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Abstract. The Vienna Basin in Eastern Austria is a region of

low to moderate seismicity, and hence the seismological net-

work coverage is relatively sparse. Nevertheless, the area is

one of the most densely populated and most developed areas

in Austria, so accurate earthquake location, including depth

estimation and relation to faults is not only important for un-

derstanding tectonic processes, but also for estimating seis-

mic hazard. Particularly depth estimation needs a dense seis-

mic network around the anticipated epicenter. If the station

coverage is not sufficient, the depth can only be estimated

roughly. Regional Depth Phases (RDP) like sPg, sPmP and

sPn have been already used successfully for calculating depth

even if only observable from one station. However, especially

in regions with sedimentary basins these phases prove diffi-

cult or impossible to recover from the seismic records.

For this study we use seismic array data from GERES.

It is 220 km to the North West of the Vienna Basin, which

– according to literature – is a suitable distance to recover

PmP and sPmP phases. We use array processing on recent

earthquake data from the Vienna Basin with local magnitudes

from 2.1 to 4.2 to reduce the SNR and to search for RDP. At

the same time, we do similar processing on synthetic data

specially modeled for this application. We compare real and

synthetic results to assess which phases can be identified and

to what extent depth estimation can be improved. Addition-

ally, we calculate a map of lateral propagation behavior of

RDP for a typical strike-slip earthquake in our region of in-

terest up to 400 km distance.

For our study case RDP propagation is strongly az-

imuthally dependent. Also, distance ranges differ from lit-

erature sources. Comparing with synthetic seismograms we

identify PmP and PbP phases with array processing as

strongest arrivals. Although the associated depth phases can-

not be identified at this distance and azimuth, identification

of the PbP phases limits possible depth to less than 20 km.

Polarization analysis adds information on the first arriving

Pn wave for local magnitudes above 2.5.

1 Introduction

Earthquake locations are fundamental for assessing seismic

hazard. To provide these, areas with high seismicity rates and

large magnitudes are instrumented with seismic stations. Par-

ticularly depth estimation requires a dense seismic network

around the suspected epicenter. In contrast our study area, the

Vienna Basin in Austria, a region of low to moderate seismic-

ity with a largest instrumentally recorded magnitude around

5, is only covered sparsely with seismic stations. Neverthe-

less, the area is one of the most densely populated and most

developed areas in Austria. In areas like these, estimation of

seismic hazard has to be based on location of earthquakes

with small magnitudes.

Regional Depth Phases (RDP) like sPg, sPmP and sPn are

P phases converted to S at the surface. They develop at dif-

ferent regional distance ranges (Ma and Atkinson, 2006) and

the time difference between direct and reflected phase is sen-

sitive to epicentral depth. This property already has been suc-

cessfully used for calculating depth even if an RDP is observ-

able at least at one station. However, especially in regions

with sedimentary basins, these phases prove difficult or im-

possible to recover from the seismic records. On the other

hand, seismic arrays together with appropriate processing

can be used to lower signal to noise ratio of seismic record-

ings and so help detect and identify phases as e.g., Rost and

Thomas (2002) describes.
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Figure 1. Right panel: schematic map of the Vienna Basin with surrounding tectonic units and main faults shown together with the focal

mechanism of the Ml 4.2 earthquake from 20 Septmeber 2013 in Ebreichsdorf by Hausmann et al. (2014). Top left: layout of seismic array

GERES with 1-component stations (white triangles) and 3-component stations (black triangles). Bottom left: P and S velocity model for the

area by Hausmann et al. (2010)

The purpose of this study is to investigate the possibility

of using a seismic array for identifying RDP in our region of

interest.

In our study area we previously investigated a series of

strike-slip earthquakes and relocated them (Apoloner and

Bokelmann, 2015) using local stations. From this dataset we

select all earthquakes with local magnitudes from 2.0 to 4.2

and analyse the records at the 220 km distant seismological

array GERES (Harjes, 1990). According to the literature (Ma

and Atkinson, 2006) those events should have a suitable mag-

nitude and distance to recover PmP and sPmP phases. We use

array processing on the whole array and polarization analysis

on the four 3-component stations. At the same time, we per-

form similar processing of synthetic data specially modeled

for this application. We compare real and synthetic results to

assert which phases can be identified.

2 Tectonic setting

Ongoing convergence between the Bohemian Massif on the

European Plate in the north and the Adriatic Plate in the south

lead to lateral extrusion of crustal blocks to the east (e.g.

Brückl et al., 2010), into the Pannonian Basin as is shown

in Fig. 1. Two main sinistral strike-slip faults show this

process: the Salzach-Enns-Mariazell-Puchberg (SEMP) fault

and the seismically active Mur-Mürz-Lineament (MML). In

the northwestern extension of those faults a pull-apart basin,

the Vienna Basin started forming and now is filled with sed-

imentary layers of a few kilometers. Beneath this basin the

MML branches into the Vienna Basin Fault System (VBFS)

which produces moderate seismic events with local magni-

tudes around 4.0. The Bohemian Massif extends beneath the

Northern Alpine Transition (NAT) and forms the crystalline

basement beneath the Vienna Basin (Wessely, 1983).

To approximate the underground between Ebreichsdorf

and GERES we used the model proposed by Hausmann et al.

(2010), which is a 4-layer simplification of the 3-D model by

Behm et al. (2007).

3 Seismic data

For our research, we used the data from the Ebreichsdorf

2013 earthquake series, which was located by Apoloner and

Bokelmann (2015) with all available data within 230 km and

the 3-D velocity model by Behm et al. (2007). For model-

ing the wave propagation we used the largest event with a

local magnitude of 4.2 and a depth of 10.5 km. Also, this is

one of the earthquakes in the Vienna Basin where a focal

mechanism was published. From this dataset we selected the

six earthquakes with local magnitudes above 2.0, which are

listed in Table 1. Most important for this study the events

were also recorded at the seismic array GERES in Germany .

The array consists of 21 1-component and four 3-component

seismic stations depicted in Fig. 1 which have been continu-

ously recording since 1991 (Harjes et al., 1993). The array is

at a distance of approximately 220 km from our area of inter-

est and has a backazimuth of 115◦ to the selected events.
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Table 1. Hypocentral parameters of earthquakes with local magnitude above 2.0 from Apoloner and Bokelmann (2015) sorted by focal depth

ID Origin Time Ml Longitude Latitude Depth

(UTC) (ZAMG) [deg] [deg] [km]

A 20 Sep 2013 02:06 4.2 16.4230 47.9318 10.5

B 2 Oct 2013 17:17 4.2 16.4229 47.9315 10.5

C 2 Oct 2013 19:42 2.8 16.4210 47.9324 10.0

D 24 Sep 2013 13:53 2.7 16.4207 47.9322 9.8

E 23 Oct 2013 19:34 2.6 16.4202 47.9321 9.6

F 2 Oct 2013 05:26 2.1 16.4237 47.9343 8.9

Figure 2. Sketch figure for different RDP wavepaths adapted from

Ma and Eaton (2011): (a) Pg and sPg, (b) Pn and sPn, (c) Moho

reflection PmP and sPmP, augmented by (d) Mid crust reflection

PbP and sPbP.

4 Regional Depth Phase (RDP) propagation

Regional depth phases such as sPg, sPmP and sPn in com-

bination with their reference phases Pg, PmP and Pn can

be used to estimate focal depths of regional earthquakes, if

they can be identified. Figure 2 sketches their wavepaths. In

principle, a single station with one phase pair may be suffi-

cient for accurately determining earthquake depth from the

difference in their arrival times. Different studies, e.g., Ma

and Eaton (2011) and Ma (2012) mention that regional depth

phases depend mainly on epicentral distance: Between 200

and 300 km waveforms should be quite simple: a weak Pn is

followed by a strong PmP and sPmP using a simple 2-layer

model and a thrust type mechanism.

Figure 3. Synthetic seismograms of the vertical component for the

central array station GEA0 for depths ranging from 0 to 25 km.

Phases are arrivals annotated ackording to wave type. e.g. sPn seems

to be visible, but is strongly overlapped by other phases. In addition

to the RDPs, the p5PbP is recognizable.

4.1 Waveform modeling

In the first part of this study we model RDP propagation

for the tectonic setting and seismic data in our area of in-

terest. Using the velocity model by Hausmann et al. (2010)

and the focal mechanism by Hausmann et al. (2014), the

source time function was estimated for both Ml 4.2 earth-

quakes with empirical Green functions and is approximated

by a 0.2 s parabolic pulse. With those parameters synthetic

seismograms were calculated using the wavenumber integra-

tion implemented by Herrmann (2013) for all stations of the

array and for depths ranging from 0 to 25 km.

To gain an overview on lateral propagation behavior of

RDP, we additionally calculated synthetic seismograms in a

regular spaced grid around Ebreichsdorf up to 400 km dis-

tance. However, Fig. 3 shows the results for the closest grid

point at an azimuth of 295◦ and 220 km distance, to facilitate

comparison of the results to the next processing step.

To give an overview RDP propagation we processed the

synthetic data as follows: we measure the maximum ampli-

tude of arriving RDPs on the horizontal component velocity

www.adv-geosci.net/41/5/2015/ Adv. Geosci., 41, 5–10, 2015
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Figure 4. Lateral propagation of PmP (top left panel) and sPmP

(bottom left panel) for a strike-slip earthquake in Ebreichsdorf at

10.5 km depth from synthetic traces: right panel shows combined

strength of phases (grey shades) and area of minimal visible ampli-

tude for both phases (white line).

Figure 5. Areas of visibility for both phases of a depth phase pair

derived from synthetic seismograms

record envelope for each grid point. Afterwards, we multi-

ply those values for each phase pair at each grid point and

normalize their power by extracting the square root. The in-

terpolated results are shown in Fig. 4 superimposed on our

area of interest. Dark coloring indicates high amplitudes for

at least one phase of a depth

However, for depth estimation it is advantageous, though

not necessary, to identify both. For this reason, we extract

the area where both phases of a pair should have a signifi-

cant amplitude. Based on the synthetic traces and real data

from GERES, we know that we can identify PmP and PbP.

Therefore, we assume that half the amplitude of PmP should

be still visible. We draw a contour line around the area where

each phase is above this minimum value and intersect the

contours for each phase pair. The result for PmP and sPmP is

shown in Fig. 4 in the right panel. Figure 5 puts together the

contour lines for different depth phase pairs.

Figure 6. Vespagrams for synthetic data for the first earthquake at

GERES and real data for all selected earthquakes from Table 1. Ves-

pagrams are aligned on PmP arrival and phases were calculated with

TauP of Crotwell and Owens (2011).

5 Array analysis with vespagrams

The synthetic traces in Fig. 3 as well as the spreading maps in

Fig. 4 and 5 show, that PmP and PbP should be visible clearly

because of their high amplitudes at GERES. However, S to

P conversions like sPmP and sPbP are not visible. As men-

tioned before array processing can be used to improve SNR

of time series by, e.g. creating vespagrams. Figure 6 shows

the results for all earthquakes in our dataset in color and for

the synthetics of the first earthquake A.

6 Polarization analysis of 3-component stations

Most elements of GERES are only recording the vertical

movement. This is sufficient to identify backazimuth and

slowness by array processing. However, GERES does also

have four 3-component sensors, which are shown in the top

left panel in Fig. 1. In the next step we try to use those sta-

tions to identify the phases visible in the vespagrams, us-

ing their polarization. For polarization analysis we used the

method introduced by Vidale (1986). Figure 7 shows the re-

sults for earthquakes A to E in grey and for the synthetics of

the first event in black. Earthquake F was not used because

of low SNR due to the small magnitude.

7 Results

7.1 Regional depth phase spreading

The different propagation patterns for PmP and sPmP are

shown in Fig. 4, together with the combination of both. Wave

propagation for our dataset with a four layer model and a
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Figure 7. Polarization analysis for synthetic data (black) and earth-

quakes (grey). From top to bottom: backazimuth, incidence angle,

rectilinearity, planarity and ellipticity.

strike-slip mechanism is more complex than anticipated from

literature, which, among other factors assumes that the mech-

anism is not relevant. The PmP phase has propagation pat-

tern like a P wave with four lobes with strong amplitudes

between 100 and 200 km. On the other hand, the sPmP prop-

agates like a S wave but is stronger at up to 90◦ azimuth

to the PmP and a similar distance range. The areas where

both phases are likely to be identified are depicted in the right

panel in Fig. 4. Depending on the azimuth distances between

50 and 250 km can have strong amplitudes.

Figure 5 shows the outlines of three different depth phase

combinations for our area of interest. Interestingly also the

PbP and sPbP phase pair, which has not been used for

depth estimations, shows a similar pattern to PmP and sPmP

phases. Pg and sPg also show strong azimuth dependence.

7.2 Array analysis

The vespagrams for our data in Fig. 6 show a clear pattern

for all earthquakes, which is also visible in the synthetics: A

strong PmP with an apparent velocity of 7 km s−1 is followed

by an even stronger PbP at 6.2 km s−1 even for our smallest

used magnitudes. PbP arrives later than calculated, which in-

dicated either a deeper Conrad discontinuity or higher veloc-

ities above it.

However, another strong phase follows with a high ampli-

tude in the real data, shortly before the sPg. In the synthetics

this phase is also visible and the most likely wavepath is an

upward going P wave which reflects at the 5 km interface in

the model and then propagates as PbP (p5PbP). The high am-

plitude indicates a depth below this interface and above the

Conrad discontinuity. Also, the downwards reflection hap-

pens very close to the earthquakes, which would relate to a

downward reflection from the bottom of the Vienna Basin.

Converted depth phases like sPg, sPmP and sPbP are not

visible. Although we could not identify depth phases, depth

is restricted since we know from modelling that a strong PbP

is only possible for sources above the Conrad.

Furthermore, it is important to notice that PmP is the by far

strongest phase arriving at GERES. This can lead to errors in

location if it is mistaken for the Pn phase, which is the first

arrival, but has much less energy.

The figures above show the results of the vespagrams of

an event at GERES. The top figure shows the result for the

recorded data, the bottom one for the synthetics. Although

the Pn onset is clearly visible after processing, other phases

cannot be identified because they occur very close to each

other.

7.3 Polarization analysis

In the last step we analysed the polarization of data and com-

pared it to the synthetic results (see Fig. 7). For the beginning

of the P coda analysed by us the backazimuth stays stable

at the estimated 115.5◦. Inclination changes with the differ-

ent phases arriving, in clear steps for the synthetic data and

slowly for the real data. Planarity and ellipticity do not show

a clear signal.

The Pn onset is clearly visible in backazimuth, incidence

and rectilinearity down to a local magnitude of 2.6. Earth-

quake F with a Ml of 2.1 does not even show this feature and

therefore was excluded.

8 Conclusions

Lateral analysis of synthetic data shows that regional depth

phase propagation is strongly dependent not only on depth

but also on the focal mechanism. Therefore, the knowledge

of focal mechanism is important and a typical mechanism

for the area needs to be used. Also, additional layers in the

underground can produce strong reflections not reported by

literature like PbP or p5PbP. Although no RDP pair could

be identified, the visible regional phases restrict depth of the

events in our dataset between a layer above and below the

earthquakes, which relate to the bottom of the Vienna Basin

and the Conrad discontinuity.

From comparison of the afore mentioned results to our

dataset, we conclude that earthquakes from the Vienna Basin

develop clear PmP and PbP arrivals at GERES. However, the

converted depth phases sPn, sPg, sPmP and sPbP are not vis-

ible, not even with the improved SNR of the array. Yet, ves-

pagram analysis can be used to identify phases in the P coda

by their slowness even down to magnitudes of 2.1.

Further research will analyse RDP propagation around

the Vienna Basin in more detail. One important feature that

needs to be addressed is the low-velocity sediment layer,

which is reported to weaken converted phases we are looking

www.adv-geosci.net/41/5/2015/ Adv. Geosci., 41, 5–10, 2015
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for. Also, we will investigate data from our dataset recorded

at stations, which are in areas where the synthetics indi-

cate high amplitudes for RDPs. Since time difference be-

tween RDP pairs is mainly affected by depth, as stated in Ma

(2010), it should be possible to use phase readings of single

phases at varying distances to estimate depth.

With newly deployed dense seismic network like the Al-

pArray presented in Fuchs et al. (2015) or profiles like EASI

(see Plomerova et al. (2015) wave propagation could be mon-

itored and maybe even tracked across the region. This ex-

tended knowledge of RDP behaviour can then be used to

locate even small earthquakes more accurately as more in-

formation than first picks is available.
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