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Abstract. We present a new 1-D P wave seismic velocity
model (called MP1-SUW) of the upper mantle structure beneath the western rim of the East European Craton (EEC)
based on the analysis of the earthquakes recorded at the
Suwałki (SUW) seismic station located in NE Poland which
belongs to the Polish Seismological Network (PLSN). Motivation for this study arises from the observation of a group of
reflected waves after expected P410 P at epicentral distances
2300–2800 km from the SUW station. Although the existing
global models represent the first-arrival traveltimes, they do
not represent the full wavefield with all reflected waves because they do not take into account the structural features
occurring regionally such as 300 km discontinuity. We perform P wave traveltime analysis using 1-D and 2-D forward
ray-tracing modelling for the distances of up to 3000 km.
We analysed 249 natural seismic events from four azimuthal
spans with epicentres in the western Mediterranean Sea region (WMSR), the Greece and Turkey region (GTR), the
Caucasus region (CR) and the part of the northern MidAtlantic Ridge near the Jan Mayen Island (JMR). For all chosen regions, except the JMR group for which 2-D modelling
was performed, we estimate a 1-D average velocity model
which will characterize the main seismic discontinuities. It
appears that a single 1-D model (MP1-SUW model) explains well the observed traveltimes for the analysed groups
of events. Differences resulting from the different azimuth
range of earthquakes are close to the assumed picking uncertainty. The MP1-SUW model documents the bottom of
the asthenospheric low-velocity zone (LVZ) at the depth of
220 km, 335 km discontinuity and the zone with the reduction of P wave velocity atop 410 km discontinuity which is
depressed to 440 km depth. The nature of the regionally oc-

curring 300 km boundary is explained here by tracing the ancient subduction regime related to the closure of the Iapetus
Ocean, the Rheic Ocean and the Tornquist Sea.

1

Introduction

One-dimensional reference models are employed almost in
every seismological method aimed at imaging of Earth’s interior (tomography, receiver functions, underside reflections).
However, results of those methods can be biased by the
choice of the background velocity model (e.g. Bastow, 2012).
Therefore, in the regional studies, it might be more appropriate to use modified reference models taking into account,
e.g. the tectonic regime of the area (e.g. Perchuc and Thybo,
1996). Following this strategy, we attempt to derive a onedimensional upper mantle P wave velocity model for the areas surrounding the East European Craton (EEC) to the west
and to the south. Toward this end, we use the data recorded at
the Suwałki (SUW) station belonging to the Polish Seismological Network. The data recorded at the SUW station were
used in few seismological studies (e.g. Bock et al., 1997;
Świeczak et al., 2004; Wilde-Piórko, 2005), but none of these
were focusing on the detailed interpretation of the recorded
traveltimes in the far-regional mode.
Due to the advancement in instrumentation and access to
infrastructure, array seismology is developing rapidly (e.g.
the Earthscope USArray project; Levander, 2003). However,
the cost of experiments remain very high. Here we would
like to explore the concept of using single-station data from
the existing seismological network to study the upper mantle structure based on the traveltimes and amplitudes of the
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Figure 1. (a) Four groups of earthquakes recorded at the SUW station (yellow asterisk): JMR (yellow points), WMSR (violet points), GTR
(red points) and CR (blue points). Circles centred at SUW mark the distance of 2000 (yellow) and 3000 km (red). Thick black line represents
the TTZ. (b) Map of the study area with indication of the regions to which our upper mantle model pertains (red dashed ellipses). Areas
shaded in grey are characterized by higher S wave velocities at 250 km depth according to the model of Shapiro and Ritzwoller (2002). Light
grey represents velocities about 4.65 km s−1 and dark grey about 4.80 km s−1 .

body waves. The necessary prerequisite for performing such
a study is the selection of the station that is located optimally for imaging particular mantle structure by providing proper azimuthal span and epicentral distances of the
recorded earthquakes (see e.g. Nita et al., 2012).
The choice of the SUW station for this analysis is twofold.
First of all, it is characterized by a good signal-to-noise ratio and relatively simple wavefield, as it is located on the
stable part of the EEC with a thin sedimentary cover. Secondly, the earthquakes recorded from the four azimuthal sectors (northern Mid-Atlantic Ridge, Western Mediterranean
Sea, Greece–Turkey, and Caucasus) are located in the 1500–
3000 km epicentral distance range, providing proper illumination of the upper mantle structure between the base of the
asthenosphere and the 410 km discontinuity. The bottoming
points of the refracted waves and midpoints of the reflected
waves fall in to the south-western rim of the East European Craton as indicated in Fig. 1. Therefore, we can study
the influence of the Teisseyre–Tornquist zone (TTZ) on the
recorded wavefield and mantle structure.
First, we present the tectonic setting and a review of the
studies pertaining to the investigated area, which mainly focused on Earth’s crust. Subsequently, we describe data (seismic waveforms from natural seismic events) and methods
used in this analysis (1-D and 2-D ray-tracing modelling). In
the results section we present all analysed seismic sections
together with the traveltimes calculated for our preferred upper mantle model. It is followed by error analysis and traveltime residuals statistics. Finally, we discuss our results in the
context of the geodynamics of the circum-EEC region.
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2

Tectonic setting and previous geophysical
investigations

In order to understand the structure and nature of the upper
mantle below the Baltica, it is necessary to understand its
history as a palaeocontinent which was moving across Iapetus Ocean with other palaeocontinents and microplates which
are nowadays neighbouring Baltica. The EEC is the oldest
part of eastern Europe. It formed about 1.8–1.7 Ga (years
ago) as a result of a collision between three separate plates:
Fenoscandia, Sarmatia and Volgo-Uralia (Bogdanova et al.,
2001, Bogdanova et al., 2005). The history of the palaeoplate movements from Vendian to Permian was described by
Cocks and Torsvik (2006). There were two major palaeotectonical events. First, about 450 Ma in the Ordovician, Avalonia separated from Gondwana and docked with Baltica and
afterwards they both joined Laurentia. The last event was
connected with the closure of the Iapetus Ocean which ended
about 420 Ma and the closure of the Tornquist Sea – a branch
of Iapetus. A different situation had place in the SW part
of the cratonic rim. In this area there were Rheic Ocean
structures formed from Devonian to Permian and then the
Palaeotethyan, which were evolving up to the TTZ (Ziegler et
al., 2006). Caledonian structures: Northwest Highlands (Gee,
1975) and Polish Caledonides (Znosko, 1986) were imposed
on the NW and SW margins of the EEC.
Geophysical studies are mainly seismic. There were numerous deep seismic sounding profiles recorded both west
and east of the TTZ (see recent summary in Guterch et
al., 2010). Starting with the LT profiles located in Poland
(Guterch et al., 1986), through the EUGENO-S project
www.solid-earth.net/5/523/2014/
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in Denmark and southern Sweden (EUGENO-S Working Group et al., 1988), Polish projects POLONAISE’97
(Guterch et al., 1999) and CELEBRATION 2000 (Guterch
et al., 2001), the FENNOLORA transect (Guggisberg and
Berthelsen, 1987; Abramovitz et al., 2002), the BABEL
project (BABEL Working Group, 1991), the MONA LISA
(Abramovitz et al., 1998) or EUROBRIDGE projects (EUROBRIDGE Seismic Working Group, 1999) we have a good
control on the crustal structure of the EEC and surrounding
areas.
All of these projects provided gross crustal structure down
to the Moho and only in few cases were deeper boundaries
interpreted (e.g. Grad et al., 2002). During the acquisition
of the deep seismic sounding profiles, some upper mantle
phases (both reflections and refractions) were traced in the
offset range beyond 400 km (e.g. in project POLONAISE’97,
Grad et al., 2002; EUGENO-S Working Group, 1988; BABEL Working Group, 1993; MONA LISA, Abramovitz et al.,
1999). Apart from the controlled-source seismology, some
passive-source experiments were conducted with the TOR
project being the most significant (Gregersen et al., 2010;
Plomerova et al., 2002). The TOR project spanning about
1000 km from northern Germany, through Denmark up to
southern Sweden, crossed principal tectonic zones inside the
rim of the EEC such as the Variscan Front, the Caledonian
Deformation Front and the Sorgenfrei–Tornquist zone – the
northern extension of the TTZ. This allowed us to image seismic structure of the crust and upper mantle (e.g. Somali et
al., 2006, Gregersen et al., 2010). The recently conducted
PASSEQ project (Wilde-Piórko et al., 2008) provided new
data for studying mantle structure across the TTZ, e.g. using
teleseismic P wave receiver functions (Knapmeyer-Endrun
et al., 2013).
3

Data and method

The SUW seismic station was chosen for this study because
of the good recording conditions in the remote part of NE
Poland and the thin sediment cover resulting in high-quality
seismic signal registrations. The station is equipped with the
STS-2 sensor and the data are recorded at 20 Hz. We used
broadband data recorded between 1997 and 2010 for earthquakes with magnitude greater than 4.5. The hypocentre locations were taken from the ISC bulletin (International Seismological Centre; http://www.isc.ac.uk/iscbulletin). The retrieved waveforms were converted from the native MSEED
to SEG-Y format in order to make seismic record sections
suitable for interpretation and modelling using standard tools
used in controlled-source seismology (Zelt, 1994).
The 249 events analysed (see Supplement and Fig. 1) are
located in the following areas:
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Table 1. Mean signal-to-noise ratio for the analysed groups of
events.
Region

JMR
CR 020
CR 2050
CR 50+
GTR 020
GTR 2050
GTR 50+
WMSR
Average

Number

Signal-to-noise ratio

of
events

Raw
data

After filtering
(0.5–2.0 Hz)

Improvement
(%)

34
34
23
12
53
36
14
43

4.70
2.57
3.52
5.54
6.59
3.61
13.84
6.30
5.38

8.17
7.50
6.66
12.66
4.85
5.26
18.02
11.54
8.16

73.83
191.83
89.20
128.52
−26.40
45.71
30.20
83.17
67.76

1. rift zone around the Jan Mayen region in the northern
Atlantic (JMR)
2. Western Mediterranean Sea region (WMSR)
3. Greece and Turkey region (GTR)
4. Caucasus region (CR).
All earthquakes generated in the JMR (part of the MidAtlantic Ridge) (Fig. 2a) were shallow crustal ones (depth
down to 10 km). The earthquakes in the WMSR were also
shallow, with focal depths down to 20 km (Fig. 2b). However, the data from the GTR (Fig. 2c) and CR (Fig. 2d), due
to a large variability of the source depths, were separated into
three groups with the focal depth ranges: 0–20 km, 20–50 km
and > 50 km. We divided earthquakes into these focal depth
ranges after evaluating differences in traveltimes calculated
for different focal depths in the AK135 model (Kennett et al.,
1995). Modelling was performed for each group separately.
It allowed us to limit static shifts in the record sections to 1 s.
We did not apply focal depth corrections to the data belonging to each epicentral group.
Seismic record sections sorted according to the increasing epicentral distance consist of the following number of
seismograms: 34 (JMR), 43 (WMR), 103 (GTR), 69 (CR).
We tested a range of bandpass filter frequencies for displaying data and finally we concluded that the best results were
obtained for a 0.5–2.0 Hz bandwidth. This bandpass filter is
commonly used in analysing data recorded in the far-regional
mode (e.g. Chu et al., 2012; Świeczak et al., 2004). As a data
quality check we calculated the signal-to-noise (SNR) ratio,
estimated using energy of the signal in the 2 s wide window
before and after first arrivals. Calculations were made using
the ZPLOT software (Zelt, 1994). Table 1 shows mean SNRs
calculated for the individual group of events. Group of the
deepest earthquakes from the GTR are characterized by the
best SNR for raw data. The best improvement after filtering
was observed for the CR group for events with focal depths
between 0 and 20 km. The average SNR for all raw data is
Solid Earth, 5, 523–535, 2014
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Figure 2. Distribution of the focal depths for the analysed groups of earthquakes: (a) JMR, (b) WMSR, (c) GTR, (d) CR.
Table 2. List of seismic events shown in Fig. 3. Numbers from column 1 correspond to numbers of seismic records in Fig. 3. (UTC –
coordinated universal time)
No.

Offset (km)

Date

Origin time (UTC)

Lat

Long

Depth (km)

Mag (mb)

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17

2259.18
2267.73
2275.16
2307.27
2322.30
2323.20
2334.51
2340.29
2360.94
2392.71
2395.07
2402.14
2412.09
2421.17
2422.18
2424.21
2430.11

24 Jun 2002
25 Feb 2007
07 Jun 1999
30 Aug 2005
08 Sep 2008
26 Aug 1999
02 Dec 1997
13 Aug 2006
23 Mar 1998
22 May 2003
16 Nov 2000
22 May 2003
02 Sep 2008
19 Jun 2003
14 Apr 2004
27 May 2003
18 Aug 2000

01:20:37.60
21:53:13.80
16:10:33.66
20:53:48.17
21:17:15.10
05:03:05.04
00:02:03.51
19:03:08.50
20:19:27.74
13:57:21.27
11:33:08.87
03:14:04.85
20:00:50.82
12:59:23.14
23:07:37.81
17:11:28.35
18:15:06.54

35.92
73.18
73.02
71.91
72.63
71.70
71.65
71.39
71.50
37.12
36.63
37.16
38.72
71.08
71.05
36.94
36.19

9.88
6.77
5.35
−1.09
0.96
−2.43
−3.03
−4.00
−4.47
3.84
4.79
3.57
45.79
−7.64
−7.74
3.54
4.96

10.0
10.0
10.0
10.0
10.0
10.0
10.0
13.1
10.0
10.0
8.7
15.0
3.0
0.5
10.5
6.1
10.0

4.7
5.1
5.2
4.8
5.0
5.1
5.0
4.8
5.1
4.8
4.8
5.2
4.9
5.6
5.7
5.5
4.9

5.38 and after bandpass filtering we achieve improvement of
∼ 68 %. Therefore, all presented seismic sections are displayed with a 0.5–2.0 Hz bandpass filter.
In this work we analysed earthquakes recorded in the
far-regional mode, i.e. with epicentral distances of 1500–
3000 km. As shown, for example, by Thybo and Perchuc
(1997), this offset range allows one to study upper mantle
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Seismic region
Tunisia
Greenland Sea
Greenland Sea
Jan Mayen Island region
Norwegian Sea
Jan Mayen Island region
Jan Mayen Island region
Jan Mayen Island region
Jan Mayen Island region
Western Mediterranean Sea
Northern Algeria
Western Mediterranean Sea
Iran–Armenia–Azerbaijan border
Jan Mayen Island region
Jan Mayen Island region
Northern Algeria
Northern Algeria

structure between the Lehman discontinuity at ca. 200 km
depth and the 410 km discontinuity. Phase identification was
supported by aligning the observed reflectivity based on
the maximum amplitude (Fig. 3) for earthquakes from different azimuthal spans (Table 2). Good alignment was obtained for the phase emerging at the time characteristic of
the 410 km discontinuity (Fig. 3a). There are also some other
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Figure 3. Seismograms aligned by the maximum amplitudes of (a)
P410 P (green line) and (b) P300 P (blue line). Seismograms are
ordered by the event’s number (see Table 2). Red dashes represent
first arrivals. Blue dots in (a) correspond to blue line in (b). Green
dots in (b) correspond to green line in (a).

strong phases that can be aligned in the epicentral distance
of 2260–2430 km (Fig. 3b), later interpreted as being the reflection phases from around 300 km depth. The discontinuity
at ca. 300 km was introduced based on earlier results of Nita
et al. (2012) and the presence of the reflected arrivals above
the P410 P reflected phase. The following reflected and refracted seismic phases were interpreted in the record sections
(Figs. 4–7) during subsequent modelling: P220 – refracted
wave from the bottom of the asthenosphere (LVZ), P335 P
– reflected wave from the regionally occurring discontinuity
located at the depth of about 335 km, and P440 and P440 P –
refracted and reflected waves from depressed 410 km discontinuity, modelled at ca. 440 km depth.
We used forward trial-and-error one-dimensional
(Kamiński and Muller, 1979) or two-dimensional ray-tracing
modelling (Gorman, 2002) in order to fit the observed
traveltimes of the refracted and reflected P wave mantle
phases and derive upper mantle P wave velocity models
beneath the areas indicated in Fig. 1b. We use spherical
earth conversion in 1-D modelling and spherical earth 2-D
ray-tracing in case of 2-D modelling. We picked first arrivals
(P220 and P440 ) and reflected waves from discontinuities
at the depths of 220, 335 and 440 km (P220 P , P335 P and
P440 P respectively). Finally, models were verified by calculating synthetic seismograms using the reflectivity method
(Fuchs and Muller, 1971; Muller, 1985).
www.solid-earth.net/5/523/2014/
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Results

We begin our modelling with the analysis of the MP-1 model
derived for the seismically active part of the United States
(Perchuc et al., 2008), west of the North American Craton.
The North American Craton was created in the same time
as the EEC (Hoffman, 1988) and is characterized by similar
features, which justifies such an analysis. For all chosen regions in this analysis we try to estimate a 1-D average model
which will characterize the main seismic discontinuities. It
came out during the modelling that a single 1-D model (MP1SUW model) explains well the observed traveltimes for the
four groups of events analysed. Differences resulting from
the different azimuth range of earthquakes are close to the
assumed picking uncertainty (0.1 s).
Figure 4a shows the obtained velocity distribution beneath
the western rim of the EEC (MP1-SUW model, Table 3) resulting from the forward ray-tracing modelling and fitting
of the calculated traveltimes to the observed mantle arrivals
(Figs. 4–7). Because of the far-regional offset range used in
this study, the velocities in the crust and down to 8 ◦ discontinuity (ca. 100 km depth; Thybo and Perchuc, 1997) and
within the asthenosphere were introduced a priori and fixed
during modelling. The crustal part of the models was based
on the published deep seismic sounding results (e.g. Guterch
et al., 1996; Grad et al., 2009). In case of the JMR group,
the waves leaving the source propagated within the oceanic
crust first and then went through the continental-type lithosphere. Therefore, 2-D modelling was necessary to account
for the variability between the oceanic and continental lithosphere encountered along this transect (Fig. 7b). The continental part has a similar vertical distribution of velocity to
1-D models for other azimuths.
Figure 4 shows the seismic sections for the GTR area.
Most of the events in this region occur down to 20 km depth
and the epicentral distances for those events are from 1500
to 2300 km (Fig. 4b). There is a good fit between the data
and the traveltimes refracted at the base of the mantle LVZ
(red dashed line) at the depth of 220 km. It is observed in
the first arrivals up to 2100 km. The P335 P (blue line) occurs as secondary arrivals. At an epicentral distance of about
2100 km, there is an intersection of the traveltime branches
of P220 and P440 (green dashed line) phases. After 2100 km,
the offset branch of P440 (green dashed line) is observed in
first arrivals.
Figure 4c shows the earthquakes from the focal depth
range of 20–50 km. These events were recorded at epicentral distances ranging from 1500 to 2300 km. As in the previous group, the P220 phase is observed in first arrivals at distances up to about 2100 km. After 2100 km the P440 phase arrives first. The P335 P wave is also visible as a second group.
P440 P is also recorded in the form of high-amplitude signals
observed at distances from 1950 to 2300 km. The closer the
distance of 2250 km, the more difficult it is to separate P335 P
Solid Earth, 5, 523–535, 2014
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Figure 4. (a) The new MP1-SUW model (red line) compared with the AK 135 model (black line). (b–d) Seismic sections with traveltimes
calculated for the MP1-SUW model for three focal depth ranges (b) 0–20 km, (c) 20–50 km, and (d) > 50 km. Red dots represent P200 , green
– P440 , blue – P335 P , and orange – P440 P phases.

and P440 P because these two branches intersect each other
at this point.
Figure 4d shows the deepest group of earthquakes (focal
depth > 50 km) recorded at the epicentral distances of 1860
to 2140 km. P220 can be seen only on two seismograms. Although, its presence at this depth is documented in the previous two sections. On this section the P335 P and P440 P reflected phases are also observed.
Figure 5 shows the seismic sections for the CR. Records
from these events start at about 2000 and end at about
3000 km epicentral distance. Here we also divided data into
three focal depth ranges: 0–20 km depth (Fig. 5a), 20–50 km
depth (Fig. 5b) and > 50 km (Fig. 5c). In this case, we can
only observe first arrivals of P220 in the first two sections
(red dashed line). However, analysis of the wavefield allows
us to follow phases refracted from 440 km and reflected from
335 and 440 km. On each section we have records documenting intersection of the two branches: P335 P and P440 P at
2250 km, after which we observed P440 P and then P335 P as
secondary arrivals.
In the case of the WMSR group of events, there is almost
the whole range of the useful epicentral distances. The shallow focal depth range, 0–20 km, allows us to put all events
Solid Earth, 5, 523–535, 2014

together in one seismic section (Fig. 6). Here we can observe
P220 as first arrivals at distances from 1700 to 2000 km. At
these distances we observe high-amplitude P335 P and P440 P
as secondary arrivals. There is a lack of seismograms in the
area where traveltime branches of P220 and P440 intersect,
but after 2200 km we observe P440 as first arrivals. Next we
interpreted P440 P phase followed by the P335 P phase.
Figure 7a presents the seismic section for the JMR region.
All those earthquakes are located along the rift zone close
to the Jan Mayen Island in the northern Atlantic. Their focal depths are from 0 to 10 km. The recorded epicentral distances ranging from 2260 to 2720 km allow us to model 335
and 440 km discontinuities. Taking into account differences
in the oceanic and continental lithosphere, we build a 2-D
velocity model. We observe P440 as first arrivals and P440 P
as secondary arrivals. The P335 P can be also distinguished in
this seismic section. Figure 7b illustrates ray-paths for reflection at 335 km depth and refraction and reflection at 440 km
discontinuity.
Figure 8 presents all 249 earthquakes with focal-depth
traveltime corrections applied in one seismic section. We
added values consequent from different focal depths for each
group respectively. These values were calculated during the
www.solid-earth.net/5/523/2014/
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Figure 6. Seismic section based on data from the WMSR region
with traveltimes calculated for the MP1-SUW model. Red dots represent P200 , green – P440 , blue – P335 P , and orange – P440 P
phases.

Figure 5. Seismic sections based on the data from the CR group
with traveltimes calculated for the MP1-SUW model for three focal depth ranges (a) 0–20 km depth, (b) 20–50 km depth, and (c)
> 50 km. Red dots represent P200 , green – P440 , blue – P335 P , and
orange – P440 P phases.

separation of earthquakes into smaller groups. In order to
verify the credibility of the derived models, we calculated
synthetic seismograms using the reflectivity method (Fuchs
and Muller, 1971; Muller, 1985). There is a good amplitude
match between the recorded data (Fig. 8) and the synthetic
section (Fig. 9).
There is an interesting feature in the MP1-SUW model
presented here (Fig. 4a). Atop the 440 km discontinuity there
is a 10 km thick zone with reduced velocities. The insertion
www.solid-earth.net/5/523/2014/

Figure 7. (a) Seismic section for the data from the JMR region with
traveltimes calculated in the 2-D model shown in (b). (b) 2-D raytracing model and the ray paths refracted and reflected at 335 and
440 km discontinuities. Green dots represent P440 , orange – P440 P
phases, and blue – P335 P . Green pattern in the LVZ is used to represent heterogeneous nature of this layer modelled as thin low–highvelocity layers.

of the LVZ is necessary to explain the separation between
P440 and P440 P branches as shown in Fig. 10. Figure 10a
contains part of a section from Fig. 8 with the traveltimes
Solid Earth, 5, 523–535, 2014
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Table 3. The MP1-SUW P wave velocity model.

Figure 8. All analysed seismograms recorded at the SUW station
with the focal depth corrections applied. Red dots represent P200 ,
green – P440 , blue – P335 P , and orange – P440 P phases.

Figure 9. Synthetic seismograms section calculated for the MP1SUW model using the reflectivity method (0.1–2.0 Hz). Compare
with data in Fig. 8.

calculated for the MP1-SUW model and Fig. 10b shows the
same section with the traveltimes calculated for the model
without the LVZ but with the same average velocity preserved.

5

Error analysis

We picked all the phases with the accuracy of ±0.1 s. The
most significant uncertainties are attributed to the limited
accuracy of the event location. The focal depth is the most
uncertain hypocentre coordinate in the ISC bulletins, which
were used in this analysis.
In order to demonstrate how well the predicted traveltimes
fit to the observed data, we present histograms of traveltime
residuals (tobs – tcalc ) in Fig. 11. We compare the traveltime
residuals of the first arrivals calculated for the MP1-SUW
Solid Earth, 5, 523–535, 2014

Depth
(km)

P
wave

Depth (km)
velocity (km s−1 )

P wave
velocity (km s−1 )

0
5
10
15
30
30
44
44
105
105
110
110
120
120
130
130
140
140
150
150
160

5.60
6.00
6.05
6.10
6.20
6.60
7.20
8.15
8.35
8.20
8.20
8.18
8.18
8.20
8.20
8.18
8.18
8.20
8.20
8.18
8.18

160
170
170
180
180
190
190
200
200
210
210
220
220
335
335
430
430
440
440
620

8.20
8.20
8.18
8.18
8.20
8.18
8.20
8.20
8.18
8.18
8.20
8.20
8.45
8.60
8.85
9.05
8.60
8.60
9.60
10.10

model (Fig. 11a–e) and for the reference AK135 model (Kennett et al., 1995) (Fig. 11a’–e’).
Figure 11a and 11a’ show histograms for all earthquakes
used. The adjustment for our model is better than for the
AK135. There are smaller errors for the −0.5–0.5 s range.
The best fit was obtained for the Jan Mayen group of events
(Fig. 11d). The traveltime residual range for that region is
±1 s. We attribute such a good fit to small focal depth uncertainties of the earthquakes from that region. Events with
small focal differences are more unique. It could also be a
result of the two-dimensional modelling.
The MP1-SUW model predicts two new branches of traveltimes for reflected waves, the P335 P and P440 P . Figure 12
presents how they fit in the records collected at the SUW
station. In the case of other models, such as PREM (Preliminary Reference Earth Model; Dziewoński and Anderson,
1981), IASPEI91 (International Association of Seismology
and Physics of the Earth’s Interior; Kennett and Engdahl,
1991), AK135 (Kennett et al., 1995) or iPREF (Cammarano
and Romanowicz, 2008) there is no possibility to make such
analysis because they do not reflect regional-scale inhomogeneities.
In Table 4 we summarized the three parameters of the fitting quality: the standard deviation, variance, kurtosis and
root mean square for all groups of data. Kurtosis is a measure of the deviation from the normal distribution (the kurtosis of the normal distribution is 3 for the applied formula).
Distributions that have higher variation than the normal
www.solid-earth.net/5/523/2014/
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Figure 10. (a) Part of the seismic section with the MP1-SUW model traveltimes overlaid. Red dots represent P440 , orange – P440 P , and
blue – P335 P . (b) Part of the seismic section with the traveltimes calculated for the model without the LVZ atop the 440 km discontinuity.
(c) Comparison of 1-D seismic velocity models. Red line corresponds to the MP1-SUW model and green line to the same model without
LVZ atop 440 km discontinuity. Black line corresponds to the AK135 model.
Table 4. Statistics of the traveltime residuals for the MP1-SUW (in bold) and the AK135 models (rms – root-mean square).
Region

Number of events

Standard deviation

Variation

Kurtosis

RMS

Greece and Turkey region

103

Greece and Turkey 0–20

53

Greece and Turkey 20–50

36

Greece and Turkey 50+

14

Caucasus region

69

Caucasus 0–20

34

Caucasus 20–50

23

Caucasus 50+

12

Western Mediterranean Sea region

43

Jan Mayen region

34

All events

249

P335 P
P440 P

83
76

1.01
1.99
0.85
1.80
1.10
1.40
1.18
1.29
1.50
1.61
1.67
1.86
1.58
1.55
0.77
0.86
1.20
1.57
0.32
0.27
1.08
1.58
0.75
0.75

1.01
3.96
0.73
3.25
1.22
1.96
1.40
1.65
2.26
2.59
2.78
3.44
2.51
2.40
0.60
0.73
1.44
2.46
0.10
0.07
1.31
2.79
0.56
0.57

4.46
3.62
3.32
3.74
6.18
3.76
2.69
2.76
3.45
2.79
2.33
2.21
4.38
3.52
3.08
3.65
3.57
2.15
2.22
2.63
3.72
3.00
3.91
4.00

1.00
2.25
0.88
3.03
1.10
1.43
1.20
1.44
1.46
1.65
1.64
1.87
1.55
1.59
0.74
1.13
1.19
1.63
0.36
0.29
1.07
1.71
0.75
0.80

distribution have a kurtosis greater than 3, distributions with
lower variation have a kurtosis less than 3.
The presented summary of the traveltime residuals’ statistics shows the fitting parameters with respect to the MP1SUW model and the AK135 respectively. We subdivided
GTR and CR analysis into smaller groups according to their
focal depths. The calculated residuals are also smaller for the
JMR. The comparison of the data in Table 4 shows that the
www.solid-earth.net/5/523/2014/

experimental data is described better by our model than the
global reference AK135 model. Although the AK135 model
describes first arrivals well, it does not take into account reflected waves and regional discontinuities such as the 300 km
discontinuity.
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Figure 12. Histograms of the traveltime residuals between the reflected phases P335 P (left column), the P440 P ones (right column)
and the calculated traveltimes for the MP1-SUW model.

Based on the analysis of both the refracted and reflected arrivals, we estimated uncertainty of the velocities in the MP1SUW model for each layer as ±0.025 km s−1 . The uncertainty for the depth of each discontinuity is ±10 km.

6

Figure 11. Histograms of the residuals between the observed traveltimes and the traveltimes calculated for the MP1-SUW model (left
column) and between the observed traveltimes and the traveltimes
calculated for the AK135 model (right column) for the following
data: (a) (a’) all events, (b) (b’) events from the CR, (c) (c’) events
from the GTR , (d) (d’) events from the JMR, (e) (e’) events from
the WMSR.
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Discussion

The MP1-SUW model is intended to characterize upper mantle structure below the western rim of the EEC. Both 1-D
and 2-D models provide a consistent image. The Lehmann
220 km phase, defining the bottom of the low-velocity zone
(Lehmann, 1961), is seen as first arrivals for the distance
range of 1500–2150 km. A very prominent feature of the
MP1-SUW model is the existence of the 300 km discontinuity at the depth of 335 km, which is observed at the
1500–2800 km offset range. The origin of the 300 km discontinuity is generally related to the existence of a subduction zone (Revenaugh and Jordan, 1991), where increased
amount of free silica is delivered to the upper mantle by
subducted oceanic and continental material. Both coesite–
stishovite phase transformation and the thermal anomaly
caused by a subducting slab can explain the velocity jump
at this discontinuity (Liu et al., 1999). With relation to the
mechanical mixture model of Xu et al. (2008), the jump in
P wave velocity at approximately 335 km depth would require enrichment in the basaltic component. In this region,
the nature of this boundary can be tentatively explained as
the traces of the ancient subduction regime related to the
closure of the Iapetus and Rheic oceans and the Tornquist
Sea (e.g. Torsvik et al., 1996, Torsvik and Rehnström, 2003).
This discontinuity, due to its regional scale, is recorded better for the JMR and CR groups of events, although we observe it also for the WMSR and GTR groups. An independent support for the existence of such a discontinuity was
recently provided by Knapmeyer-Endrun et al. (2013), who
studied the P wave receiver function based on the data from
www.solid-earth.net/5/523/2014/
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the PASSEQ experiment. There is a clear peak observed in
the receiver function section clustered around TTZ at ca. 30 s
relative time (see Fig. 7 in Knapmeyer-Endrun et al., 2013),
which is roughly equivalent to ca. 300 km depth. However,
authors do not comment whether this signal is related to primary or multiple energy.
We modelled 410 km discontinuity at the depth of 440 km.
It is observed as first arrivals in the 2150–3100 km offset
range. The deeper location of this discontinuity compared
to the reference global model (e.g. AK135) relates to the
observation of the LVZ atop it. We find reports of such a
zone in regional-scale investigations (Thybo et al., 1997). It
was also postulated as the global phenomenon (Bercovici and
Karato, 2003). In this case it can also be explained as an ancient oceanic structure subducted during the closure of the
Tornquist Sea (Torsvik and Rehnström, 2003). We interpret
the low-velocity zone above 410 km discontinuity as a result
of the dehydration of the subducted plate that brought some
residual water in the transition zone. This feature was found
and documented also in the western part of the United States
(Song et al., 2004), where authors interpreted it as a compositional anomaly. It could be caused by a dense partially
melted layer linked to prior subduction of the Farallon Plate
and back-arc extension.
Comparing MP1-SUW model with regional tomographic
models based on P wave traveltimes like the one of
Koulakov et al. (2009), we observe similar pattern of the
velocity anomalies in the regions analysed in this paper
(Fig. 1b), both in horizontal and vertical slices. However the
comparison is not straightforward as the tomographic models are inherently smooth and continuous whereas our model
contain discontinuities modelled using reflected waves.

7

Conclusions

We derived a new P wave velocity model of the upper mantle structure characterizing the western rim of the East European Craton (model MP1-SUW). Analysing seismic record
sections from events recorded at the SUW station, we calculated a one-dimensional P wave velocity model for the azimuthally differentiated regions: the Western Mediterranean
Sea region, the Greece and Turkey region and the Caucasus
region. The two-dimensional model for the JMR region was
justified by the fact that waves propagating from that source
region travel through the oceanic and continental structures.
The MP1-SUW model documents the bottom of the asthenospheric low-velocity zone at the depth of 220 km,
335 km discontinuity and the zone with the reduction of P
wave velocity atop 410 km discontinuity which is depressed
to 440 km depth. The nature of both the 335 and 440 km discontinuities are explained by tracing the ancient subduction
regime related to the closure of the Iapetus and Rheic oceans
and the Tornquist Sea (Torsvik and Rehnström, 2003). The
335 km discontinuity is a robust feature of the MP1-SUW
www.solid-earth.net/5/523/2014/
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model, however we are aware that this feature is not ubiquitous, but linked to the marginal zone of the EEC.
The work presented here shows that even a single station
can be a rich source of information when a careful phase
identification and modelling are implemented. We hope that
the seismological community can benefit from the use of the
MP1-SUW model in other regional studies, for example, in
receiver function calculation or traveltime tomography.

The Supplement related to this article is available online
at doi:10.5194/se-5-523-2014-supplement.
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