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4.3. DISCUSSION OF THE SCIENTIFIC GOAL AND PRESENTATION OF THE OBTAINED RE-
SULTS, INCLUDING DISCUSSION OF THE POSSIBLE APPLICATIONS

Scientific goal of achievement. The scientific goal of achievement was the development,
of new techniques of rotation and selection of the receiver function which can be used for
an automatic calculation of receiver function for a large data set and in a determination
of the seismic structure of different tectonic units to the depth of about 900 km. In recent
years there has been rapid development of research equipment used in seismology, and thus
a huge increase in the amount of measured data are observed. Therefore, there is necessary
to develop new methods of analysis of seismic data to cope with these challenges and pro-
vide information about the structure of upper layers of Earth in the local and regional scale.

Introduction. For the first time receiver function has been used to analysis the seismic
data at the end of the seventies of the twentieth century (Langston, 1977a; Vinnik, 1977).
A seismic station can measure a montion of the Earth’s surface caused by seismic waves
generated during earthquakes. A trace recorded by the seismic station are called a seis-
mogram and for teleseismic earthquakes from epicentral distances 30°-98° is a convolution
of three functions: S(t) — a characteristic of the source of the earthquake, I(t) — a transfer
function of the receiver and E(t) — an impulse response of the structure for incoming waves
travelling from the source to the receiver. In the case of recording of the direct longitu-
dinal wave (P — the first recorded wave) the function describing the seismic source is not



Monika Wilde-Piérko Autoreferat (in English)

directionally dependent. A seismogram recorded by the seismic station can be described

by the following formulas:

Dg(t) = I(t) « S(t) * Ez(t) , (1)
Dy (t) = I(t) = S(t)  En(?) , (2)
Dg(t) = I(t) * S(t) * Eg(t) , (3)

where Z — vertical, N — north and E — east sensors of the seismic station. Deconvolving the
horizontal component with the vertical one we can receive a trace called receiver function,
from which the source and instrument characteristics are removed. Additonally, if we
consider only the first 100 s of seismogram, the information associated with the propagation
of seismic waves in the deep Earth’s interior will be removed, too. Finally, the receiver
function contains only the information about the seismic structure just beneath the seismic
station. The great advantage of the receiver function is the fact that the information about
the structure can be obtained based on the single station’s recordings only using natural
sources of seismic waves, i.e. the earthquakes. So, it is a method relatively cheap and easy
compared to seismic reflection or refraction methods. The problem is only to record a
sufficient number of seismograms of teleseismic earthquakes to obtain a good directional
coverage of seismic rays.

The lithosphere can be defined in different ways, depending on which its properties are
investigating. In brief, a rigid layer with increasing velocities of seismic waves with depth
— the lithosphere is underlain by a well conductive ductile layer with reduced velocities
of seismic waves — the asthenosphere. Seismically thinnest lithosphere, with thickness of
50-100 km, is observed in the "young” and "hot” areas, while in the ”old” and "cold”
areas it is hardly detected by seismic methods and probably it reaches a depth of 200 km
or more. Also the nature of the transition between the lithosphere and the asthenosphere
(LAB - litosphere—-astenosphere boundary) are discussed. Recent estimates suggest that
the LAB is a first order discontinuity (e.g., Eaton et al., 2009). According to the other
opinion it is rather a broad transition zone (e.g., Meissner, 1986). The depth of lithospheric
roots has important tectonic implications, e.g. a thick cratonic lithosphere increases the
thermal insulation of the underlying mantle, which may result in a higher temperature of
the mantle and may affect the process of convection (Lenardic et al., 2005; Cooper et al.,
2006).

The dynamics of the Earth’s mantle is not only effected by the thickness and the depth
of LAB, but also by the thickness and the depth of mantle transition zone (MTZ). Inves-
tigations of the structure of seismic discontinuities of the MTZ can give the information
about temperature changes at the depths of 400-700 km. An existence of transition zone
is commonly assigned with phase changes of mantle’s minerals (mostly olivine). The fluc-
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tuations in depth and thickness of the MTZ are related to the temperature of MTZ (e.g.,
Bina and Helffrich, 1994). Higher temperatures of the MTZ moves the 410 km” seismic
discontinuity (top of the MTZ) down and the 660 km” (bottom of the MTZ) upwards,
resulting in thinning of the MTZ. On the contrary, cooling of the MTZ moves the ”410
km” up and the 660 km” down, resulting in widening of the MTZ.

Results. Seismic methods using the receiver function, thanks to its extent and relatively
good resolution, can effectively explore the structure of the lithosphere and mantle transi-
tion zone of Earth. Expanding the basic knowledge about the structure of the interior of
Earth and its physical properties is very important from the point of view of the dynamics
of the Earth’s mantle, and thus the tectonic evolution and processes taking place today on

our planet.

Rotation of the receiver function. The correct interpretation and modeling of the receiver
function requires a careful choice of coordinate system, in which the recorded seismograms
will be presented before the deconvolution operation.

Seismograms are recorded by the seismic station in the ZNE coordinate system, i.e.
a direction designated by the local gravity vector (Z — points outside the surface of the
Earth), a geographic north-south direction (N - points north) and a east-west direction
(E — points east). The ZNE coordinate system is left-handed.

Another commonly used coordinate system is the ZRT coordinate system associated
with location of the seismic station and recorded earthquake. The ZRT coordinate system
is defined by a vertical direction (the same as for the ZNE), a radial direction designated by
the great circle passing through the location of the receiver and the source of earthquake (R,
— points from the station to the source) and a transversal direction (T) to get right-handed
system.

The seismograms can also be presented in the LQT coordinate system, which is asso-
ciated with the location of station and a plane of polarization of the first (direct) wave
recorded by the receiver. The seismic sensor records the sum of three waves: a wave in-
cident on the Earth’s surface and longitudinal (P) and shear (S) waves reflected from the
Earth’s surface. The shear wave generated by the reflection of the longitudinal wave at
the seismic discontinuity has the same plane of polarization as the incident wave, so the
plane of polarization of recorded signal is the same as the incident wave. A direction of
L is determined by the direction of polarization of the recorded first signal i.e. the longi-
tudal wave (P) incident on the Earth’s surface (points from the center of the Earth), a Q
direction is perpendicular to the L direction in the plane of polarization, a T direction is
defined like as in the ZRT coordinate system. The LQT system is right-handed.
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A teleseismic P wave has a constant phase velocity and thus can be described as a
plane wave. At the seismic discontinuities separating the mediums of different impedances,
P wave is reflected and refracted, also as S wave (Fig. la). The receiver function is the
result of the deconvolution (inverse operation of the convolution) the R component with Z
component (RFR) and the T component with Z component (RFT) or/and the Q component
with the L component (RFQ) and T component with L component (RFT). The operation
of deconvolution can be performed in the frequency domain (e.g., H1-H3, Ammon et al.,
1990) or in the time domain (e.g., H4-HS5, Kind et al., 1995). Both methods have their
supporters and opponents. For good quality seismograms, both methods give comparable
results. In the case of noisy recordings, I have found that the time-domain deconvolution
using a Wiener filter (Berkhout, 1977) is more stable than the frequency deconvolution
using the water—level method (Clayton & Wiggins, 1976).

When the seismic structure beneath the seismic station consists of a stack of homoge-
neous layers with horizontal boundaries, in the ZRT and LQT coordinate systems a seismic
energy is observed only at the Z and R or L and Q components. Moreover, the RFR con-
tains only the direct P wave and phases associated with the conversion of waves at the
seismic discontinuities (PpPms, PpSms, PsPms, etc.), which arrived at the receiver as S
waves (Fig. 1b). The RFQ differs from the RFR only by the absence of direct P wave.
The delay time of observed phase depends on the depth of seismic discontinuity, where the
wave has been converted and the velocity of S wave on the way between the discontinuity
and the surface. The amplitude of phase depends on the contrast of impedances at the
conversion discontinuity.

In the case of large heterogeneity of the structure beneath the seismic station (e.g. in-
clined seismic discontinuities and/or significant anisotropy of the medium) a direction of
wave’s arrival and its slowness may vary for the individual layers. Then, on the RFR all
type of waves, e.g. Pp, PpPmp are observed, what makes an interpretation much difficult.
Moreover, in that case the amplitudes of RFT are usually comparable with the amplitudes
of RFQ and characteristic changes of amplitude’s values are observed depending on the
direction of wave’s arrival.

Usually, an angle necessary for rotation from the ZNE to ZRT coordiante system is
calculated based on the known location of seismic stations and the source of earthquake
published at seismic bulletins (e.g., H1-H3; Ammon et al., 1990; Kind et al., 1995). This
angle is determined in relation to the seismic station and is often called a theoretical
backazimuth. The real backazimuth of the ray may vary significantly from the theoretical
one because of the presence of heterogeneity of the structure beneath the seismic station,
i.e. the existence of dipping seismic discontiniuties and/or the seismic anisotropy. In such
case the analysis of polarization of the direct P wave at the horizontal components is
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Figure 1: a) Refractions and reflections of seismic waves at the seismic discontinuities
separating the mediums with different impedances. The solid lines — rays of longitudinal
waves (P); the dotted lines — rays of shear waves (S); uppercase letter — waves which are
going up; lowercase letter — waves which are going down; "m” — a reflection from the
discontinuity; Vp — P-wave velocity, Vs — S-wave velocity. b) The vertical (Ev) and radial
(Er) impulse response of the structure for a incoming teleseismic plane P wave and the
receiver function (RFR) calculated for the structure shown at a).
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necessary (e.g., Jurkevics, 1988; Geissler et al., 2008). Also, the polarization angle necessary
for rotation of the seismograms from the ZRT to LQT coordinate system can be determined
by applying the above analysis. Another method of determination of the polarization angle
is a reduction of the energy of direct P wave at the T component or a determination of
eigenvalues of the covariance matrix of the seismogram of direct P wave (e.g., Kind et al.,
1995). The polarization angle can be also calculated from the amplitude of RFR at the
delay time ¢ = 0s (H1; Saul et al., 2000). Above methods (except the last one) define
angles of rotation based on the analysis of seismograms. It must be remembered that for
individual earthquakes energy distribution recorded by the seismic station can significantly
differ from one to another because of the differences of their source function. The receiver
function contains only the impulse response of the structure beneath the seismic station, so
it is free from that disadvantege. That is the reason why I have proposed the new method
of the rotation of seismograms based on the properties of receiver function (H4, HS5).
Due to the definition, the radial receiver function (RFR) contains only the direct P
wave (at the delay time ¢ = 0s) and waves that have been converted at the seismic dis-
continiuities. Therefore, the backazimuth can be defined as the direction for which the
amplitude of RFR at the delay time { = 0s is highest (maximum). In the case of the
structure consisting the stack of horizontal homogeneous layers, that will be correspond
to the radial direction (R). Since the seismogram includes the seismic noise, it is better
to seek a maximum of energy in a wider time range, not exactly at the time of wave’s
arrival. In my papers I have proposed two criteria: (1) using a very narrow time interval
t = (—0.05s; 0.05s) (H4), which is suitable for permanent stations located outside the ar-
eas of deep sedimentary basins (lower noise level due to better recording conditions) and (2)
using a wide time interval ¢t = (0s; 1s) (H5) which is appropriate for temporary stations
also located in the areas of deep sedimentary basins (usually for such stations recording
conditions are worse than for permanent stations). The sedimentary layers, e.g. on the
Polish territory in the Trans-European Suture Zone (TESZ), significantly reduce the am-
plitudes of direct P wave and increase the amplitudes of waves converted at the shallow
discontinuities. Assuming that the uppermost layers have a consistent slope and dip with
the Earth's surface, we can determine from them the backazimuth of direct wave P. A pro-
cedure of determination of the backazimuth of direct P wave is as follows: we calculate the
RFRs from the teleseismic seismogram rotated from the ZNE to ZRT coordinate system
with angles from 0° to 360° e.g. every 3°, and then add up amplitudes in the assumed
time interval for each RFR. The rotation angle for which the resulting value is the largest
(positive) is the searched backazimuth. The seismograms before calculation of the receiver
function are filtered with bandpass Butterworth filter with corner preriods of 2 and 10 s
to determine the backazimuth of teleseismic waves only. The above method is illustrated
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Figure 2: A procedure of rotation of the receiver functon for an earthquake from Aleutian
Islands recorded by the permanent seismic station Ksiaz (KSP) and the temporary seismic
station Sajdak (PG42). a) the RFRs calculated from the seismograms rotated from the
ZNE to ZRT coordinate system every 30° (numbers to the left) and sums of amplitude
in a time interval ¢ = (0s; 1s) (numbers to the right); b) the RFQs calculated from the
seismograms rotated from the ZRT to LQT system every 3° (numbers to the left) and sums
of negative amplitude in a time interval ¢ = (—2s,0s) (numbers to the right). The search
backazimuth and polarization angles of direct P wave and value of parameters used to their
estimation are marked in red (H5).

in Fig. 2a.

We can similarly proceed with a determination of the polarization angle of direct P
wave. We rotate the seismogram from the ZNE to ZRT coordinate system using earlier
determined backazimuth angle, and then calculate the RFQs from seismograms rotated
from the ZRT to LQT coordiantes system with the polarization angles from 0° to 45°
every e.g. 1°. In the absence of seismic noise, in the LQT coordinate system the seismic
energy on the Q component for the direct P wave should be zero. Unfortunately, if there
are strong contrasts of impedance at shallow depth just beneath the seismic station, part
of the energy of the waves converted at the near-surface discontinuities is observed on the
RFQ at the time ¢ = 0s. Therefore, in the time range t = (—2 s,0s) we minimize the
seismic energy at the RFQ by calculation a sum of negative amplitudes. Then we look
for the polarization angle for which the difference of successive sums becomes negative. In
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addition, to take into account the existence of seismic noise, we calculate for each RFQ
a sum of power of amplitudes within a given range. If this value reaches its minimum
and the difference of the sum of negative amplitudes will not be negative at this time, the
calculations are interrupted and the polarization angle is assumed to be that from previous
step. The above procedure is illustrated in Fig. 2b.

The presented procedures are not numerically time-consuming and are automatic, what
is their huge advantage over previously used methods of the determination of the rotation
angles. Additionally, I have successfully tested them with synthetic RFs calculated for
theoretical models, in which the medium consists of a homogeneous layer with dipping
bottom, a homogeneous layer with dipping top (the Earth’s surface) and with a thin
homogeneous layer with low seismic velocities overlying it (H5). For above calculation I
have written a code that modified the ray-tracing method presented by Langston (1977b)
to take into account the inclination of the Earth’s surface. The program was an extension
of the code, I have used in the PhD dissertation.

I have applied the presented procedures of the rotation of teleseismic seismograms to
the recordings of permanent stations located on the Svalbard Archipelago on the meta-
morphic basement of the Caledonian orogeny covered by Paleozoic and youger sediments
(H4) and to the recordings of permanent and temporary stations on the Polish territory,
situated on the Precambrian Platform, in the TESZ and on the Paleozoic Platform (HS5).
Rotations angles calculated by my method did not differ significantly from the theoretical
ones (H5), because at the above areas no signifiant heterogeneity of near-surafce layers
are observed. The additional advantage of the described method is that possible incorrect
orientation of seismic sensors to the north, is automatically corrected, it could be unknown
and had not to taking into account during the rotation as it is necessary in the case of

using theoretical backazimuth.

Selection of receiver function. In order to improve the signal-to-noise ratio, receiver func-
tions for each station are stacked in distance and/or backazimuth bins. The size of bins are
determined individually for each station and they are related to the variability of receiving
function, as well as the amount of used data. Usually, the mean (stacked) receiver function
is used and it is calculated from all teleseismic seismograms recorded by seismic station.
However, before stacking the receiver functions, it is necessary to assess their quality. Not
for everyone seismogram, calculated receiver function contains only the impulse response
of the structure beneath the seismic station. It depends on e.g. the complexity of the
source function, especially when the source emits waves for a time longer than used in
calculations. Ammon (1991) in his theoretical considerations about the receiver function,
has assumed that the source function of earthquake is a Dirac delta function. Also waves

10
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Figure 3: The normalized distribution of rms of stacked receiver function selected based

on parameters: a) the total energy of RFQ in the time range t=(-30 s; -10 s) and b) the
total energy of RFQ in the time range t=(0 s; 10 s).

incoming to the station from the source within the first 100 s, which are not the result of
conversion of the direct P wave at seismic discontinuities beneath the station, can disturb

11
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the receiver function. Routinely, the quality assessment of seismograms for the receiver
function calculation is done by visual verification, also the evaluation of calculated receiver
function is subjective and depends on the experience of researcher. To find an objective
criteria of the receiver function selection, I have tested various parameters characterizing
the receiver functions e.g.: energy of the RFQ, RFR and RFT recorded in the different
time interval; the maximum amplitude of the RFL (deconvolution of the L component with
itself in the case of a well defined Wiener filter should be a Dirac delta function), RFQ,
RFR and RFT; the maximum absolute value of Fourier transform of the RFQ, RFR and
RFT in the different period interval. The distribution of root mean square (rms) of the
stacked receiver functions selected based on 10 parameters have minima or maxima that
allow for the determination of their optimal values. The examples of the distribution of
rms for the permanent and temporary seismic stations from the Polish territory for two
parameters are shown in Fig. 3.

I have applied above method of receiver function selection to the receiver functions
of permanent seismic stations of the Svalbard Archipelago (H4). Used parameters and
their ranges are shown in Table 1. The presented method allows for the fast and objective
selection of the best receiver functionis, e.g. in the case of the Ny-Alesund seismic station
(KBS) 823 receiver functions among 2258 meet the required quality criteria.

Table 1: The list of the parameters and their values used for the RFQ and RFT selection

Parameter’s | Parameter’ | Min. | Max. Range Component
Name Type Value | Value Value used in calculations
ex0a maximal 0,0 0,3 (-80s;-1s) absolute
amplitude value of LRF
ex0b maximal 0,0 0,3 (1s;80s) absolute
amplitude value of LRF
exl rms 0,0 0,04 (-70s;-308) QRF, TRF
ex?2 rms 0,0 0,04 (-30s;-10s) QRF, TRF
ex3 rms 0,0 0,04 (-10s;0s) QRF, TRF
exd Tms 0,04 | 0,1 (0s;103) QRF, TRF
exh rms 0,02 | 0,08 (10s;30s) QRF, TRF
ex6 rms 0,01 | 0,05 (30s;70s) QRF, TRF
ex8 rms 0,02 | 0,07 (-70s;70s) QRF, TRF
ex9 maximal 0,0 5,0 | (0,01Hz;0,03 Hz) absolute
amplitude value of QRF and TRF

Modelling of the lithospheric structure by the trial-and-error method. Modelling of the
lithospheric structure by a trial-and-error method based on the receiver function is not
often used technique due to its time-consuming and the difficulties arising from the proper

12
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assessment of individual phases present in the observed receiver function. This method,
however, allows to obtain additional valuable informations about the distribution of shear
waves with depth beneath the seismic station or to verify the results of inversion methods,
In order to objectify the modelling procedure by using reliable starting model, at the paper
H4 T have proposed to determine the near-surface S-wave velocity based on the amplitude
of the RRF (Saul et al., 2000) and thickness and average Poisson’s ratio of the crust (Zhu
and Kanamori, 2000).

Estimation of near-surface S-wave velocity. The main problem in the receiver function
modelling is the nonuniqueness of informations contained therein. A delay time of recorded
waves converted at the seismic discontinuities beneath the station with respect to the direct
P wave depends on the depth of the discontinuity and the average seismic velocity on the
way between the discontinuity and the station. For the first time this problem has been
reported by Ammon et al. (1990). Saul et al. (2000) have proposed to determine the value of
the near-surface S-wave velocity beneath the seismic stations based on the measurement of
amplitudes of RFR at the time ¢ = 0s and to use it in the modelling procedure. Assuming
that the medium consists of flat homogeneous layers, the amplitude of RFR at the time
t = 0s depends only on the slowness and the near-surface S-wave velocity (Kennett, 1983):

2p, /7= — P
RFR(0) = - V7 ¥ (4)

vz =20

5

where RFR(0) — the amplitude of RFR at t = 0s, p - the slowness parameter, V; — the
near-surface S-wave velocity. So, the near-surface S-wave velocity is given by formula
(Wachnicka, 2005):

v=1lgt_ 1 (5)
> p\2 2/RFRO)+1

By measuring the RFR(0) for each earthquake we can determine the distribution of near-
surface S-wave velocity, as well as an average value for the station. I have esimateted the
mean value of near-surface S-wave velocity for the seismic stations from the Bohemian
Massif and it was 3.19-3.87 km/s (H1), and for the seismic stations located on the Sval-
bard Archipelago — 1.7 £ 0.8; 1.7 £ 0.6 and 1.0 + 0.5 km/s with uniform backazimuth
distribution (H4).

The determination of the depth of Moho discontinuity and the average Poisson’s ratio of

crust. The receiver function analysis can also be used to determine the thickness and av-
erage Poisson’s ratio of crust if the converted and multiple reflected waves from the Moho
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discontinuity and the Earth’s surface are observed. Zhu and Kanamori (2000) have pro-
posed a method in which the amplitude of converted wave at the Moho discontinuity and its
multiple reflections are stacked due to the delay times estimated for different values of thick-
ness (H) and Poisson’s ratio (o) of the crust. The pair of parameters (H, o), which shows
the greatest coincidence for all events recorded by the seismic station is sought/optimal
set. Using this method to the recordings of seismic stations from the Svalbard Archipelago
I have received the following values of thickness and average Poisson’s ratio of the crust:
(2543 km, 0.28+0.07) for the KBS station (northern Spitsbergen); (3243 km, 0.21+0.08)
for the HSPB station (southern Spitsbergen) and (33 + 3 km, 0.24 + 0.08) for the SPITS

seismic array (central Spitsbergen).

I have used the above informations to mode] the seismic struture by trial-and-error method
— the S-wave velocity distribution down to the depth of 150 km in the area of Svalbard
Archipelago (H4). The receiver functions of seismic stations in southern and central Spits-
bergen show that the lower lithosphere at the depth of 50-100 km has the structure
consists of stack of layers with normal and reduced S-wave velocity with respect to the
one-dimensional global model TASP91 (Kennett and Engdahl, 1991), while the lower litho-
sphere of northern Spitsbergen shows no such variation (H4). Czuba (2013) has observed
on the refraction profiles (P waves) the existence of reflecting discontinuties in the lower
lithosphere at the depths of 40-50 km in the central and southern parts of Spitshergen.
Also, the analysis of surface waves made by Levshin et al. (2007) shows a large horizontal
and vertical diversity of S-wave velocity at the depth of 40-15 km in the central and the
southern parts of the Svalbard Archipelago.

Linearized inverse modelling of the structure of lithosphere. In the linearized inverse method
we are linearizing the relationship between the model (distribution of S-wave velocity with
depth) and the corresponding receiver function (e.g., Ammon et al., 1990). Starting from a
initial model we are iteratively improving it by minimizing an objective function, which is a
function of difference between the receiver function calculated from the model and observed
one. An important numerical process in inverse modeling is to minimize the objective
function, which is a function defined in terms of the difference between the collected field
seismic data and the numerically computed seismic data.

The starting model should be closed to the real structure to meet the assumption of
linearity. The medium is modelled by the stack of flat homogeneous layers with constant
thickness. Unfortunately, the result of linearized inversion depends strongly on the choice
of initial model. Ammon et al. (1990) have taken as the initial models modified refraction
models (P-wave velocity) and have inverted the radial receiver function (RFR). In order to
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reduce the nonuniqueness of receiver function inversion, they have proposed the using of a
priori informations to reject the models with the significant deviation of S-wave velocity
from the expected ones. Unfortunately, not always a priori informations are available,
Besides, the S-wave velocity distribution not necessarily must be complimentary to the
P-wave velocity distribution. In order to obtain the reliable S-wave velocity distributions
based on the linearized inversion of receiver function, I have proposed to run inversion with
many simple starting models with the wide range of the S wave velocities, the thickness
of the sediments and cristalline crust, and finally to average the resulted models. In the
paper H1 I have calculated and analyzed the RFR and RFQ of permanent seismic stations
from the area of the Bohemian Massif. I have considered three classes of starting models
to test the sensitivity of linearized receiver function inversion on different elements of the
structure: the contrast of seismic velocity at the Moho discontinuity, the velocity gradient
in the crust and sediment layer with low seismic velocities. I have run the inversion of
RFR and RFQ, respectively. Results of modelling show that all three classes of starting
models converged to the nearing S-wave velocity distribution. However, the inversion of
RFQ gives much more stable results in the lower lithosphere than the RFR, which gives
for all stations very low S wave velocities (< 4.0 km/s). Fig. 4 shows one-dimensional
S-wave velocity distributions, which I have received by the linearized inversion of the RFQ
of seismic stations from the area of Bohemian Massif.

Inverse modelling of the lithospheric structure by the Monte Carlo method. Monte Carlo
methods (MCMs) are widely used to solve inverse problems, not only in seismology, but
wherever the relationship between the recorded data and the searched model is non-linear.
That is the case of receiver function. The main problem of all MCMs is their time-
consuming. But nowadays, even personal computers are powerful enough to cope with
calculations needed in the MCM within an acceptable time. Therefore since the late 90's
number of researchers using MCMs has increased exponentially.

In the paper H3, the MCM are used together with the neighborhood algorithm (Sam-
bridge, 1999a,b). This algorithm can be easily adapted to geophysical problems and can
be combined with other algorithms. What more, it speeds up calculations and selection
of its parameters is not difficult. The inverse modelling of the lithospheric structure by
the MCM has been applied to the radial receiver function (RFR) — the same which were
inverted by the linearized method for permanent seismic stations located in the area of the
Bohemian Massif in the paper H1. The models obtained by the MCM inversion provide
stable results down to the depth of 70 km, though the RFR was inverted. Layers with the
low S wave velocities in the middle crust visible in the models obtained by the linearized
inversion, are not so pronounced in the MCM models. It appears also that they are not
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Figure 4: The S-wave velocity distributions obtained by the trial-and-error modelling (black
lines) and the linearized inversion (gray lines) of the area of Bohemian Massif. The observed
receiver functions are marked by dashed lines and theoretical ones caluculated for final
models are marked by solid lines (H1).

the result of modelled high-velocity layers above them. This is a typical problem in the
linearized inversion — large contrasts of seismic velocities in the linearized inversion must
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be modelled by velocity gradient and broad zone. An additional advantage of the MCMs
is the information about the ratio of P and S velocities (Vp/Vs), which is also inverted. In
the linearized method, the Vp/Vs ratio must be assumed and are not changed during the
inversion. The inversion modelling by MCMs has significantly improved the estimation of
the distribution of S-wave velocity at the lower lithosphere in the area of the Bohemian
Massif. The MCM inversion was made by Jacek Trojanowski in his Master thesis which I
was a supervisor (Trojanowski, 2007).

Determination of the depth of seismic discontinuities in the transition zone of Farth’s
mantle. Based on the receiver function we can also receive an information about the
deeper layers of Earth’s mantle. Thanks to migration methods and advanced methods
of seismic data visualization, the mapping of discontinuities associated with the mantle
transition zone (MTZ), i.e. the 7410 km” and ”660 km” is possible (e., Kosarev et al., 1999;
Poppeliers and Pavlis, 2003). The sections (profiles) of receiver function can be presented in
the time or depth domain by using a reference velocity model. The amplitudes of converted
waves at the discontinuities of MTZ are very week, an order of magnitude smaller than
those from the Moho discontinuity. To observe such a weak signal, the receiver functions
must be add up in special way. For this, each receiver function is shifted in time based
on the reference model, e.g. IASP91 (Kennett and Engdahl, 1991), as each point was the
converted wave with the slowness of 6.4s/°. Next, the same reference model is used to
calculate the path of seismic rays. In this way we can estimate the coordinate (latitude
and longitude) of conversion point (piercing point) at the tested discontinuity in reference
to the seismic station. That allows us to group/sum receiver functions due to the piercing
points. In the paper H4 I have used this method to determine the depth of the ”410 km”
and ”660 km” discontinuities in the area of Svalbard Archipelago. The receiver functions
were summed up in the bins of size of 9° (longitude) and 2° (latitude). The delay times
of wave converted at the 7410 km” discontinuity comparing to the IASP91 global model
show no deviations for the northern and central part of Svalbard Archipelago, while for the
southern parts they are significantly shorter. The delay times of waves converted at the
7660 km” discontinuity are the same as in the IASP91 global model for the northern part of
Svalbard Archipelago, but for the central and southern parts the differentiation is evident
between the western (times longer) and the eastern part of archipelago (shorter times).
The latest regional model of shear wave velocity of European plate determined based on
the surface wave analysis done by Legendre et al. (2012) very well explains the observed
delay times of converted waves at the *410 km” discontinuity. But, it does not explain the
delay time of converted waves at the 7660 km”, which allowed me to hypothesize that the
MTZ of the western part of Svalbard Archipelago is thicker and the eastern part is thinner
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comparing to the results of surface wave tomography.

We can also plot the amplitudes of receiver function along the path of seismic rays (seis-
mic migration) in the depth domain. The two-dimensional projection along the vertical
profile allows to map the shape of discontinuities at which the seismic waves are converted.
I have made such cross-section based on the recordings of seismic stations operating during
the POLONAISE’97 (Guterch et al., 1999) and SUDETES 2003 experiments (Grad et al,,
2003b) along the P4 profile (Grad et al., 2003a) running from the south-west to north-east
Poland (H3). It shows that the thickness and the depth of MTZ in the area of north-east
Poland do not differ significantly from the TASP91 global model. Contrary, in the area
of south-west Poland, the MTZ is much thinner and located deeper than in the IASP91
global model. These results are consistent with the tectonic scheme and the heat flow
measurements of Polish territory. In warmer area (young) the MTZ is thinner and more
deeply situated than in the colder (old) areas (Bina and Helffrich, 1994).

Summary. The receiver function analysis is a very useful tool in the study of seismic
structure of the crust and mantle. It requires only the recordings of teleseismic earth-
quakes (seismograms) recorded by the single three-component seismic station, premanent
one (seismological observatory) as well as temporary one (passive seismic experiments).
The use of different techniques of receiver function enables to investigate the seismic struc-
ture beneath the seismic station, to identify the seismic discontinuities and to estimate their
depths and the distributions of S-wave velocity. The refraction methods give a very good
estimation of P-wave velocity distributions, however S waves usually are not well recorded,
so it is difficult to obtain from them the S-wave velocity distribution. The models received
based on the surface wave analysis have much worse resolution than those obtained from

the receiver function.

5. DISCUSSION OF OTHER. SCIENTIFIC ACHIEVEMENTS

5.1. ACHIEVEMENTS OBTAINED BEFORE THE PHD DEGREE

Master thesis. A Master’s thesis in the physics of lithosphere I have written under the su-
pervision of prof. Marek Grad at the Institute of Geophysics, Faculty of Physics, University
of Warsaw (Wilde-Piérko, 1997). The subject of my thesis was modelling of the seismic
structure based on the receiver function analysis of the first Polish broadband seismic sta-
tion Suwalki (SUW) which began operation at the end of 1995. I cataloged seismograms
of teleseismic earthquakes recorded by the Suwatki station. Then I have calculated the ra-
dial and transversal receiver functions using simultaneous deconvolution in the frequency

domain. I have used a program written by myself to determine the one-dimensional distri-
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bution of S-wave velocity beneath the seismic station by the linearized inversion method.
The inversion has been run for three simple starting models. In result I have estimated
the first distribution of S-wave velocity beneath the SUW station.

Interpretation of the regional and teleseismic earthquakes recorded during the passive part
of POLONAISE’97 experiment. During POLONAISE'97 — the active seismic experiment
(Guterch et al., 1999) twenty Polish short-period seismic stations were continuously record-
ing the ground motion for three months along the P4 profile (Grad et al., 2003a) in the
area of central Poland. T have chosen for further analysis seismograms of three regional
events located at the vicinity of Lubin and estimated for them traveltimes of P (longitu-
dal) and S (shear) waves with respect to the IASP91 global reference model (Kennett and
Engdahl, 1991). I have carried out the same analysis for ten seismograms of teleseismic
earthquakes with good recorded signal-to-noise ratio. Additionally, I have calculated from
the teleseismic seismograms radial and transversal receiver functions of each station. The
time residues of seismic waves, as well as the receiver functions plotted along the seismic
profile clearly show the large diversity of the Earth’s crust on the Polish territory — espe-
cially it is well visible the deep sedimentary basin in central Poland (Wilde-Piérko et al.,
1999).

PhD thesis. My PhD thesis has refered to the modelling of the structure of crust and
uppermost mantle in the area of south Sweden, Denmark and north Germany, as well as
north—east Poland and south Germany based on the receiver function analysis {Wilde-
Piérko, 2002a; Wilde-Pidrko et al., 2002b). My investigations have enclosed the analysis of
seismograms of teleseismic earthquakes recorded by the twenty eight temporary broadband
stations of passive seismic experiment TOR (Gregersen et al., 1999). For each seismic
station (one year of continuous recording) I have calculated the stacked (mean) radial
receiver function using the deconvolution in the frequency domain and then inverted them
by the linearized algorithm for one class of starting models (constant S-wave velocity in the
crust and uppermost mantle). The results I have interpolated along the vertical profile to
plot the two-dimensional distribution of S-wave velocity down to the depth of 60 km. I have
also estimated the two-dimentional distribution of ratio of P- and S-wave velocity (Vp/Vs)
using the P-wave velocity destribution along the analyzed profile (Arlitt et al., 1999).
Additionaly, due to the long period of recordings of the permanent Suwalki station (SUW)
and the Mox (MOX) stations I have calculated the backazimuthal distributions (sections)
of receiver function (RFR and RFT). This way I could carry out the 2.5-D modelling of
the structure beneath the seismic stations. I have calculated using a program written by
myself the synthetic receiver functions for medium consisted with a stack of homogeneous
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layers with any boundary’s strike and dip and the assumption that the Earth’s surface
is flat. By the trial-and-error method, comparing the synthetic backazimuth sections of
receiver function with observed ones, I have found that there is a layer of reduced S-wave
velocity in the middle crust of south Germany, which strike coincides with the direction
of stress field in this area. For north-east Poland, the dominant feature of crust is a thin
layer of sediments with very low S-wave velocity, directly overlying the crystalline crust.
So, the receiver functions are dominated by waves which are repeatedly reflected from the

sediement-crystalline crust discontinuity and the Earth’s surface.

5.2. ACHIEVEMENTS OBTAINED AFTER THE PHD DEGREE

Modelling of the structure of crust of the polar regions. In the framework of international
cooperation with the Alfred Wegener Institute (AWI) in Bremerhaven I have analyzed seis-
mograms of teleseismic earthquakes recorded by the short-period seismic stations located
in Eastern Antarctica. Based on the receiver function analysis the distributions of S-wave
velocity down to the depth of 60 km for the WAZ and OLY stations were estimated by
the trial-and-error method. In the case of the OBS station located on a ice floe, only the
thickness of the ice was estimated. A layer of water has cut off all waves converted from
P to S at the deeper discontinuities — in a liquid medium the S (shear) waves do not
propagate. The calculation and modelling of receiver functions was made by Alexandra
Wachnicka in her Master thesis which I was a supervisor (Wachnicka, 2005).

During the 4th International Polar Year at the Polish Polar Station in Horsund, the
Svalbard Archipelago, the broadband seismic station (HSPB) was installed. As a member
of the Polish-Norwegian team I have analyzed the recordings of teleseismic earthquakes of
the HSPB seismic station. Though not a very long time of station operation (1.5 years),
I have managed to find the dipping seismic discontinuity in the upper crust based on the
analysis of the backazimuthal sections of receiver function (RFQ and RFT) — the discon-
tinuity, which was not indentified previously on the refraction profile (Czuba et al., 2008).

Modelling of the potential fields. After my PhD study I was also interested in the anal-
ysis of potential fields, the gravity and magnetic fields of the north-east Poland, where
the Ketrzyn intrusion is located. The modelling of gravity field based on the 3-D seismic
tomographic model (Czuba et al., 2002), as well as testing the relationship between the
obtained magnetic model and gravity field have been made. The optimization procedure
was applied to the gravity modelling, i.e. the relation function was sought with some phe-
nomenological limits of its value, to get the best fit of the modelled field and the observed
one. Finally, no correspondence between the modelled and observed fields was received,
what was not the result of incorrect modelling procedure, but most likely it was the result
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of inadequate assumption of the morphology of high velocity body in seismic studies. The
Ketrzyn intrusion is built with anorthosite surrounded by diorite. The diorite boundary
most probably strongly refracted seismic waves, so seismic ways did not penetrate the in-
terior of intrusion (anorthosite). The modelling of magnetic field of the Ketrzyn intrusion
was performed with the magnetization parameters of well recognized sister intrusion —
Suwaiki. As a result, the relatively good fit for the central part of investigation area was
received, despite very complex image of magnetic field and very large residual magnetiza-
tion of intrusion. The modelling of potential fields was made by Magdalena Klaczkowska
in her Master thesis which I was a supervisor (Klaczkowska, 2006).

Spectral analysis of recordings of teleseismic earthquakes. Recordings of teleseismic earth-
quakes can also be used to analyze the frequency content of earthquake’s source function. In
the paper Wilde-Piérko et al. (2011a) and Wilde-Piérko et al. (2011b) I have calculated the
spectral seismograms of Sumatra-Andaman earthquake from the recordings of 480 broad-
band seismic stations located aroung the globe. I have confirmed, among other things,
that based on the analysis of spectral seismograms, we can distinguish for the Sumatra—
Andaman earthquake a sequence of four separate stages of the rupture of medium along
the fault. Each stage had a different maximal frequency of recorded waves and the length
of duration. The estimated total time of the whole process was about 540 seconds. The
maximal frequencies of recorded waves showed also the azimuthal dependency. The above
results are consistent with previously published analysis of the earthquake’s source mech-

anism obtained based on the near-field recordings.

Local seismicity of the area of Poland. Natural seismicity of the area of Poland is very
poor. So, to detect it a dense network of seismic stations is necessary. Unfortunately,
at that moment in Poland only 8 permanent seismic stations of the Polish Seismological
Network are operating. Passive seismic experiments provide opportunities to explore the
local seismicity in the area with poor coverage of permanent stations. During 2006-2008
two hundred seismic stations were continuously operating in the territory of south-east
Germany, Czech Republic, Poland and Lithuanian in the framework of passive seismic
PASSEQ 2006-2008 experiment (Wilde-Piérko et al., 2008). I was a co-organizer and a
main coordinator of this experiment, and an executive coordinator in Poland. The record-
ings of PASSEQ 2006-2008 seismic stations have allowed for a detection and location of
four previously unknown seismic events: three in the Baltic Sea, and one in the vicinity of
Jarocin. The detection and location of seismic events were made by Marcin Polkowski in
his Master thesis which I was a supervisorn (Polkowski, 2012; Polkowski et al., 2016).
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Determination of the orientation of seismic stations based on the Rayleigh waves polar-
ization analysis. A three-component seismic sensor should be oriented like as one of its
horizontal component should point to the north pole of the Earth. However very often, it
is set imprecisely and then the data recorded by the station must be corrected. A true ori-
entation of sensor can be determined based on the analysis of the polarization of Rayleigh
waves recorded by the seismic station. Maria Grycuk in her Bachelor thesis (Grycuk,
2015), written under my supervision, has examined seismograms recorded by 26 broad-
band seismic stations located on the Polish territory, which were operating continuously
for two years in the framework of the PASSEQ 2006-2008 experiment (Wilde-Piérko et al.,
2008). A program written by Maria Grycuk automatically estimated the angle by which

the seismograms should be corrected (rotated).

Joint inversion of the receiver functions and dispersion curves. Last year I have interested
in the joint inversion of the receiver function and dispersion curves of surface waves. By
enabling the surface waves into the modelling, the results of inversion (distribution of S-
wave velocity) are improved. Based on the analysis of the dispersion curves of surface
waves the absolute S-wave velocity in the lithosphere and astenosphere can be determined.
Unfortunately, the surface waves have much longer periods, so they have much poorer
horizontal resolution than the receiver function. The joint inversion of the receiver functions
and dispersion curves can eliminate the trade off between layer’s thickness and the average
seismic velocity. Kajetan Chrapkiewicz in his Master thesis, written under my supervision,
now perform the joint linearized inversion of the receiver function and dispersion curves
down to the depth of 250 km based on the recordings of broadband seismic stations of the
”13 BB Star” exteriment in the area of north-west Poland (Grad et al., 2015; Wilde-Piérko
et al., 2016).
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