


ple, which is very unusual for a Danish earthquake.
In some areas the earthquake was felt strongly, and
minor damage to four houses was reported. Both
humming and cracking sounds were associated with
the earthquake even at significant distance from the
epicenter.

Central Sjelland is seldom seismically active
(Lehmann, 1956; Gregersen et al., 1998), compared
to the Skagerrak and Kattegat regions where small
earthquakes are registered several times a year (Fig.
1). However over the last 300 years a few widely felt

earthquakes are believed to have occurred in the same
region as the November 6, 2001 earthquake. Addition-
ally, a smaller earthquake in the area has been detected
instrumentally, but not felt. No instrumental record-
ings exist for Danish earthquakes occurring before
1929, and the determination of epicenters for the older
earthquakes is therefore highly uncertain.

The oldest known earthquake we can attribute
to the area occurred on February 11, 1709. The only
available information about this earthquake describes
that it was felt in Copenhagen, Roskilde, and Kege.
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Fig. 2a: Map showing the epicent-
er and the seismograph stations
that recorded the earthquake.
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The event is mentioned in Lehmann (1956), where it
is no. 12 on her list of Danish earthquakes. Signifi-
cantly more information exists about an earthquake
that occurred shortly after noon on January 28, 1869.
Johnstrup (1870) collected 127 felt reports, both from
regions where the earthquake was felt and from the
adjacent area, where nothing was felt. Later in this
paper Johnstrup’s findings will be compared in detail
to the November 2001 earthquake.

Lehmann (1956) lists an earthquake (no. 41) in
July 1929, which was felt in the Holbaek and Sjeel-
lands Odde area. However, close inspection of the
felt reports show that a series of three to four bumps
were felt by at least two different observers. This
information reduces the likelihood that the source of
the observed phenomenon was an earthquake. Indeed,
Gregersen et al. (1998) have omitted the event from
the Danish earthquake catalogue.

Asmall M, 1.5 tremor was detected instrumentally
on September 17, 1982 (Gregersen et al., 1998). The
epicenter was located at 5541".60 N, 11 35".56 E which
isnearly in the same location as the November 6, 2001
earthquake, given the uncertainties in the hypocenter
determination process. The 1982 earthquake was too
small to be felt by anyone, but it confirms that the
area is mildly seismically active. With the improved
instrumentation in recent years the chance of register-
ing more earthquakes in the future has increased.

It is the objective of this paper to investigate and
describe in detail the November 6, 2001 earthquake,
and attempt to shed light on why the earthquake was
felt strongly over a large area. The vast macroseismic
material collected from this earthquake enables us
to study the variations in site response and possible
correlations with the geology. This information can
prove useful for future assessments of seismic hazard
in the area.

Description of the earthquake

The earthquake is peculiar in that we have a signifi-
cantly better macroseismic record than instrumental
recordings. It was a small magnitude earthquake caus-
ing a low signal to noise ratio on the seismographs, but
as it was felt strongly over a large and densely popu-
lated area, we were able to collect several hundred
felt reports. The unique macroseismic data set enables
us to understand better the connection between local
geology and ground shaking, something that cannot
be obtained by the seismographs alone.

Hypocenter and magnitude determination

The 2001 earthquake was recorded by the Danish
seismograph network, as well as by the seismograph
networks in our neighboring countries (Fig. 2a). As
the earthquake was small, the overall data quality
is rather poor although the records are abundant. In
order to determine the epicenter, a few spatially well-
distributed P and S-wave arrival times are sufficient,
whereas both determination of magnitude and focal
mechanism require reliable amplitude readings as
well. The latter can only be achieved on a few of the
stations (Fig. 2b).

The earthquake location has been determined using
the SeisAn seismological analysis software (Havskov
& Ottemoller, 1999) as well as an older Danish location
program (Gregersen, 1979), which is an extension of
the HYPO71 program (Lee & Lahr, 1971) to include
also Lg waves. The Lg wave is the phase with the
largest amplitude on a regional seismogram, and it
constitutes an important supplement to the P and
S readings when few recordings are available. The
Lg wave is, however, very sensitive to variations in
crustal structure as it is a superposition of S-wave
multiples trapped in the crust. The Lg wave train is
fully developed at a distance of approximately 100-200
km from the source. At closer range the amplitude
cannot be used.

The search for the best fit of latitude, longitude,
depth and zero time for the earthquake is done in a
least squares sense. Travel times are calculated in a
layered model. The two different location programs
yield epicenters just a few km apart and with over-
lapping uncertainty ellipses. The closely overlapping
results emphasize the credibility of both localisation
procedures. The final location is based on 57 arrival
readings from 25 different seismograph stations (Fig.
2a). The result of the location calculation can be found
in Table 1.

Table 1. Hypocenter and zero time for the earthquake

Date Time (UTC) Latitude (deg N) Longitude (deg E) Depth (km)

6 Nov 2001 18:05:27 55,677 11,701 20

The earthquake was reasonably well surrounded
by seismographs in Denmark, Germany, Norway,
Sweden and Finland, and the largest azimuthal gap
in coverage is 93 degrees. Thus the epicenter of the
earthquake is well determined. However, the loca-
tion programs use a travel-time curve based on a
one-dimensional model without inclusion of local
crustal inhomogeneities, so we estimate that the real
uncertainty can be as much as 10 km. The distance
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from the epicenter to the closest seismograph station
is approximately 50 km which is too far away to ob-
tain an accurate hypocentral depth based on crustal
phases. The standard error of the least squares solution
is 10 km for the depth, but the real uncertainty could
be as much as 15-20 km.

The magnitude has been determined to 2.8 ML us-
ing a calibration of the local magnitude scale to Danish
conditions (Geodeetisk Institut, 1983). The magnitude
is based on only one reading from the MUD station in
central Jylland, as the other Danish stations COP and
LLD are too close for reliable amplitude reading of the
Lg wave. The rest of the seismograms do not contain
measurable Lg wave amplitude.

An attempt was made to determine the focal
mechanism for the earthquake. The focal mechanisms
derived from earthquake data are often used to inves-
tigate the regional stress pattern (e.g., Zoback et al,

1989). However, very weak events with a magnitude
of less than three are generally assumed to express
local conditions, which are not necessarily in line with
the regional stress pattern (Gregersen, 1992). The focal
mechanisms on the larger earthquakes in Denmark
are consistent with ridge push from the Midatlantic
Ridge.

Several different methods were applied to the data to
obtain a focal mechanism for the earthquake. Between
8 and 10 stations, including a few in Norway and Ger-
many have sufficiently clear signals for the procedure.
Unfortunately the stations are mainly concentrated to
the north and south on the focal sphere. This causes
the problem to be poorly constrained, and the solution
is therefore not unique. The many possible solutions
range from pure strike-slip to pure normal faulting
on a vertical plane, so we are unfortunately not able
to suggest a reliable focal mechanism.
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Fig. 2b: A selection of the best verti- P
cal component seismograms for the |
earthquake. Even for the clearest
recordings the signal to noise ratio ~ BSEG
is rather low. The phases picked on
these vertical component seismo-
grams are marked on the figure. The | | | | | | | |
location of the seismograph stations 180540 50 180600 (10 20 30 40 50 18:06:00
can be found in Fig. 2a. Time in UTC
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Macroseismic description
- shaking and sound

Following the 6™ of November, people who had felt the
earthquake were encouraged to fill in a questionnaire.
This call, which went out through TV, radio as well as
newspapers, resulted in over 400 contacts and a total of
308 useable felt reports. This is a remarkable number
given the modest magnitude of the earthquake. In the
past Danish earthquakes of similar magnitude have
seldom resulted in more than 20 felt reports.

The data coverage is incomplete in that only those
observers who actively came forward received a
questionnaire. In order to assess the effect of the
tremor more accurately, it could have been beneficial
to send a questionnaire to everyone in the affected
area. In this way the borders of the felt area could be
delineated more accurately. However this would be
too costly to carry out, as the earthquake was widely
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felt over a heavily populated area, including Greater
Copenhagen. Recently a web-based version of the
earthquake questionnaire has been set up with the
hope of reaching a larger number of people following
the next earthquake.

The earthquake affected a wide area as seen in Fig.
3, where shaking intensities from the felt reports are
plotted. Each felt report was assigned an intensity ac-
cording to the European Macroseismic Scale (Griinthal,
1993). The value 6 represents modest damage to weak
buildings, such as cracks in houses with poor founda-
tion, and 5 is assigned to locations where loose objects
moved during the earthquake, e.g. a cup or a plate
that shifted on a table, or a lamp or a door that started
swinging. Intensity 4 is assigned where windows rat-
tled or the frame of the house gave off clear sound, and
intensity 3 is assigned where the earthquake was felt,
but nothing moved or rattled. A geographical coordi-
nate, necessary for plotting the data, was assigned to
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Fig. 3: Map showing where the 5

November 2001 earthquake 30
(colored dots) and the January
1869 earthquake (shaded areas)
were felt. Each dot represents one
observer, and the dots are color
coded according to the intensity
on the European Macroseismic
Scale. 6: modest damage to weak
structures, 5: loose objects moved,
4:houses rattle, 3: the earthquake o 3
was felt. The shaded areas from

4
the 1869 earthquake are redrawn f 5
from Johnstrup (1870). Faults are o &

redrawn from Vejbaek & Britze
(1994).
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each report based on the National Survey and Cadastre
(KMS) address-coordinate register.

Many of the observers describe that they have found
minor cracks in wallpaper or poor quality brick walls.
When there is any doubt weather a crack has been
caused by the earthquake or if it was previously there,
this information has been ignored when determining
the intensity for an observation point.

In the ideal case, the highest intensities are located
near the epicenter, with the intensity tapering off with
distance in a regular form. In the past isoseismals
drawn on intensity maps were used to determine the
epicenter of an earthquake, when only macroseismic
information was available. However, this method can-
not be used for the November 6, 2001 earthquake. The
instrumentally determined epicenter is located at the
western edge of the felt area, and the different intensity
levels do not form anything that resembles a regular
form (Fig. 3). While it can be somewhat subjective
whether a report is assigned an intensity of 3 or 4, the
distinction between 4 and 5, and between 5 and 6 is
quite clear. The intensity pattern in Fig. 3 is therefore
stable and reliable. However, given the uncertainty in
the epicenter location it is possible that the epicenter is
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