that the eastern location is
more favourable because of higher production and injection
rates for the same pressure applied to the wells, a more fa-
vourable production temperature profile, as well as thicker
reservoir intervals which will delay breakthrough of cold
water from the injection to the production well because the
cold-water front is spread over a thicker reservoir interval.

Concluding remarks and perspectives

The various geological and geophysical analyses presented
here indicate that the Gassum Formation is suitable for
geothermal exploitation in both of the prospect areas. The
production may be further enhanced if geothermal energy
is produced simultaneously from the Gassum Formation
and from sandstones in the lower part of the overlying Fjer-
ritslev Formation. This formation largely consists of tight
mudstones, but in eastern Sjelland its basal part contains
several sandstones which may contribute to a geothermal
production. Although the simulations point out the eastern
area as being more favourable for a geothermal production,
other factors must also be considered in a final selection of
a borehole location, such as drilling costs related to differ-
ent drilling depths and non-geological parameters such as
the position of the well in relation to the district heating
and other surface infrastructure.

Well data from eastern Sjelland are scarce and of varying
quality. Especially the lack of cores from penetrated sand-
stones is a shortcoming, as such material is very valuable in
estimating reservoir properties as shown by the extrapola-
tion of core data from the Stenlille wells for the prospect
areas in Copenhagen. Several packages of sandstones and
intervening mudstones in the Gassum Formation have thus
been correlated between the wells at Stenlille and eastern
Sjelland and are therefore also expected to be present in the
two prospect areas themselves. Regional seismic mapping,
palynological analysis and comparison of petrophysical log
data patterns furthermore indicate that the paleogeographic
setting and depositional environments during the deposi-
tion of the Gassum Formation were broadly similar in Sten-
lille and in the prospect areas. In addition, U-Pb radiometric

dating of detrital zircon grains from the Gassum Formation
indicates that all of these deposits were sourced mainly from
reworking of the Lower Triassic Bunter Sandstone Forma-
tion on the Ringkebing—Fyn High, a regional basement
ridge forming the southern margin of the Danish Basin.
Extrapolation of the Stenlille data as far as to eastern
Sjelland inevitably implies some uncertainties. A new well
in Copenhagen from which cores, petrophysical log data
and hydraulic test data can be collected and analysed will
considerably increase the accuracy of predictions of reser-
voir properties of the Gassum Formation in greater Copen-
hagen as well as in the Hillered and Farum areas in north-
eastern Sjzlland, where initial investigations have also been
performed. Hence, the geological and economic risks asso-
ciated with the establishment of a geothermal plant will be
reduced, not only in Copenhagen but in eastern Sjelland
as a whole. Furthermore, a new well will make it possible
to compare existing core data (including direct porosity
and permeability measurements) with petrophysical log
data and hydraulic test data from intervals of penetrated
reservoir sandstone, and will thus provide a unique pos-
sibility to verify to what extent traditional petrophysical
log data can be used to estimate the reservoir properties of
geothermal sandstones. This knowledge is important for
evaluation of the geothermal potential in a specific area
based on data from existing wells, and for selecting suitable
log tools for estimation of the porosity, permeability and
injectivity of potential reservoir sandstones in general.
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Pre-drilling geothermal assessment of porosity and
permeability of the Bunter Sandstone Formation,

onshore Denmark

Morten Leth Hjuler and Lars Kristensen

Denmark constitutes a low-enthalpy geothermal area.
Current geothermal production takes place from two
sandstone-rich formations: the Bunter Sandstone and Gas-
sum Formations. These formations form major potential
geothermal reservoirs, but information about the perme-
ability of the potential sandstone reservoirs is difficult to
obtain. This may be explained by deposition in a variety of
environments under different climatic conditions, and by
variable diagenetic overprint (Olivarius ez a/. 2015). Thus,
the sandstone characteristics and properties are diverse,
and in areas where wells are scarce, the assessment of the
extent and reservoir properties of sandstone layers is associ-
ated with much uncertainty. In order to reduce exploration
risk it is therefore essential to develop a robust method for
prediction of porosity and permeability prior to drilling.

Kristensen ez al. (2016) presented a five-step method for
predicting porosity and permeability averages of prospec-
tive geothermal formations in Danish onshore areas with
low data density. The method is based on the sandstone
reservoir characteristics of the Gassum Formation from
geological and petrophysical data acquired in deep wells.
The main purpose was to reduce the uncertainties associ-
ated with prediction of reservoir properties.

The study presented here investigates the efficiency of
the five-step method when applied to the Bunter Sandstone
Formation. The study area extends from the west coast of
Denmark to the east coast of southernmost Sweden, and
from the Danish border with Germany to just north of the
Ringkebing—Fyn High (Fig. 1). Farther north, the Bunter
Sandstone Formation grades into the partly contemporary
Skagerrak Formation. Eighteen wells provided well-log and
core-analysis data from the formation.

The five-step method
Kristensen ez al. (2016) developed the five-step method by

integrating well log data from the Gassum Formation with
porosity and permeability measurements obtained from
conventional core analysis (CCAL). The main concept be-
hind the method is that the porosity is related primarily
to depth, whereas the permeability depends on a range of
parameters including porosity, mineralogy, grain size and
sorting. Thus, if the burial depth for a particular poten-
tial reservoir layer is known, a relatively reliable porosity
estimate may be derived (step 1). A permeability estimate
may then be obtained from a porosity—permeability rela-

&) Danish well

@  Swedish well
rslev-1 —— Major fault

<> Structural high

50 km |

Fig. 1. The approximate extent of the Bunter Sandstone Formation in southern Denmark and adjacent areas (as delimited by the map frame), showing

major structural elements and locations of investigated wells. Maps showing e.g. the extent, thickness and data sources of the Bunter Sandstone Formation

are available from theWebGIS portal at the Geological Survey of Denmark and Greenland (hzzp://dybgeotermi.geus.dk/).

©2017 GEUS. Geological Survey of Denmark and Greenland Bulletin 38, 33-36. Open access: www.geus.dk/publications/bull 3 3



1500
Felsted-1 e //
) Drslev-1 /
i Varnzs-1 © qu:d.by—1 /
_ 4 Logumkloster-2A @ Tonder-3 '/
:E_, Tgnder-‘}
< 2000 4 Kegnaes-1 QTonder-5
§ b Logumkloster-2 o ngUmk'Ioster-1
o b Kvaers-1© Jelling-1 II
'E ] Sollested-1 !
E i o |
o
= Love-1
< 2500 ove [I
E ] ;
8 i
£ | /
g i I
g 3000 @ Stenlille-19
i

!
@® Margretheholm-1

@ Average net porosity
| — Porosity—depth trend
— — Gluyas & Cade (1997) | Porosity %

3500 — — —

0 10 20 30
Fig. 2. Porosity—depth model (step 1) for the Bunter Sandstone Forma-

tion. The shown model (black line) is an estimate by the authors; the
Loegumkloster wells were excluded from the model (see text) due to their
location in a fault zone. A mechanical compaction curve (Gluyas & Cade
1997) is shown for comparison. Modified from Kristensen ez al. (2016).

tion (steps 2—4), and finally, the uncertainty can be as-
sessed (step 5). Therefore the depth of the sandstone layer
is required. In areas with no wells, the depth can only be
estimated from seismic data, which therefore indirectly
control whether the five-step method can be applied. Be-
low, the main components of the five steps are defined and
explained; for a detailed description of the concept, refer to
Kristensen et al. (2016).

Step I: Porosity—depth model. In order to predict the po-
rosity of a formation, a regional porosity—depth relation is
established. Log-derived, effective porosity data subjected
to cut-off by shale content (<30%) and porosity (>15%) are
averaged for each well and plotted against estimated maxi-
mum burial depth. The resulting relation, the porosity—
depth model, is expressed as Prog =@+ b x D (Equation 1),
where ¢, is the log-derived porosity, D is the burial depth
and « and & are constants.

Step 2: Initial permeability model. An initial, basin-wide
porosity—permeability relation based on core-analysis data
is established in order to predict permeability. Subsequent
to porosity cut-off (15%), this relation, i.e. the initial per-
meability model, is expressed as £, . = a x (pcorf (Equation
2), where £, . is the core-gas permeability, oo 1 the core
porosity and  and & are constants.

Step 3: General permeability model. This model uses log-
derived, averaged permeabilities with the purpose of in-
corporating a dataset encompassing the entire formation
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Fig. 3. Initial permeability model (step 2) for the Bunter Sandstone For-

mation.

and not only covering parts of the formation as is mostly
the case with the core-based dataset used in step 2. Equa-
tion 2 is used to calculate permeability estimates from the
log-derived porosity. Shale and porosity cut-offs of 30%
and 15%, respectively, are applied. A cross-plot between
log-derived and averaged porosity and permeability data
points forms the basis for definition of a general permeabil-
ity model expressed as £ = a x @10; (Equation 3), where £ is
the log-derived permeability, Piog 1S the log-derived porosity
and 4 and & are constants.

Step 4: Local permeability model. The general perme-
ability model is adapted to local conditions by multiplying
Equation 3 with a constant, C. Thus, the general perme-
ability model constitutes a template for the local permea-
bility model, which may be expressed as 4, = C'x £, (Equa-
tion 4), where kL is the local permeability.

Step 5: Permeability-uncertainty range. A local area fea-
turing several wells with a sufficient amount of appropri-
ate log data is selected and a local permeability model is
established. The extensive source data ensure a statistically
well-restrained model and a consistent uncertainty range,
which is assumed to be applicable to local models with-
in the same formation in other parts of the Danish area.
Below, the results of applying the five-step method to the
Bunter Sandstone Formation in Denmark are described.

Application of the five-step method

Fourteen wells (Fig. 1) provided data for the generation of
a porosity—depth model for the Bunter Sandstone Forma-
tion (Fig. 2); data from the Logumkloster-1, 2 and 2A wells
were excluded because of their location in a fault zone (Fig.
1) where tectonic activity may have altered the sandstone
properties.

The porosity—depth model (step 1). Unfortunately, the
scattered data distribution prevented derivation of a math-
ematically defined trend line, and thus a reliable poros-
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porosity.

ity—depth model could not be generated. The shown trend
line is the authors™ best estimate based on their general
experience and knowledge of petrographic characteristics
and diagenetic overprints. The generation of a permeabil-
ity—depth model was attempted as an alternative to the po-
rosity—depth model, but without success as the scattered
data distribution prevented establishment of a well-defined
trend line.

The initial permeability model (step 2). Eight of the wells
shown in Fig. 1 provided core-analysis data for the initial
permeability model (Fig. 3). In order to generate a reli-
able porosity—permeability relation based on comparable
measurements, only permeabilities obtained from cleaned,
unflawed plugs of productive lithologies, measured under
similar testing conditions were used. Data from uncleaned
plugs and data points representing low permeabilities (<1
mD) and unproductive lithologies (claystone/shale) were
removed from the dataset. Subsequently, shale and poros-
ity cut-offs of 30% and 15%, respectively, were applied.
The initial permeability model is based on 360 data points
and is expressed by Equation 5: k. = 48084 x (Pcor:ASH’
where £ isin mDand ¢__ is in per cent.

The general permeability model (step 3). The log-derived
permeability was calculated for 16 wells (Fig. 1) using
Equation 5 with the log-derived porosity as input. Lagum-
kloster-2A was discarded due to porosity cutoff. Subse-
quently, the log-derived permeability was averaged and a
cross-plot between averaged log-derived porosity and per-
meability was generated (Fig. 4). The general permeability
model is expressed by Equation 6: £ = 0.0026 x (plog3'7843
(Fig. 4). The introduction of the general permeability mod-
el imposes a slightly higher specific permeability estimate

than that calculated from the initial permeability model,
ie., /eg > k. (Fig. 4).

i

The local permeability model (step 4). Local permeability

models were generated for the Tonder and Stenlille areas
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Fig. 5. Local permeability models (step 4) for the Bunter Sandstone For-
mation in the Tonder and Stenlille areas.

in order to demonstrate the variability of sandstone reser-
voirs within the Bunter Sandstone Formation (Fig. 5). For
the Tonder area, the local permeability model is expressed
as k=17 x(0.0026 x ¢*78%) (Equation 7) and for the
Stenlille areaas £y .\ = 0.8 x (0.0026 x ¢*78%%) (Equation 8).

Permeability-uncertainty range (step 5). Only the Tonder
area provides the data density needed for establishing an
uncertainty range for a local permeability model. How-
ever, the number of data-supplying wells is limited to 3
(Tonder-3—5), and the statistical basis from the available
Bunter Sandstone Formation data is insufficient to assess
the uncertainty range.

Results and discussion

Porosities of the Bunter Sandstone Formation are lower
than derived from the mechanical compaction curve for
uncemented sandstones (step 1, Fig. 2), indicating that
most of these sandstones contain clay and diagenetic ce-
ment (Kristensen er al. 2016). At greater depths, the
sandstones preserve relatively high porosity due to micro-
porosity within detrital clays and diagenetic iron oxide/
hydroxide coatings that seemingly retard quartz cementa-
tion (Olivarius ez al. 2015). Although a well-defined po-
rosity—depth model (step 1) could not be created for the
Bunter Sandstone Formation, the range of log-derived av-
erage porosities from 17% to 25% within the 1500-3100
m depth interval indicates favourable porosity conditions
irrespective of maximum burial depth (Fig. 2). A corre-
sponding averaged permeability range was calculated using
the general permeability model (step 3, Equation 6) with
17% and 25% as porosity inputs. Within these bounds the
permeability ranges from 132-557 mD (Fig. 6). From this
observation, the geothermal prospectivity of the Bunter
Sandstone Formation is significant, provided sufficient
reservoir thickness and temperature are present.
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Fig. 6. Porosity and permeability range for the Bunter Sandstone For-

mation in the investigated wells in Denmark.

The vast majority of data behind the initial permeability
model (£, , step 2) belong to the Tonder-3—5 wells. There-
fore, /eim represents the Tonder area rather than the entire
study area. This darta distribution issue was resolved by ap-
plying the averaging technique, whereby each well is rep-
resented by a single data point in the porosity—permeabil-
ity plot. Thus, by using averaged data, each well becomes
equally influential in the general permeability model (£,
step 3), see Fig. 4. Further benefits of averaging the data are
a dramatic reduction of the scatter of core-analysis meas-
urements (Fig. 3) and a significant narrowing of the uncer-
tainty band associated with average permeability estimates.
In step 4, the local permeability models generated for the
Tonder and Stenlille areas, /eTm . and kSrenlille’
the importance of including local geological data when

demonstrate

establishing local permeability models. At any porosity,

kT@ndcr

of kStcnlille Stenlille
These permeability variations may be explained by vari-

is 1.7 times higher than k_ and more than twice that
. In contrast, £ is 0.8 times lower than k.
ations in deposition environment and maximum burial
depth. At Tender, aeolian deposition favoured the genera-
tion of well-sorted, clay-free sandstones which, subsequent
to maximum burial of ¢. 2000 m, resulted in high average
porosities and permeabilities (c. 22% and 300 mD, respec-
tively); the presence of nitrogen gas may play a porosity-
preserving role. At Stenlille, the sandstones were depos-
ited in alluvial fan and braided river systems (Olivarius &
Nielsen 2016) and maximum burial occurred at ¢. 3000 m,
i.e. 1000 m deeper than at Tender (Fig. 2), possibly causing
the lower porosity (c. 19%) and permeability (c. 180 mD)
due to poorer sorting and a higher degree of mechanical
compaction and diagenesis.

It was not possible to establish a permeability uncer-
tainty band for the Bunter Sandstone Formation (step 5).
However, assuming that the Bunter Sandstone and Gas-
sum Formations respond similarly to the geological fac-
tors controlling permeability variations, it is suggested that
the uncertainty range derived for the Gassum Formation
by Kristensen ez al. (2016) is also applicable to the Bunter
Sandstone Formation. Therefore, the uncertainty range
may be expressed by multipliers of 2 and 0.5.

Conclusions

It was not possible to generate a reliable porosity—depth
model (step 1) for the Bunter Sandstone Formation based
on data and modelling from the Gassum Formation. How-
ever, using averaged porosities and permeabilities from all
available wells (step 3), porosities from 17-25% and perme-
abilities from 132-557 mD can be modelled in the depth
range 1500-3100 m. Local permeability models (step 4)
for the Bunter Sandstone Formation in the Tender and
Stenlille areas differ significantly from the general perme-
ability model (step 3), which emphasises the importance
of using local geological data for calibration of the general
permeability model. A permeability uncertainty band (step
5) could not be established for the Bunter Sandstone For-
mation due to insufficient data; however, the uncertainty
range developed for the Gassum Formation in Kristensen

et al. (2016) may be applied.
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Generation and origin of natural gas in Lower Palaeozoic shales

from southern Sweden

Niels Hemmingsen Schovsbo and Arne Thorshgj Nielsen

The Lower Palaeozoic succession in Scandinavia includes
several excellent marine source rocks notably the Alum
Shale, the Dicellograptus shale and the Rastrites Shale that
have been targets for shale gas exploration since 2008. We
here report on samples of these source rocks from cored
shallow scientific wells in southern Sweden. The samples
contain both free and sorbed hydrocarbon gases with con-
centrations significantly above the background gas level.
The gases consist of a mixture of thermogenic and bacteri-
ally derived gas. The latter likely derives from both carbon-
ate reduction and methyl fermentation processes. The pres-
ence of both thermogenic and biogenic gas in the Lower
Palacozoic shales is in agreement with results from past and
present exploration activities; thermogenic gas is a target in
deeply buried, gas-mature shales in southernmost Sweden,
Denmark and northern Poland, whereas biogenic gas is a
target in shallow, immature-marginally mature shales in
south central Sweden. We here document that biogenic gas
signatures are present also in gas-mature shallow buried
shales in Skine in southernmost Sweden.

In south central Sweden (Vistergotland, Ostergétland,
Nirke and Oland, Fig. 1), shallow (present burial <150 m)
immature to marginally mature bituminous shale has been
known for decades to contain gas and is currently under
exploration (see summary in Schultz ez al. 2015). Since
2009, many deep (>800 m) exploration drillings in north-
ern Poland (including the Lebork S-1 well, Lehr & Keeley
2016), the Vendsyssel-1 well in Denmark (Ferrand et al.
2016) and the A3-1, B2-1, C4-1 wells in Skine in south-
ernmost Sweden (Pool et /. 2012), have demonstrated that
the Lower Palacozoic shale succession contains gas also in
these areas (Fig. 1). In Denmark and Skéne, the average
gas content is 30 ft’ gas per ton of rock in the organic-
rich Alum Shale Formation (Pool ez /. 2012; Ferrand et al.
2016). The equivalent shale formation in northern Poland
contains up to 268 ft® gas per ton of rock in the Lebork
S-1 well (Lehr & Keeley 2016), which is comparable to the
content within the core area of North American shale gas-
producing formations (e.g. Jarvie 2012).

In this study, we present empirical data on the compo-
sition and isotope signatures of gas measured in shallow

(<158 m) core samples from five scientific core drillings
in southern Sweden, viz. Albjira-1, Lonstorp-1, Gislovs-
hammar-2, Hillekis-1 and Djupvik-1 (Fig. 1, Table 1).
Sampling and analyses were performed in 1991-1992 as
part of the Energy Research Project EFP-1313/88-2 and the
Pre-Westphalian Source-Rocks in Northwest Europe (PREW-
SOR) project (Schovsbo & Laier 2012). This paper aims at

further characterising the gas composition.

Samples and analyses

The molecular composition and isotope signatures of the
occurring gases were measured in 27 core samples (Table
1). The samples were selected during drilling and consist
of 4-8 cm long core intervals with a diameter of 5.5 cm.
The samples from Albjira-1 and Lénstorp-1 were sealed in
metal containers and stored at —18°C until they reached the
laboratory for analysis. The free gas was subsequently ana-

Lower Palaeozoic strata
_/ Caledonian front

@ Scientific borehole
@ Exploration well

°
Djupvik-1

Oland

Narke

D
d 1
¢ Ostergotland
5] Vistergotland

Sweden

Baltic
Sea

Lebork S-1
[ J

Poland

Bornholm

Fig. 1: Location of wells mentioned and occurrence of Lower Palaco-
zoic strata in southern Scandinavia. Modified from Nielsen & Schovsbo
(2015).
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Fig. 2. Stratigraphy of the Lower Palacozoic shales. A: Total organic
carbon (TOC) content in shales from the Skine—Bornholm area (modi-
fied from Schovsbo 2003). B: Methane isotope composition of sorbed
and free gas from samples of thermally mature shale in the Albjira-1,
Gislovshammar-2, and Lénstorp-1 wells and from samples of thermally
immature shale in the Hillekis-1 and Djupvik-1 wells. E.C.: Early Cam-
brian. G: Gislév Fm. B: Bjerkisholmen Fm. K: Komstad Limestone.
Alme.: Almelund Shale. Dicello.: Dicellograptus shale. Linde.: Linde-
gird Formation. Green area in B outlines the variation field defined by

samples from the Djupvik-1 and Hillekis-1 wells.

lysed by the Geological Survey of Denmark and Greenland
(GEUS) by puncturing the containers through a septum
before opening. Samples from Gislévshammar-2, Hille-
kis-1 and Djupvik-1 were analysed by the Federal Institute
for Geosciences and Natural Resources (BGR), Germany.
These samples were stored at —18°C at the drill site and
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Table 1. Wells and analysed samples$

Well Formation N Depth range (m)
Gislovshammar-2 Teyen S. 1 19.8
Gislovshammar-2 Alum S. 4 31.8-88.3
Djupvik-1 Alum S: 1 2.0
Hallekis-1 Toyen S. 2 9.9-17.3
Hallekis-1 Alum S, 4 23.4-39.8
Albjara-1 Almelund 1 99.6
Albjara-1 Teyen S. 3 114.8-134.5
Albjira-1 Alum S. 5 139.6-157.0

§Full analytical results are available on request from the first author.

subsequently transferred to a container filled with liquid
nitrogen at —196'C. The free gas was measured by allowing
the deep-frozen sample to equilibrate to room temperature
in a sealed container. For all samples the sorbed gas in the
rock matrix was liberated by treating the sample with phos-
phoric acid following the procedure outlined by Faber &
Stahl (1983).

Gas composition

The sorbed methane concentrations range from 118 to
23867 ppb (micrograms per kg of rock) and the free gas
contents from 3 to 13420 ppm (Fig. 2). The concentrations
thus far exceed the level of background gas of 20—50 ppb for
methane as defined by Whiticar (1994). The gas content is
strongly related to thermal rank of the sampled shales. The
gas-mature samples from Gislévshammar-2, Albjira-1 and
Lénstorp-1 have c. ten times higher yields than the thermal-
ly immature samples from the Hillekis-1 and Djupvik-1
wells (Fig. 2). The gas content appears not to be related to
the total organic content in the mature samples. This is ex-
emplified by the fact that the highest yields of sorbed gas are
found in the Rastrites Shale (TOC average <1%) and the
lowest yields in the Alum Shale, which on average contains

9% TOC in Skine and on Bornholm (Fig. 2).

Isotope composition and carbon isotope
signatures

The gas molecule and isotopic compositions of the analysed
samples plot within the bacterial to thermogenic fields in
a Bernard diagram (Fig. 3A ). The microbial gas is charac-
terised by much higher negative isotope values than seen in
the thermogenic-sourced methane. This signature is most
clearly expressed in the free gas samples from mature shales
that also have 10 to 100 times higher C / (C+C) molecular
ratios than the sorbed gas, which is also typical for biogenic
gas (Fig. 3A).
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The propane versus ethane isotope gas signature is sug-
gested to reflect the maturity of the source and this rela-
tionship can be used for a gas-to-source-rock correlation
(Whiticar 1994). The analysed gas signatures follow this
prediction, as immature Alum Shale samples from the
Hillekis-1 well plot with relatively depleted isotope signa-
tures of propane and ethane compared to the thermally
mature Alum Shale samples (Fig. 3B). Isotope data from
Lithuanian and Polish oil and gas reservoirs in Middle
Cambrian sandstone, sourced by Alum Shale (Kotarba &
Lewan 2013), plot with intermediate signatures (Fig. 3B).

The thermally mature samples (Gislévshammar-2 well),
however, exhibit a considerable variation in propane iso-
tope composition from —22 to —39%o PDB, suggesting a
mixture of differently derived gases. This may be caused
by addition of bacterially derived ethane and/or biodegra-
dation of a propane component (cf. Whiticar 1994). The
thermally immature Alum Shale samples from the Djup-
vik-1 well (marked with 0.32 %Gr in Fig. 3B) and sam-
ples from Teyen Shale from the Hillekis-1 well (marked
as Toyen 0.53%Gr in Fig. 3B) plot within an apparent gas
maturity of 0.8—1.2% Ro according to the values indicated
in Fig. 3B (Whiticar trend line), i.e. with much higher ma-
turities than measured, suggesting that gas migration has
occurred. In the Hillekis-1 well the migrated gas may have
formed in response to intrusion of Permo-Carboniferous
dikes that locally matured the shales in south central Swe-
den (cf. Schultz ez a/. 2015). In the vicinity of the Djupvik-1
drill site-mature shale and igneous activity are unknown
and the relatively high maturity remains puzzling.

Deuterium isotopes

Measurements of deuterium and carbon isotopes in meth-
ane offer additional information on the source of the nat-
ural gases and on the processes that may have modified
their composition (Whiticar 1994). Figure 3C shows the
deuterium versus carbon isotope composition of methane
in the analysed samples. The gas composition exhibits a

Fig. 3. Compostion and isotope signatures of organic carbon. A: ‘Ber-

Methane for all

samples. This type of diagram is used to determine the origin of the gas-
es and is modified from Whiticar (1994). For legend, see Fig. 2. B: Re-
and BISCPmpme. Toyen and Alum 0.53%
Gr denote stratigraphy and maturity of samples from the Hillekis-1

nard diagram’ showing the ratio C /(C,+C,) versus s13C

. . 13
lationship between 5°Cp |

well. The graptolite reflectance (% Gr) is from Pedersen ez al. (2013);
Grénvik locality is used for Djupvik-1; estimate for offshore Poland. C:
3D and 8"3C for methane. For legend, see Fig. 2. The isotope signatures

of the various sources are from Whiticar (1994).
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large degree of scatter, but free gas from thermally mature
samples plots in the bacterial carbonate reduction field,
whereas free gas from immature samples plots towards the
bacterial methyl-type fermentation fields, suggesting that
different processes generated the depleted methane isotope
compositions (Fig. 3C). The sorbed gas compositions in
general plot away from bacterial sources, indicating that a
thermogenic signature is preserved (Fig. 3C).

Implications for shale-gas prospectivity

The gas-isotope composition suggests that significant post-
generation modification occurred although the timing is un-
known. The biogenic isotope signature of the gases in Skine
resembles similar signatures seen in Ostergétland (Schultz er
al. 2015). Here Schultz ez a/. inferred that methyl-ferment-
ing processes contributed to the methane content. Howev-
er, the gas-isotope signature was not as depleted as seen in
this study, possibly owing to the mixed shale oil — biogenic
nature of the Ostergdtland Alum Shale play. According to
Schultz er al. (2015) the biogenic gas was generated after
the Pleistocene glaciation, as modern meteoric water was
able to infiltrate the shale and create the right conditions for
bacterial activities. We envisage that similar conditions may
have affected the shallowly buried shales in Skine. Kriiger ez
al. (2014), however, show that highly mature kerogen has a
much smaller microbial generative gas potential than imma-
ture to marginally mature kerogen, since thermal maturity
limits the amount of easily biodegradable organic matter
that can be transformed to methane.

Conclusions

Lower Palaeozoic shales in south central Sweden and
southernmost Sweden contain natural gas that exceeds the
level of background gas. The gas content is strongly related
to the thermal rank of the sampled shales, and mature sam-
ples have approximately ten times higher yields than the
immature samples. The gas is generated by both thermo-
genic and bacterial processes. The microbial gas signature
is most clearly expressed in the free gas samples from ma-
ture shales that also have 10 to 100 times higher molecule
C/(C,+C,) ratios than the sorbed gas. Migration may have
occurred related to gas formation in response to intrusion
of Permo-Carboniferous dikes that locally matured the
shales in south central Sweden.
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Prospectivity mapping for orogenic gold in

South-East Greenland

Bjorn H. Heincke and Bo Mgller Stensgaard

Numerous studies have proven that conceptual targeting
based on integration of various geo-datasets can aid explo-
ration companies to identify exploration targets (e.g. Joly ez
al. 2013). This is particularly true in remote, underexplored
areas that are commonly just covered by airborne geophys-
ics and remote sensing and mapped geologically only on
a regional scale. Such regions are ‘exploration greenfields’
and may possess undiscovered economic deposits.

The ice-free coastal strip of the Archaean craton in
South-East Greenland overprinted by Palacoproterozoic
orogeny (Fig. 1) is such an area due to its remoteness and
arctic-alpine conditions; and deep-seated, repeatedly reac-
tivated structures and new magmatic episodes make large
parts of this region potential for orogenic Au occurrences.
Although only minor Au mineralisation has been found
to date, a large number of Au-bearing rock samples (Pe-
tersen & Thomsen 2014) and stream sediment anomalies
suggest an elevated potential particularly in the Tasiilaq
area (Fig. 1B). A large field mapping campaign (Kolb ez
al. 2016) and regional airborne magnetic surveys (Riisager
& Rasmussen 2014) were conducted from 2012 to 2015,
resulting in a uniform coverage of relevant geological and
geophysical information, which can be combined with sat-
ellite remote sensing data. It was therefore decided to apply

a fuzzy logic-based mineral prospectivity mapping (MPM)
procedure (see below and Fig. 2) combined with a mineral
system approach of orogenic Au (McCuaig e a/. 2010).
However, it was a challenge to apply this approach for
several reasons: (1) Strong topographical variations in this
region distort some of the evidential datasets used in the
MPM and their effect has to be minimised (e.g. aero-
magnetic data are strongly affected by flight height). (2)
Fjords, ocean and glaciers strongly limit the accessible area
for prospection, lead to a non-uniform data coverage for
many datasets and affect the accuracy of evidential maps
associated with the MPM. (3) lack of known in-situ Au
mineralisation limits the validation of final prospectivity
maps. (4) the geological history is not fully understood,
making it difficult to discard irrelevant features (e.g. mag-
netic anomalies may be related to insignificant Palacogene
dykes or important older faults). Such difficulties occur in
many parts of Greenland, and this study gives an idea of
how meaningful MPM studies might be in other regions.

Regional geology

The study area comprises the Archaean North Atlan-
tic craton (NAC) in the south and the Palacoproterozoic

Geophysics

Fig. 1. Examples of data types used for the
MPM study in South-East Greenland (framed
area in index map). A: Mapped elongate ano-
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and regional magnetic compilations used as
proxies for faults of 1st and 2nd order in the
critical processes ‘source’ and ‘pathways’. B:

Stream sediment Au concentrations used as a

proxy for the ‘chemical scrubber’. Black lines
in A and B mark the area used in the interfer-

ence network.

- Aeromagnetic data ......--- R

i Geochemistry (stream sediments)

- Au concentrations

Tasiilaq

Anomalies associated

with 2nd faults Au [PPb]
Anomalies associated
== with Tertiary dykes a4
Trends from regional e 4-10
"™ magnetic compilation
CAMP-M © 1020
© 2044
200 km @ 44-190

© 2017 GEUS. Geological Survey of Denmark and Greenland Bulletin 38, 41-44. Open access: www.geus.dk/publications/bull 41



Critical Constituent Targeting Proxies
processes processes elements (evidential maps)
Tapping of mantle Deep-seated Lineaments from i
PpPINg S P —8- e Regional
source structures regional scale
a) gravity
Source . . i
Magmatic input Intrusions (as b) magnetic
to crust access to sourc . . District
areas) Mapped intrusions scale
Adjacent faults/ Lineaments from  Regional/

Faults/shear memp Shear zones  wmspairborne magnetic  district
Path-  °"¢ 1) 1st order data scale
Il) 2nd/3rd order

ways X
4 Pathways along ) Density of mapped P .
unit interfaces === ’Interface == nit interfaces rOSrTec
complexity scale
Intersections of i
Structural Regional

lineaments (from
airborne magnetic)

Intersection of 1

scale

/ intersection
Ph)'SiC3| Enhanced

trap/  permeability/focus lineaments with

throttle mapped geological
’Structural Gl o
complexity’  mmmp Density of District
geological units scale
Geochemical ~==Stream sediment Regional
Hydrothermal signature geochemistry 8

|
favourable for or (At As, W, Mo, Sb seae

e — indicative of Cs, Bi, ratio of Ni/
Chemical glteration mineralisation g)

fluid/mineralisation

trap/ Mapped rock units
scrubber . a) mafic units 1
Chemically b) supracrustal units
favourable host ) marble units
rock for Au

Satellite Aster data
a) mafic Index
b) carbonite Index Prospect
c) silica Index scale

mineralisation

Fig. 2. The mineral system model used for the orogenic gold deposit
type. The critical processes are associated with a series of constituent

processes, targeting elements and proxies.

Nagssugtogidian orogen in the north (Figs 1, 3; Kolb ez
al. 2016). To the north, the orogen includes an Archaean
foreland that comprises rocks from the Rae Craton. To the
south, the margin of the NAC is affected by deformation
and intrusives of the Palaeoproterozoic Ketilidian orogen.
The Nagssugtogidian Orogen comprises tectonically re-
worked Archaean rocks subjected to high-grade metamor-
phism and slivers and belts of Palacoproterozoic metavol-
canic, metasedimentary and intrusive rocks. On the basis
of differences in lithologies and tectono-metamorphic his-
tory, the orogen is divided into four terranes, from north to
south the Isortoq terrane, the Ammassalik intrusive com-
plex (AIC) and the Kuummiut and Schweizerland terranes.
The NAC is dominated by felsic orthogneisses with subor-
dinate supracrustal rocks, with syn- to post-tectonic alka-
line intrusions in the Skjoldungen area (63°10-63°40"N).
Main deformation events within the NAC are the Tim-
miarmiut and Skjold-ungen orogenies.

Continental breakup in the Palacogene led to the em-
placement of coast-parallel dykes in the northern area
(north of 64°N) that can clearly be identified as anomalies
in aecromagnetic data (red lines in Fig. 1A).
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The mineral prospectivity mapping
approach

Mineral prospectivity maps used for targeted exploration
highlight areas with coincident geological features that are
important for a given commodity. For our mineral pro-
spectivity mapping we use geoscience data that were select-
ed on the basis of a mineral system approach for orogenic
gold. The mineral system approach provides a holistic view
of the critical geological, physical and chemical processes
needed to generate a mineral deposit. For orogenic Au sys-
tems McCuaig ez a/. (2010) identified the following critical
processes: (i) a source of Au in the upper mantle, (ii) active
pathways allowing fluids to flow through the crust, (iii)
physical traps in which fluids are throttled and focused and
(iv) a chemical ‘scrubber’ associated with hydrothermal
mineralisation and alteration (Fig. 2). Since ore-forming
processes typically cannot be directly mapped, they must
be inferred from geological features referred to as target-
ing elements. These are rarely directly measurable but are
approximated from responses in geoscience data such as
faults estimated from magnetic anomalies. These proxies
are represented in this approach by uniform spatial grids
named evidential maps (EM) that can easily be combined
to build prospectivity maps.

To quantify and combine all information we use ‘fuzzy
logic’ operations which have proven in many cases (e.g. Joly
er al. 2013) to be suitable for building meaningful min-
eral prospectivity maps. First, all EMs were rescaled (i.e.
transformed into maps with values ranging from 0 to 1)
by employing so-called fuzzy membership functions to ob-
tain representative maps describing how far the prospectiv-
ity is supported (0.0 = not at all; 1.0 = fully). In a multi-
stage interference network, fuzzy OR (maximum operator
equivalent to logical union) and AND (minimum operator
equivalent to logical intersection) operators were then ap-
plied to combine the EMs to create first intermediate fuzzi-
fied maps representing the four critical processes and finally
fuzzy prospectivity maps used to predict areas of high Au
potential (electronic supplementary (ES) figure: Fig. ES1).
Further details about the mineral prospecitivty mapping
procedure, the underlying mineral system approach and
data sets are given in Stensgaard & Heincke (2016).

Calculation of prospectivity maps

Most of the EMs associated with structural information
were derived from anomalies in potential field data, either
from regional data compilations (Gaina ez a/. 2011) or re-
cent acromagnetic surveys (Fig. 1A). A 1:500 000 scale
digital geological map (Stensgaard ez a/. 2016) was used



to extract additional structural information (Fig. ES2A)
and to identify geological units and other settings favour-
able for Au mineralisation, e.g. intersections between units
and cross-cutting structural elements. Other EMs associ-
ated with preferable rock types were obtained from min-
eral indices of ASTER satellite data (Fig. ES2B). Finally,
the contents of Au and geochemical pathfinder elements
for Au mineralisation (As, Sb, Cs, W, Bi, Mo, Ni/Mg) in
stream-sediment samples (Fig. 1B) were presented in EMs
that reflect relevant hydrothermal mineralising fluids as
well as associated alteration halos.

The non-uniform spatial data coverage made it neces-
sary to use interpolation (kriging and natural neighbour
gridding) to create the related EMs. To rescale the EMs we
used fuzzy membership functions that were estimated on
the basis of qualitative and quantitative knowledge (see Fig.
ES3). The region used to determine the EMs and perform
the interference network calculations comprises both the
ice-free onshore, adjacent offshore and ice-covered areas;
however, only accessible ice-free areas were considered in
the evaluation of prospectivity maps (Figs 3A, B).

There are uncertainties in all steps of the mineral
prospecitivity mapping procedure (McCuaig ez al. 2010),
and it is important to test how reliable the final prospectiv-
ity maps are. If known mineral occurrences that originate
from the assumed mineral system are present, one option
is to construct prediction-rate curves to evaluate and adapt
the prospectivity procedure (Carranza 2009). However, in
the absence of such mineral occurrences, we used stream-
sediment locations with Au concentrations > 20 ppb as ‘de-
posits’ in such curves (see circles in Figs 3A, C). This led
to a number of inaccuracies, as sample locations typically
do not coincide with locations in the catchment area where
gold was eroded, and where no unique and simple func-
tion generally links concentrations of Au occurrences and
stream-sediment samples. Hence, conclusions based on such
validation should be considered carefully.

To evaluate the robustness of the mineral prospectivity
mapping and the relevance of different targeting elements,

Fig. 3. A: Final prospectivity map obtained by using all evidential maps.
White circles: Stream sediment locations with Au > 20 ppb. Red circle:
the sample with highest concentration of 196 ppb. B: Validation curves
showing the cumulative area with decreasing score versus the cumula-
tive number of stream sediment samples with > 20 ppb Au in the same
area. (In the blue and the green curves, EMs associated with stream-
sediment data from Au and all elements are not incorporated). C: Map
of the area around Tasiilaq (red rectangle in A). Pixels with a high fuzzy

value of > 0.85 are shown in red. D: Geological map of the same area.
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we repeated the procedure with several different combina-
tions of EMs (e.g. all EMs, all EMs except for the one based
on Au concentration from stream sediments). Irrespective
of the combination of EMs, the resulting validation curves
show that high fuzzy scores correlate strongly with elevated
Au in stream sediment samples (Fig. 3B) suggesting that
the mineral prospectivity mapping is reliable and robust.

Results and discussion

To identify areas with high orogenic Au potential, we high-
lighted pixels (pixel size: 3 x 3 km) in the prospectivity map
with high fuzzy values > 0.85 (red colour in Fig. 3C) associ-
ated with ~8% of the total area. Particularly the Tasiilaq (I)
and the Skjoldungen (II) regions are characterised by high
scores (Fig. 3A). In region I, a couple of areas stand out
as being anomalous in gold and its pathfinder elements;
and locations of both stream sediment samples with high
Au concentrations (Fig. 1B) and Au-bearing rock samples
(Petersen & Thomsen 2014) coincide well with areas hav-
ing elevated membership fuzzy values. The highest scores
are aligned along a WINW-ESE-oriented corridor that co-
incides with the Ammassalik intrusive complex (AIC). In
particular the boundaries of the AIC to the Kummuit and
the Isortoq terranes in the north and south are identified
as prospective (Fig. 3D; Kolb 2014). A major structure that
likely represents a suture zone which may have acted as a
mantle source-tapping feature is reported along the north-
ern boundary of the AIC (Kolb 2014) and is confirmed
by geophysics (Riisager & Rasmussen 2014). Other deep-
seated structures have been suggested south of the AIC
in the Isortoq Terrane (Nutman ez a/. 2008). This means
that an elevated Au potential from the mineral prospectiv-
ity mapping is supported by the main geological settings.
In contrast, no elevated Au concentrations from samples
or other indications for Au occurrences exist within the
cratonic Skjoldungen region (II). The latter area is char-
acterised by predominant mafic granulites with thin belts
of deep-crustal-formed mafic and ultramafic rocks consid-
ered unfavourable for orogenic Au mineralisation (Kolb ez
al. 2016). At this stage, the mineral system approach is set
up to not exclude rock units formed at large depths, and it
should be adjusted in future to take this information into
account.

In summary, the results of this study suggest that mod-
ern mineral prospectivity mapping schemes based on an
mineral system approach can improve the geological un-
derstanding of mineral prospectivity even in regions that
are not densely covered by all data types and underex-

plored.
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Inversion structures as potential petroleum exploration
targets on Nuussuaq and northern Disko,

onshore West Greenland

Erik V. Serensen, John R. Hopper, Gunver K. Pedersen, Henrik Nghr-Hansen, Pierpaolo Guarnieri,
Asger K. Pedersen and Flemming Getreuer Christiansen

The onshore Cretaceous—Paleocene Nuussuaq Basin in
West Greenland (Fig. 1) has long served as an analogue for
offshore petroleum exploration. With the discovery of oil
seeps on Disko, Nuussuaq, Ubekendt Ejland and Svarten-
huk Halve in the early 1990s, onshore exploration was also
carried out. This eventually resulted in the GRO#3 wild-
cat exploration well on western Nuussuaq in 1996, which
showed several intervals with hydrocarbons (Christiansen
et al. 1997). Recent photogrammetric mapping of conspic-
uous marker horizons within the volcanic sequences of the
basin shows that significant compressional structures may
have developed in the latest Paleocene on central Nuus-
suuaq and northern Disko that could be promising poten-
tial exploration targets.

Regional geological setting of the
Nuussuaq Basin

The Nuussuaq Basin, central West Greenland, is a rift
basin that developed during the Cretaceous—Paleocene
in response to regional extension between Greenland and
Canada. It is situated at the north-eastern edge of a com-
plex system of rift basins and transfer systems that linked
extension and sea-floor spreading in the Labrador Sea to
the Baffin Bay (Fig. 1). The basin was formed by two major
phases of extension in the Early Cretaceous and Late Cre-
taceous, with an intervening quiescent period of thermal
subsidence, when thick successions of source-prone mud-
stone were deposited regionally (see Dam ez al. 2009 for
a detailed summary of the lithostratigraphy of the basin).
Significant volcanism beginning in the Paleocene resulted
in the deposition of a thick volcanic succession (Fig. 2, elec-
tronic supplementary (ES) figure: Fig. ES1; Larsen et al.
2016). The supplementary material includes a summary of
the complete volcanic and sedimentary stratigraphy.
Oakey & Chalmers (2012) document significant chang-
es in the kinematic evolution of the Baffin Bay and Lab-
rador Sea during the latest Paleocene—Eocene (magnetic
Chrons C25N-C24N) that are related to the opening of
the North Atlantic Ocean. Based on seismic-stratigraphic
interpretation constrained by wells, this time also marks

the apparent onset of inversion in the offshore basins

(Gregersen & Bidstrup 2008).
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Fig. 1. Regional setting of the Nuussuaq Basin, simplified from Oakey
& Chalmers (2012). OC: oceanic crust. SB: sedimentary basin.
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Fig. 2. Summary of the Paleocene volcanic stratigraphy of the Nuus-
suaq Basin from Larsen er a/. (2016). The red line marks the strati-
graphic position of the Tunoqqu surface. More complete sedimentary
and volcanic stratigraphy from published material is available as an elec-

tronic supplement (Fig. ES1).

Photogrammetric mapping of inversion
structures

During the Danian and earliest Selandian, large volumes
of picritic lava were erupted in the southern part of the
Nuussuaq Basin, forming the Vaigat Formation (e.g. Lar-
sen & Pedersen 2009). The formation is divided into three
main members (Fig. 2) that primarily consist of greyish
weathering, Mg-rich, picritic rocks. However, intervals of
brown to light-coloured, crustally contaminated siliceous
basalts to magnesian andesites that make good marker ho-
rizons also occur throughout the succession. Two marker
horizons in the uppermost Nujandguit Member (Fig. 2) are
regional in extent, easily mappable, and originally formed a
sub-horizontal surface, referred to as the Tunoqqu surface.

Photogrammetric mapping shows that the Tunoqqu
surface is now segmented into areas of different elevation
and structural trends as a result of later tectonic defor-
mation (Serensen 2011). This is most notable on Nuus-
suaq where the western part is elevated and in part highly
faulted. Around the Qunnilik valley, the surface has been
uplifted and faulted into many small blocks by numerous
faults, so that it now forms an asymmetric anticline with
a steeper dipping western limb and a gently dipping east-
ern limb (Fig. 3). Measured vertical displacement on faults
varies from a few metres to around 100 m, whereas the
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Fig. 3. Tunoqqu surface mapped by photogrammetry. As: Asuk local-
ity. Ma: Marraat locality. Ik: Ikorfat Fault. It: Itilli Faule. K-Q: Kuu-

gannguaq—Qunnilik Fault. Faults ‘P and ‘M’ follow the nomenclature

of Chalmers ez al. (1999). Note that fault ‘M’ is inferred from gravity
modelling, not surface geology. Location of the GRO#3 well is also
shown. Note that in the Vaigat, folding with an overall N=S trend is

indicated on seismic reflection data.

amplitude of the folding, measured as the elevation differ-
ence between the axial parts of the syncline and anticline
amounts to around 900 m. The limbs of the anticline are
coincident with two extensional faults that pre-date the
Tunoqqu surface, the Kuugannguaq—Qunnilik (K-Q) and
P faults of Chalmers ez /. (1999). The main fold axis ap-
pears to have an overall N-S trend (Fig. 4), although in de-
tail there may be local variations. The details, however, are
difficult to resolve with the mapping technique, so some
caution should be used when interpreting details. Seismic
darta from the Vaigat show evidence that underlying strata
are also folded (Marcussen ez a/. 2002). These too indicate
a N-S axial trend in the folds.

The exact timing of the inversion is difficult to resolve,
but must post-date the deposition of the Naujdnguit Mb.
It is most likely a very late Paleocene structure and thus
formed at the same time as the onset of offshore inver-



sion (Gregersen & Bidstrup 2008). Guarnieri (2015) sug-
gests an E-W-directed, compressional, palacostress regime
along West Greenland during the latest Paleocene that is
consistent with the orientation of the structure. Whether
the inversion was a short-lived event or took place during
a longer period of time is less clear from the present data.
In any case the NE-SW-trending Itilli Fault, an impor-
tant strike-slip fault active during the Eocene, shows a left-
lateral movement that seems to be incompatible with N—
S-trending compressional folds on central Nuussuaq and
northern Disko. For this reason the activity of the Itilli
Fault likely post-dates the tectonic inversion, suggesting a
short-lived period for the compressive event.

Distribution of potential source rocks

Hydrocarbon seeps have been mapped in the region and
five distinct oil types have been identified (Fig. 4; Bojesen-
Koefoed ez al. 1999). Two oil types are particularly impor-
tant for exploration: the Marraat oil and the Itilli oil. The
source rock for the Marraat oil was sampled in the GRO#3
well within the marine, syn-volcanic Eqalulik Formation.
The source rock for the Itilli oil has not been sampled, but

is interpreted to be of Cenomanian-Turonian age or older
and have a wide distribution (Bojesen-Koefoed ez a/. 1999).
Although currently unproven, this interval is expected
to be present in the lower Itilli Formation in the region
(Bojesen-Koefoed ez al. 1999).

Figure 4 shows inferred distribution of the two most im-
portant source-prone formations. The distribution of the
Itilli Formation is regarded to be of regional extent, extend-
ing west and north-west into the Davis Strait and Baffin
Bay. Based on sediment thicknesses modelled by Chalmers
et al. (1999), it is suggested here that the lower Itilli For-
mation was probably sufficiently buried to have generated
oil in large areas west and north-west of the Ikorfat Fault,
although the timing of hydrocarbon generation is highly
uncertain. The map is thus consistent with the broad distri-
bution of the Itilli oil type observed throughout the region.
In contrast, the region where the Eqalulik Formation may
have been sufficiently buried to generate oil is likely more
limited. Here it is suggested that the oil potential of the for-
mation is restricted to the west of the Kuugannguaq—Qun-
nilik Fault and thus is not likely to migrate to areas east of
the fault, consistent with the lack of Marraat oil observed
in areas other than south-west Nuussuagq.
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Fig. 4. Inferred distribution maps of the Itilli
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Conclusions

Oil and gas shows in cores, along with numerous oil seeps,
attest to the fact there is a working petroleum system in the
region. Previous exploration on western Nuussuaq where
seeps are most abundant failed to identify viable traps and
early exploration was therefore abandoned after drilling of
the GRO#3 well. However, the structural anticline defined
by the Tunoqqu surface covering an area of ~250 km? on
central-west Nuussuaq suggests that large structures could
well be present in the region and in the underlying sedi-
mentary rocks.

Previous play concepts in the region generally assume
that the main source rocks are to the west or south-west
of the main oil-seep areas, i.e., in the main deep marine
depocentres. The areas farther east have been considered
to be less prospective, since any oil would have to migrate
longer distances and bypass the faulted area around the
K-Q Fault. The presence of oil seeps at Asuk far to the
east of this fault is thus enigmatic, raising questions about
the source rock. Here, we suggest a new lead concept and
propose that the central-west Nuussuaq and Uummannaq
Fjord areas also hold potentially mature source rocks. This
would imply that the region west of the Ikorfat Fault is
prospective on Nuussuaq and possibly also in Vaigat and
on northern Disko. The migration path of the oils found
at Asuk could very well be from the north, rather than the
west.
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Potential hydrocarbon reservoirs of Albian-Paleocene
age in the Nuussuaq Basin, West Greenland

Morten L. Hjuler, Niels H. Schovsbo, Gunver K. Pedersen and John R. Hopper

The onshore Nuussuaq Basin in West Greenland is impor-
tant for hydrocarbon exploration since many of the key pe-
troleum systems components are well exposed and accessible
for study. The basin has thus long served as an analogue for
offshore exploration. The discovery of oil seeps on Disko,
Nuussuaq, Ubekendt Ejland, and Svartenhuk Halve (Fig. 1)
in the early 1990s resulted in exploration onshore as well. In
several wells, oil stains were observed in both the siliciclastic
sandstone and in the volcanic series. An important aspect
of any petroleum system is a high quality reservoir rock.
The aim of this paper is to review petrophysical aspects of
the reservoir potential of key stratigraphic intervals within
the Nuussuaq and West Greenland Basalt groups. Reservoir
parameters and porosity—permeability trends for potential
siliciclastic and volcanic reservoirs within the relevant for-
mations of the Nuussuaq Basin are discussed below.
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Geological setting

The Nuussuaq Basin formed in the Cretaceous—Palacogene
as partofacomplex system of linked rift basins thatdeveloped
along West Greenland during the opening of the Labrador
Sea and Baffin Bay (Oakey & Chalmers 2012). As a result
of Neogene uplift, the sediments and overlying Palacogene
volcanic rocks are exposed on Disko, Nuussuaq, Upernivik
@ and Svartenhuk Halve (Fig. 1, Dam er al. 2009). The
sedimentary succession is interpreted as deposited in fluvial,
delta, shelf and deep marine environments, and is divided
into ten formations forming the Nuussuaq Group (Fig. 2).
The overlying West Greenland Basalt Group (WGBG) in-
cludes subaerial lava flows and hyaloclastite breccias (Larsen
et al. 2016). A companion paper to this contribution (Seren-
sen et al. 2017, this volume) provides additional information
regarding the structural development and potential source
rock distribution of the Nuussuaq Basin.
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Fig. 1. Geological map of the study area showing well and outcrop locations. Abbreviations of outcrop, well and fault names are explained to the right,

where lithostratigraphic units occurring at outcrops and wells are also listed.
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Fig. 2. Lithostratigraphic scheme of the Nuussuaq Group and the low-
ermost part of the West Greenland Basalt Group (WGBG). Members
studied here are indicated to the far right. Modified from Dam ez al.
(2009).

Lithology and distribution of relevant
formations

The Atane Formation is known from the eastern part of
the Nuussuaq Basin east of the Kuugannguag—Qunnilik
fault, (KQ fault, Figs 1, 2). The formation is up to 800 m
thick in individual outcrops and consists of delta deposits,
which include laterally extensive sandstone sheets (Dam ez
al. 2009).

The mudstone-dominated, marine Itilli Formation (Fig.
2) is known from northern and western Nuussuaq (west of
the Ikorfat fault) and is more than 2.5 km thick (Sender-
holm & Dam 1998). The Umiivik Member crops out in
northern Nuussuaq between the Tkorfat and the Itilli faules
(Fig. 1), whereas the Anariartorfik Member crops out west
of the KQ fault.

The up to 438 m thick marine Kangilia Formation (Fig.
2) crops out on northern Nuussuaq between the Ikorfat and
Itilli faules (Fig. 1) and has been drilled in the GANT-1 and
GRO-3 wells. It has also been measured in an outcrop on
southern Nuussuaq. Mudstones dominate in the outcrops
while sandstones dominate in the wells. The Annertuneq
Conglomerate Member mainly comprises conglomerates
and sandstones (Dam ez 2/. 2009).

The sub-marine to marine Agatdal Formation (Fig. 2)
is known from the Agatdal area on central Nuussuaq west
of the Ikorfat fault as well as from the GRO-3 well west of
the K-Q fault (Fig. 1). The formation is up to 148 m thick
and consists of mudstones, sandstones and conglomerates

(Dam ez al. 2009).
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Fig. 3. Formation thickness versus cumulative sandstone thickness, data

from the analysed wells and outcrops in the Nuussuaq Basin.

The volcanic Vaigat Formation (Fig. 2) is up to 1600
m thick in western Nuussuaq and northern Disko and in-
creases to at least 5 km in thickness on Ubekendt Ejland
(Larsen et al. 2016). The lower part of the formation is
dominated by hyaloclastic breccias that are overlain by lava
flows.

Methods

Ten wells and eight sedimentary outcrop successions locat-
ed in the Nuussuaq Basin and described by Senderholm &
Dam (1998) and Dam ez al. (2009) were analysed to quan-
tify the sandstone component of the siliciclastic formations
of the Nuussuaq Group. All sandstone intervals were de-
fined as potential sandstone reservoirs and expressed as the
cumulative sandstone thickness of a formation. Potential
reservoir content was defined as the cumulative sandstone
thickness divided by formation thickness. The cumulative
sandstone thickness in outcrops and wells was estimated
from sedimentological logs and core descriptions. Mud-
stones and heteroliths were classified as non-reservoir lith-
ologies and included in the term ‘shale’. In the uncored
GRO-3 well, sandstone content was determined from
wire-line logs and implies a shale content of 0-15%. Five
wells containing volcanic successions of the WGBG were
analysed to identify potential reservoir sections within
the hyaloclastite successions. These were quantified as the
cumulative thickness of hyaloclastite breccias. Lava flows
were classified as non-reservoirs. Porosity—permeability
trends were established for the GANE-1/1A, GANT-1 and
Marraat-1 wells based on core analysis data. The porosity
of the clastic formations in GRO-3 was calculated from
the density wire-line log. Sandstones with porosities >10%
are referred to as porous sandstones. A porosity log of the
GANE-1/1A well was generated from gamma-ray and den-
sity logs obtained from core scans.



Reservoir properties of formations con-
taining potential hydrocarbon reservoirs

Potential reservoirs were identified within sandstones of
the Atane, Itilli, Kangilia, and Agatdal formations and
hyaloclastite breccias of the Vaigat Formation (Fig. 2). The
main reservoir parameters including cumulative reservoir
thickness (CRT), potential reservoir content (PRC) and
porosity—permeability data are summarised below, with
details in the Electronic Supplement (ES).

Atane Formation. CRT is in the range 26-360 m cor-
responding to a PRC of 45-80% (Fig. 3 and ES). The res-
ervoir quality is well developed in central Nuussuaq with
sandstone porosities of 5-25% (mean 17%) and air perme-
abilities of 0.5-150 mD (Appel & Joensen 2014).

1Itilli Formation. CRT is in the range 21-458 m corre-
sponding to a PRC of 2-51% (Fig. 3 and ES). The relatively
low content of potential sandstone reservoirs compared to
the Atane, Kangilia and Agatdal formations reflects sig-
nificant variations within and between the members of the
Itilli Formation. In the GRO-3 well, the individual sand-
stone units are up to 100 m thick and average porosity is
4%.

Kangilia Formation. CRT is in the range 0-134 m cor-
responding to a PRC of 0-72% indicating significant lac-
eral variation in depositional environments (Fig. 3 and ES).
In the mudstone-dominated successions, the Annertuneq
Conglomerate Member constitutes a potential reservoir. In
the GRO-3 well, porosities range between 5-17% (average
6%).

Agatdal Formation. CRT is in the range 71-148 m cor-
responding to a PRC of 50-67% (Fig. 3 and ES). Porosities
of 6-21% and permeabilities up to 9 mD were measured
in the GANE-1 well (Fig. 4), and in the GRO-3 well, an
average formation porosity of 9% was assessed.

Vaigat Formation. Several oil shows have been encoun-
tered in the hyaloclastites and lava flows. Only the hya-
loclastites seem to possess the necessary permeability to
constitute a reservoir despite indications of lower average
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Fig. 4. Helium porosity and air permeability for selected wells. Oil
shows are abundant along trend A (hyaloclastite reservoirs). Both oil
and gas shows occur in the lava flows (trend B). The siliciclastic samples

generally plot between the two trends.

porosities (6%) than the lava flows (8%). For identical po-
rosity values, the permeability is 30 times higher for the hya-
loclastites compared to the lava flows (Fig. 4). The CRT of
the hyaloclastites is in the range 80—-671 m corresponding
to a PRC of 84-100% (Fig. 2 and ES).

Porosity—permeability relations of
potential reservoirs

The regional distribution of porosity and permeability in
the Nuussuaq Basin deposits is poorly known due to the
scarcity of core measurements or studies concerned with
the effects of diagenesis on reservoir quality (Kierkegaard
1998). One relatively swift way of improving the porosity
database is by using core scans to generate a porosity log
(Pedersen ez al. 2013). This is shown for the Agatdal For-
mation in GANE-1/1A in Fig. 5. The core log-generated
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Fig. 5. Stratigraphical variation of lithology, porosity and permeability within the Agatdal Formation in the GANE-1/1A well.
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porosity curve fits nicely with the core measurements and
the core log-derived lithology corresponds well with the
lithological log from Dam ez /. (2009).

Core analysis data from the Marraat-1, GANE-1/1A,
and GANT-1 wells were used to outline porosity—perme-
ability trends within the siliciclastic and volcanic succes-
sions (Fig. 4). In the siliciclastic reservoirs, the porosity and
permeability data show a high degree of scatter and no con-
sistent trend can be identified. The large range in poros-
ity and permeability values probably reflects variations in
grain size and diagenesis. A large part of the porosity in the
GANT-1 sandstones is secondary and related to dissolution
of detrital feldspar grains (Kierkegaard 1998).

The hyaloclastite samples show a relatively high perme-
ability—porosity ratio (trend A in Fig. 4) compared to the
lava flows (trend B in Fig. 4). At 10% porosity, the expected
permeability is 5 mD for hyaloclastites, but only 0.8 mD
for lava flows, a tendency assumed to reflect textural con-
trol on permeability. In hyaloclastites, a network of con-
nected pores ensures fluid or gas flow, whereas the isolated
pore systems in lava flows strongly impede permeability,
even at high porosity.

Conclusions

The onshore Nuussuaq Basin in West Greenland contains
potential hydrocarbon reservoirs within the siliciclastic
Atane, Itilli, Kangilia and Agatdal formations, and within
the hyaloclastite intervals of the Vaigat Formation. The si-
liciclastic reservoirs occur in a wide range of geological en-
vironments from fluvial over deltaic to slope and marine
settings. The potential reservoir sandstone content is gen-
erally more than 50% for the sections studied from the
Atane, Kangilia and Agatdal formations, but significantly
lower in the Itilli Formation. The cumulative sandstone
thickness is mostly >100 m for all formations, including
the Itilli Formation.

Porosity and permeability data suggest that sandstone
and hyaloclastite reservoirs may be of good quality with
porosities up to 20%. Permeabilities are mostly below 10
mD. However, porosity and permeability data are restricted
to the western part of Nuussuaq and the diagenetic control
on the reservoir quality is poorly understood regionally.
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Greenland, Canadian and Icelandic land-ice albedo grids

(2000-2016)

Jason E. Box, Dirk van As, Konrad Steffen and the PROMICE project team”

Albedo, Latin for ‘whiteness’, is a term used to describe the
amount of sunlight reflected by the ground. Fresh snow al-
bedo can exceed 85%, making it among the most reflective
natural substances. Warm conditions promote snow crys-
tal metamorphosis that, like the presence of liquid water,
bring snow albedo down below 65%. With the darkening,
caused by the metamorphosis, absorbed solar energy thus
increases by roughly a factor of two. Seasonal snow melts
over the lower reaches of a glacier leading to the exposure
of bare ice with albedo below 55%. Impurities such as dust,
black carbon or microbes can bring glacier-ice albedo be-
low 30%, meaning that snow ablation gives way to impu-
rity-rich, bare glacier ice which increases absorbed sunlight
by more than a factor of three.

The thickness of the winter snow layer and the intensity
of spring melt are important determinants of the annual
glacier-ice melt, as the amount of snow cover governs the
timing of darker ice exposure; the earlier the exposure, the
more ice can melt. Because snow and ice albedo proper-
ties make it an amplifier of climate change, surface albedo
has been designated as an Essential Climate Variable and a
Target Requirement for climate monitoring (WMO 2011).

Polar orbiting satellites facilitate albedo mapping with
Arctic coverage multiple times per day in clear-sky con-
ditions. Satellite-based retrievals of surface albedo depend
on accurate compensation of the intervening atmosphere.
Thus, without ground truth, the satellite retrievals are un-
certain. In Greenland, snow and ice albedo is monitored
by automatic weather stations (AW Ss) from The Greenland
Climate Network (GC-Net; Steffen ez al. 1996) since 1995
and after 2007 from The Programme for Monitoring of
the Greenland Ice Sheet (PROMICE; van As et al. 2013).
Using the GC-Net data, satellite-derived albedo values are
compared with ground data (e.g. Stroeve ez al. 2013).

Here, we present comparisons of daily GC-Net and
PROMICE albedo data to satellite-derived albedo from
the NASA Moderate Resolution Imaging Spectroradio-
meter (MODIS) MODI10A1 product (Hall ez 2/ 1995).
MODI0A1 data have been available since May 2000 and

are here de-noised, gap-filled and calibrated into a daily
500 x 500 m grid covering Greenland, Iceland and the
Canadian Arctic glaciers (Fig. 1).

Daily albedo from MODIS

The MODI10A1 product contains daily snow extent, snow
albedo, fractional snow cover and a data quality assessment
at 500 x 500 m resolution (Hall ef 2/. 1995). Both NASA
Terra and Aqua satellites are equipped with MODIS sen-
sors. Here, Terra data are chosen over Aqua data as they

PROMICE
GC-Net

Fig. 1. An example (15 July 2016) of the daily 500 m x 500 m enhanced
MODI10A1 Collection 6 albedo product presented here. The circles

show positions of ground-truth observations.

* Robert S. Fausto, Andreas P. Ahlstrom, Michele Citterio and Signe B. Andersen
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give longer temporal coverage, and Aqua MODIS band
6 detectors (useful in cloud discrimination) have become
degraded or non-functional (MODIS Characterization
Support Team, NASA, updated February 2017). An alter-
native MODIS albedo product (MCD43) was not chosen
due to its reduced temporal resolution of eight days. The
MODI10A1 data used here span the Arctic melt season
15 March (74th day of year) to 26 October (299th day of
year) for the 17 year period 2000 to 2016. The two latest
MODI10A1 versions are evaluated; Collection 5 (Hall e£ a/.
2011) and Collection 6 (Riggs & Hall 2015; Hall & Riggs
2016), hereafter C5 and C6.

MODIOAI de-noising, smoothing and
gap-filling

Inspection of the C5 and C6 albedo imagery reveals that,
despite some cases when pixel quality is coded ‘best’” or
‘good’, cloud artifacts resembling shadows, aircraft con-
densation trails, thin clouds, and cloud edges can persist,
often over the brightest areas presumably where there is less
distinction between clouds and clean snow.

Fortunately, because the artifacts introduce abrupt tem-
poral departures in the albedo («) time series, it is possible
to reject them on a pixel by pixel basis using temporal sta-
tistics from multi-day albedo (a,, daﬁ) samples. Here, an 11
day o days sample size is selected; five days before and after
each day 7. On a pixel-by-pixel basis, statistics are computed
froma,, , . The number of days /V does not always repre-
sent 11 albedo values because some days a pixel may already
be dismissed as cloudy, missing or of inadequate quality.
Only cases with at least four samples per 11-day window are
considered sufficient for an albedo estimate for that day and

pixel. The final pixel by pixel daily albedo values are taken

as the 11-day average of available values below a fractional
noise threshold (D) value of 0.4, with D computed as:

D=ty iy, ) mdionts,, )|

For low albedo variability areas, for example the dry snow
Nedays is under 0.03,
then a more strict D threshold of 0.1 is used. The procedure
has both a smoothing and a gap filling effect on the albedo

area, when the standard deviation «

time series. The resulting data product can be viewed at

hitps:/ftinyurl.com/PROMICE-albedo-Greenland.

MODIS validation using ground-truth
albedo

Daily PROMICE and GC-Net AWS albedo values are com-
pared with the nearest 500 x 500 m resolution MODI0A1
C5 and C6 values for all stations in each of 9 or 16 years
that span 2007 to 2016 or 2000 to 2015, respectively. Fig-
ure 2 provides an example for C6 data illustrating a typical
result of the de-noising procedure, yielding an increased
number of MODIS values, increased correlation, reduced
root mean squared difference (RMSD) shifting regression
slope closer to unity and no real change in bias.

Table 1 lists summary statistics for the multi-year, multi-
station comparison with MODI10A1 C5 and C6. The
MODI10AT skill either improves or is stable in the C5 to
C6 update. The average bias and root mean squared differ-
ence decrease and the correlation and average count of days
increase. The number of compared station-years increases.
From raw to de-noised, there is also a consistent improve-
ment in agreement between the satellite and ground data
(Table 2). In the de-noised product, the RMSDs are 0.08
for PROMICE stations that are concentrated in the ablation

de-noised N =117
90 90 Regression: Correlation = 0.962
%90 g PROMICE = MODIS*0.872 + 0.090 60
& bias = 0.008 o °
80 w go | RMSD =0043 o0 %?
3 3 Lo
Q
— o §
& 701 % 3 704 £
S S © o
E %’ 6 Oooo o 8
< 601 5 60+ o o
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& 0
4 50<
30 Fig. 2. Year 2013 example comparison of daily
PROMICE de-noised albedo from satellite (NASA MODIS
| MOD10A1 401 .
40 MOD10A1 Collection 6 data) and the ground
100 150 200 250 40 50 6 70 8 9 (PROMICE) for the KPC_L (Fig. 1) station on
Day of year MOD10A albedo (%) the north-eastern Greenland ice sheet.
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Table 1. Summary statistics for comparison of a . .. Collection 5 and
6 with available ., and a. .. in the 20002016 period (de-noised).
Qyioprons VEISUS Qoo 144 station years Average St. dev.
Collection 5 Correlation 0.838 0.182
Bias —0.024 0.035
RMSD * 0.086 0.042
Average count of days 117 37
Collection 6 Correlation 0.832 0.183
Bias —0.002 0.034
RMSD 0.084 0.044
Average count of days 124 39
Qopioar VEISUS Qe o 183 station-years Average St.dev.
Collection 5 Correlation 0.490 0.225
Bias -0.006 0.099
RMSD 0.104 0.090
Average count of days 114 33
Collection 6 Correlation 0.581 0.259
Bias 0.006 0.038
RMSD 0.050 0.033
Average count of days 110 32

* Root mean squared difference.

area or 0.05 for GC-Net stations that are concentrated in
the accumulation area. The lower GC-Net correlation and
RMSD values result from the mostly dry snow areas where
albedo variability is small. For PROMICE stations which
are concentrated in the ablation area (and for the GC-Net
Jakobshavn Ablation Region (JAR) stations), the larger
MODI10AL pixel footprint includes a complex contribution
from some combination of e.g., crevasses, snow patches and
concentrated or distributed snow and ice impurities such as
cryoconite. The root mean squared difference is probably
more attributable to the ground data because they have a c.
5-10 m? footprint, four orders of magnitude smaller than

the MOD10A1 500 m x 500 m footprint.

MODIS validation using GC-Net albedo

GC-Net albedo data, having a time coverage longer than
10 years, are compared with C5 and C6 to evaluate accu-
racy in year-to-year albedo changes. MODI10A1 Collection
6 (Hall & Riggs 2016) compensates MODIS sensor degra-
dation found in Collection 5 (Lyapustin et a/. 2014). C6 is
found to compensate the temporal trend bias in dry snow

Table 2. Summary statistics for comparison of q Collection 5 and

MOD10A1
6 with available a_; . and a. . in the 2000-2016 period
(de-noised minus raw).

Qopioar VETSUS Qoo 4 station years Average St. dev.

Collection 5 Correlation 0.067 0.003
Bias —0.001 0.001
RMSD * —0.022 0.003
Count of days per year 28 13

Collection 6 Correlation 0.070 0.032
Bias —0.002 0.001
RMSD —-0.029 0.003
Count of days per year 28 13

Qyiopions VETSUS Aee e 19 station-years Average St. dev.

Collection 5 Correlation 0.111 —0.048
Bias 0.002 0.026
RMSD 0.016 0.031
Count of days per year  32.000 11.000

Collection 6 correlation 0.170 —0.005
bias —0.005 —0.042
RMSD -0.030 -0.037
Count of days per year 29 12

* Root mean squared difference.

areas (Fig. 3A). The trend bias is usually smaller or non-
existent for darker targets such as the ablation area (Fig.
3B). The 0.02 albedo offset at the Summit site is partly
attributable to the bias described in the following.

MODIOAI sun angle bias

Whereas the adjustments to Collection 6 eliminate a spu-
rious darkening trend concentrated over snow and in the
northern part of Greenland (Polashenski ez 2. 2015), both
Collections 5 and 6 MODI10A1 albedo products have a
residual bias based on the angle of the sun above the hori-
zon. The bias is evident over nearly 20° of latitude range of
the PROMICE and GC-Net data. In April (days 91-120),
there is no bias in southern Greenland but a ¢. 4% bright
bias in the northern 2/3 of Greenland (Fig. 4A). By June
(days 152—181), the pattern of the bias has shifted to a more
uniform dark bias strongest in the south (Fig. 4B). The bias
varies over time and latitude (see the animation: hrzps://ti
nyurl.com/bias-vs-lat). We correct the Collection 6 bias ac-
cording to the daily variation in the regression line (blue
dashed line in Fig. 4A, trends in Fig. 4B). The calibration

B JAR1T (69.4°N, 49.6°W, 962 m a.s.l.)
70 GC-Net trend: -27.0%

MOD10A1 Collection 5 trend: —27.0%
MOR10A1 Collection 6 trend: —22.9%

o 0
3 3
Fig. 3. Examples of July monthly average dry < A <
snow area (A) and ablation area (B) MODIS col- 80 - Summit (72.5°N, 38.5°W, 3254 masl) . _
. ) GC-Net trend: -1.0% .
lection 5 and 6 compared with GC-Net albedo 7| MOD10A1 Collection 5 trend: ~5.4%
trends spanning 16 summers. JAR: Jakobshavn MOD10A1 Collection 6 trend: ~1.2% . 20, . . .
Ablation Region. 2000 2005 Year 2010 2015 2000 2005 Year 2010 2015
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https://tinyurl.com/bias-vs-lat

Fig. 4. A: Example of NASA MODIS MOD10A1
Collection 6 difference with ground data from
automatic weather stations versus latitude,
indicating a sun-angle-dependent bias. B: Bias
for three latitude bands. The station names are

abbreviated.
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assumes there is no sun-angle-dependent bias in the PRO-

MICE and GC-Net data.

MODIS albedo for Iceland and
the Canadian Arctic

The regional product also includes albedo for glaciated ar-
eas in Iceland, Jan Mayen and the Canadian Arctic. The
occurrence of clouds reduces the coverage of the product,
in the case of land ice, especially at the lowest elevations
often near oceans. Iceland has data coverage less than half
of that of most areas of Greenland. Areas of the Canadian
Arctic such as the Devon Ice Cap also have reduced time
coverage compared to Greenland, which has a stronger
cloud clearing effect from its high pressure areas often cen-
tered over the ice sheet.

A new PROMICE data product

The methodology developed here for de-noising, gap fill-
ing, and bias correction for the MOD10A1 albedo product
yields an enhanced MODIS MODI10A1 Climate Data Re-
cord available for download through the PROMICE data-

base via the webpage www.promice.dk
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New programme for climate monitoring at

Camp Century, Greenland

William Colgan, Signe B. Andersen, Dirk van As, Jason E. Box and Seren Gregersen

Camp Century was a military base constructed by the US
Army Corps of Engineers (USACE) in 1959 in the near-
surface layers of the Greenland ice sheet at 77.13°N and
61.03°W and 1910 metres above sea level (Clark 1965). The
¢. 55 ha base housed between 85 and 200 soldiers and was
continuously occupied until 1964 (Fig.1). Camp Century
primarily served as an experimental facility for the US-
ACE to test ice-sheet construction concepts. Recent Da-
nish scholarship has documented the political and military
history of Camp Century in substantial detail (Petersen
2007; Nielsen & Nielsen 2016). To summarise, Project Ice-
worm, the US Army ambition to deploy offensive missiles
within the ice sheet, was never realised. After three years of
seasonal operation, Camp Century was finally abandoned
with minimal decommissioning in 1967. The Government
of Denmark has now established a GEUS-led programme
for long-term climate monitoring, as well as one-time waste
mapping, at Camp Century. Here, we briefly review the
historical scientific activities at Camp Century and intro-
duce the future goals of the Camp Century Climate Moni-

toring Programme. Finally, we discuss the challenges and
outlook of climate monitoring and waste mapping at the
former military site.

Scientific heritage

The USACE conducted extensive glaciological and clima-
tological research during the operation of Camp Century
(Fig. 2). Much of their glaciological research focused on
characterising the strength and density of the relatively
porous, near-surface ice-sheet layer known as firn. These
projects included measuring the deformational closure
rates of near-surface tunnels (Clark 1965), and excavating
an inclined tunnel to 100 m depth to measure firn prop-
erties (Kovacs er al. 1969). Much of their climatological
research focused on characterising spatial and temporal
variability in snowfall. These projects include extensive
surveys of regional snow-accumulation rates (Mock 1968),
and maintaining a continuous weather station record from

October 1960 to August 1964 that remains unpublished.
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Fig. 1. A: Location of Thule Air Base and Camp Century in North-West Greenland. B: Camp Century as-built map with estimated georeferencing to
1960 (grey) and 2020 (black) locations in polar stereographic projection (EPSG 3413). Decadal borehole positions from 1960 to 2020 shown in red
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Camp Century in 1960, 2015 and 2090 (Colgan et al. 2016).
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Today, the USACE-facilitated science at Camp Century

is perhaps best known for producing the first systematic

classification of ice-sheet snow facies (Benson 1962), and
recovering the first ice core to the bed of the Greenland ice
sheet (Dansgaard ez al. 1969). Both the data and interpreta-
tions from these seminal studies continue to be highly cited
today. After the closure of Camp Century, the US Air Na-
tional Guard continued to use the Camp Century skiway,
renaming it the Greenland Ice Sheet Training Site (GITS).

Aside from re-surveying the borehole position in 1977
and 1986 (Gundestrup ez al. 1987), there appears to have
been virtually no data collected at Camp Century between
the abandonment of the base in 1967 and the start of NASA
Program for Arctic Regional Climate Assessment (PARCA)
activities at the site in 1993. PARCA activities included:
deploying an automatic weather station in 1995 to record
meteorology at the site (Steffen & Box 2001), drillinga 120
m deep ice core in 1996 to reconstruct snow accumulation
rates (Mosley-Thompson ez /. 2001), and measuring in-situ
firn compaction rates in 1995-1996 (Hamilton & Whillans
2000). In 2010, a 35 m deep ice core was once again recov-
ered at Camp Century, to further update snow accumula-
tion and ice chemistry records since the termination of the
USACE ice-core record (Buchardt ez a/. 2012). PARCA be-
gan regular airborne measurements of ice-surface elevation
at Camp Century in 1993 (Krabill ez 2/. 2000), with NASA
Operation IceBridge regularly collecting ice-penetrating
radar data over the site since 2010 (Leuschen ez /. 2014).
US National Science Foundation traverses from Thule Air
Base (AB) to Summit Station, which have approximately
followed the USACE trail to Camp Century since 2008,
have been used as a science platform to measure accumula-
tion rates (Hawley ez al. 2014).
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Fig. 2. USACE-applied glaciology research at
Camp Century. Left: Measuring the deforma-
tion of firn in 1961. Right: Measuring the
compressive strength of firn in 1964. Photos:

Seren Gregersen.

Mapping and monitoring

In 2016, GEUS participated in a multi-nation study that
presented regional climate model simulations that sug-
gested the ice-sheet surface mass balance at Camp Cen-
tury may change from net snowfall to net melt by year
2100 under the UN Intergovernmental Panel on Climate
Change (IPCC) RCP8.5 ‘business-as-usual’ climate sce-
nario (Colgan er al. 2016). However, under the emissions
mitigation characterised by the RCP4.5 climate scenario,
net snowfall would persist at Camp Century until 2100.
While Colgan ez al. (2016) also provided preliminary es-
timates of the non-trivial quantities of physical, chemical,
biological and radiological wastes presently residing within
the firn at Camp Century, at depths of between 35 and 65
m, pethaps the most socially significant outcome of this
study was suggesting that the assumption that the aban-
doned base would be preserved for eternity by perpetually
accumulating snowfall was no longer valid under the full
range of IPCC climate pathways.

In response to concerns from the Government of Green-
land over the potential remobilisation of contaminants
from Camp Century within the next century, the Govern-
ment of Denmark has now established a programme for
long-term climate monitoring, as well as one-time waste
mapping, at Camp Century. This Camp Century Climate
Monitoring Programme will be led by GEUS and has four
main goals:

1) 1o continuously monitor relevant climate variables, in-
cluding the depth to which meltwater percolates, at the Camp
Century site. This goal will be accomplished by installing an
automated weather station that measures standard climato-
logical variables controlling meltwater production (Citterio
et al. 2015). Station measurements will be supplemented



by thermistor strings to monitor deep firn temperatures,
as well as observations of firn density and compaction pro-
files.

2) To regularly update annual likelihoods of meltwater
interacting with abandoned materials ar the Camp Century
site over the next century. This goal will be accomplished
by using a physically-based numerical model that couples
meltwater percolation and firn evolution (Charalampidis
et al. 2016). This model will be forced by IPCC climate
pathways and continuously improved using i situ observa-
tions, as well as novel parameterisations from community
models.

3) To map the estimated spatial extent and vertical depth
of abandoned wastes across the Camp Century site. This goal
will be accomplished by using ice-penetrating radar and
global positioning system measurements to map the Camp
Century debris field during a one-time field campaign
(Machguth ez al. 2016). Delineating the present-day loca-
tion of key infrastructure features will enable georeferenc-
ing of historical site maps.

4) To publicly report all findings from the Camp Century
Climate Monitoring Programme in a timely manner. This
goal will be accomplished by streaming the data collected
by sensors deployed at Camp Century in near-real-time,
maintaining an internet outreach presence of the pro-
gramme, and regularly publishing GEUS reports and pa-
pers in open-access, peet-reviewed journals.

The Camp Century Climate Monitoring Programme
will undertake initial fieldwork at Camp Century dur-
ing the summer of 2017, to deploy automated climate and
firn sensors and collect ice-penetrating radar and firn-core
observations (Fig. 3). Subsequent fieldwork at Camp Cen-
tury will be undertaken, as needed, to service deployed
instrumentation. During subsequent site visits, additional

Fig. 3. Left: Servicing a PROMICE automated
weather station in the ice-sheet accumulation
area in 2016. Right: Measuring firn density from
a shallow borehole into which thermistors were
installed in 2016. Photos: Baptiste Vandecrux.

ice-penetrating radar data may potentially be collected in
more concentrated areas of the debris field. The analysis
of climate measurements, including firn temperatures, as
well as numerical modelling of future meltwater percola-
tion depths, will begin during the autumn of 2017, with
anticipated first public reporting in the summer of 2018.
Near-real-time measurements from Camp Century, as well
as programme outreach materials and publications, can be
accessed at www.campcenturyclimate.dk.

Programme outlook

GEUS has a long tradition of applied glaciology research.
Recent applied glaciology work includes operating the
Programme for Monitoring of the Greenland Ice Sheet
(PROMICE) on behalf of the Government of Denmark
(Ahlstrom ez al. 2008a), consulting for the Government of
Greenland on the hydropower potentials associated with
ice-sheet runoff (Ahlstrem ez /. 2008b), and a growing in-
volvement in private sector proglacial mining projects (Cit-
terio et al. 2009). With unique applied glaciology expertise
gained through these and other operations, especially in-
house development of robust automated ice-sheet instru-
mentation and previous dedicated ice-coring and radar-ac-
quisition campaigns, GEUS is well-suited to lead the Camp
Century Climate Monitoring Programme. Indeed, GEUS
involvement with Camp Century stretches from its op-
erational period, when GEUS emeriti Anker Weidick and
Seren Gregersen participated in research at the site, to con-
tributing to the preliminary waste inventory and climate
projections of the Camp Century site published last year.
While the fundamental glaciology and climatology re-
search performed by the USACE gives Camp Century an

unparalleled scientific heritage amongst Greenland research
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sites, the military history of Camp Century gives the site
unanticipated social significance in light of climate change.
Long-term climate monitoring, and one-time waste survey-
ing, of Camp Century will provide Danish and Greenlandic
stakeholders open access to relevant #7z-situ measurements
and model projections. Refined knowledge of the spatial
and depth distribution of different wastes, as well as the
changes in firn structure and meltwater production antici-
pated under climate change, will facilitate a science-based
discussion of the shifting fate of Camp Century. At the
broadest level, a better understanding of the implications
of climate change on Camp Century will perhaps provide a
better understanding of the importance of mitigating green-
house-gas emissions, and averting, rather than adapting to
the consequences of business-as-usual climate change.
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Asynchronous ice-sheet development along the central
East Greenland margin: a GLANAM project contribution

Lara F. Pérez and Tove Nielsen

The sedimentary record of the glaciated margins of the
North Atlantic holds evidence of past ice-sheet activity,
and reflects spatial and temporal variations in the ice—
ocean—climate interaction as well as the influence of tec-
tonic processes. Furthermore, the record of cross-shelf ice
sheets provides a direct link between the continental ice
cover and the deep ocean, a relevant issue in the context of
climate research.

With a four-year funding period, a Marie Curie Initial
Training Network on the Glaciated North Atlantic Mar-
gins (GLANAM) was started in the spring 2013. The net-
work involved international partners from both academia
and industry and enrolled 15 young scientists working in
different areas of the North Atlantic margins.

The Geological Survey of Denmark and Greenland was
partner in the network, leading the Greenland margin re-
search and hosting three fellows. One of the main topics of
the GLANAM project was to investigate the impact of the
ice sheets on the large-scale evolution of the East Green-
land margin. The present work summarises some new in-
sights into the glacial history of the central East Greenland
margin gained through a study within this project (Fig. 1).

The glaciated East Greenland margin

The dynamic evolution of the Greenland ice sheet is re-
lated to the glacial history of the Northern Hemisphere
(e.g. Thiede er al. 2010). Despite evidence of glaciated
hinterland and tidewater glaciers in Greenland during the
Eocene and Miocene (e.g. Thiede ez /. 2010), the onset of
large-scale glaciations in the Northern Hemisphere, where
ice expanded onto the continental shelf, has been suggested
to date between 5 and 2.5 Ma based on a marked decrease
in global benthic §"O values and the presence of ice-rafted
debris deposits (e.g. Bailey ez /. 2013). Since the Mid-
Pliocene the oscillation of the ice sheets of the Northern
Hemisphere, and thus of the East Greenland margin, is
considered to have followed the glacial-interglacial cycles
(e.g. Sarnthein ez al. 2009).

Major tectonic events related to the Miocene—Pliocene
uplift of the East Greenland margin have been pointed to

as instigators of the eastwards glacial advance across the
shelf (Deossing er al. 2016). Furthermore, the build-up of
the North Atlantic ice sheets has also been influenced by
the oceanographic circulation which, along East Green-
land, is mainly controlled by the East Greenland Cur-
rent (EGC; Fig. 1; Sarnthein ez a/. 2009). The EGC is a
southward-flowing current formed by a complex system
of branches and different water masses (Vige er al. 2013).
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Fig. 1. Bathymetric map of the study area based on the International
Bathymetric Chart of the Arctic Ocean (IBCAO; Jacobsson ez al. 2012).
Contour interval: 500 m. Orange lines: reflection seismic profiles. Red
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arrows: general circulation of the East Greenland Current (EGC). LL:
Liverpool Land. Note the outwards bulging of the shelf edge off the
major fjords.
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It is an important component of the Atlantic Meridional
Overturning Circulation (AMOC) and therefore has im-
plications for the global climate system (De Schepper ez
al. 2015). The contribution of the EGC to the AMOC has
been partly controlled by tectonic pulses of the Denmark
Strait (Parnell-Turner ez a/. 2015), a 600 m deep threshold
located around 67°N (Fig. 1). The Denmark Strait is part
of the Greenland—Scotland Ridge and constitutes a natural
boundary that divides the East Greenland margin into a
northern and southern part, which have experienced dif-
ferent ice-sheet dynamics. Our study focuses on the glacial
history of the margin section that lies just north of the Den-
mark Strait, i.e. the central East Greenland margin (Fig. 1).

Database and interpretation procedure

Based on a large database of 2D seismic reflection pro-
files (Fig. 1), we have divided the sedimentary record into
major seismic sequences, which show evidence of various
sedimentary processes (Pérez ez al. unpublished data). A
local dataset of high-resolution reflection seismic, sub-bot-
tom profiles and swath bathymetry allowed for a detailed
breakdown of the recent stratigraphic and morphological
features (Pérez ez al. unpublished data). The ages of the ma-
jor seismic sequences have been assessed by a direct tie to
site 987 of the Ocean Drilling Program off Scoresby Sund
(Fig. 1; Pérez et al. unpublished data ). Seismic-stratigraphic
analyses of these datasets made a large-scale reconstruction
of key stratigraphic events possible, revealing several stages
of the Greenland ice sheet dynamics along the central East
Greenland margin from late Miocene to Present.

Evidence for cross-shelf ice sheets
and ice streams

Central East Greenland is characterised by large fjords,
many of which are connected with cross-shelf troughs
that are up to 300 m deep and 35 km wide (Fig. 1). These
troughs were formed by erosion of ice streams that passed
from the fjords across the shelf, delivering a concentrated
accumulation of sediments to the shelf edge (e.g. Batch-
elor & Dowdeswell 2014). From there the sediments were
transported down the slope as glacigenic debris flows that
build up to form large prograding wedges called trough-
mouth fans. The presence of a trough-mouth fan is often
revealed in the seabed morphology as an outwards bulging
of the shelf edge (Fig. 1), and the youngest debris flows
are often observed on the present-day seabed. Ice streams
are recognised as one of the most important controls on
ice-sheet configuration and stability (e.g. Stokes ez al.
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2016). Therefore the study of palaco-ice stream behaviour
and dynamics by mapping buried cross-shelf troughs and
trough-mouth fans is a useful tool in reconstructing former
ice-extent and palacoclimate variability (e.g. Batchelor &
Dowdeswell 2014). In addition, submarine glacial forms
outside the cross-shelf troughs hold clues of the existence
of more steady, grounded ice. Notable features are ground-
ing-zone wedges up to 160 m high identified along the
central East Greenland shelf. These ridge-like sedimentary
features mark a temporary position of the ice margin on the

shelf (Dowdeswell & Fugelli 2012).

Discussion

Prograding deposits off Blosseville Kyst dating back to the
late Miocene constitute the first evidence of cross-shelf
glaciations on the central East Greenland margin (Fig. 2).
The oceanward glacial advance continued during the early
Pliocene, where cross-shelf troughs and trough-mouth fans
off Blosseville Kyst and Scoresby Sund denote ice-sheet
growth with ice streams occasionally reaching the palaco-
shelf edge (Fig. 2). This glacial intensification coincided
with the first large-scale glaciation reaching to the palaco-
shelf edge along the south-western Greenland margin
(Nielsen & Kuijpers 2013).

During the middle Pliocene (3.65-2.90 Ma), the seis-
mic-stratigraphic analysis denotes a period of glacial retreat
along the central East Greenland margin. As the ice re-
treated, the oceanic current took over the control of the
depositional environment, indicated by a predominance of
current-generated wavy facies. The observed glacial retreat
is coeval with the global Mid-Pliocene Warmth (3.3-3.0
Ma; e.g. Robinson 2009) and a supposed enhancement of
the EGC along the East Greenland Margin (e.g. Raymo ez
al. 1996).

Thick trough-mouth fan deposits led to a major ocean-
ward advance of the shelf edge off Scoresby Sund, provid-
ing evidence of multiple cross-shelf glaciations during the
Quaternary (Fig. 2). The ice-sheet extension was largest
during latest Pliocene — earliest Pleistocene (2.90-2.33
Ma), revealing a slightly older age for the onset of margin
progradation off central East Greenland than observed far-
ther north off North-East Greenland (c. 76°N), where the
first margin progradation began c. 2.5 Ma (Berger & Jokat
2009). The large progradation of the central East Green-
land margin coincided with the proposed onset of major
Northern Hemisphere cooling at 2.7 Ma (e.g. Bailey ez a/.
2013) and the suggested full-scale glaciation of Greenland
at 2.9 Ma (Sarnthein ez al. 2009).



In addition to the cross-shelf troughs off Blosseville Kyst
and Scoresby Sund, grounding-zone wedges are identified
on the shelf off Liverpool Land within the Quaternary se-
quences, providing evidence of steady, grounded ice. Thus,
repeated glacial advances over the shelf, occasionally reach-
ing the shelf edge, are inferred along the entire central East
Greenland margin during the Quaternary (Fig. 2).

However, the study of glacigenic debris-flow deposits
observed on the high-resolution dataset of the Liverpool
Land margin (Fig. 1) indicates that the Quaternary gla-
cial advances to the shelf edge were not synchronous along
the margin. The glacigenic debris-flow deposits identified
within the early Pleistocene sequences in the southern part
of the Liverpool Land dataset suggest a distal downslope
input from the Scoresby Sund ice stream, in agreement
with higher sediment supply to the north of the Scoresby
Sund trough-mouth fan between 1.77 and 0.78 Ma (La-
berg er al. 2013).

An upward increase of glacigenic debris-flow deposits
within the upper seismic section indicates an intensifica-
tion of glacial control on the sedimentation during the
middle Pleistocene. This scenario matches the increase in
global ice volume that accompanied the Mid-Pleistocene

Fig. 2. 3D sketch of the central East Greenland
Margin development during the late Miocene
— carly Pliocene and the Quaternary show-
ing the main morphological features and key
depositional processes. Within the same age
range, darker colours represent older processes
or deposits. T: trough. TMF: trough-mouth
fan. GDF: glacigenic debris-flow deposit. Blue
lines on shelf: predominantly glacial erosion.
Orange lines on slope: predominantly progra-
dation. Blue arrows: EGC: East Greenland
Current. Ka: Kangerlussuaq. 8S: Scoresby
Sund. KO: Kong Oscar Fjord.

transition ¢. 0.9—0.8 Ma (Head & Gibbard 2005) and
gave rise to the growth of larger ice sheets in the North-
ern Hemisphere (e.g. Dowdeswell ez al. 1997; Stokes er al.
2016). The internal distribution of the middle Pleistocene
glacigenic debris-flow deposits points to a changing sedi-
ment source through time. Whereas the oldest glacigenic
debris-flow deposits are most abundant in the southern
part of the Liverpool Land area, pointing to an ice-stream
source in Scoresby Sund, the youngest glacigenic debris-
flow deposits are more abundant in the northern part of
the study area and thus are likely feed by an ice stream from
Kong Oscar Fjord (Fig. 2). This northern-sourced pattern
continued during the latest Pleistocene and Holocene, in
agreement with the presence of ice-rafted debris trapped
inside Scoresby Sund during the last 10 ka (Stein ez al.
1993) and the southward-pointing, cross-shelf trough off
this fjord observed in the present-day seafloor (Dowdes-
well et al. 1997). Farther north, moraines related to the
maximum extent of the Greenland ice sheet during the
Last Glacial Maximum have been identified off Kejser
Franz Joseph Fjord (Evans ez al. 2002).

Quaternary
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Concluding remarks

Our data indicate an early cross-shelf glaciation off Blos-
seville Kyst during the late Miocene and early Pliocene fol-
lowed by major cross-shelf glaciations off Scoresby Sund
during the early Quaternary and off Liverpool Land in the
late Quaternary. Higher resolution of the Quaternary data
off Liverpool Land indicates that the activity of the Scores-
by Sund ice-stream system was gradually taken over by the
Kong Oscar Fjord ice-stream system during the Pleisto-
cene. Overall, our study reveals an asynchronous growth
of the ice sheet across the shelf, with a marked northward
progradation of ice-stream activity from the late Miocene
to the Present along the central East Greenland margin.
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The rescue of seismic field data from exploration
activities in the Danish North Sea

Marianne M. Hansen and Nicolai Rinds

In 2009, the Danish Energy Agency informed the Geo-
logical Survey of Denmark and Greenland (GEUS) that
a new legal act (Lov om fordring/Foraldelsesloven) would
become effective in 2011. The new act introduced a limita-
tion period of three years on the government’s right to re-
quest data from licensees’ oil and gas activities in Denmark
(www.retsinformation.dk 2007), and it became the catalyst
for a major change in the standard procedure for licensees’
submission of seismic data related to exploration activities
to GEUS. A consequence of the new legal act was that the
Danish authorities would have to request data from the
licensee (following the Consolidated Act of the Use of the
Subsoil) from the licensee no later than three years after
their generation or publication; otherwise the authorities
would have no legal right to the data. It was emphasised
by the Danish Energy Agency that GEUS would have to
submit all requests for outstanding data to the licensees no
later than 1 January 2011.

Denmark

\ il
500 km 5°E 6°E

55°N —

Fig. 1. 3D scismic field data status prior to the rescue project. Green poly-
gons: field data in GEUS’ archive. Red polygons: field data not in GEUS’

archive. Grey polygons: parts of seismic surveys outside the Danish sector.

During the 1980s and 1990s the standard procedure for
data requests from GEUS did not include pre-stack seis-
mic data, e.g. raw field data. A search in GEUS database
showed that field data had been received from only a small
percentage of existing 2D and 3D surveys (Fig. 1). Being
the national data bank for geological data, GEUS had to
respond to this risk of losing access to valuable data, and
immediate action was needed.

The National Well Data and
Subsurface Archives

GEUS and its Danish predecessor the Geological Survey of
Denmark (DGU) have systematically collected and stored
geological data from Denmark for more than a 100 years.
The idea of establishing a national data bank for geological
data arose in the 1920s when Danish law made it manda-
tory for everyone drilling in search for water to register
certain geological information encountered during drilling
and deliver it to DGU. The Well Data Archive was estab-
lished in 1926 to fulfil this purpose (Troelstrup 1992). The
search for oil in Denmark began onshore in 1935. Until
the beginning of the 1980s data submitted to DGU from
oil and gas activities were stored in the Well Data Archive.
For many years only few companies searched for oil in the
Danish sector. In 1962, the Danish company A.P. Moller
A/S was granted exclusive rights to explore the Danish sub-
soil according to the Sole Concession of 8 July 1962 (North
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Fig. 2. Annual seismic survey activities in Denmark 1962-2014.
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Sea Fund 2012). This was renegotiated in 1981, and a large
concession area was relinquished. In 1984 the first com-
petitive licensing round resulted in an increased search for
oil, and the submission of data to DGU increased (Fig. 2,
extracted from GEUS’ database).

In the beginning of the 1980s, it was decided that a
separate archive should be established — the Subsurface
Archive — to store oil- and gas-related data (Kristoffersen
1995, 2017). The decision was made in order to fulfil in-
creased requirements for a secure data environment and
to control the strict confidentiality regulations applying to
exploration and production data.

Data usage

Until 1980, DGU did not request digital seismic data from,
the companies as part of its standard procedure. This was
primarily due to the fact that only paper copies of seismic
sections were used for in-house interpretation. Further-
more, space for in-house storage was very limited, and the
data owners themselves were obliged to store their digital
field data for a period of time and to offer the data to DGU
if they decided to discard them. At that time the data were
stored on vast numbers of 9-track tapes. In general, the oil
companies did not use digital data either, and if such data
were requested it was often on a single line basis.

By 1990, workstations had become a standard tool for
interpretation and geophysical mapping in the oil industry,
and access to the digital data became necessary. Therefore
digital processed seismic data were added to DGU’s stand-
ard data request, but their handling was a huge and time-
consuming task. Licensees or companies were asked only to

Input: Output:
70 000 9-track tapes of 145 MB 1 tape IBM3592-JD of 10 TB
(1750 shelf metres)

N
d

When transcribed
Storage space
equals 6 lorries

Fig. 3. Space reduction with the use of modern tapes media. Source:
OvationData 2017.
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submit specific digital seismic data when they were needed
for in-house interpretation, or if a specific request arrived
from an external customer. As a consequence, DGU did
not have a complete collection of digital processed seismic
data at the time.

Until the 1990s, most of the seismic field data submit-
ted to DGU came from relinquished or expired licences. In
these cases, the data holders could decide to keep the seismic
field data themselves or offer the data to DGU. Although
the authorities have always been able to request copies of the
seismic field data this was not listed as a mandatory require-
ment until 2002 (Danish Energy Agency 2002).

Data media and volumes

The development of 3D data acquisition methods in the
late 1980s resulted in an increasing amount of tapes being
submitted to DGU. During the last 20 years, digital seis-
mic data have regularly been submitted to the Subsurface
Archive and maintenance of these data has been a constant
challenge. The long-term use of the digital data can only be
secured by keeping the data from degrading, by rewinding
the 9-track tapes or transcribing the data to a new media
on a regular basis.

The oil industry has frequently changed their ‘standard
tape media’, in order to secure the very expensive collected
data and to reduce the storage space needed on board vessels
and in archives. The most commonly used storage medium
in the 1980s and 1990s was 9-track tapes. In the mid-1990s,
more compact types appeared such as Exabyte, DAT and
various versions of IBM tapes, which were smaller and could
contain much more data per volume. This had a tremendous
impact on the number of shelf metres needed for storage.
For instance, one modern IBM3592-]D tape contains the
same amount of data as 70 000 high-capacity 9-track tapes,
which would require 1750 archive shelf metres (Fig. 3).

Fig. 4. Seismic data and tape drives at GEUS.



Over time, GEUS has purchased various kinds of tape
drives to be able to read the data and (on a small scale)
make backup copies. In 2000, the Subsurface Archive con-
tained data stored on up to 10 different tape media types,
but mostly on ¢. 15 000 9-track tapes, including both seis-
mic and well data, as well as data acquired in Greenland
waters. The archive also contained 3000 Exabyte, DAT
and LTO tapes and 5000 IBM tapes of various kinds.

At GEUS tape copying is considered a specialist job
since up-to-date equipment and specialised treatment of
deteriorating 9-track tapes are required, and the task is
very time consuming, expensive and never—ending. Fur-
thermore, vintage tape drives are difficult to maintain and
acquisition of spare parts almost impossible. Since 2002,
GEUS has used an external company for all tape copying
jobs. A few in-house tape drives are still being used and
maintained for internal purposes (Fig. 4).

The data rescue project

After GEUS was made aware of the new Act and its conse-
quences, it was decided in 2010 to start a project to rescue
older seismic field data. The aim was to rescue i.e. locate,
receive and store either the original or a copy of the seismic
data from all oil- and gas-related activities in Denmark.
The plan was within the first year to contact all companies
which had been operators or had acquired data in the Dan-
ish sector between 1980 and 1999. The plan for the follow-
ing two years was to perform quality control of the submit-
ted data, with completion of the project within three years.

The following priorities were set up: field data were con-
sidered more important than processed data. 3D data were
considered more valuable than 2D data. Finally, onshore
2D data were considered more important than offshore
2D data, and data acquired from 1990 to 2000 were con-
sidered to be more valuable than older data. A search in
GEUS’ database showed that almost no field data from
before 1995 had been received, and that some field data
had been received between 1995 and 2002.

Worst-case scenario

A worst-case scenario in terms of expenditure and workload
for GEUS was considered, assuming that all the companies
chose to give up all their original field tapes and submit
them to GEUS. It might be expected from the age distri-
bution that most data might still be stored on the original
9-track tapes. If GEUS had to accept these directly, the
Subsurface Archive would need large additional resources
to cover the costs of external storage or for transcription

Table 1. Estimated copying cost —
worst-case scenariot

Survey type Total kmin No. of tapes DKK per tape DKK total

Denmark
2D 3405 3405 140 476 700
3D 156 234 156 234 140 21 872 760
Total cost 22 349 460

tAssuming: Al field data from 1995 and earlier are located. All data are stored
on 9-track tapes. Data are 60-fold. There is 1 km of data per tape.

to an in-house, modern storage medium. A rough calcula-
tion showed that if all the missing field data were submit-
ted, GEUS could receive more than 190 000 tapes, out of
which 170 000 were likely to be 9-track tapes. The cost of
transcription was estimated to ¢. DKK 23 million (Table
1). Alternatively, if all the 170 000 9-track tapes were to be
stored in-house the Subsurface Archive would need 4350
additional shelf metres.

After making a list of 2D and 3D surveys from which
the seismic field data had not been submitted, a priority list
consisting of 48 3D surveys and 40 2D surveys was made.
The next step was to contact the companies involved, but
it proved difficult to locate some of the companies and rel-
evant contact persons. In 2002, GEUS had sent requests
for data to all licensees in the Danish sector, typically to the
company headquarters without a specific contact person.
The outcome of this campaign was unfortunately almost

4‘,
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Fig. 5. 3D field dara status after the rescue project. For location and

polygon colours, please see Fig. 1.
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nill. The oil industry is a rapidly changing business, and
some of the companies which had been active in the Dan-
ish sector in the 1970s or 1980s no longer existed or had
been taken over by or merged with other companies. Keep-
ing track of a company can be strenuous and time consum-
ing, and the subsequent search for a relevant contact person
was even more difficult.

Results and achievements

As part of the data rescue project, 17 companies were con-
tacted during 2010 and 2011. In general their responses to
locate and deliver the missing data have been positive and
cooperative. The project benefitted from the fact that two
of the older oil companies are still operating in the Danish
sector, since both Mearsk Olie og Gas A/S (Marsk) and
DONG Energy E&P A/S (DONG) have been in charge
of, or involved in, data acquisition for many years. The
most time-consuming part of this project turned out to be
the quality control of the received data due to insufficient
documentation, e.g. erroneous transmittals or missing ac-
quisition and processing reports.

The recovery process was initiated in 2010 by meetings
with the two companies, whereby a large number of surveys
from the priority list could be ticked off, and the focus then
shifted towards contacting the owners of the remaining data.

Mersk and DONG decided to transcribe their original
data themselves to modern media types. Given the large
quantities of data and tapes, this task was very time con-
suming. It took several years before the copying jobs were
finalised and tapes could be submitted to GEUS, but it had
the benefit that GEUS received all data on modern media
types (IBM 3592 tapes or USB disks). Initially, high-prior-
ity 3D field data from 34 of the 48 3D surveys on GEUS’
priority list were missing; to date GEUS has located 82%
of the missing surveys and received data from 74% of them
(Fig. 5). GEUS has also received some missing processed
data. Because of the above-mentioned complications, the
recovery project lasted six years instead of the anticipated
three, with a time consumption of ¢. 1600 man hours at
GEUS. Over a six-year period GEUS has spent ¢. 1 million
DKK on external copying.

Lessons learnt and conclusions

In hindsight, the timing of the rescue project was opti-
mal. Between 2010 and 2014 the world experienced high

oil prices (www.macrotrends.net 2017), which is likely to
have encouraged the oil companies, especially Mzrsk and
DONG, to transcribe their original field tapes to modern
media. The companies took the opportunity to recover
their vintage data and thereby also save future storage
costs. If the project was to be started today, the companies
might have had other priorities and it might not have been
possible for GEUS to keep the copying costs at a relatively
low level compared to the worst-case scenario.

To rescue seismic field data is both a cumbersome and
potentially expensive task. However, seismic field data rep-
resent a valuable asset for evaluation of the hydrocarbon
potential of a given area. New companies in the Danish
sector, especially smaller companies, commonly request
field data from both 2D and 3D seismic surveys in order
to reprocess existing data prior to committing themselves
to acquisition of new seismic data. The access time to the
field data is optimised, since the rescue project has pro-
vided GEUS with most of the field data requested by the
companies. The data can also be used in future scientific
studies. It is therefore an important task for a geological
survey like GEUS to secure these data by making it a high
priority to request and secure all data which are acquired
from the Danish subsurface.
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An integrated public information system for geology,
groundwater and drinking water in Denmark

Martin Hansen and Charlotte Toftemann Thomsen

Denmark has a long tradition for having central geologi-
cal databases, including a systematic collection and stor-
age of geological and hydrological information from all
surficial boreholes which was initiated in 1926. Since the
mid-1970s such data have been stored digitally. A large
variety of users access a central Danish, geological data-
base: the public, for information about their local drinking
water quality, environmental employees in municipalities,
regions and the state for using, entering and updating data
as well as consultants and drilling companies working for
public administration and local water works.

The local Danish administrative system previously con-
sisted of 14 counties and 248 municipalities. The counties
were responsible for groundwater mapping, drinking water
management and activities concerning contaminated soil,
as well as for harmonisation and transfer of data to the
central database. With effect from 1 January 2007, this ad-

A. Access to Jupiter data

Unprivileged Privileged
users users
http — homepages, https -
WS reading and Updating using WS and
download web forms

Jupiter database

\ i
PC Jupiter XL .
Read-only views Jupiter tables

Users at /

GEUS

ministrative system was replaced by five regions, seven en-
vironmental centres and 98 municipalities, which required
major changes in the administrative handling of borehole
dara at the local and regional levels. For this, a public and
shared central database was established and a countrywide
harmonisation of data, transfer and storage was initiated
and all geological, groundwater and drinking water data
were transferred to this central database at Geological Sur-
vey of Denmark and Greenland (GEUS).

In an updated database system, public authorities were
set up to access the central database to store their relevant
borehole data and almost all data were made publicly avail-
able. The database is maintained by GEUS. It is directly
connected to other public databases at GEUS including the
shallow geophysical database GERDA, where e.g. borehole
loggings are stored, and to the Model Database where sim-
ple geological models are stored (Fig. 1).

B. Data flow
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Fig. 1. Diagram showing A: The access to data in the Jupiter database from different users and B: How data flow to and from the database. WS:

web services.

©2017 GEUS. Geological Survey of Denmark and Greenland Bulletin 38, 69-72. Open access: www.geus.dk/publications/bull 69



Table 1. User roles and privileges

Name of user role Privileges and use

For entering and editing samples and chemical
analyses. For laboratories to add data to the system.

Laboratory

Borehole write  For entering and editing information about
boreholes including location, geology/lithology
and borehole construction. For consultants and

local authorities to enter new boreholes.

Borehole read  For reading publicly available data about bore-

holes, water, soil and air samples and analysis.

Drinking water  For approving new drinking water samples with

approval analyses. For users from the authorities to qua-
lity control new drinking water data and by
approving the data, making them publicly available.
Groundwater  For approving new groundwater samples with
approval analysis. For users from the authorities to quality
control the new groundwater data and by
approving the data, making them publicly available.
Water level For entering and editing water-level measure-

ments. For users from the authorities to enter
and edit water-level measurements.

Sample approval For approving new water, soil and air samples
with analyses from surface samples. For users
from the authorities to quality control the new
water, soil and air analyses from surface samples
and by approving the data, making them publicly
available.

Water resources For entering and updating information about
water works. These data include water well fields,
treatment plants, permits, annual volumes of
extracted water, sampling sites and volumes of
water shared between different water works. For
the municipalities that survey the drinking water
to create and update their drinking water
structure.

This updated system is used by the municipalities to
manage their water supply data (e.g. water supply struc-
ture, permits, groundwater and drinking water quality
data), by state agencies to manage groundwater data from
the groundwater mapping and by the regions to maintain
their soil pollution data. The system has gradually been
expanded since 2007 and now local authorities can store
and maintain a wide range of their own data in the central
database.

The database system

The database system currently consists of the following
components:

1. A central database;

2. A public data model, agreed upon by a committee under
the The Danish Natural Environment Portal;
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3. A user-management system, managed by the The Danish
Natural Environment Portal, providing direct access to
the central database;

4. A suite of Simple Object Access Protocol (SOAP) web
services — an interface that allows computer-to-computer
communication. This enables local authorities to manage
their own data in the central database through their own
applications;

5. Applications that can access the database utilising the
components above.

The central database
The central database is based on GEUS’ Jupiter database

and run on an Oracle database. It has been under develop-
ment during the last 40 years. The extensions made since
2007 include full public online access to read data and
write access for public authorities to almost all data types.
The public part of the database is made available through

a view layer exposing the public data model.

The public data model
The public data model can handle:

o Borchole data, including: localisation and administrative
data, construction data, abandon data, geological descrip-
tion using common methodology, hydraulic head meas-
urements, samples and analyses from soil, water and air;

e Surface soil and water sample data;

o Water supply data for water plants, agriculture and indus-
try, including: extractions wells, well fields, water treat-
ment plants, extraction permits, water quality data, water
extraction, water use data, exchange of water between wa-
ter works, ownership and contact persons;

e Soil pollution data: projects; soil, water and air chemis-
try data from boreholes, surface samples and remediation
plants.

The data model is being developed and maintained
by GEUS, but all extensions and alterations have to be
agreed upon by the Groundwater Group under the Danish
Natural Environment Portal (DNEP). This is a common
public partnership between the Ministry of Environment
and Food of Denmark (45%), the Danish municipalities
(45%) and the Danish Regions (10%), and it acts as an in-
dependent portal across boundaries of authority. Its major
goal is to ensure continued access to harmonised, updated,
natural environmental data. The Groundwater Group it-
self consists of members appointed by the municipalities,



the Danish Environmental Protection Agency , the Danish
Regions, DNEP and GEUS. The public data model con-

sists of more than 90 data tables.

Data responsibility agreement

The data responsibility agreement determines which or-
ganisations are responsible for producing and maintain-
ing which data, and for making the data available to the
public. The various responsibilities are defined partly by
legislation and partly through agreements signed by the
participating partners and by voluntary reporting. At any
time, any data set in the public database has one and only
one responsible owner organisation.

Data ownership

The ownership of data can be defined either by the user
who enters the data or by the location of the data point.
In this way, the municipality or region in question, a state
agency and GEUS can own water-level measurements in
the same well. Each data owner is responsible for entering
their own data and secure their quality.

The analysing laboratory carrying out the quality con-
trol of drinking water is responsible for entering its data,
and it owns the data until the data entry and quality con-
trol have been completed. After this step, the ownership is
transferred to the municipality to which the water works
belongs. The municipality has to release the data before it
becomes publicly available. Apart from quality control of
the data sets, the new owner cannot alter the data. If er-
rors are found during the quality control, the municipality
must reject the water sample and all of its analyses, and the
laboratory has to resubmit a corrected data set.

User management

The Danish Natural Environment Portal has a central
user-management system which enables the user to use the
same login credentials to access and update data in differ-
ent systems. The users and their rights are managed locally
by user administrators who define the user rights through
a set of roles. Each role defines to which part of the data-
base the user shall have access. In this way it is the local
administrator who decides who should be allowed to access
the different public systems or obtain privileges to enter
and edit data. The different roles in the Jupiter system are
presented in Table 1. In addition to these roles, the system
gives the users access to data according to their geographi-
cal location. For example, all users can access water works
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Fig. 2. Screen shot from the web map interfaces to Jupiter showing bore-

holes and water plants from central Sjelland.

but only users from the municipality, where the water
works is situated, can update the information (provided
the user has the right role).

Data interface

The data are available in several ways. Most of the data are

available through:

Jupiter’s homepage: This entry is read-only and mainly used
by municipalities and members of the public to look up

specific data (Fig. 2).

SOAP web services: These services give read-and-write ac-
cess to different parts of the data model and have been
under development since 2007. With this interface pri-
vate companies can write applications for administrative
units for their data management. These services constitute
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the main entry outside GEUS for update of data. See for
example:hrtp:/fwebs.geus.dkimiljoeportal.groundwater.b-
boring.2.0.0/B-Boring?wsdl/ for updating borehole data.

WMS/WES: Several of the data themes are exposed through
web map services (WMS) and web feature services (WES).
Web map services deliver maps as bitmaps while web fea-
ture services can deliver the same data as geographical ob-
jects (point, lines and polygons) that can be used for spatial
queries in a GIS. These are used to support the map inter-
face on the Jupiter homepage, are available for end users,
and can also be imported into local GIS. These services are
used mainly in systems made for the different administrac-
ing units. See for example the WMS publishing borehole
information  htep:/idata.geus. dklgeusmaplows/25832.jsp?SE
RVICE=WMS&VERSION=1.1.1&REQUEST=GetCapabil
itiescLAYERS =jupiter_boringer_ws%2cjupiter_anlaeg_ws

Database download: Advanced users can download data as
database exports. In this way it is possible to export all
available data to a local hard drive (excluding water quality
control data not yet approved by the data owner and infor-
mation about owners and contact persons). This function
is meant for advanced users for e.g. geological modelling or
complex calculations on groundwater chemistry. It is even
possible to install a scheduled application that keeps the lo-
cal database updated on a nightly basis with changes made
in the central database. Such local copies of the database
are mainly used by consulting companies and large admin-
istrative units.

Discussion and conclusions

Nearly all data in the database must be publicly available.
Therefore, the access has been divided into two packages of
services since the first version of the Web Services was de-
veloped up to January 2007. One set contains all the read-
only functionality without any user management systems,
while the other package contains functions for updating
the data. However, due to very frequent use the read-only
services will have to be revised in the near future. Not all
users comply with the rules set up for the use of the ser-
vices, and since they are anonymous, it is difficult to iden-
tify those who break the rules. For example, users are not
allowed to use the services in batch mode or create a local
copy of the database.

We can, however, see from the logs, that one or more
read-only users behind a single ip-address make up to tens
of thousands of calls on a daily basis and thus obviously
do not comply with the rules set-up for the services. An
increase from ¢. 200 000 to 12 000 000 calls per month
in the last few years causes a heavy and increasing system
load. If a login with user name and password was to be re-
quired to enter the read-only services, it would be possible
to contact directly the users who use software that does not
comply with the rules of use. The access would still be free
of charge.

A public, shared database like Jupiter gives access to a
very broad use, where the data can be combined with other
public data or with private, non-public data. Also the many
different ways in which the data are available, such as web,
web GIS, different types of web services or download in da-
tabase format, make the data highly usable. The user gets
a coherent dataset containing geology, groundwater and
drinking water data, where the water can be followed all the
way from the borehole to the water plant. In recent years,
the database has been used for analysis of public health in
combination with drinking water quality. The free access
to the publicly available data has greatly increased the value
of the data. The authors do not know of any other publicly
available, combined geology — groundwater — drinking wa-
ter database systems like Jupiter. As the system is based on
a data model that has been agreed upon between different
stakeholders from municipalities, regions, state agencies
and the geological survey, the model can most probably
be used as a good starting point for development of similar
systems by other organisations and countries.

References

Gerda database: hetp://data.geus.dk/geusmap/?lang=endmapname=gerd
a#layers=gerda_ projects%2cgerda_data

Jupiter database: brtp://data.geus.dk/genusmap/imapname=jupiterérlang=en

SAML 2.0: https://en.wikipedia.org/wiki/SAML_2.0

SOAP web services: https://en.wikipedia.org/wiki/SOAP

The Danish Natural Environment Portal: hezp://www.miljoeportal.dk/
English/Sider/default.aspx

The Model Database: hrep://data.gens.dk/geusmap/?lang=enérmapname
=modeldb

Authors’ address:

Geological Survey of Denmark and Greenland, Oster Voldgade 10, DK-1350 Copenhagen K, Denmark. E-mail: mh@geus.dk

72



Arctic geopolitics and the beginning of
earthquake monitoring in Denmark and Greenland

A. Lif Lund Jacobsen

Where there scientific or political reasons behind Den-
mark’s decision to establish its first seismological stations
for earthquake monitoring? In a nation where earthquakes
are few and of small magnitude, it is remarkable that since
1927 the Geological Survey of Denmark and Greenland
(GEUS), and its predecessors back to the Danish Geodetic
Institute have recorded seismological events from perma-
nent stations in Denmark and Greenland and shared data
through international data centres.

As early as 1907, on private initiative by E.G. Harboe,
a seismological station was established in Godhavn, West
Greenland (Harboe 1911). However, with time it became
clear that the phase readings from the instruments lacked
precision (Fig. 1), and in 1912 monitoring was discontinued
due to lack of funding (Geodetisk Institut 1978). Having
never officially joined the International Seismological As-
sociation, or suffered destructive earthquake within their
territory, Danish authorities did not at the time have any
vested interest in operating expensive seismological stations.

The origins of Denmark’s seismological
monitoring programme

Historians of science have argued that scientific knowl-
edge of Greenland equalled sovereignty (Ries 2012; Doel

Fig. 1. Seismograms from the old station in Godhavn kept at GEUS.

These seismograms from 1907-1912 are among the oldest seismological

records in existence. Photo: Danish National Archives.

et al. 2016). Inspired by their approach, I suggest that the-
formation of a network of Danish and Greenlandic seis-
mological stations could be understood as an expression
of national geopolitical strategy rather than a display of
scientific vigour. By examining historical records from
public institutions like the Ministry of Education, Min-
istry of Foreign Affairs, Ministry of War and the Danish
Geodetic Institute as well as letters from Erik Nerlund and
Inge Lehmann, kept at the Danish National Archives and
GEUS, it is possible to assess to what degree geopolitical
considerations were a factor in establishing a seismological
monitoring programme in Denmark.

In 1923, Denmark became a full member of the Inter-
national Union of Geodesy and Geophysics (IUGG), but
it was not until October 1924 after the second [IUGG Gen-
eral Assembly in Madrid that (lack of) seismological mon-
itoring from its territory became an issue for Denmark.
Before the Assembly, a national committee for seismology
had hastily been formed under the leadership of Niels Erik
Norlund, professor of mathematics at Copenhagen Univer-
sity and director of the Danish Geodetic Service (Den Dan-
ske Gradmaaling). After the Assembly, Norlund reported to
the Ministry of Education that there had been considerable
pressure on Denmark to record and share geophysical data
from Greenland. So substantial was the pressure that Ner-
lund warned that unless Denmark initiated a programme
of general geodetic research, in particular seismological
monitoring and international data sharing, other nations
would question Denmark’s authority in Greenland (Dan-
ish National Archives (DNA) 1).

It was a potent threat, since the Danish government
rightfully feared that their claim to sovereignty over Green-
land could be contested by their neighbours. For example,
a stipulation of the 1917-treaty between Denmark and the
USA regarding the sale of the West Indies to the USA was,
in addition to paying DKK 25 million, that the USA also
acknowledged Denmark’s sovereignty over Greenland.
Norway on the other hand made counterclaims to parts of
eastern Greenland in 1924 and 1931 (Kragh ez a/. 2008).

Over the next months, Norlund worked on securing
support for his envisioned network of seismic stations. As
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director of the Danish Geodetic Service, Norlund was ap-
pointed to reorganise national geodesy, including triangu-
lation efforts which traditionally had been a key interest
area of the army’s Department of Topography (General-
stabens Topografiske Afdeling). Using his position, he added
seismology to the list of intended activities.

In order to secure the necessary political backing and
financial support from private funds, Nerlund employed
several different arguments. In addition to demonstrat-
ing sovereignty over Greenland, he argued that Denmark
needed seismological stations because all cultural and
refined nations in Europe had a least one. Also scientifi-
cally, seismological data constituted a valuable source of
information for geodetic research. Finally, he argued that
international data sharing was a means to maintain inter-
national peace and collaboration.

During the winter 1924/25, enough political and finan-
cial support was mustered that Nerlund and the Danish
Geodetic Service could begin building the network.

Establishing seismological stations from
1925 to 1927

From early on, it was clear that while the Danish govern-
ment was willing to authorise the construction of seismo-
logical stations, much of the funds to build stations and buy
scientific instruments had to come from private donations.

In the spring of 1925, orders for a variety of different
seismographs and other instruments were placed at inter-
national suppliers in England, Germany, Russia and the
USA. Not knowing which seismic frequencies they could
expect and at a time where no standards for performance
and accuracy exsisted, orders were for state-of-the-art
seismograph models of different mechanical or electrical
designs. The costly instruments were all paid for by the
Carlsberg Foundation which also made significant con-
tributions towards the construction costs of the stations.
In addition, Carlsberg also agreed to provide an annual
grant to cover operating costs for two of the three stations,
a practice that continued until the 1950s.

Without any practical knowledge about the working of
seismological instruments or how they would react to the
extreme climate of Greenland, it was decided that a station
in Denmark should act as a testing and comparison site for
the different instruments. At the same time negotiations
began to secure space for stations both in Copenhagen and
Greenland. Historical records show that geopolitical and
strategic considerations played a significant role in where
to locate the three planned stations (e.g. DNA 2).
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Fig. 2. In COP’s Caponiére XIII, the purely mechanical Wiechert Hori-

zontal seismograph is still in its original location. Photo: Casper Bro-

gaard Hojer.

Being relatively close to the city, the permanent station
in Copenhagen (COP) was the first to be completed. In
the spring of 1925, the Army handed over two caponieres
located in the old fortifications of Copenhagen (Vestvolden)
to be used as a seismological station. Still being part of the
military defense system, access to the station was restricted
until well after the Second World War.

Installations began in the autumn of 1926. By 17 Feb-
ruary 1927 all instruments were in place and monitoring
began, but due to occasional failure of the timing, the
working of the station was not considered satisfactory be-
fore March. Hereafter publication of the records began in
a seismological bulletin. By then COP was equipped with
the following seismographs: A Wiechert 1000 kg Horizon-
tal (Fig. 2), a Wiechert 1300 kg Vertical, three Galitzin
instruments (two horizontal and a vertical), a 2-component
Milne-Shaw. Later a 2-component Wood-Anderson seis-
mograph was added.

Today historical bulletins and log book from all the
stations can be found at hrep://seis.geus. netlseismic_service.
html. As the largest of the three seismological stations in
the network, COP had a fulltime caretaker to do daily
maintenance and recording, paid by the Carlsberg Foun-
dation and living in a nearby cottage.

Establishing and installing Denmark’s first permanent
seismological station was not an easy task for the untrained
personnel hired by Nerlund, and in recognition of their
valuable contribution, Inge Lehmann and two students re-
ceived a bonus worth nearly two months’ salary (DNA 3).
By all accounts, this was also the later so famous seismolo-
gist Inge Lehmann’s first encounter with seismological
work, which principles she first began to study in earnest
later that year.

The station in Ivittuut (IVI), South West Greenland,
was the second to be completed (Fig. 3). With the help



Fig. 3. The entrance to the seismological vault in Ivittuut is next to the

old tennis court. Today (2014), the court is unkempt and Ivittuut largely
deserted.

of the Danish mining company Kryolith Mine og Handels-
selskabet, a seismological vault was blasted into the bed-
rock about 250 m from the mine’s main blasting sites (!)
To determine the effect of blasting on the seismological
instruments tests were made with a portable seismograph
during the summer of 1926, but it was not before the sum-
mer of 1927 that the intended seismographs, a Wiechert
Vertical and a Wiechert Horizontal seismograph, were in-
stalled (DNA 4). Operated, for an extra fee, by the local
radio-telegraphist employed by the mining company, the
station began recording on 24 August 1927 (Bulletin Ivig-
tut 1929).

When the third and final station in the Danish network
was constructed, it became clear that that geopolitical ar-
guments worked both ways between Arctic nations.

In September 1925, Norlund wrote to the Danish
Ministry of Foreign Affairs that the Danish Geodetic
Service was considering a permanent seismological station
on Jan Mayen because the island had an active volcano. It
was a delicate subject since Norway’s Meteorological In-
stitute had annexed part of the island on behalf of Nor-
way. Denmark had refused to officially state its position
on the matter but maintained that some buildings within
the Norwegian-claimed area were owned by Denmark.
With the aid of the Ministry of Foreign Affairs, an agree-
ment was made with Norway in March 1926 to the effect
that the Danish Geodetic Service could place a station on
the Norwegian part of Jan Mayen. However, shortly after-
wards in July, Norway announced that their Meteorologi-
cal Institute would expand its activities to the whole island
and claim it on behalf of Norway (DNA 5).

In the summer of 1926, initial seismological tests were
carried out on Jan Mayen by the Danish Geodetic Service,
but results were poor and it was decided to establish the
station at the newly founded colony of Scoresbysund (/£

.,_, . ki o -3 e s g ¥
Fig. 4. Inge Lehmann (second from the left) inspects SCO presumably
in the summer of 1928. Photo: From Inge Lehmann’s private archive at
the Danish National Archives.

togqortoormiiz). Founded in 1925, one of the colony’s pur-
poses was to establish a Danish presence in East Greenland
where Norway also had made claims.

Construction of the station (SCO) began in the summer
of 1927, also here funded by the Carlsberg Foundation.
By then the Danish Geodetic Service had enough expe-
rience with construction and installation to proceed rela-
tively quickly. A cellar was blasted into the bedrock, and
on top of that a low building was constructed. To protect
the instruments from variations in temperature the cellar
was covered by 80 tons of rock and access restricted to a low
corridor one could only crawl through. A second building
housed the radio station and electronic recording instru-
ments (Geodatisk Institut 1930).

The installation of the seismological instruments went
smoothly, as the station was equipped with two Galitzin
horizontal seismographs and a Galitzin vertical seismo-
graph transferred from COP (Den Danske Gradmaaling
1928). Fully funded by the Carlsberg Foundation the sta-
tion began operation on 12 January 1928, with the local
radio-telegraphists in charge of daily recordings (Fig. 4). In
the beginning the paper seismograms were sent annually to
the Geodetic Institute by ship, but later it became practice
that results from large events were radioed immediately to

Copenhagen.

After 1928

In 1928 the Danish Geodetic Service and the Department
of Topography of the Army General Staff (Generalsta-
bens Topografiske Afdeling) merged to become the Danish
Geodetic Institute (Danmarks Geodetiske Instituz). Inge
Lehmann, who had been the principal figure in setting up
the Copenhagen station and analysing data from all the
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stations, was appointed chief of the Geodetic Institute’s
new Seismic Section.

The value of the Greenlandic seismological stations as
evidence of sovereignty was soon tested. In 1931, Norway
claimed parts of East Greenland, Denmark opposed the
claim and the matter was put to the Permanent Court of
International Justice in The Hague. In preparation for
the trial, the Ministry of Foreign Affairs asked the Dan-
ish Geodetic Institute to prepare a series of reports about
their scientific activities in Greenland. In July 1932, Inge
Lehmann forwarded a special report about the seismo-
logical station in Scoresbysund to the Ministry (DNA 5)
which was submitted as part of the evidence supporting
the Danish claim. In April 1933, the Court decided against
Norway, recognising Danish sovereignty over all parts of
Greenland.

Scientifically, the three stations also soon proved valu-
able by providing quality seismic records from remote,
low-noise Greenland, with efforts put into timing records
and adjustment of instruments in the challenging environ-
ment. It was partly data from the seismological stations in
Ivittuut and Ittoqqortoormiit that in 1936 enabled Inge
Lehmann to deduce the existence of the Earth’s inner core
(Lehmann 1936).

Today GEUS records seismological data from about 25
locations in Denmark and Greenland, including the origi-
nal stations in Copenhagen, Ivittuut and Ittoqqortoormii,
now equipped with modern digital instruments.

Conclusions

Historical documents from the Danish National Archives
and GEUS clearly show that international geopolitics and
strategic considerations played a significant role in the lo-
cation of the seismological stations. Especially Denmark’s
need to express its sovereignty over Greenland played a piv-
otal role. It was by invoking arguments of power, culture,
science and international peace the director of the Dan-
ish Geodetic Service, Erik Norlund, was able to gain the
necessary political and financial support for establishing a
network of seismological stations, and in 1928 establish a
permanent Danish seismological monitoring authority un-
der the Danish Geodetic Institute.

As the Danish government’s main interest was the stra-
tegic value of the seismological stations, it fell to private

donations to unlock the scientific potential of the stations.
It was therefore the logistic support of the Kryolith Mine og
Handelsselskabet and the long-term financial commitment
of the Carlsberg Foundation that made it possible to equip
and operate the stations at a high scientific standard.
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