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Abstract: Teleseismic waveforms recorded by Wideband Ranger WR-1 seismometers at three permanent
stations of the Seismological Network of the Republic of North Macedonia — Skopje (SKO), Valandovo (VAY) and
Ohrid (OHR), were analyzed using the P receiver function method, which enables identification of major seismic
discontinuities within the crust and upper mantle below the seismological stations. Analysis of the data revealed
variations in the timing of the Ps phases, indicating heterogeneity in Moho depth across the region. Specifically, Ps
phases were observed between 4.0 and 4.5 seconds after the incident P arrival at the seismological station Skopje
(SKO), between 3.5 and 4.5 seconds at the seismological station Valandovo (VAY), and between 5.0 and 5.5 seconds
at the seismological station Ohrid (OHR). To determine the crustal structure, an inversion of the obtained receiver
functions was performed using a linearized iterative technique to derive 1-D seismic velocity models of the crust. The
inversion results reveal significant variations in crustal thickness, with Moho depths ranging from approximately 34—
36 km beneath the VAY station in the east to over 42—44 km beneath the OHR station in the west. At the seismological
station SKO, the Moho depth is around 36 km. These results provide new constraints on the lithospheric structure of
our country and offer valuable insights into the complex tectonic framework of the region.
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INTRODUCTION

Understanding the structure of Earth’s crust
and upper mantle is essential for interpreting tecton-
ic processes, seismicity, and lithospheric evolution.
Variations in crustal thickness, seismic velocities,
and major discontinuities such as the Mohorovicié
discontinuity (Moho) provide key insights into re-
gional tectonics and lithospheric dynamics.

Receiver function analysis has become a reli-
able and widely used method for mapping crustal
and upper mantle structures underneath isolated
seismic stations. This method is used to isolate the
Earth’s structural response near the receiver from
other influences, such as the earthquake source
characteristics and the ray path effects through the
mantle and local structures underneath the recording
site.

In 2005, Seismological Observatory at the Fac-
ulty of Natural Sciences and Mathematics in Skopje
undertook significant efforts to upgrade and main-
tain modern digital seismological network. This
advancement enabled continuous, high-resolution
instrumental monitoring of seismic activity across

the territory of the Republic of North Macedonia
and its surrounding regions.

As a result, the network has generated a sub-
stantial volume of high-quality seismic waveforms,
providing a valuable resource for geophysical inves-
tigations within the country.

The dataset used in this study comprises tele-
seismic recordings from three permanent seismo-
logical stations: Skopje (SKO), located in the north-
ern part of the Vardar seismic zone; Valandovo
(VAY), situated in the southeastern part of the
Vardar seismic zone; and Ohrid (OHR), positioned
in the southwestern part of the West-Macedonian
seismic zone (Arsovski, 1997) (Figure 1).

Using receiver function analysis, we investi-
gate crustal discontinuities, construct 1-D shear ve-
locity models, and estimate the depth of the Moho
beneath each station.

The results provide new constraints on lateral
variations in crustal thickness and allow us to
interpret these variations within the context of North
Macedonia’s complex tectonic framework.
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Fig. 1. Permanent seismological station locations across the Republic of North Macedonia.

DATA AND METHOD

The events used to estimate receiver functions
in this study were recorded during the observation
period from 2006 to 2013. The selected teleseismic
earthquakes consist of three-component seismo-
grams with epicentral distances ranging from 30° to
95° and magnitudes greater than 5.5 (Figire 2). The
number and quality of recorded waveforms at each
seismic station depend on the duration of station
operation, local site conditions, instrumental perfor-
mance, and ambient noise levels.

Fig. 2. Distribution of teleseismic events (red circles) recorded
by three seismological stations (SKO, VAY, OHR). Selected
events are with epicentral distance between 30° and 95°. Green

circle marks position of the Republic of North Macedonia.

Most of the selected events are located to the
north and east of the stations, with back-azimuths
between 0° and 95°, while only a few events orig-
inate from the south and west.

The P receiver function method is based on
analyzing P-to-S converted phases contained in the
P-wave code, which provide information about the
velocity structure beneath seismological stations
(Figure 3a). The theoretical background of the tech-
nique was described using the approach of Langston
(1979), Owens et al. (1984), Kind and Vinnik (1988),
Kosarev et al. (1993). The simplicity of the method
allows for routine application in the analysis of data
from permanent network stations, and its widespread
use has led to several detailed descrip-tions of the
technique (Ammon et al., 1990; Ammon, 1991).

These converted phases, generated at signifi-
cant velocity discontinuities beneath a station, are
especially useful for studying the crust and upper
mantle. Due to the strong velocity contrast at the
crust-mantle boundary, the converted Ps phase is
often the most prominent signal following the direct
P wave and typically exhibits a much stronger am-
plitude on the horizontal component than on the
vertical.

The delay time of the converted phase relative
to the direct P-wave arrival depends on the depth of
the discontinuity, the ray parameter of the incident
P wave, and the seismic velocity structure of the
layers (Langston, 1977). By rotating ZNE compo-
nent waveforms into the local P-SV-SH ray-based
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coordinate system, the Ps converted phases are iso-
lated on the SV component, which is perpendicular
to the P component that carries the direct P-wave
motion.

The influences of the instruments, local struc-
tural effects, source parameters, and mantle path ef-
fects are removed, and the P component is decon-
volved from the SV component (Vinnik, 1977;
Phinney, 1964). The resulting waveform, known as
the receiver function, contains not only the primary
converted phases but also multiple phases generated
by reflections between the Earth's surface and velo-
city discontinuities (Figure 3b). Receiver functions
are calculated according to the approach of Herman
(2002) and Herrmann and Ammon (2002, 2004).

In this study, receiver functions obtained from
different teleseismic events at each seismic station
are sorted by back azimuth and stacked to enhance
signal coherence, then analyzed through forward
modeling to investigate velocity discontinuities
within the crust and estimate the depth of the Moho-
rovici¢ discontinuity, ultimately enabling the recon-
struction of the shear-velocity structure beneath
each station.

The inversion was performed using Computer
Programs in Seismology, developed by Herman

(2002), Herrmann and Ammon (2002), with the
AK135 Earth model as a starting point (Kennett et al.
1995), assuming a shear-wave velocity of vy=4.55
km/s, Projet PNUD-UNESCO (1972). To enhance
the clarity of the receiver function signals, low-pass
Gaussian filters with parameters of 1 and 2.5 were
applied during the inversion.

Velocity Contrast, Moha discontinui
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Fig. 3. a) Ray diagram showing P-to-S conversions and
multiples generated at the velocity contrast,

b) Receiver function for a simple crust showing direct P
arrival, Moho Ps conversion, and multiples.

RESULTS AND DISCUSSION

P receiver function

Radial receiver function was computed for the
three stations, and summed as a function of back
azimuth from 0° to 360°, in a time window of —10 s
to 40 s (Figure 4). A total of 116 events were ini-
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tially recorded at the SKO station, 185 at the VAY
station, and 151 at the OHR station. After removing
traces affected by high noise levels or instrumental
issues, receiver functions were computed for 77
events at the SKO station, 132 events at the VAY
station, and 50 events at the OHR station.
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Fig. 4. Radial receiver function plotted as a function of back azimuth for each stations.
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Positive amplitudes (red-colored) represent an
increase in seismic velocity with depth, while nega-
tive (non-colored) amplitudes reflect a decrease in
velocity with depth. The zero-time marker aligns
with the arrival of the direct P-wave.

The receiver function for all stations showed
the direct P arrival at 0 s. The converted Ps phases
from the Moho discontinuity arrives around 4.0 s —
4.5 s after the incident P on the radial receiver
function for the SKO station.

The Ps Moho arrival is showed at 3.5s—4.5 s
for the VAY station and for the OHR station Ps
phases arrive around 5.0 s to 5.5 s after the incident
P wave.

The converted Ps phase from the Moho dis-
continuity arrives between 3.5 s and 5.5 s, de-
pending on the seismological station. The time of
the converted Ps shows the shallowest Moho depth

beneath the VAY and SKO stations, and the deepest
Moho discontinuity at OHR seismological station.

Inversion of receiver function

The inversion process and derivation of the
crustal velocity models were performed using 34
receiver functions analysis for the SKO seismolog-
ical station, 32 for the VAY station, and 12 for the
OHR seismological station.

Figure 5 presents the velocity models derived
from receiver function analysis for SKO station.
Figure 6 shows the velocity models for the VAY
seismological station. Figure 7 displays the velocity
model for the OHR seismological station.

The blue curve represents the observed data,
while the red curve corresponds to the model pre-
diction.
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Fig. 5. Model fit to the receiver function at the SKO seismological station
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Fig. 7. Model fit to the receiver function at the OHR seismological station

In the upper left corner of each trace, the
station name, Gaussian filter parameter, percentage
of fit, and ray parameter are indicated. Each receiver
function is labeled on the right side of the trace with
the year, month, day, hour, and minute of the re-
corded event.

A coherently stacked receiver function, ob-
tained from multiple events, was used as input for
the shear-wave velocity inversion to calculate the
crustal velocity models. Figure 8, for the following
seismological stations: a) Skopje (SKO), b) Valan-
dovo (VAY), and c¢) Ohrid (OHR), presents the re-
ceiver function stacks used for the inversion, along
with the final crustal velocity models.

The red line represents the initial velocity
model, while the blue line shows the final velocity
model obtained from the receiver function inver-
sion.

The Moho depth beneath the SKO seismologi-
cal station is estimated to be approximately 36 km,
which is consistent with values reported in previous
geophysical studies (Dragasevi¢ and Andri¢, 1982;
Delipetrov et al., 2016; Boykova, 1999).
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The Moho discontinuity beneath the VAY
seismological station is estimated, based on inver-
sion results, to be located at depths between 34 km
and 36 km. These values show good agreement with
prior studies conducted in the region (Dragasevié¢
and Andri¢, 1982; Papazachos, 1998; Boykova,
1995).

At the OHR seismological station, complex
patterns are observed in the stacked receiver func-
tion, with two distinct peaks identified as converted
Ps phases (Figure 8c left).

A more detailed analysis of these data is neces-
sary to determine whether the subsurface structure
beneath the OHR seismological station is influ-
enced by faults, lateral heterogeneities, or
anisotropy.

The estimated Moho depth from receiver func-
tion analysis beneath the OHR seismological station
ranges between 42 and 44 km, which is in good
agreement with results obtained from other
seismological and geophysical surveys (Dragasevic¢
and Andri¢, 1982; Ormeni, 2009; Delipetrov, 2016).
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Overall, the Moho is the shallowest in the the southwestern part, where it reaches depths of 42
southeastern part of the Republic of North Macedo- to 44 km.
nia, at depths from 34 to 36 km, and the deepest in
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CONCLUSIONS

This study provides new insights into the
crustal structure beneath the territory of the Repub-
lic of North Macedonia through analysis of tele-
seismic data recorded at three permanent seismo-
logical stations: Skopje (SKO), Valandovo (VAY),
and Ohrid (OHR). Using the receiver function
method and subsequent inversion techniques, we
estimated the depth of the Mohorovic¢i¢ discontinu-
ity (Moho) and derived 1-D shear velocity models
for each location.

The results reveal significant lateral variations
in Moho depth across the region. The shallowest
Moho depths are observed beneath the VAY seis-
mological station (from 34 to 36 km) and SKO
seismological station (around 36 km), while the
deepest Moho is found beneath the OHR seismo-
logical station, ranging from 42 km to 44 km. These
differences reflect the complex tectonic and
geological framework of the region, influenced by

crustal thinning in the east and crustal thickening in
the west.

The stacked radial receiver functions show
clear Ps conversions from the Moho, confirming the
reliability of the depth estimates. In particular, the
seismological station in Ohrid (OHR) exhibited
more complex receiver function signatures, sug-
gesting the presence of additional structural features
such as faults, lateral heterogeneities, or anisotropy
in the crust.

Overall, this work contributes valuable con-
straints on the seismic structure of the North Mace-
donian lithosphere and enhances our understanding
of regional tectonics. Future studies with expanded
seismic networks and additional methods (e.g., am-
bient noise tomography or joint inversion with sur-
face waves) could further refine these results and
provide a more detailed view of the crust and upper
mantle in the region.
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Peszume

CTPYKTYPA HA 3BEMJUHATA KOPA IIOJl TEPUTOPUJATA HA PEITYBJIUKA CEBEPHA
MAKEJOHMUJA BP3 OCHOBA HA AHAJIM3A HA ®YHKIHUUTE HA IPUEMHUKOT

Jacmuna Hajnoscka, Katepuna /Iporpemka
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KJ’Iy‘IHI/I 360p0BH: (1)yHKIII/II/I Ha IPUEMHUK; 6p31/IHCKI/I MOoA€CI; JMCKOHTUHYUTET Ha MOXOpOBI/I‘II/II’(

Tenecen3MHUYKHUTE 3€MjOTPECH, PETUCTPUPAHU CO (HpeK-
BEHTHO HIMPOKOTOjacH cem3momerpu Wideband Ranger WR-
1 BO TpUTE MOCTOJHH CEU3MOJIOMIKH CTaHUIU OJ CEH3MOJIONI-
kata Mpexka Ha PemyOmmka CeBepHa Makenonnja — Ckomje
(SKO), Bamanmoso (VAY) u Oxpun (OHR), Gea aHanmsupanu
€O MeToJ0T Ha P-(QyHKIMM Ha IPHEMHHUK, KOj OBO3MOXKYBa
naeHTH(UKanMja Ha TJIABHUTE CEU3MHYKH TUCKOHTHHYHTETH
BO KOpaTa ¥ TOpHaTa MaHTHja HEMOCPETHO MO CEKOja CeH3MO-
JIOIIIKA CTaHMIIA.

AHanu3aTa Ha MOAATOIUTE MOKaka BapUjallid BO Bpe-
METO Ha I1ojaBa Ha (a3ute Ps, ITO yKaKyBa Ha XETEPOr€HOCT
Ha Jytabo4yMHaTa Ha TUCKOHTHHYUTETOT Ha MOXOpPOBUYHMK HU3
peruoHoT. Bo 0Boj ciydaj GpyHKIMHTE Ha MPUEMHUKOT MOKa-
JKyBaaT jaCHM HACTaIll Ha KOHBepTupanute ¢aszu ox 4,0 s mo
4,5 s o HacTamoT Ha AUPEKTHHOT P-OpaH 3a ceM3MOJIOIIKaTa
craruna Ckomje (SKO), ox 3,5 s 1o 4,5 s 3a cem3monomkara
crannna Bamanmoso (VAY) mon 5,0 s 1o 5,5 s 3a cem3mouoni-
kara craauna Oxpun (OHR).
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3a oapenyBame Ha CTpPYKTypara Ha 3eMjuHaTa Kopa Oe-
11e U3BpIICHA HHBEP3Hja Ha QyHKIUUTE TOOMEHN Ha IPUEMHH-
KOT cO ynoTpeba Ha JMHEeapu3UpaHa UTepaTUBHA TEXHHKA, CO
Koja Oea mobuenu exnoauMen3nonansu (1D) moxenu Ha Op3u-
HH BO Koparta. Pe3ynTaturte o MHBEep3HjaTa OKAXyBaaT 3Ha-
YHUTEITHN BapHjalluy BO JeOelMHaTa Ha 3eMjHHaTa Kopa, IpH
IITO TUCKOHTHHYNUTETOT Ha MOXOpOBHYHK ce Haora Ha 1y1abo-
ymHa ox1 okoity 34-36 km oz cenzmornonikara craHua Banan-
noBo (VAY) Ha ucrok u Ha 42-44 km nox censmouonikara
cranuna Oxpuxa (OHR) nHa 3amaa. [on cemsmomomkara cra-
auna Cromje (SKO) tnckoHTHHYHTETOT Ha MOXOpOBHYHK € Ha
rabodnHa o1 okoiry 36 km.

OBue pe3ynTaTH JlaBaaT HOBH OTpaHHUyBama 3a CTPYK-
Typarta Ha Jutocdepara Bo CeBepHa MakeoHHja U HyIaT 3Ha-
YajHU CO3HAHHMja 32 KOMIUIEKCHATa TEKTOHCKA Ipajgda Ha peTu-
OHOT.
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