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Introduction

Temporary seismological stations were deployed in 
southern Norway, the northern part of Denmark and 
along coastal areas of southwestern Sweden with the 
main purpose of investigating deep structural differ-
ences. We look for potential anomalous upper mantle 
beneath the Scandinavian mountains in southern Nor-
way and for the southwestern boundary of thick litho-
sphere associated with the Baltic Shield (Artemiva & 
Thybo, 2008; Gregersen et al., 2006). We address these 
problems by analysing relative P-wave arrival times from 
distant earthquakes. A debate persists regarding the ori-
gin of high topography in Scandinavia. For some time, 
it has been a widely held view that the western part of 
Scandinavia experienced significant tectonic uplift in 
the Cenozoic era, and that the present-day high topog-
raphy is a result of this uplift (e.g. Dorè, 1992; Stuevold 
& Eldholm, 1996; Japsen & Chalmers, 2000; Lidmar-
Bergström et al., 2000; Bonow et al., 2007). Numerous 
potential uplift mechanisms have been proposed, but no 
specific model has been agreed on. Nielsen et al. (2008) 
argue that high topography is basically a remnant of the 
Caledonian mountain range. 

Along the Scandinavian Peninsula high topography cor-
relates with low Bouguer gravity anomalies and small 
free-air and isostatic anomalies, indicating isostatic 
equilibrium (Balling, 1980; Ebbing & Olesen, 2005). A 
receiver function study (Svenningsen et al., 2007) shows 
that the high topography in southern Norway is associ-
ated with a thick crust. This explains the major part of 
low Bouguer gravity anomalies and generates significant 
crustal buoyancy. In order to evaluate different hypoth-
eses on potential uplift mechanisms and timing, it is 
important to know whether additional buoyancy sustain-
ing present-day topography, originates from the upper 
mantle or not. P-wave travel time residuals (P-residuals) 
yield information on potential P-wave velocity anomalies 
in the upper mantle. These may be related to lithospheric 
thickness variations, differences in the physical character 
of asthenosphere, thermal anomalies or differences in 
chemical composition. 

The Tor-project revealed a sharp lithospheric boundary 
almost coinciding with the Sorgenfrei-Tornquist Zone 
(STZ, Fig.1) in southernmost Sweden and southeast-
ern Denmark. This separates thick lithosphere in the 
shield area from thinner lithosphere beneath the basins 
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to the southwest (Gossler et al., 2000; Gregersen et al., 
2002; Cotte et al., 2002; Alinaghi et al. 2003; Babuška & 
Plomerová, 2004; Shomali et al., 2006; Voss et al., 2006). 
A northward prolongation of this lithospheric boundary 
or transition has not been reported in previous studies.
Variation in crustal structure in the study area has, how-
ever, been described in several studies. Crustal thick-
ness variations were compiled by Kinck et al. (1993). 
More recent studies include that of Iwasaki et al. (1994); 
Schmidt (2000); Jensen et al. (2001); Svenningsen et al. 
(2007) and Sandrin & Thybo, (2008). Detailed seismolog-
ical information on the crust from the whole of  Europe 
is compiled in the EuCRUST-07 model of Tesauro et al. 
(2008). In comparison, studies describing the structure 
of the upper mantle in southern Norway and adjacent 
areas are few. Bannister et al. (1991), using arrivals of 
uppermost mantle P- and S-waves (Pn and Sn) recorded 
on permanent seismological stations, show that the high 
topography in Scandinavia is associated with reduced 
velocities in the uppermost mantle. Husebye et al. (1986) 
carried out tomographic modelling on observations 
mainly in Sweden, with 3 stations in Denmark, and 6 in 
Norway. They revealed higher velocities in Sweden and 
generally lower velocities in the basin area and south-
ern Norway, including the Oslo Graben area and mainly 
in the depth-interval of 0-300 km. Previous P-residual 
(Noponen, 1977) and surface wave studies (Calcagnile, 
1982) in the area as well as global tomography (Bijwaard 
et al., 1998) indicate lithospheric thinning away from the 
centre of the Baltic Shield, westward to the Norwegian 
coast and into the area of deep sedimentary basins to 
the southwest. These studies, however, suffer from a lim-
ited resolution due to sparse station coverage in the area 
of interest. The present study has a much improved data 
coverage. A recent surface wave study by Weidle & Mau-
pin (2008) reveals low S-wave velocities in the uppermost 
mantle that extends from the area around Iceland in the 
North Atlantic to beneath southern Scandinavia includ-
ing southern Norway. 

We include data from temporary seismological stations in 
southern Norway from the CENMOVE project (Nielsen 
et al, 2008), as well as additional seismological stations 
deployed in southern Norway, northern Denmark and 
in the southwestern part of Sweden in the CALAS proj-
ect (Crust And Lithosphere-Asthenosphere System in 
Southern Scandinavia) together with available permanent 
stations. Svenningsen et al. (2007) reported results on 
crustal thickness variations. In this study we present some 
first results on the upper mantle from the CALAS project. 

Tectonic setting
The area of investigation comprises the southwestern 
part of the Baltic Shield in southern Norway and south-
western Sweden, the Scandinavian Caledonides in south-
ern Norway and the Norwegian-Danish Basin (Fig. 1). 
Generally speaking, tectonic units decrease in age from 

the northeast towards the southwest. Accretion of mainly 
juvenile crust took place in several phases. The Svecofen-
nian Region was created around 1.9 Ga ago, the Trans-
scandinavian Igneous Belt at 1.85-1.65 Ga, and units to 
the southwest including Gothian crust around 1.65-1.5 
Ga (Gorbatschev & Bogdanova, 1993; Balling, 2000; 
Lahtinen et al., 2008; Bingen et al., 2008). The southwest-
ern crustal units were later reworked in the Sveconor-
wegian orogeny at 1.15-0.9 Ga. Continental collision 
between Baltica and Laurentia at about 430-410 Ma gave 
rise to the formation of the Scandinavian Caledonides 
with allochthonous units overthrusting Precambrian 
Baltica crust, generally from west to east (e.g. Roberts, 
2003). In the western part of southern Norway the Pre-
cambrian crystalline crust is exposed due to extensional 
collapse and erosion of Caledonian units in the Western 
Gneiss Province. Carboniferous-Permo-Triassic rift-
ing, magmatism and subsidence led to the formation of 
the Oslo Graben system. The crust beneath main parts 
of the Danish and adjacent areas is believed to have been 
reworked during the Sveconorwegian orogeny. Heating 
and extension in the Late Carboniferous-Permian and 
additional extension in the Triassic formed two east-west 
oriented basins, the Norwegian-Danish Basin and the 
North German Basin separated by the Ringkøbing-Fyn-
High (Vejbæk, 1997; Frederiksen et al., 2001). 
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Fig. 1. Structural outline of the study area of southern Scandinavia; 
NDB, Norwegian-Danish Basin; NGB, North German Basin; CDF, 
Caledonian Deformation Front; STZ, Sorgenfrei-Tornquist Zone; 
RFH, Ringkøbing-Fyn High; OG, Oslo Graben; SN, Sveconorwegian 
Province; TIB, Transscandinavian Igneous Belt; SF, Svecofennian 
Province; WGR, Western Gneiss Region; SS, Skagerrak Sea; KS, Kat-
tegat Sea.
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that high topography in western Scandinavia is mainly 
of Caledonian origin. They explain observed structures, 
morphology and sedimentation as being closely linked 
to different erosion rates varying with climatic changes. 
Erosional unloading and isostatic uplift, maintaining 
topography due to buoyancy of a thick crust of relatively 
low density compared to adjacent shield areas to the east 
(Svenningsen et al. 2007; Ebbing, 2007), are important 
elements of this hypothesis.

Instrumentation and data
Temporary seismological stations were deployed across 
high topography in southern Norway, in the northern 
part of Denmark including some islands in the Kattegat 
Sea and in coastal areas of southwestern Sweden, in order 

As regards the Scandinavian mountains, a debate persists 
whether they are remnants of the Caledonides that sur-
vived the extensional collapse and erosion, or whether 
they were peneplaned in the Jurassic and rose to their 
present elevation during the Cenozoic era. Several poten-
tial uplift mechanisms have been proposed; for summary 
of these, see Gabrielsen et al. (2005) and Nielsen et al. 
(2002). The most important hypotheses assuming sig-
nificant Cenozoic tectonic uplift include: asthenospheric 
diapirism, lithospheric delamination and magmatic 
underplating (Rohrman & van der Beek, 1996; Nielsen et 
al., 2002). Redfield et al. (2005) and Mosar (2003), based 
on erosional and depositional patterns, fault character-
istics and apatite fission track analysis, argue that recent 
uplift is related to the opening of the North Atlantic.
Nielsen et al. (2008), from apatite fission track studies, 
seismological data and geodynamic modelling, argue 
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Fig. 2. Surface elevation and posi-
tions of permanent (triangles) and 
temporary (circles) seismological 
stations used in this study. 
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Table1:
Station Latitude Longitude Altitude Sensor Deployment Events Residual

[º] [º] [m] [MM/YY-MM/YY] [s]
JH01 61.315 10.326 515 STS2 05/02-03/04 114 -0.10
JH02 61.577 9.938 577 1hz 05/02-03/04 116 -0.11
JH03 61.808 9.572 698 STS2 05/02-03/04 122 0.03
JH07 62.437 6.432 130 1hz/40T 05/02-01/04 70 0.35
JH08 62.017 7.666 930 1hz 05/02-03/04 74 0.05
JH09 61.727 8.28 780 STS2/1hz 06/02-03/04 43 0.05
JH10 62.032 6.889 198 40T/1hz  07/02-03/04 58 0.02
JH11 61.884 9.008 490 40T/1hz 07/02-03/04 54 -0.10
JH12 62.083 7.226 401 STS2/40T 10/02-03/04 69 0.04
JH13 61.904 8.035 527 STS2/40T 10/02-03/04 91 -0.06
OM01 60.308 12.761 123 1hz 07/03-03/04 55 -0.44
BB01 61.156 8.533 489 STS2 04/05-12/05 34 0.03
BB02 61.047 7.546 84 STS2 04/05-12/05 25 0.11
BT10 60.676 9.732 240 40T 04/05-12/05 38 0.23
BT11 60.602 10.301 999 40T 04/05-12/05 39 0.11
BB12 60.688 9.031 336 STS2 04/05-12/05 39 0.19
BT13 60.629 8.558 493 40T 04/05-12/05 40 0.20
BT14 60.554 8.24 904 40T 04/05-12/05 39 0.24
BB15 60.512 7.853 980 STS2 04/05-12/05 33 0.30
BT16 60.418 7.686 1149 40T 04/05-09/05 22 0.32
BT17 60.423 7.273 721 40T 04/05-12/05 39 0.27
BB18 60.468 6.86 135 STS2 04/05-12/05 37 0.20
BT19 60.417 6.388 34 40T 04/05-12/05 39 0.22
BT20 60.389 5.909 396 40T 04/05-12/05 36 0.18
BT21 60.439 5.575 122 40T 04/05-12/05 39 0.14
BT23 60.491 4.933 32 40T 04/05-12/05 35 0.24
SN30 58.759 8.92 232 3TD 07/05-07/06 36 0.08
SN31 59.315 8.51 360 3TD 07/05-07/06 43 0.21
SN32 59.712 7.766 606 3TD 07/05-06/06 42 0.34
SN33 58.942 7.761 504 3TD 07/05-06/06 40 0.23
SN34 58.249 8.169 57 3TD 10/05-06/06 21 0.16
DK01 57.437 10.351 46 STS2 03/05-05/06 39 -0.26
DK02 57.074 9.322 19 STS2 03/05-05/06 26 0.45
DK03 56.833 9.81 0 STS2 06/05-02/06 32 0.20
DK04 56.326 9.401 3 STS2 08/05-02/06 23 0.45
DK05 57.625 10.378 3 6TD 09/06-01/08 29 -0.13
DK06 57.317 11.165 18 3TD/6TD 08/06-06/08 44 -0.30
DK07 57.195 9.697 6 6TD 12/06-09/08 82 0.03
DK08 57.00 10.272 3 6TD 12/07-09/08 63 -0.07
DK09 56.706 11.541 11 3TD 09/06-05/07 31 -0.07
DK10 56.529 10.821 2 3TD 09/06-05/07 32 -0.08
DK11 55.989 10.554 3 40TD 10/06-09/08 56 0.22
DK12 56.492 8.432 33 6TD 10/06-09/08 32 0.30
SW01 58.61 11.984 105 6TD 09/06-09/07 39 -0.29
SW02 58.407 11.346 36 6TD 11/06-09/07 19 -0.34
SW03 58.075 12.603 87 40TD 09/06-02/07 6 -0.84
SW04 57.317 12.326 48 3TD 09/06-05/07 39 -0.61
SW05 56.753 12.631 15 3TD 09/06-05/07 40 -0.21
HFC2 60.133 13.694 297 STS2 permanent 272 -0.38
NAO02 60.806 10.897 362 1hz permanent 236 -0.25
NB204 61.05 11.158 670 1hz permanent 243 -0.15
NBO02 61.049 10.857 521 1hz permanent 232 -0.19
NC205 61.323 10.823 958 1hz permanent 252 -0.09
NC302 61.233 11.473 300 1hz permanent 244 -0.10
NC402 61.045 11.757 450 1hz permanent 245 -0.15
NC603 60.705 11.481 340 1hz permanent 232 -0.37
MUD 56.46 9.17 12 STS2 permanent 184 0.14
COP 55.683 12.433 13 STS1 permanent 228 0.07
BSD 55.11 14.91 88 STS2 permanent 217 -0.55
FOO 61.598 5.042 15 SP permanent 23 0.08
KONO 59.649 9.598 216 STS1 permanent 59 -0.07
OSL 59.937 10.723 70 SP permanent 14 -0.24
SNART 58.353 7.206 160 SP permanent 15 0.16
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The relative P-residuals originate primarily from the 
crust and upper mantle beneath stations.

Data processing and semi-automated arrival time picking

Data from different instrument types, including both 
short-period and broadband seismometers, are employed. 
Therefore, waveforms at the 1 Hz stations are deconvolved 
to achieve compatibility with the broadband stations. For 
computation of expected arrival times we have used hypo-
center information from the EHB-list (Engdahl, Hilst and 
Buland 1998). At the time of writing the EHB-list ends 
in February 2008. For later events, information is from 
the USGS catalogue (http://neic.usgs.gov/neis/epic). In 
order to speed up the process of first arrival time deter-
mination (picking) without compromising on consistency 
and quality control, we developed a modified VanDecar & 
Crosson cross-correlation procedure (VanDecar & Cros-
son, 1990) followed by visual quality control and optional 
adjustments. We found that, for our data, a strict applica-
tion of their method leads to unacceptable error levels. In 
order to make the automated procedure more robust, we 
developed the following five-step procedure: Step 1: Prior 
to cross-correlation each signal spectrum is re-scaled in 
order to give each octave the same RMS-amplitude. Step 
2: Subsequently, we downweighted frequency bands with 
poor signal to noise ratios, understood as frequencies 
where the RMS-amplitude does not rise significantly near 
the expected arrival time. These individually frequency 
equalized and noise-filtered signals go into the following 
three-step cross-correlation procedure. Step 3: This step 
follows VanDecar & Crosson (1990) except that we use the 
frequency band of 1/8-4 Hz, and we use all equations from 
the relative delay time matrix for individual stations as it 
is not symmetric. We rank the stations after their sum of 
misfits (equation (6) in VanDecar & Crosson, 1990). Sta-
tions with low misfit (mean error below 0.3 sec in more 
than 50% of all single station cross correlations) are 
selected as master stations. Step 4: P-residuals for the sub-
set of master stations are recomputed following VanDecar 
& Crosson´s eq. 6 with the same exceptions as in step 3. 
Step 5: Finally, we determine P-residuals at the remain-
ing stations by the mean of the cross-correlation residuals 
relative to each master station. 

P-residuals obtained by this procedure define relative 
time shifts of waveforms. These are checked visually in 
an interactive display, allowing for manual adjustments 
of relative arrival times. Generally, we find that 10-20% 
of the waveforms require manual adjustment. Consis-
tency of picks is enhanced in the following way: The 
wavelet of the reference station is plotted on top of the 
other stations, shifted and amplified to fit the waveform 
on the station to be picked, as illustrated in Fig. 3. Here 
five typical events are shown (one event appears in both 
subplots) at permanent station HFC2 in Sweden, perma-
nent station MUD in the Norwegian-Danish Basin, and 
temporary station BT13 in the middle of Hardanger-
vidda, southern Norway. We note that relative P-residu-

to cover major parts of the central and northern part of 
the Sorgenfrei-Tornquist Zone (STZ). Altogether, 63 sta-
tions are included in this study: 48 temporary stations 
and 15 permanent stations (Fig. 2). Data from the per-
manent stations included are those available from NOR-
SAR, from the Geological Survey of Denmark and Green-
land (GEUS) and some from the University of Bergen. 
11 mobile stations deployed as a part of the CENMOVE 
project were used with 10 stations installed along a line 
across the high topography of Jotunheimen reaching ele-
vations of more than 2 km (the northernmost profile) and 
one station (OM01) deployed east of the Oslo Graben. 
For the CALAS project, an additional 37 mobile stations 
were deployed. 13 of these were installed along a profile 
crossing the high plateau of Hardangervidda (the south-
ern profile). To ensure additional areal coverage, a total 
of 24 temporary stations were distributed across the study 
area and mainly south of the two profiles mentioned 
above. Stations deployed along the two profiles were also 
used for the purpose of a receiver function study (Sven-
ningsen et al., 2007), whereas the area covering stations 
were added for the purpose of this study. Stations cover 
areas of high topography in southern Norway and, with 
the exception of a gap in the Skagerrak Sea, stations are 
also placed across most of the northernmost part of the 
STZ. The temporary stations were deployed in several 
turns and, thus, were active during different time inter-
vals between 2002 and 2008. Details regarding station 
locations, deployment, number of earthquakes used as 
well as observational results in terms of relative P-resid-
uals, as described below, are provided in Table 1. Tem-
porary stations have generally more than 30 events and 
most permanent stations more than 200 events. P-resid-
uals were successfully extracted from events with mag-
nitudes down to around 6. A total number of 292 events 
produced 4889 P-residuals.

Relative P-wave travel time residuals
A P-wave travel time residual (P-residual) is defined as 
the time delay from the expected to the observed arrival 
time of the first P-wave from a distant earthquake. If 
the P-wave arrives earlier than expected, the P-residual 
is negative, whereas a later arrival is positive. In this 
study, the expected arrival time is calculated using the 
IASP91 velocity model (Kenneth & Engdahl, 1991) 
assuming a spherical Earth. Thus, a P-residual depends 
on all velocity deviations from the IASP91 model along 
the wave path from hypocenter to seismometer. In this 
study we compute relative P-residuals as defined later . 
This reduces the influence of remote velocity structures 
as well as errors in hypocenter location and origin time. 
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Table 1: Station information. Total number of events at each sta-
tion is given. The P-residual provided is station means after crustal 
correction. Zero level is defined as the average of all station mean 
values. These residuals are plotted in Fig. 4b.
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als are highly consistent for events from the same direc-
tion (Fig. 3a), and we resolve azimuthal variations which 
reflect lateral velocity variations below stations (Fig. 3b).

The relative P-residuals 

Some studies compute relative P-residuals by subtract-
ing the average of absolute P-residuals for each event 
(e.g. Shomali et al. 2006). By this procedure, the influ-
ence of source effects and other event specific uncertain-
ties is essentially removed making P-residuals from dif-
ferent earthquakes comparable. The relative P-residuals 
originate from the crust and upper mantle beneath sta-
tions. In the present study, data are collected on station 
arrays migrating in time (Table 1); thus, event averages 
would define a variable floating reference. Because this 
procedure would create a very serious bias in the results, 
we employ a reference station technique making all 
P-residuals relative to the Swedish permanent station 
Hagfors (HFC2). HFC2 is used in conjunction with the 
Danish permanent station Mønsted (MUD). These two 

stations are chosen as they were active throughout the 
period of data collection at the temporary stations, they 
recorded high quality data, and no significant azimuthal 
travel time dependence was observed at those sites. The 
mean relative P-residual between MUD and HFC2 is 
determined from a large number of events. Then for each 
event we use this mean relative P-residual to calculate an 
expected P-residual at HFC2 from the observed P-resid-
ual at MUD. Thus, we have two P-residuals at HFC2, the 
observed one and the one calculated from the observation 
at MUD using their mutual mean relative P-residual. The 
difference between these two “HFC2” P-residuals repre-
sents various uncertainties in phase identifications and 
small scale variations in velocity structure beneath sta-
tions. We reduce uncertainty by taking the mean of the two 
values and generally use this mean value as the final ref-
erence, thus subtracting it from observed P-residuals at all 
other stations. The MUD station is positioned in a basin 
area, and recordings here are slightly noisier than at HFC2. 
When the first arrival at one of the reference stations can-
not be identified with sufficient accuracy, the other one is 
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Fig. 3. Visual quality control of P-residuals using a reference station. Stations to be picked (MUD and BT13) are indicated by solid black lines 
and reference station (HFC2) by solid red and dashed red lines. Stars show where the first P-wave arrival is identified on the reference station, 
and transferred to the other stations by comparison of waveforms. 5 events are shown, one appears in both subplots. Time zero is the expected 
arrival time in an IASP91 Earth model. (a) Three events from approximately same direction. Note the consistency of P-residuals for these simi-
lar directions and (b) three events from different directions. Note how relative P-residuals vary clearly with direction.
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used as a single reference. Picking uncertainties are gener-
ally below 0.2 s when relative P-residuals are used.

Crustal and topographic corrections

In order to emphasise P-residual signals originating from 
the upper mantle, corrections for topography and varia-
tions in crustal structure are carried out to a depth of 
50 km. The two- layered model for the crystalline crust, 
EuCRUST-07, (Tesauro et al., 2008) is used in conjunc-
tion with detailed information supplied by GEUS for the 
Norwegian-Danish Basin in terms of depth to top pre-
Zechstein (TPZ) and average P-wave velocity between 
the surface and TPZ. For the sediments between TPZ 
(from GEUS) and basement (from EuCRUST-07), a mean 
velocity of 5 km/s is applied. By subtracting crustal effects 
from the observed relative P-residuals, the remaining 
P-residuals are assumed to originate predominantly from 
structures in the mantle below our correction depth of 50 
km. A similar crustal correction procedure was applied 
in the Tor project by Pedersen et al. (1999). Corrections 
are applied to every event arriving at each seismologi-
cal station. Corrections are computed by ray-tracing in 
the 3D-model. Crustal corrections are in the interval 
from –0.18 s to 0.42 s relative to the IASP91 velocity 
model. Differences in corrections are mostly influenced 
by variations in crustal thickness and depth of sedimen-

tary basins. Thick sedimentary sequences up to about 10 
km are present in the Norwegian-Danish Basin. Crustal 
thickness varies from about 30 km to 45 km within the 
study area. In southern Norway, thick crust in areas of 
high topography has a maximum Moho depth of about 43 
km, decreasing to about 33 km around the Oslo Graben 
and to 30 km along the Norwegian west coast (Svenning-
sen et al., 2007; Tesauro et al., 2008). In the Norwegian-
Danish Basin, Moho depth is about 30 km. The crystal-
line crust is thinnest, about 20 km, in northern Jutland 
(Frederiksen et al., 2001; Sandrin & Thybo, 2008).

In order to evaluate the influence of crustal uncertain-
ties on the crustal corrections, we calculate the change 
in travel time corresponding to a change in Moho locali-
sation or crustal velocity representing expected uncer-
tainty. A shift of the Moho by 2 km, assuming a veloc-
ity of 7 km/s above and 8 km/s below it, implies a travel 
time difference of 0.04-0.05 s for relevant earthquake dis-
tances of 30-100°. A change in average crustal velocity by 
0.15 km/s, for a thickness of 35 km, implies a change in 
travel times by 0.11-0.15 s. Uncertainties may locally be 
slightly larger due to short wavelength velocity variations 
not included in our model. This may apply to the Oslo 
Graben area and to some areas in the Norwegian-Danish 
Basin. Nevertheless, crustal corrections are significantly 
larger than the expected crustal uncertainties. 
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Fig. 4. Station means of relative P-wave travel time residuals, before (a) and after (b) corrections for topography and crustal effects. 
Blue/red colors represent early/late arrivals. In both plots zero level corresponds to the average of mean P-residuals. This means a 
slightly different zero level in (a) and (b).
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Azimuthal dependence
Variations in P-residuals, after crustal corrections, with 
respect to the direction of the incoming seismic wave are 
illustrated in Fig. 5. Fig. 5a shows all P-residuals plotted 
in the direction of the event. In Fig. 5b the P-residuals 
in bins of 30º are averaged to deal with possible satura-
tion problems in directions with many events. Variations 
amounting up to more than 1 s between directions of 
early and late arrivals, are observed at some stations, both 
for all events (Fig. 5a) and for bin averages (Fig. 5b). Fig. 
6 illustrates the spatial coverage of data. For the NOR-
SAR array in the northern part of the Oslo Graben area, 
significant azimuthal dependence is observed with early 
arrivals mainly from the east and later arrivals from west-
ern directions. A similar pattern is observed northwest-
wards and towards the southwest, though the tendency 
generally decreases away from the Oslo Graben area. 
This indicates the presence of a deep structural transi-
tion near the Oslo Graben. As the Oslo Graben area has 
a rather complex crustal structure, local effects resulting 
from structural variations not accounted for in the crustal 
corrections cannot be fully excluded. However,  the gen-
eral trend of early arrivals east of and late arrivals west of 
the Oslo Graben remains. In the central part of southern 
Norway, a different azimuthal dependence is observed, 
with the earliest arrivals being from the northwest. On 
the northernmost Danish stations, DK01 and DK05, early 

Mean of relative P-residuals
Fig. 4 shows the mean of relative P-residuals for each sta-
tion, both without and with crustal corrections. The zero 
level is defined as the average of all individual station 
mean P-residuals. We have confirmed (not shown) that 
the median of P-residuals at each station led to exactly 
the same pattern, so the influence of few outliers is negli-
gible. The general trend of P-residual variations remains 
after crustal corrections have been applied. The span in 
travel time P-residual from southern Sweden to central 
Jutland changes from about 1.2 s before to about 0.8 s 
after crustal correction. The exact size of crustal correc-
tions has little influence on interpretations, and observed 
trends in the P-residuals are clearly not related to uncer-
tainties in the crustal model.
Fig. 4b shows that early arrivals are observed in the east-
ern shield part of the area and in the Oslo Graben area, 
intermediate arrivals are observed along the northern 
profile in Norway (across Jotunheimen), and later arriv-
als in most of southern Norway west of the Oslo Graben 
and in the Norwegian-Danish Basin southwest of the 
STZ. The three northernmost Danish stations (DK01, 
DK05 and DK06), and the permanent station Bornholm 
(BSD) have early arrivals more similar to stations in Swe-
den than to stations southwest of the STZ. 

Fig. 5. Azimuthal dependence. Travel time P-residuals (after crustal correction) plotted as lines pointing towards the epicenter (a). 
Length of lines is proportional to the size of the P-residuals. Negative P-residuals are in blue and positive in red. (b) Similar to (a) but 
averaging within bins of 30º.
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arrivals are observed from the northeast and later arriv-
als from the southwest. A similar pattern, but with gener-
ally later arrivals, is observed at stations DK07 and DK08, 
located in the STZ. They record late arrivals from the 
southwest and earlier arrivals from the northeast. This 
pattern clearly indicates a deep, quite narrow upper man-
tle transition around the STZ in this area (Fig. 7).

Discussion
The early work by Noponen (1977) showed negative 
P-residuals (early P-wave arrivals) in the central part 
of the Baltic Shield and indicated later and later arriv-
als westwards across the Caledonides and to the south 
in the Danish area. However, this was based on only 7 
sites within our study area. Our observations are in good 
agreement with the early tomographic results by Huse-
bye et al. (1986) who found low velocities to depths of 
300 km in southern Norway, the Oslo Graben area and 
in the basin area, and higher velocities in the Shield area 
to the east. They had very few stations in southern Nor-
way and the basin area and their velocity boundaries 
were relatively loosely defined. Our study, generally hav-
ing more closely situated stations, adds much more travel 
time information for southern Norway, the northern part 
of Denmark and for coastal areas of southwestern Sweden 
(Fig. 6). Both surface wave analysis (Calcagnile, 1982), 
global tomography (Bijwaard et al., 1998), heat flow data 
and thermal modelling studies (Balling, 1995; Artemieva 
and Mooney, 2001) indicate lithospheric thinning west-
wards and southwards in Fennoscandia away from the 
central part of the shield area. See also recent review by 
Artemieva & Thybo (2008). Detailed tomographic mod-
elling and surface wave studies in the Tor project have 
shown that differences in P-wave arrival times across 
southeastern Sweden, southeastern Denmark and north-
ern Germany are to a large extent associated with sig-
nificant differences in lithospheric thickness. A sharp 
lithospheric transition is revealed around the Sorgenfrei-
Tornquist Zone between the Baltic Shield area in south-
ern Sweden and the southeastern part of the Norwegian-
Danish Basin (Gregersen et al., 2002; Shomali et al., 2006; 
Voss et al., 2006). Surface wave studies do not distinguish 
an asthenosphere in the Swedish shield area to a depth 
of 200 km (depth of resolution), but find a lithosphere-
asthenosphere boundary at about 120 km in the Danish 
area and at a shallower depth in northern Germany (Cotte 
et al., 2002). We have two stations (permanent stations 
BSD and COP) in this area (Fig. 2), showing P-residuals 
consistent with the result of the Tor project. According to 
our P-residual data, the lithospheric transition, north of 
the Tor project area, seems to proceed to the northwest 
to the northernmost part of Jutland, approximately coin-
ciding with the STZ. Early arrivals are observed at sta-
tions DK01 and DK05, and later arrivals slightly further 
to the southwest in deeper basin areas. This indicates the 
existence of a very deep and narrow structural boundary 
around the northernmost part of Jutland (Fig. 7). 

Fig. 6. Seismic wave coverage illustrated by ray line coverage for all 
stations and all seismic events used. Green line segments indicate ray 
paths in the upper 50 km, blue segments indicate the depth interval 
of 50 to 100 km, red segments indicate 100 to 200 km. Background 
color indicates surface elevation similar to Fig. 2.

Fig. 7. Interpreted lithospheric transition zone (hatched), with mean 
P-residuals after topographic and crustal corrections (cf. Fig. 4b).
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Relative P-residual variations of about ± 0.5 s, as observed 
across the area of southern Norway, require significant 
subcrustal contrasts in P-wave velocity structure. Most 
tomographic modelling studies, including those of the 
Tor project and recent results from the permanent Swed-
ish seismological network (Eken et al., 2007), show typi-
cal velocity perturbations in the upper mantle of ±1 to 
±3%. As an example, a ±2% perturbation on the upper-
most mantle P-wave velocity (of slightly above 8 km/s) 
in a 200 km thick layer results in a P-wave arrival time 
variation of ±0.4 to ±0.5 s depending on the steepness 
of the incoming wave. On the southern line, across Har-
dangervidda and adjacent areas in southern Norway, late 
arrivals are observed beneath areas of high topography, 
but particularly in the southeastern part of the northern 
line (from the NORSAR stations and towards the north-
west, Fig. 4b), quite early arrivals are seen from areas of 
high surface elevation and low Bouguer gravity (Ebbing 
2007; Svenningsen et al. 2007). From our data it seems 
that the western and southwestern parts of southern Nor-
way have reduced upper mantle velocity.

Regarding specific processes and tectonic events, to 
which observed travel time variations may be associ-
ated, several candidates are available. Some deep struc-
tural heritage may date back to early crust-forming pro-
cesses for which a potential deep lithospheric transition 
near the OG area is one candidate; see tectonic evolution 
reviewed in Bingen et al. (2008). The western and south-
western areas of southern Norway with P-residuals below 
average were affected by the Caledonian orogeny and 
possibly by several phases of Late Palaeozoic and Meso-
zoic lithospheric extension and rifting events culminat-
ing in the separation of Norway and Greenland in the 
early Cenozoic and the opening of the North Atlantic. 
These extensional phases gave rise to thinned crust and 
deep sedimentary basins along most of the coastal areas 
of Norway including areas off-shore southern Norway 
and may have affected the lithosphere-asthenosphere 
system at some lateral distance.

The late arrivals in southern Norway, west of the Oslo 
Graben, indicating reduced P-velocities in the upper man-
tle, might lead to an interpretation of reduced density in 
the upper mantle as the source of buoyancy, and support-
ing the high topography (Fig. 4b, Fig.2). However, the pat-
tern of late arrivals includes the coastal areas, and it fades 
in the area of highest topography, so a spatial correlation 
between high topography and late arrivals is not appar-
ent. We cannot rule out that more complicated recent 
processes, like the Atlantic opening, could have created 
this relatively simple pattern of late arrivals from the coast 
all the way to the OG area. But Occam’s razor favours the 
interpretation that the reduced upper mantle velocities 
under southern Norway are mainly of old origin and not 
particularly related to present-day high topography.

The variation with azimuth and epicentral distance seen at 
individual stations (Figs. 3 and 5) shows that tomographic 

In southern Norway and adjacent areas of southern 
Sweden, arrivals are generally early to the east and later 
to the west. The largest horizontal gradient in P-residu-
als is located around the western boundary of the Oslo 
Graben. If, like in the Tor project area, P-residual dif-
ferences are mainly associated with differences in litho-
spheric thickness and different associated contributions 
from the asthenosphere, our results indicate a thinner 
lithosphere to the west of the OG compared to the gra-
ben area itself and areas further east. Using a two-station 
surface wave method, Pedersen et al. (1994) found a 
thick lithosphere and no distinguishable asthenosphere 
beneath southeastern Norway (between permanent sta-
tion KONO and a selected NORSAR/NORESS station) 
and a lithosphere-asthenosphere transition (top LVZ) at 
about 110 km depth to the south, beneath Jutland. Our 
observations are consistent with this interpretation. 
Plomerová et al. (2001), from a study of P-residuals and 
seismic anisotropy across the Protogine Zone in south-
ern Sweden, proposed lithospheric thickening eastwards 
across this zone interpreted to cut through the entire 
lithosphere. Our data indicate the main transition may be 
located further to the west. Pascal et al. (2002) propose an 
old lithospheric transition across the OG as an explana-
tion for the location of the Oslo rift. This suggestion may 
find support in our data. Slagstad (2006) proposes that 
high heat producing granites in the OG area weakened 
the lithosphere and facilitated development of the OG in 
this particular location. Azimuthal P-residual variations 
near the Oslo Graben, with early arrivals mainly from the 
east and later arrivals from the west, indicate the presence 
of a deep lithospheric boundary. However, the pattern 
appears more gradational than that observed in the Tor 
project area. 

It is an important observational constraint that high 
topography along the Scandinavian peninsula correlates 
with low Bouguer gravity anomalies and small free-air 
and isostatic anomalies, thus indicating isostatic equilib-
rium (Balling, 1980; Ebbing & Olesen, 2005).
The receiver function study by Svenningsen et al. (2007) 
distinguishes a more than 10 km increase in crustal thick-
ness from the west coast of southern Norway and east-
wards to areas of low Bouguer gravity and high topogra-
phy along the Hardangervidda and Jotunheimen profiles. 
Thus, topographic isostatic support is clearly indicated to 
originate mainly from a thick crust with a significant den-
sity contrast between lower crust and the adjacent upper 
mantle. Our observations indicate that some additional 
buoyancy may originate from the uppermost mantle. 
This appears to be in agreement with the result presented 
in Bannister et al. (1991) showing reduced upper mantle 
velocity within areas of high topography in southern and 
central/northern Norway and with the gravity model-
ling of Ebbing (2007). In a recent surface wave study, 
Weidle & Maupin (2008) resolve a low S-velocity layer in 
the shallow upper mantle beneath southern Scandinavia 
including southern Norway, and extending to the north-
west into the North Atlantic. 
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Conclusions
Relative P-wave travel time residuals (P-residuals) deter-
mined for southern Norway, the northernmost part of 
Denmark and southwestern Sweden show variations of 
up to about 1 s originating from below the crust. The 
observed early arrivals to the east in the study area are 
consistent with the presence of thick shield lithosphere. 
In the Norwegian-Danish Basin southwest of the STZ, 
late arrivals are interpreted as being associated with 
thinned lithosphere related to the basin formation. By 
analysis of station means of P-residuals together with azi-
muthal dependence of P-residuals, a lithospheric bound-
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