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In the European Union (EU) project Terrafirma, which is
supported by the European Space Agency to stimulate the
Global Monitoring Environment System, we are using the
latest technology to measure terrain motion on the basis
of satellite radar data. The technique we employ is known
as persistent scatterer interferometry (PSI); in Denmark, it
was previously used to map areas of subsidence susceptible
to flooding in the Danish part of the Wadden Sea (Vade-
havet) area (Pedersen ez /. 2011). That study was part of the
flooding risk theme under the TerraFirma Extension pro-
ject. Another coastal protection monitoring activity in the
EU seventh framework project SubCoast followed, in which
the low-lying south coast of Lolland, prone to flooding, was
studied. The Geological Survey of Denmark and Greenland
(GEUS) is also involved in the three-year EU collaborative
project PanGeo in which GEUS is one of 27 EU national
geological surveys. The objective of PanGeo is to provide
free and open access to geohazard information in support of
the Global Monitoring Environment System. This will be
achieved by providing a free, online geohazard information
service for the two largest cities in each EU country, i.c. 52
towns throughout Europe with ¢. 13% of EU’s population.

The Danish cities selected for investigation under Terra-
firmaare Copenhagen and Aalborg. Capitals have first prior-
ity, and Aalborg was chosen because of good satellite data. In
this paper, PSI data for Copenhagen are presented together
with interpretations of terrain displacement (Fig. 1).

PSI processing of satellite radar data for
Copenhagen

The satellite data covering Copenhagen were obtained
from the descending track D480 ERS satellite in the period
1992-2000. The PSI processing was carried out by Gamma
Remote Sensing AG, using a method that was carefully qual-
ified and validated in the Terrafirma project (Crosetto ez
al. 2008). GEUS carried out the analysis using the program
ArcGIS, in which geological and topographical data provide
the basis for interpretation. Based on the PSI data, nine areas
were outlined in which subsidence had occurred over the pe-

riod 1992-2000. The areas are between 0.1 and 2.2 km?and
here we present two of them. Apart from those mentioned
above, minor subsidence differences of regional extent have
been recognised; these are interpreted as tectonic.

The Copenhagen area that was processed has a size
of 960 km? with a reference point at 55.685668°N,
12.493937°E. A total of 419 660 PSI points were identi-
fied, corresponding to 437 points per km?. The majority of
the points (94.5%) show small rates of vertical motion, i.e.
between 1.5 and +1.5 mm/year. A small number of points
(1.6%) show subsidence rates of 3.5 to 1.5 mm/year, and a
few (0.2%) show subsidence rates of more than 3.5 mm/
year. A few points (0.4%) show uplift rates between 1.5 and
3.5 mm/year; these are regarded as scattered uncertainties

in relation to the average annual motion rate of 0.35 mm/
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Fig. 1. Map of Greater Copenhagen showing the area covered by PSI data.
Vertical movements are represented in a raster grid showing the average
movement in 100 x 100 m squares. The concentrations of yellow-red col-
ours show areas with maximum rates of subsidence. Note the regional dif-
ference in light and dark green colours which might be caused by tectonic

subsidence east of the Carlsberg fault zone.
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Fig. 2. Correlation between ground stability and surficial deposits in Greater Copenhagen. A: Map of classified soft ground areas in Greater Copenhagen.

The rectangles show the location of two examples of subsiding areas described in the text. B: Geological map of surficial deposits. The fill and reclamation

areas did not exist when the region was mapped in 1899 (Rerdam 1899).

year for the entire area, with a standard deviation of annual
motion rate amounting to 0.74 mm/year.

The geology of Copenhagen and its
relation to subsidence areas

Copenhagen is located on the east coast of the island of
Sjelland, which is separated from Sweden by the strait of
Oresund (Fig. 1). Part of the city extends onto the smaller,
neighbouring island of Amager, and the strait between the
two islands is the site of Copenhagen harbour. The airport
of Copenhagen, Kastrup, is situated on the southern part of
Amager. Most parts of Copenhagen are lowland, i.e. a few
metres above sea level, but the terrain rises northwards and
westwards where it reaches heights of 50 m a.s.l.

The bedrock of Copenhagen is dominated by Danian
limestone. Two units are found: the Stevns Klint Formation
that comprises bryozoan limestone rich in chert beds (Surlyk
et al. 2006) and the Kebenhavn Kalk Formation which is
dominated by calcarenitic, calcilutitic limestone with chert
beds (Stenestad 1976). An important tectonic feature is the
Catlsberg fault zone (Stenestad 1976; Jakobsen e al. 2002)
that can be followed from the south coast of Amager north-
westwards to Fureso (Figs 1, 2).
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The Quaternary deposits of Copenhagen comprise ice
age and postglacial deposits. The latter consist of terrestrial
sediments that accumulated in streams and bogs, and ma-
rine sand and gravel which accumulated along the coasts
(Fig. 2B). The ice-age deposits are dominated by a wide-
spread young till unit overlying melewater sand and gravel,
and more local, older till units and meltwater clay. Tunnel
valleys, depressions in hummocky moraine and stream val-
leys form wetlands around Copenhagen, where freshwater
deposits, mainly peat, accumulated in the Holocene. The
western part of Amager is reclaimed sea floor with marine
and coastal deposits. Areas with dump and fill deposits occur
along the coasts or in peat-dominated depressions and may
be characterised by high rates of subsidence.

Examples of areas with subsidence

Based on the geology and records of man-made ground, there
are three types of areas with potential risk of subsidence,
namely areas underlain by postglacial peat deposits (amount-
ing to 70 km?), large areas of man-made ground (53 km?) and
small areas of reclaimed land (19.4 km?).

One of the areas with subsidence identified from the PSI
data in the period 1992-2000 is Lerseparken (Figs 2, 3) with
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Fig. 3. Detailed map of Lersoparken (red frame). A: Orthophotograph of the area with PSI points representing areas of subsidence. B: Geological map of

the area showingt clay and peat in the NE-SW-striking valley. For location see Fig. 2.

a subsidence rate between 2 and 5 mm/year. The 0.22 km?
subsidingarea is situated in a NE-SW-trending valley where
postglacial peat has accumulated above clay in an elongated
depression (Fig. 3). The depression was used as a dump site in
the period from 1880 to 1920. Peat is easily compressed, and
compaction of the waste is an additional factor accounting

for the high subsidence rate.

Kalveboderne with Valbyparken and Tippen along the
coast of southern Copenhagen is another example of an area
with subsidence (Figs 2, 4). A considerable number of PSI

points show subsidence of more than 4 mm/year. This area
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of 1.4 km? was used as a dump from 1913 to 1960 when waste
was dumped on the beach and in the adjacent shallow sea. In
1961, the area was extended with fill to the present artificial
shoreline. Compaction of the soft, natural sediments and
waste followed by fill deposits lead to subsidence.

Subsidence related to tectonic features

The most important tectonic feature in the subsurface of
Copenhagen is the SE-NW-striking Carlsberg fault zone
(Fig. 1). The fault is part of a number of relay faults related
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Fig. 4. Detailed map of the Kalveboderne area where waste and fill have been deposited on Holocene marine and coastal deposits. A: Orthophotograph

with PSI data points. B: An old topographical map showing the same area prior to deposition of waste and fill. For location see Fig. 2.
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Fig. 5. Seismic cross-section of the Carlsberg fault zone (from Jakobsen ez
al. 2002). Maastrichtian chalk is found at the top of the western block,

whereas Danian limestone is present at the top of the eastern block.

to the Tornquist—Sorgenfrei wrench fault zone. A seismic
cross-section of the Carlsberg fault zone shows that it can be
classified as a negative flower structure with a mean vertical
offset of 50-100 m of the limestone deposits. The hanging
block is found north-east of the fault zone (Fig. 5; Fallesen
1995; Jakobsen ez /. 2002). The limestone in the fault zone
itself is strongly fractured as documented by low seismic
velocity in the fault-affected zone (Nielsen ez /. 2005). There
is clear evidence of weak, regional subsidence east of the fault
zone, i.c. the area of the down-thrown fault block (Fig. 1).
The Carlsberg fault zone can be followed north-westwards to
Fureso, which is the deepest lake in Denmark, and we suggest
that the shape of the lake is governed by displacement along
the fault zone. This would be an alternative explanation of

the origin of the lake, which has hitherto been regarded as

formed from a combination of tunnel valleys and kettle holes.
The subsidence recorded by the PSI points may correspond
to subsidence rates in the Copenhagen area recorded from
traditional levelling (Mark & Jensen 1982). Groundwater
extraction may also influence subsidence, which could have
been the case for Amager. However, the groundwater level
on Amager was stable during the period of the satellite data
acquisition.
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