Efforts to include geological and geodetic observations in
the assessment of earthquake activity in Denmark
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Assessment of earthquake hazard is improved if geological
and geodetic data are included in addition to seismologi-
cal data. In earthquake regions like Japan and California,
palacoseismology combines data from geology and seismol-
ogy, and networks of permanent GPS (global positioning
system) stations situated on bedrock supplement the net-
works of seismographs. A combination of seismographs and
GPS stations on ice is also used in current studies of glacial
earthquakes in Greenland. In Denmark only broad-scale
geodetic coverage is available (Khan ez 4/. 2005) and only a
few examples of geological input are found in the literature.
However, more thorough geodetic evaluations of deforma-
tions are currently made in Nordic co-operation projects and
we are looking forward to learn about the results. Also the

number of permanent GPS stations in Denmark has recently
been increased from 3 to 13. The geological input is limited
but may hold some potential, and the aim of this article is
to evaluate this. We also discuss new investigations of recent
geological movements, both in projects on post-glacial uplift
(and accompanying horizontal deformation) of Scandinavia,
and more locally of geological indicators of uplift in selected
areas. As seismologists, we are interested in a homogeneous
evaluation of geological indicators in all of Denmark and its
neighbouring areas.

In two recent seismological papers, we emphasised the
very low earthquake activity in Denmark, even in the geo-
logically significant Sorgenfrei-Tornquist Zone (Gregersen
& Voss 2009, 2010). The recorded earthquake activity over
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Fig. 1. Map of North-West Europe showing the
locations of earthquakes recorded from Janu-
ary 1970 to December 2004. Earthquakes in
Denmark are from a catalogue at the Geological
Survey of Denmark and Greenland, and the
other earthquake locations are from a Scandi-
navian catalogue at Helsinki University. Thick
black lines show large postglacial faules c. 9000
years old, according to Lagerbick (1991). The P
curves in central Scandinavia show an early

common Scandinavian compilation in project

BIFROST of uplift (mm/year). Updated carth- EHH
quake files for Denmark are available at .geus.dk

under seismology, and for the rest of Scandinavia

at www.seismo.helsinki.fi. The map is modified Em 5

from Gregersen & Voss (2009).
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the last hundred years is even lower than that of northern
Scandinavia (Fig.1). Historical reports from the past thou-
sand years tell the same story. The stresses in Denmark are
fairly homogencous, mainly influenced by plate motion and
only marginally by postglacial uplift, and the earthquake
hazard is considered low (Giardini 1999). Here, we assess the
longer geological perspective in an attempt to improve long
term evaluation of hazard and to demonstrate the need for
further geological investigations of stresses and strains in a
time scale of several thousands of years. The area discussed
is shown in Fig. 2, which also shows generalised, relative sea-
level changes after the time of the Littorina Sea in the mid-
Holocene (Christensen 2001).

Discussion of selected areas
Carlsberg fault, Copenhagen — This fault is one of the most

significant faults in the Copenhagen area (Rosenkrantz
1937; Nielsen & Thybo 2004), and it has been very impor-
tant for the Carlsberg brewery because large quantities of wa-
ter could be extracted from the fault zone for brewing beer.
Along the fault zone, cracks in house walls are observed, but
it is an open question whether it is worse than in the adja-
cent area (Ovesen ez al. 2002; O.W. Christensen, personal
communication 1990s; B. Larsen, personal communication
2009; L. Nielsen, personal communication 2009). No earth-
quakes have been recorded near the fault. A more quantita-
tive arca mapping around the fault is needed.

Misfits in the Danish geodetic system have been ascribed
to the Carlsberg fault. The base line of the distance measur-
ing system on the island of Amager near Copenhagen has
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Fig. 2. Map of south-western Scandinavia, showing maximum elevations
(m) and ages of shorelines from the Littorina Sea, according to Christensen

(2001). The circles show areas discussed in the text.
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been described as deformed (Ovesen ez a/. 2002). However,
a more probable explanation of this so-called deformation
is movements of near-surface sediments at one of the end
points of the base line before 1911 due to winter freezing and
thawing (M. Aarestrup, personal communication 1991; K.
Engsager, personal communication 2009). We consider it
unlikely that deformation occurred in 1930 as suggsted by
Rosenkrantz (1937) since no movements were registered be-
tween 1911 and 1933.

Another base line on Amager (in Danish called ‘prove-
bane’, trial distance) has been reported as deformed (Ovesen
et al. 2002). In this case the geodetic problem was identified
from observations which showed that there were problems
with the end point as mentioned above. One of the ends is
sloping strangely, and it must have been disturbed by winter
freezingand thawing (K. Engsager, personal communication
2009). We conclude that the Carlsberg fault is not active at
present.

Leso — Indications of a large fault with a displacement of 4 m
have been reported from geological investigations of sand
deposits younger than 7000 years on the island of Lase in
Kattegat (Hansen 1977, 1980, 1994). No other sedimentary
indications of carthquakes have been identified. Hansen sug-
gested that Lase does not fit into the post-glacial uplift pat-
tern of the neighbouring coasts of Kattegat, but according
to Christensen (2001) the elevations of the highest Littorina
Sea shorelines on Lase fit well into the regional pattern for
Kattegat (Fig. 2).

A number of transgressions and regressions occurred over
a period of several thousand years in the mid-Holocene in
the Kattegat region (Christensen 2001). The last of these
so-called Littorina transgressions ended around 4500 years
ago. The structural differences in the Sorgenfrei-Tornquist
Zone tell about an older geological regime, not the present
intraplate inactivity.

Hansen (1980) presented a curve showing changes of tilt
of a succession of shorelines based on shoreline elevation
measurements without any evaluation of uncertainties. Each
point in Fig. 3 represents an average of 10-15 individual
measurements that span an elevation of ¢. I m. This 1 m can
be taken as a rough estimate of four times the standard er-
ror. If an estimated standard error of 0.25 m is taken into
account, the argument for variations in tilting becomes non-
significant. We find that the observed differences and the
standard errors are of the same magnitude (Fig. 3). The zig-
zag line of Hansen (1980) goes through the average values of
the slopes and the data may as well be explained by a straight
line, i.e. within the belt of intervals determined by averages
+ one standard error. Hence we conclude that the differences



Fig. 3. Tilt of shorelines on Lase (Hansen 1980,

fig. 5) with our estimated standard errors added.
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in average tilt cannot be used as an argument for discontinu-
ous and occasionally reverse tilting. The data may as well
agree with steady uplift and tilting. The same magnitude of
standard errors in the use of geological markers for tilt meas-
urements, and for elevation measurements with respect to sea
level, is used in a recent work on Anholt, also in the Kattegat.
When changes in sea currents and stormy weather which can
influence the development of shorelines are added, the obser-
vations on shoreline tilting (Fig. 3) cannot be used on their
own as an argument for tectonic tilting,

On the basis of our assessment of old and new arguments
we conclude that the bedrock subsurface below Lzse has
been uplifted by the same amount as the rest of the Kattegat
region, regularly or with minor irregularities. This means
that there was no Leso carthquake 4000-5000 years ago.
The lower-lying parts of Lase with many well-documented
beach ridges have their own exciting history (Hansen e a/.
2011), best explained by regular postglacial uplift together
with coastal development influenced by sea currents, climate
and weather. One hundred kilometres south-east of Laso, in
the Kattegat Sea, where earthquakes have been registered
(Fig. 1), neotectonic small-scale faulting has been recognised
(Jensen et al. 2002).

Northern Jylland — It has been suggested that a bend in the
geodetic and geological uplift pattern north of Aalborg may
reflect a fault (Lykke-Andersen & Borre 2000). However,
according to follow-up measurements the bend could also
be due to gradual creep with no indications of carthquakes
(Gregersen & Schmidt 2001).

Central Jylland — Conspicuous so-called fracture valleys in
central Jylland were recently discussed by Jakobsen & Peder-
sen (2009). The valleys may be related to a deep fault zone, but

no evidence exists for present-day carthquakes in this region.

West coast of Sweden — Several localities on the west coast of
Sweden have been discussed by Morner (2003, 2009). Signs
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of geological movements at these localities include variations
in postglacial uplift of shorelines, faulting and rock defor-
mation in a few cases, and in many incidences rock slides.
Also signs of liquefaction were found at several stratigraphic
levels. We encourage a geological and geophysical assessment

of these localities.

Skdne — In Skane in southern Sweden repeated GPS meas-
urements have indicated differential movements of the two
sides of the Sorgenfrei-Tornquist Zone. However, these
measurements are not considered statistically significant by

Swedish geodesists.

Skagerrak — In Skagerrak and southern Norway more earth-
quake activity takes place than in Denmark (Fig. 1). An as-
sessment similar to the present one has been carried out by
Olesen et al. 2004.

Riigen — The bending phenomenon mentioned above is not
confined to northern Jylland. Similar geodetic observations
were reported from the island of Riigen in northern Ger-
many (Fig. 2; R. Dietrich, personal communication 2008).
However, seismological investigations show that northern-
most Germany is an carthquake-free region like southern-

most Denmark.

Discussion and conclusions

We have evaluated and discussed a number of reports on geo-
logical or geodetic indications of earthquake activity in Den-
mark. We found no signs of geologically recent faulting or
recent crustal deformation. This corroborates that Denmark
and its neighbouring areas are characterised by a small carth-
quake potential. The largest earthquakes recorded had a mag-
nitude of just below 6 on the Richter scale. This is supported
by the decrease of uplift stress after the last deglaciation. We
conclude that earthquake hazard evaluations in Denmark in
the foreseeable future are best based on seismological data
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alone (Gregersen & Voss 2009). The earthquake zones are
those found by historical and instrumental seismological
investigations in the seas around Denmark (Fig. 1). Unfor-
tunately this does not mean that destructive earthquakes
cannot happen. The situation in Denmark is parallel to that
of other intraplate regions. A totally unexpected destructive
earthquake happens once every decade somewhere on Earth
within a quiet lithospheric plate. Geodynamic stresses exist,
which are occasionally released in structurally weak zones.
Based on our present state of knowledge of seismology,
geodesy and geology, we cannot foresee in which fault zone
or region an earthquake may happen in Denmark, but no
region is directly earthquake prone. Not even the very sig-
nificant Sorgenfrei-Tornquist Zone is an earthquake zone
(Gregersen ez al. 2011).
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