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Abstract—We present the results from receiver function ana-

lysis applied to a comprehensive data set in the Eastern Alps.

Teleseismic events were recorded at 70 stations with an average

deployment of 1 year. The investigated area includes the eastern

part of the Eastern Alps and their transition to the Bohemian

Massif, the Pannonian domain, and the Southern Alps. The crustal

structure at each station is examined with the Zhu-Kanamori (ZK)

method, which yields well-resolved interface depths in laterally

homogeneous media with limited layering. The application of the

ZK technique is challenged because of the complex tectonic set-

ting; therefore, we include additional constraints from recent

active-source seismic studies. In particular, the well-known crustal

P-wave velocity and, where available, the Vp/Vs ratio are kept fixed,

thus reducing the ambiguity in determining Moho depths. Indi-

vidual depth values vary strongly between adjacent stations,

showing that the employment of the ZK technique in tectonically

complex settings is limited. We therefore avoid interpreting the

results in detail, but rather compare them to existing crustal models

of the Eastern Alps. We regard this receiver function study in the

easternmost part of the Alps as a documentation of a data set that

has potential to be exploited in the future.

Key words: Eastern Alps, Moho, receiver functions, crustal

structure, ZK technique.

1. Introduction

The Alps formed during the convergence between

the European and African plates. Besides these two

major plates, a number of smaller tectonic fragments

were involved in the construction of the present-day

Alpine architecture. Paleogeographic reconstructions

describe the progressive consumption of the Meliata

and then of the Piemont-Ligurian Ocean by Late

Cretaceous; continental collision started in the Mid-

dle Eocene, involving several hundreds of kilometers

of shortening causing the formation of thick litho-

spheric roots (e.g., PANZA et al. 1980; BABUSKA et al.

1987). The Eastern Alps (EA) were later affected by

the roll back of the Carpathian subduction (ROYDEN

et al. 1983) in the Late Oligocene-Early Miocene,

and reacted with the onset of an escape tectonic

regime (RATSCHBACHER et al. 1991) as indicated by

dextral transpression in the south (Periadriatic line)

and sinistral, strike-slip dominated kinematics in the

north (e.g., SEMP line, Mur-Muerz-line). Based on

recent seismic investigations and a wealth of com-

plimentary geodynamic observations, BRÜCKL et al.

(2010) and BRÜCKL (2011) provide a kinematic model

for post-collision and escape tectonics. The authors

postulate a stable continental triple junction in

between the European plate, Adriatic foreland, and

Pannonian fragment. In the context of this complex

geodynamic setting, the Moho is expected to have

been considerably modified since the onset of con-

vergence. Subduction consumed many hundreds of

kilometers of crust and mantle lithosphere (e.g.,

DEWEY et al. 1973; LAUBSCHER 1990; USTASZEWSKI

et al. 2008), and a newly formed Moho has poten-

tially been developed in the subducted continental

crust by high-pressure metamorphism (LAUBSCHER

1990). Crustal thinning during escape/extension fur-

ther modified the Moho topography (RATSCHBACHER

et al. 1991), in particular at the plate boundaries.

Information on crustal thickness in the Eastern

Alps is derived mainly from vintage to recent active

source 2D and 3D experiments (ALPINE EXPLOSION

SEISMOLOGY GROUP 1976; YAN and MECHIE 1989;

GUTERCH et al. 2003; BRÜCKL et al. 2003, 2007;

LUESCHEN et al. 2004; BLEIBINHAUS and GEBRANDE

2006; BEHM et al. 2007; GRAD et al. 2009a; BEHM
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2009). Teleseismic studies in the Western and East-

ern Alps (LIPPITSCH et al. 2003; DANDO et al. 2011;

MITTERBAUER et al. 2011) targeted the deep litho-

sphere and contribute to an ongoing debate on slab

geometry and subsequent geodynamic implications

(e.g., KISSLING et al. 2006; BRÜCKL 2011).

GEISSLER et al. (2008) produced a Moho map for

central and Eastern Europe using receiver functions,

which gives coarse information on the crustal struc-

ture involving stations with a spacing of hundreds

kilometers. Gravimetric measurements (MEURERS and

REUSS 2009) help determine the crustal thickness,

even though their sensitivity to shallow crust or

mantle anomalies makes the results non-unique.

GRAD et al. (2009b) present a Moho map of the entire

European plate based on 2D and 3D active source

seismic data, surface wave and receiver function

studies, as well as gravity models. DI STEFANO et al.

(2011) and SPADA et al. (2013) provide maps for the

Alpine area based on integrating passive and active

seismology.

As stated above, many different techniques can

provide information on crustal structures. One of

them, the receiver function (RF) method, is based on

converted teleseismic body waves and has become a

popular and successful method, in particular for

obtaining estimates of crustal thickness (e.g., ZHU and

KANAMORI 2000; DUGDA et al. 2005). RF studies in the

western part of the Alps (LOMBARDI et al. 2008, 2009)

have aimed at unraveling the Moho and deeper dis-

continuities. In the Eastern Alps, the first and to date

only published RF analysis on a crustal scale was

applied along the TRANSALP profile (KUMMEROW

et al. 2004). Our study presents a new comprehensive

RF data set covering a large portion of the Eastern

Alps and inferred insights into crustal structure and

thickness.

The information about the Moho from the dif-

ferent seismic techniques is dependent on the

resolution capabilities of each methodology. To a

large extent, the resolution and imaging depth depend

on the frequency content of the employed seismic

source (e.g., low-energy, high-frequency CSS data vs.

high-energy, low-frequency earthquake data). It is

important to recognize that the knowledge obtained

about the crust-mantle transition strongly depends on

the applied techniques and their intrinsic resolution

capabilities (CARBONELL et al. 2013). Given the

existing wealth of CSS data in the Eastern Alps, we

aim to add complementary information on crustal

structures, in particular the Moho topography, from

earthquake data.

We apply the method developed by ZHU and

KANAMORI (2000) (ZK) to the data and exploit the

20-km narrow spacing of 70 temporary and perma-

nent seismic stations. The ZK technique has been

applied worldwide in multiple studies (e.g., FRANÇA

and ASSUMPÇAO 2004; GEISSLER et al. 2008; PIANA

AGOSTINETTI and AMATO 2009; LLOYD et al. 2010;

GALLACHER and BASTOW 2012) and is a well-estab-

lished method to estimate depths and Vp/Vs ratios for

simple crustal structures. Complex tectonic environ-

ments prove to be a challenge for ZK technique, since

the RF time series are composed of a multitude of

converted phases due to the occurrence of several

seismic discontinuities in the crust (e.g., CHAMPION

et al. 2006). Due to the intricate structure of the

Eastern Alps, we chose to constrain the results by

keeping the Vp/Vs ratio constant and invert for Moho

depths only. We further validate our results with

previously published Moho depths.

2. Data and Method

2.1. Receiver Function Data set

We use data collected from three seismic net-

works for a total of 70 locations. Forty-nine stations

belong to the ALPASS temporary network (MITTER-

BAUER et al. 2011), 15 to the CBP (Carpathian Basin

Project) temporary network (DANDO et al. 2011), and

6 to the Austrian seismological permanent network

(maintained by ZAMG, Zentralanstalt für Meteorol-

ogie und Geodynamik, http://www.zamg.ac.at). The

stations are located between 11�E and 17�E longitude

and between 45.5�N and 49�N latitude (Fig. 1). The

ALPASS stations recorded between July 2005 and

April 2006, and CBP stations were active from May

2006 to June 2007. In addition, data recorded

between January 2009 and June 2011 by the ZAMG

network are included in this study.

We calculate RFs from earthquakes that occurred

at epicentral distances ranging from 25� to 110� and
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with a magnitude Mb [ 5.5. Figure 2a illustrates the

epicenters of teleseismic events recorded by the

permanent network between January 2009 and June

2011 (gray stars). The earthquakes used for the RF

computation are shown as blue stars for station

ARSA and yellow stars for station MOA. These two

stations include the largest and smallest selected data

set. Histograms of the back azimuth angle and

epicentral distances are shown in Fig. 2b and c. All

epicentral distances are sufficiently covered with a

maximum at 80�–90�; the bulk of discarded events

(gray bars in Fig. 2c) is associated with epicentral

distances larger than 95�. The south and southwest

directions are less sampled with respect to back

azimuthal angles (Fig. 2b).

P-S receiver functions highlight the differential

arrival time between the P-wave and the P-to-S

converted wave (Ps) at a major seismic interface

(LANGSTON 1979; AMMON 1991). The arrival time of

the Ps phase relative to the arrival time of the P phase

is a proxy of the depth of the converting interface.

The presence of several interfaces causes various Ps

converted phases along with their multiples (PpPs,

PsPs ? PpSs phases). Therefore, a complicated

crustal structure results in a more complex RF with

more than one phase. The RFs are computed on two

planes, the radial (plane joining the source with the

station, positive from the source) and the transverse

(at 90� clockwise from the radial plane). For an

isotropic medium, the converted Ps phases are

present only on the radial component, since the S

converted wave is polarized on the radial plane only.

For anisotropic structures, however, the converted

S-waves are polarized according to the fast and slow

anisotropic planes; therefore, the signature of the Ps

conversions appears on both the radial and transverse

components. This study considers only the radial

component of the RF in order to obtain the average

crustal thickness below each seismic station. The

receiver functions are calculated by a frequency
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Map of the Eastern Alps with station location. Red lines draw the path of major tectonic lines (AF Alpine thrust front, PAL Periadriatic Line).
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domain algorithm using multitaper correlation esti-

mates (PARK and LEVIN 2000). The method provides

an estimate of RF uncertainty in the frequency

domain, using the pre-event noise spectrum for

frequency-dependent damping. The multitaper spec-

trum estimates are leakage resistant, so low-

amplitude portions of the P-wave spectrum can

contribute to the RF estimate. This enables RFs from

different seismic events to be combined in a

weighted-average RF estimate. In our study, the

weighted average RFs are obtained by binning events

at 10� wide intervals of epicentral distance from all

back azimuthal directions. By stacking receiver

functions from different directions (azimuths), effects

of lateral structure variation are suppressed, and an

average crustal model is obtained.

A high pass filter with a cutoff frequency at 1 Hz

is applied, which results in a vertical RF resolution of

approximately 2–3 km.

The RF sets for each station are grouped in six

quality classes (1—best data to 5—poor data; 6 for

discarded data). The classification has been per-

formed according to the following observations on

the RF sets: (1) identification of the Ps-Moho phase,

(2) total back azimuthal coverage, (3) presence of

clear multiples, (4) absence of reverberations from

sedimentary shallow layers, and (5) absence of strong

intracrustal or upper mantle converted phases.

According to these observations, the RF gathers are

grouped in quality classes 1–6. RF sets for which all

constraints are observed are grouped in quality class 1

(i.e., ARSA). When there is no clear identification of

the Ps-Moho phase and none of the constraints are

fulfilled, the station is discarded (e.g., A106). Exam-

ples for each class are shown as supplementary online

material.

A minimum number of 28 and a maximum

number of 229 RFs have been used at individual

stations. In Fig. 3, RF gathers are grouped based on

similar features, in particular phases, amplitudes, and

arrival times, and on both station location and

recording length of the station. ARSA and CONA

have data classified in quality one and two, respec-

tively. For station ARSA (Fig. 3a), the Moho pulse is

well identified together with the multiples; an earlier

pulse (labeled Psc) is identified, likely because of an

intracrustal interface. RFs at CONA (Fig. 3b) show

the Moho converted phase (Psm) together with its

multiples and the Psc phase; in this example, the Psc

phase has a larger amplitude than the Psm. The

0

5

10

15

20

25

30

35

0 60 120 180 240 300 360

0

5

10

15

20

25

30

35

40 60 80 100

BACKAZIMUTH (deg)

EPICENTRAL DISTANCE (deg)

(a) (b)

(c)

Figure 2
a Epicentral distribution of teleseismic events. Gray stars show events between 2009 and 2011, blue stars events recorded by station ARSA,

and yellow stars events recorded by station MOA. b Back azimuthal distribution of the teleseismic events displayed on the map with same
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arrival time of the Psc (2.5 s) would correspond to an

interface at a depth of less than 20 km, which is

incompatible with the average Moho depth

(*35 km) in the area from previous studies (i.e.,

GRAD et al. 2009b; BEHM et al. 2007). The Psc

conversion might be due to a strong intracrustal

discontinuity and/or a velocity gradient in the lower

crust. The occurrence of this high amplitude Psc

phase downgrades the quality of the observation at

CONA from class 1 to class 2. The arrival times of

the multiple phases can clearly be identified at

stations of the permanent network (Fig. 3a, b),

because of its large number of recorded events and

the station’s high-quality installation. Stations A306

and A109 are classified in quality 3. Both of them

show Psc and Psm phases, and A109 has a third

important phase identified as Psm2. These two

stations hold the kind of information that we get

from some temporary stations in the study area, with

the presence of two or three converted phases at

depth. The two stations in Fig. 3e and f are located

within the Vienna Basin and Molasse Basin, respec-

tively, and they have been classified in quality class

3. The first seconds of the RF waveform for these two

stations are occupied by the reverberations due to the

sedimentary cover (pulses highlighted by the blue

dashed line); however, the Moho converted phase

(indicated as Psm) is still visible.

2.2. Application of the ZK Method

The crust-mantle boundary (Moho) is the most

pronounced seismic contrast in the lithosphere;

therefore, the Ps phases converted at the Moho

(Psm) dominate the RF time series. In an RF

waveform, the time difference between the direct

P-wave and the P-to-s converted phase at the Moho is

used to estimate the crustal thickness. However, the

time difference is dependent on both the compres-

sional wave velocity (Vp) of the crust and its Vp/Vs

ARSA CONA

30

60

90

120

0 5 10 15 20

A306 A109

30

60

90

120

0 5 10 15 20

30

60

90

120

0 5 10 15 20

30

60

90

120

0 5 10 15 20

Ep
ic

en
tr

al
 D

is
ta

nc
e 

(Δ
)

Time (s)

PpPsm   PpPsm   

PsPsm+
PpSsm

PsPsm+
PpSsm

PsmPsc Psc Psm

Psc Psm Psc Psm1

Psm2

Ep
ic

en
tr

al
 D

is
ta

nc
e 

(Δ
)

Time (s)

Ep
ic

en
tr

al
 D

is
ta

nc
e 

(Δ
)

Time (s)

Ep
ic

en
tr

al
 D

is
ta

nc
e 

(Δ
)

Time (s)

30

60

90

120

0 5 10 15 20

A7E3

Ep
ic

en
tr

al
 D

is
ta

nc
e 

(Δ
)

Time (s)

30

60

90

120

0 5 10 15 20

A7M3

Psm

Ep
ic

en
tr

al
 D

is
ta

nc
e 

(Δ
)

Time (s)

SEDIMENTARY BASIN

    permanent stations

NCA temporary stations

Psm

(a) (b)

(c) (d)

(e) (f)

Figure 3
Data examples. Radial RFs are computed using a frequency cutoff

of 1 Hz and binned according to their epicentral distance

(10� bins). Moho (Psm) converted phase and intracrustal (Psc)

phase are indicated along the epicentral sweep with their multiples

when visible. a, b Stations belonging to the permanent network and

located in the Eastern Alps s.s. and North Calcareous Alps (NCA).

c, d Stations located in the NCA and belonging to the temporary

network. d Converted phases at larger depths are highlighted as
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Vienna Basin, and Molasse Basin, respectively
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ratio. The ZK technique uses the relationship between

the differential arrival time of the RF, the thickness,

and the velocities within this layer. The method

employs a grid search in the two-dimensional domain

defined by the layer thickness (H) and Vp/Vs ratio

(k) for a set of specified average Vp velocities (e.g.,

6.0, 6.5, 7.0 km/s). A stacking function S (H,k) is

defined as S (H, k) = w1r(t1) ? w2r(t2) - w3r(t3),

where r(t) is the amplitude of the radial RF; t1, t2, and

t3 are the predicted Ps, PpPs, and PpSs ? PsPs arrival

time corresponding to H and k; and w1,2,3 are the

phase weights. We chose the weights for the

converted and reflected phases (w1, w2 and w3 for

Ps, PpPs, and PpSs ? PsPs), as 0.7, 0.2, and 0.1,

respectively, based on ZHU and KANAMORI (2000).

The sum S (H, k) is performed for all the RF from the

different epicentral distances. For simple crustal

structures, the technique yields a well-resolved max-

imum and unique result for the Moho depth in the

grid search. However, in the presence of a layered

crust, multiple pronounced local maxima are

observed (e.g., EATON et al. 2006; OLSSON et al.

2008).

A grid search for both H and k shows multiple

maxima among which the H and k values maximizing

the S-function reach unrealistically high and low

values at many stations. Examples of the S (H,

k) function are shown in the supplementary online

material (Figure S1).

We aim to minimize the non-uniqueness of

possible (H, k) solutions by calculating the stacking

function for fixed Vp and Vp/Vs ratios at each station.

The stacking function is referred to as S (H), since it

only depends on the crustal thickness H. The Vp and

Vp/Vs values at each station are based on the crustal

models of BEHM et al. (2007) and BEHM (2009). In

these studies, the average crustal Vp varies between

6 km/s, e.g., in the Molasse Basin region, and

6.6 km/s in the southern part of the Bohemian

Massif. Vs has only been constrained in the upper

crust at a number of stations, and the observed Vp/Vs

ratios range between 1.73 and 1.83. At a global scale,

a higher Vp/Vs ratio in the crust is caused by above-

average Vp (e.g., mafic rocks) rather than by an

anomalously low Vs. Previous studies do not indicate

increased Vp velocities in the middle and lower crust

in our study area, with the exception of the southern

Table 1

Station names and coordinates

Station Lon Lat z1

(km)

z2(km) z3

(km)

Moho

(km)

r
(km)

Q

A102 13.54 48.81 24 38 60 38 4 4

A103 13.51 48.67 * 37 * 37 3 4

A104 13.59 48.48 24 35 * 35 4 5

A105 13.49 48.33 * 29 * 29 2 5

A106 13.57 48.14 * * * * – 6

A107 13.57 47.96 22 44 * 44 3 5

A108 13.54 47.79 25 41 * 41 3 5

A109 13.54 47.59 21 35 48 48 5 3

A110 13.65 47.42 22 30 45 45 4 5

A111 13.49 47.26 * 45 68 45 3 5

A112 13.68 47.13 21 40 66 40 4 5

A113 13.73 46.97 23 40 * 40 3 4

A114 13.7 46.8 22 41 66 41 3 4

A115 13.65 46.63 22 * * * – 6

A116 13.78 46.47 20 42 * 42 2 3

A117 13.69 46.33 * 37 * 37 3 4

A118 13.74 46.19 24 43 62 43 3 3

A119 13.74 45.97 22 44 69 44 3 3

A120 13.73 45.84 * 44 * 44 5 3

A202 15.9 48.74 22 30 * 30 3 2

A204 15.62 48.51 20 28 45 28 5 5

A206 15.48 48.28 22 39 * 39 4 3

A208 15.22 48.03 28 40 * 40 6 3

A210 14.93 47.81 25 41 * 41 3 4

A211 14.81 47.71 28 47 * 47 6 4

A212 14.74 47.61 * 36 63 36 6 3

A213 14.62 47.53 24 43 * 43 9 5

A214 14.48 47.44 32 45 62 45 3 5

A215 14.48 47.25 21 38 65 38 3 3

A216 14.28 47.2 * 39 60 39 4 2

A217 14.22 47.06 * * * * – 6

A218 14.02 46.94 24 38 62 38 4 4

A219 13.93 46.86 24 43 57 43 3 4

A220 13.85 46.8 * 34 50 34 4 3

A301 14.39 48.54 * * * * – 6

A302 14.6 48.42 22 36 64 36 5 5

A303 14.71 48.27 * 40 56 40 4 4

A304 14.93 48.08 * 42 * 42 2 4

A305 15.01 47.94 21 32 * 32 3 5

A306 15.3 47.86 23 38 * 38 3 3

A307 15.35 47.7 * 47 62 47 3 4

A308 15.49 47.58 22 30 42 42 2 5

A309 15.69 47.48 24 36 51 36 2 5

A310 15.75 47.36 21 33 * 33 3 4

A311 15.93 47.19 21 37 53 37 5 5

A312 16.16 47.12 22 35 * 35 3 4

A313 16.22 46.97 * 32 61 32 6 5

A401 16.68 47.92 24 37 * 37 3 5

A402 16.69 48.26 22 36 52 36 6 4

A403 16.45 48.05 * 29 47 29 3 4

A404 16.29 47.61 22 32 * 32 3 3

A7E1 15.9 48.74 21 30 42 30 4 2

Asterisk indicates absence of the interface

z1, z2, and z3 correspond to the interface depth identified at each

station. Moho depth and r in km and the quality class (Q) are

reported
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part of the Bohemian Massif and the wider Vienna

Basin region. For the Bohemian Massif, Vs velocities

are obtained for the entire crustal column and do not

result in an increased Vp/Vs ratio. The Vs model does

not cover the Vienna Basin region where both seismic

and gravimetric data (TIERNO ROS 2009) suggest

anomalously high values for Vp and densities, indi-

cating an extensive presence of mafic rocks. Taking

the thick sedimentary layer of the Vienna Basin

further into account, we assume a Vp/Vs ratio of 1.83

for stations located within the basin and its surround-

ings. With regard to the Vp/Vs ratio of the upper crust

and due to the absence of anomalous high Vp in the

middle and lower crust outside the previously men-

tioned regions, we chose a Vp/Vs ratio of 1.73 for all

other stations. The search for H is constrained

between 20 and 70 km depth.

2.3. Identification of Interfaces

The application of the ZK technique to the data

set results in 70 S (H) functions. Many of them

feature more than one maximum, possibly also

because of the presence of layering within the crust.

The maxima of the S (H) functions were extracted

and are listed in Table 1. Each station displays

between one and three local maxima [examples of the

S (H) function are shown in Fig. 4]. The shallowest

maximum is located between 20 and 25 km, the

intermediate between 28 and 47 km depth, and the

deepest between 42 and 68 km; these are named

respectively z1, z2, and z3 in Table 1. We refer the

first (z1) to a mid-crustal interface, the second (z2) to

the Moho, and the third (z3) to a converter located in

the uppermost mantle. Exceptions are encountered

for stations A109, A110, A308, and KBA, for which

we refer to the deeper interface (z3) than the Moho.

The deeper interface at stations A109 and A110 keeps

continuity with the neighboring stations. At station

A308, the depth of the third interface (z3) is in

agreement with the Moho depth for the northward

neighboring station, while the depth of the second

interface (z2) agrees with the Moho depth detected for

the southward neighboring station, rendering the

location of A308 a possible site witnessing two

Mohos overlap. At station KBA, the third interface

(z3) shows a slightly deeper Moho (at 54 km depth)

with respect to previous studies on the same site

[49 km in BEHM et al. (2007)].

We approximate the selected maximum of the

S (H) function at each station with a Gaussian

function in order to constrain the uncertainty on the

Moho depth. The variance of the Gaussian function

defines the depth uncertainty as shown in Figure S2.

A broader S (H) function is due to broader Ps pulses

or to the lack of multiples, and the resulting larger

uncertainty might indicate a dipping Moho. Consid-

ering all RF sets, the uncertainties on Moho depths

range from 2 to 9 km and are listed in Table 1. The

average difference to Moho depths based on active

source data amounts to -1.5 km, and the associated

standard deviation is ±4.7 km. The low average

difference indicates a good overall agreement with

existing models. However, the considerably large

standard deviation suggests that individual depth

values must be interpreted with caution and that

analyses of the result should only focus on the large-

scale trends. Maxima above the Moho conversion are

interpreted to be intracrustal interfaces, and deeper

conversions result from interfaces in the uppermost

mantle.

2.4. Synthetic Test

As outlined in the previous sections, the presence

of multiple crustal interfaces is expected to limit the

determination of accurate depths. In order to estimate

the reliability of the ZK method, we perform a

synthetic test, which includes a mid-crustal interface,
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Example of S (H) for stations displaying more than one maximum

for the stations in Fig. 3. Darker colors for higher values of

S (H) and lighter for lower values. Colored squares (color scale as

in Fig. 6) highlight maxima. Stars mark the maximum associated

with the Moho depth
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the Moho, and a reflector in the uppermost mantle

(Fig. 5). The model is based on the refraction profile

ALP75 that runs along the crest of the entire Alpine

arc. We extract layer thickness and Vp velocities of

the 2D ALP75 model (YAN and MECHIE 1989), where

the profile is close to station A313. The model

features an intracrustal interface (velocity increase) at

16 km depth, a crustal thickness of 30 km, and an

interface in the upper mantle at 70 km depth. The

synthetic RF data set (Fig. 5b) is created using
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RAYSUM (FREDERIKSEN and BOSTOCK 2000) and is

compared to the observed receiver functions for

station A313 (Fig. 5a). The Ps converted phases

generated at each interface are marked Psc (intracru-

stal discontinuity), Psm (Moho), and Psu (upper

mantle discontinuity). Multiples for Psc and Psm are

clearly visible on the synthetic data set. The first

multiple of the Psc overlaps in arrival times with Psu

for large epicentral distances (80�–100�). The theo-

retical arrival times for Psm multiples are marked on

the observed data set as well. We performed the

search for the Moho depth on the synthetic data

setting Vp = 6.16 km/s and Vp/Vs = 1.73, as we did

for station A313. S (H) is displayed in Fig. 5c for the
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observed and the synthetic data set. In the synthetic

case, the maximum S (H) value is reached for

H = 29 km compared to the initial model of 30 km.

In the observed case, the maximum in S(H) is at

H = 32 km. The depth to the intracrustal disconti-

nuity is out of the minimum boundary of the search

and cannot be detected in the synthetic case. The

upper mantle discontinuity can be recognized (blue

squares in Fig. 5c). The technique fails to determine

the depth of the upper mantle reflector, since the

mantle velocity and Vp/Vs have not been established.

The local maximum is not as pronounced, and the

inferred depth is 18 km too shallow. The constructed

synthetic data set would be classified in quality class

1, as it fulfills all the observations described in

Sect. 2.1, whereas A313 is in quality class 5. Station

A313 has been chosen for its vicinity to the ALP75

profile, which describes the shallow (up to 70 km

depth) structures of the lithosphere with a simple

layered velocity model. We used this layered velocity

model to test our method and retrieve the Moho

depth. This simple synthetic test indicates that in the

presence of an additional crustal interface, and with

good knowledge of crustal velocities, Moho depths

can be extracted accurately. However, it must be

noted that more complex structures, in particular

sedimentary basins, can significantly degrade the

quality of RFs (e.g., GANS 2011).

3. Results and Discussion

In this section, we present and discuss the results

of the RF analysis in terms of both Moho depth

estimates and presence/absence of first-order intra-

crustal seismic discontinuities beneath the seismic

stations. Our estimates of the depth of the crust-

mantle boundary are compared to a recently pub-

lished Moho map beneath the study area. The

presence of intracrustal seismic discontinuities is

discussed in light of the results from previously

acquired seismic lines, which highlighted the occur-

rence of high-reflectivity layers across the Eastern

Alpine region. Moho depth results are reported in

Table 1, together with the depth of the intracrustal

interface where constrained by the data. In Fig. 6, we

show both the punctual estimates of Moho depth for

each analyzed station (Fig. 6a), which can be readily

compared to a previously published interpolated map,

i.e., GRAD et al. (2009b) (Fig. 6b). Superimposed on

the GRAD et al. (2009b) map, we show the difference

between the latter and the Moho depths (considering

depth uncertainty) obtained in this study (Fig. 6b).

3.1. Moho Depth

Moho depths retrieved at single stations are

summarized in Table 1 and shown on the map in

Fig. 6a. Our results for Moho depth are in good

agreement with previous studies in areas less affected

by Alpine tectonics. The three boxes in Fig. 6a

display such areas: the Southern Alps (Box 1), Styria

Basin (Box 2), and Molasse Basin and Bohemian

Massif (Box 3). We extract the punctual estimate of

Moho depth from GRAD et al. (2009b) under each

station in the area and directly compare this value to

our estimate (considering depth uncertainty). In the

Southern Alps, the Moho depth from our analysis is

on average 42 ± 2 km; 39 km depth was found by

GEISSLER et al. (2008) and *40 km by MOLINARI et al.

(2012); the differences between our results and

extracted punctual depths from GRAD et al. (2009b)

are within 0 and 4 km. The retrieved Moho depth is

37 ± 1 km beneath the western part of the Molasse

Basin and the Bohemian Massif, and extracted

punctual depths from GRAD et al. (2009b), beneath

the station locations, differ from our results by

1–4 km. Moho below the Styria Basin is

34 ± 2 km deep, 31 km was found in GEISSLER

et al. (2008), and the differences with extracted

punctual depths at the station locations from GRAD

et al. (2009b) are within 1 and 4 km.

Maximum Moho depth in the area is found across

the Tauern Window, reaching values as deep as

52–54 km. These values are comparable to previous

results of the TRANSALP experiment (e.g., *50 km

in CASTELLARIN et al. 2006; 48 km in GEISSLER et al.

2008). However, our results display a larger degree of

variability for nearby stations, suggesting the pre-

sence of a complex structure in the lower crust within

this portion of the orogens (see below).

Moho depths from RF provide additional infor-

mation for the Vienna Basin region (30–34 km),

which is not well constrained by active source data
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(BEHM et al. 2007). Below the Vienna Basin, a crustal

thickness of less than 30 km was already shown in

MOLINARI et al. (2012).

Depth differences with respect to GRAD et al.

(2009b) and pronounced scatter of individual RF

Moho depths among adjacent stations are observed in

the central area of the mountain chain, and this is

bounded by the occurrence at the surface of the major

faults (i.e., PAL and AF). The differences in Moho

depth with respect to GRAD et al. (2009b) reach 7 km

and indicate a high degree of variability in our results

(Fig. 6c). This difference compared to the reference

study and scatter between adjacent stations could be

related to the presence of anisotropy or furthermore a

laminated lowermost crust. Examples of anisotropy

in the lower crust have been published in recent years

(e.g., BISCHOFF et al. 2006; ENDRUN et al. 2011; ROUX

et al. 2011); some studies state that anisotropy affects

RF (e.g., ECKHARDT and RABBEL 2011; PORTER et al.

2011; BIANCHI et al. 2010), and forward modeling of

RF cannot match the data if anisotropy is not

considered (e.g., BIANCHI et al. 2008; NAGAYA et al.

2008; LIU and NIU 2012). A number of geophysical

processes affect the possibility of retrieving the Moho

depth beneath an orogen. For example, eclogitization

of the lower crust can alter the seismic properties

directly above the Moho, biasing the recognition of

crustal thickness (WITTLINGER et al. 2009). Also, the

occurrence of a Moho doubling, developed during the

continental collision, can make recognizing the exact

depth of the Moho very difficult (e.g., PIANA AGOSTI-

NETTI et al. 2011). In the following, we briefly discuss

some hypotheses about the scattering of the results.

We highlighted that, in some regions, individual

Moho depths retrieved in this study scatter considerably

among adjacent stations; moreover, they do not agree

well in a point-by-point comparison with previously

published models (i.e., BRÜCKL et al. 2007; BEHM et al.

2007; GRAD et al. 2009b) even though the Vp and Vp/Vs

values used for the computation of the S (H) stacking

function have been extracted from these and related

studies. The poor correlation between the Moho depths

from RFs and wide-angle models is explained by one or

more of the following factors: (1) The ZK technique

encounters issues in complex tectonic environments

and in case of a low S/N ratio. It is possible that some of

the extracted maxima are a result of noise in the data set,

lower crustal conversions, or multiple phases and

therefore represent spurious energy instead of genuine

Ps conversions. (2) RF and the wide-angle experiments

sample the crustal structures with an order of magnitude

of different wavelengths. (3) RFs are most sensitive to

S-wave structure, while wide-angle experiments are

sensitive only to P-wave structure. (4) Because of the

large angles of incidence in wide-angle experiments,

the travel times are sensitive to both the vertical and

horizontal P-waves velocity. Therefore, the P-wave

velocity model resulting from wide-angle refraction

experiments might be inaccurate if used for depth

conversion of receiver functions, which follow near-

vertical ray paths.

3.2. Intracrustal and Upper Mantle Interfaces

An intracrustal interface located at about 22 km

depth is observed at 49 stations out of 70 (Table 1). This

interface cannot be identified below the Vienna Basin

and a few sites in the Molasse Basin. The presence of

reverberated phases within the sedimentary basin and

hence destructive interference may inhibit the detection

of this feature. YAN and MECHIE (1989) show an

equivalent intracrustal interface at similar depths, and

MOLINARI et al. (2012) model a layered crust, where the

discontinuity between the upper and lower crust is a

smooth surface located between 18 and 24 km depth.

BRÜCKL et al. (2007) detect a reflector at about 20 km

depth, which they interpret as a thin zone of magmatic

intrusion below the Bohemian massif and Molasse

zone. In the southwestern area of this study, mid-crustal

reflections were identified by GRAD et al. (2009a), and

below the Eastern Alps and Molasse Basin, a high

velocity body in the depth interval of 18–23 km has

been described (GRAD et al. 2009a). The occurrence of

high reflectivity and high velocity layers at mid-crustal

depth might generate the intracrustal conversions that

are observed in this study and that represent a challenge

for the good application of the ZK technique. In order to

gain better knowledge of the nature and depth of these

interfaces, the acquisition of a larger amount of data

would be necessary and would improve the sampling of

crustal structures beneath each station.

An upper mantle reflector was detected in the

study area by YAN and MECHIE (1989) (east of the TW

to the Styria Basin) and OEBERSEDER et al. (2011) (for
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the Vienna Basin). The interaction between European

and Adriatic subcrustal lithospheres provides the

basis for delamination processes, which might appear

through the presence of these deep interfaces (NIC-

OLAS et al. 1990; MEISSNER and MOONEY 1998). In this

study, we detected the presence of an interface a few

tens of km below the Moho; however, its depth is

uncertain. The interface in the uppermost mantle is

present below the Bohemian massif, the most

elevated area of the Eeastern Alps, the southeastern

part of the Vienna Basin, and the Dinarides. Since the

continental lithosphere is subject to more layering

than the oceanic one, the detection of the upper

mantle interface could be a key insight to shed light

on the genesis of the lithosphere constituting the EA.

4. Conclusions

This study presents the first results of a receiver

function analysis in the Eastern Alps on a densely

spaced seismic network. We apply the ZK technique

to investigate the crustal thickness and additional

structures in the lithosphere. The ZK method has

been constrained by fixing both the Vp and Vp/Vs ratio

based on previous studies. In the complex tectonic

setting of the Eastern Alps, the application of the ZK

technique shows the presence of multiple interfaces

and results in scattered depth values of adjacent

locations, ruling out the possibility of inferring larger

details on Moho topography with respect to previous

studies. Retrieved depths, within the uncertainty

estimates, are in accordance with previous informa-

tion in the area, and they give additional insights into

the crustal thickness below the Vienna Basin, which

was previously poorly constrained. The strong scatter

of the Moho depths retrieved by RF analysis leaves

room for alternative interpretations and suggests the

need to perform further passive seismological studies

with longer observation periods in this area.

5. Acknowledgments

We thank the teams responsible for the station

deployment and data collection during the ALPASS

project, led by E. Brückl, Technical University of

Vienna, and G.R. Keller, University of Texas at El

Paso (stations provided by IRIS/UTEP). ALPASS

was funded by the Austrian Academy of Sciences.

For the deployment and data collection of the CBP

project, we thank G. Houseman and G. Stuart of the

University of Leeds. Our thanks go to E. Kozlovs-

kaya University of Oulu, Finland, M. Grad,

University of Warsaw, and A. Guterch, Polish

Academy of Sciences. Figures were created using

GMT (WESSEL and SMITH 1998). We thank the editor

and the anonymous reviewers whose suggestions

helped improvethe manuscript significantly.

REFERENCES

ALPINE EXPLOSION SEISMOLOGY GROUP, REPORTER H. MILLER (1976),

A lithospheric seismic profile along the axis of the Alps, 1975: I:

First results, Pure Appl. Geophys. 114, 11091130.

AMMON, C. (1991), The isolation of receiver effects from teleseis-

mic p wave- forms, Bull. Seismol. Soc. Am. 81, 2504–2510.

BABUSKA, V., PLOMEROVA, J., SILENY, J. (1987), Structural model of

the sub- crustal lithosphere in central europe. In: Fuchs, K.,

Froidevaux, C. (Eds.), Composition, Structure and Dynamics of

the Lithosphere-Asthenosphere System. Vol. 16. Am. Geophys.

Union, Geodyn. Ser., pp. 239–251.

BEHM, M. (2009), 3-d modeling of the crustal s-wave velocity

structure from active source data: application to the Eastern

Alps and the Bohemian Massif, Geophysical Journal International

179(1), 265–278.
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