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Abstract

Relatively little research has been conducted on the thickness of the Earth’s crust beneath Estonia
and surrounding regions. Earlier studies, conducted in the late 1990s and early 2000s, relied on
gravimetric, magnetic, and limited deep seismic sounding (DSS) data, often giving inconsistent
results. In recent years, the expansion of the Estonian seismic network has given new opportunities
for seismological interpretations.

For this study, seismic data of distant earthquakes from 12 Estonian and 5 nearby regional seismic
stations were analysed using receiver function (RF) analysis. The methodology is based on the time
delay between the arrival of direct pressure or P-wave and the converted Ps phase, where the P-
wave is transformed into a shear or S-wave at an interface. This time difference allows for the
estimation of the depth of Moho, the boundary between Earth’s crust and mantle. Most of the
analysis was conducted using the PyGLImER software package.

The results reveal significant variation in Moho depth, ranging from 48 km in southeast Estonia to
63 km in the northwest. The findings are broadly consistent with the existing DSS profile and
regional gravity anomalies.

The main limitation of this study is the sparse station coverage in southern Estonia and Latvia, which
affects reliability of the results in these areas. Nevertheless, the results demonstrate that receiver
function analysis is a plausible and effective method for crustal studies in the Estonian region. The
findings provide valuable insight into the crust beneath Estonia, and offer basis for future studies
that combine seismological, gravity, and other geophysical data.
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Eesti maakoore paksus: vastuvotjafunktsiooni analiiiis

Annotatsioon

Eesti maakoore paksust on seni uuritud suhteliselt vahe. Varasemad uuringud, mis on tehtud
peamiselt 1990. aastate 10pus ja 2000. alguses, tuginesid ainult gravimeetrilistele, magnetilistele
ning sivaseismilistele andmetele, andes sageli erinevaid tulemusi. Viimastel aastatel on Eesti
seismojaamade vork oluliselt laienenud, mis pakub vdimalust ka maakoore seismoloogilisteks
télgendusteks.

Kaesolevas t66s anallilsiti kaugete maavarinate seismilisi andmeid 12 Eesti ja viie ldhiriikides
asuvast seismojaamast, kasutades vastuvdtjafunktsioonide analiilisi. Meetod p&hineb piki- ehk P-
laine ja monel piirpinnal tekkinud muundunud Ps-laine (pikilaine muundus rist- ehk S-laineks) faasi
vahele jddval ajal. Selle ajavahe pdhjal on véimalik hinnata Moho pinna ehk Maa koore ja vahevoo
vahelise eralduspinna siigavust. Anallis viidi 1abi PyGLImER tarkvarapaketi abil.

Tulemused nditavad suurt Moho sligavuse erinevust Eesti aladel. Kdige vaiksem on maakoore
paksus Kagu-Eestis — 48 km, ning kdige suurem Loode-Eestis, ulatudes 63 km-ni. Leitud siigavused
on Uldjoontes kooskdlas siivaseismika ning gravitatsioonianomaalia andmetega.

Analllsi piirab peamiselt seismojaamade hore jaotus Louna-Eestis ja Latis. See vahendab nende
piirkondade tulemuste usaldusvadarsust. Siiski naitavad tulemused, et vastuvotjafunktsioon on
usaldusvaarne ja sobiv meetod maakoore ehituse uurimiseks Eesti aladel. T66 pakub uusi teadmisi
Eesti maakoore paksuse kohta ning loob aluse tulevastele Maa siseehituse uuringutele.
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1. Introduction

Relatively little research has been conducted on the thickness of the Earth’s crust beneath Estonia.
While several studies emerged in the late 1990s and early 2000s, this topic has received limited
attention over the last two decades. Most existing studies rely on gravity and magnetic data, which
have produced highly varying interpretations. One geophysical method that has remained largely
unexplored in Estonia is seismology.

In recent decades, receiver function analysis has become a widely used seismic method for imaging
Earth’s internal discontinuities, such as the Mohorovici¢ discontinuity (Moho). This technique uses
distant earthquake P-waves, which are converted to S-waves at boundaries with strong velocity
contrasts. These converted waves, recorded by seismometers, provide detailed information,
particularly on the depth and character of the Moho. The receiver function analysis method has
been applied all over the world. However, its application in the Baltic region has so far been limited,
primarily due to a small number of seismic stations.

Until now, the only published seismic information about the deep crust in Estonia came from
Sovetsk—Kohtla-Jarve profiles deep seismic sounding (DSS) studies by Ankudinov et al. (1994), which
was later used by All et al. (2004) to create a map of crustal thickness. In recent years the Estonian
seismic station network has expanded considerably. Thus, it is now possible to use receiver function
analysis with enough detail to study the structure of the crust.

This thesis uses receiver function analysis to investigate the crustal thickness beneath the entire
territory of Estonia for the first time. Waveform data were collected from Estonian seismic stations
and supplemented by five stations in surrounding regions to ensure full national coverage. The goal
is to produce a reliable estimate of the Moho depth across the country. This study provides a new
seismic perspective on the crust beneath Estonia.
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2. Basic Seismology

Seismology studies how acoustic waves travel through the Earth. Strong earthquakes generate
pressure waves, which act as natural sources of seismic energy, these waves travel through the
Earth and are detected by seismographs (receivers) on the other side (Mondol, 2010).

2.1. Structure of the Earth

The Earth is made up of layers that can be described in two main ways: by their composition (crust,
mantle, and core) and by their rheological properties (Figure 1). Rheologically, the outer layer is
lithosphere, which includes the crust and the upper rigid part of the mantle. Beneath the
lithosphere lies the asthenosphere, a viscous, ductile layer. Transitions between these layers are
marked by discontinuities.

For the receiver function method the most important boundary is the Mohorovici¢ or Moho
discontinuity, which is named after the Croatian seismologist Andrija Mohorovici¢, who discovered
it in 1909 (Mohorovici¢, 1910). The Moho separates the Earth’s crust from the mantle. These two
layers are composed of different types of rocks: the crust mainly consists of felsic and mafic rocks,
while the mantle consists of ultramafic rocks (Kaban et al.,, 2022). As a result, seismic waves
propagate at different speeds through each layer. The depth of the Moho varies: it ranges from 5
to 10 km below the ocean floor and from 20 to 90 km beneath continents (He et al., 2018; Shearer,
1999).

Continental Crust

Oceanic Crust

Moho

Figure 1. Earth’s inner structure.
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2.2. The thickness of Earth’s crust beneath Estonia

Relatively little research has been conducted on the thickness of the crust beneath Estonia. The first
important study was carried out by Ankudinov et al. (1994), which was the Sovetsk—Kohtla-Jarve
deep sounding profile. This work laid the foundation for many later studies. The first map showing
crustal thickness in Estonia was produced by Sildvee and Vaher (1995), who estimated that the
thickness ranges from 35 to 50 km. A more detailed and updated map was later developed by All
et al. (2004), incorporating quantitative gravity and magnetic modelling. Their results suggest that
the crust in Estonia is overthickened, reaching depths of approximately 45 to 65 km. The most
recent study by Solano-Acosta et al. (2023) suggests even greater depths of 48.6 to 72.9 km based
on gravity data alone.

Grad et al., (2009) produced the first high-resolution model of the Moho depth of the European
Plate by combining receiver function analysis and seismic and gravity data. Their work indicates
that the depth of the Moho lies under 50 km in eastern Estonia, but it may reach as much as 60 km
in southern Estonia. However, they note that the depth uncertainty of the Estonian Moho may be
more than 5 km.

2.3. Seismic waves

For a three-component seismic station, the velocity of ground movements is measured and
recorded in three directions: vertical (Z), north-south (N) and east-west (E) — one vertical and two
perpendicular horizontal motions. The faster of the two types of body waves is known as the
primary, pressure or P-wave (for the theory of propagation of seismic waves, see e.g., Bolt, 2003;
Ravikumar et al., 2014; Shearer, 1999). P-waves propagate through rock by causing alternating
compression and expansion in the direction they travel. The slower body wave is called secondary,
shear or S-wave, which travels by shearing the rock sideways, perpendicular to its propagation
direction (Figure 2). The perpendicular displacement cannot occur within fluids, so S-waves can only
travel through solid material. P-waves are most prominently recorded on the vertical motion
component of seismograms, while S-waves are more noticeable on the horizontal components. S-
waves are the main cause of structural damage due to their shearing motion and larger amplitude.

Dirc: Dirapy.
X Irectio, of py X Tectiop of p

IO

Figure 2. Propagation of body waves as function of particle motions (Mondol, 2010).

The velocity of seismic waves depends on the composition, density and elastic properties of the
rocks and materials they pass through. The first noticeable motion of a seismic wave on a

9
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seismogram is called its arrival time. The time differences between P- and S-waves are used to
determine the location of an earthquake.

Measuring the arrival times of seismic waves at different distances between the earthquake
location and receivers, seismologists can create travel-time curves. These curves help interpreting
Earth’s average velocity structure.

2.4. Wave refraction and reflection

The two body waves, P and S have another characteristic that affects shaking: when they propagate
through layers of rock, they are reflected and/or refracted at the boundary between rock types.
Seismic ray theory is analogous to optical ray theory and has been applied for over 100 years to
interpret seismic data (Shearer, 1999).

Reflection occurs as it is formulated by the law of reflection — the angle of reflection is equal to the
angle of incidence. In this study, the analysis primarily relies on seismic refraction. Refraction
behaves according to the law of refraction, or Snell's law — when light travels from one medium to
another, it changes propagation direction (e.g., Born & Wolf, 1959)

sin(6,) _ sin(6;)
2z

where indices 1 and 2 are referring to different medias, & shows the angles of incidence and
refraction, and V shows velocities of the different layers.

In addition to normal refraction and reflection, seismic energy is also redistributed into other types
of waves. An incident P-wave creates both reflected and refracted P- and S-waves when it
encounters a boundary between rock types (Bolt, 2003) (Figure 3). For example, as a P-wave travels
upward through the mantle and strikes the Moho discontinuity, most of its energy continues as a
transmitted P-wave, while a portion is converted and transmitted as an S-wave. These waves are
observed at seismic stations as distinct signals, specifically the direct P-wave and the Ps-wave.

The redistribution of seismic energy at such boundaries is mathematically described by the
Zoeppritz equations (Shuey, 1985). Zoeppritz equations are a set of equations that describe the
partitioning of seismic wave energy at the interface (“Zoeppritz equations”, 2024). Thus, it is
important to note that the first recorded S-wave signal during distant seismic events, such as
earthquakes, is not the original S-wave but rather the converted Ps-wave (Shuey, 1985). In this
study, the focus is not on the specific distribution of directions and strengths of these waves, but
on the fact that such redistribution occurs.

10
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Figure 3. A schematic diagram of reflected and refracted waves generated from an incident P-wave
(Mondol, 2010).

2.5. Wave velocity

Seismic velocity generally increases with depth, primarily due to compaction of the material.
However, lithologic changes introduce low-velocity zones, where seismic velocity decreases locally
due to changes in rock type, porosity, or fluid content (Bormann et al., 2012). At discontinuities, the
increase in velocity can be nearly instantaneous (Bormann et al., 2012).

The average crustal P-wave velocity is about 6.5 km/s (Christensen & Mooney, 1995). S-wave
velocities are generally about 60% of P-wave velocity, depending on the rock type (Christensen &
Mooney, 1995; Tiira, et al., 2022). With known seismic velocities, the Moho depth can be calculated
using the formula:

Vp XV
/sz -v2

where H is the depth to the Moho, tp is the time difference between the direct P-wave and the

H=tpsx

converted Ps-wave arrival, 1, is the P-wave velocity and V; is the S-wave velocity.

2.6. Deconvolution

In general, any measured signal will contain some noise due to various physical factors. Noise
affects the accuracy of the measurement, so it is important to minimize it. This can be achieved
through methods such as frequency filtering or selecting signals with inherently low noise levels

11
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(Castro-Artola et al., 2022). A common technique to enhance signal quality is deconvolution (Chen
et al., 2024). Deconvolution compresses wavelets in the seismogram, which increases resolution
and mitigates noise (Chen et al., 2024; Backus et al., 2001).

Large-magnitude earthquakes typically generate signals that are less affected by noise compared
to smaller events (Matcharashvili et al., 2012). Consequently, a higher signal-to-noise ratio (SNR) is
generally observed for large-magnitude earthquakes, making them more suitable for analysis (Chen
et al., 2024). Additionally, as a seismic signal propagates, its strength gets weaker further away,
reducing the SNR (Chen et al., 2024). The magnitude of an earthquake is strongly correlated with
the average SNR, emphasizing its significance in selecting data for analysis. The SNR in seismic data
is higher when waves propagate through hard rock compared to sedimentary layers; this is due to
physical properties of the materials.

12
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3. Receiver function method

A receiver function (RF) is a tool used in seismology to study the internal layers of the Earth. It was
originally developed by Langston (1979) but has been improved by many others since (Saygin,
2007). It is mostly used for measuring the thickness of the Earth's crust (Akinremi et al., 2024). The
velocity contrast at the Moho represents a major discontinuity to which RFs are highly sensitive
(Akinremi et al., 2024). It is a widely used technique because it can be applied using passive data
(recordings) and requires only a single seismic station.

Receiver functions are time series, computed from three-component seismograms, capturing the
Earth’s structural response near the seismic receiver. These responses originate from the different
paths travelled by waveforms generated by distant earthquakes, known as teleseismic waves. As S-
waves travel slower than P-waves, they arrive at seismic stations later, after the initial P-wave. But
as said before, both waves reflect and refract, and get converted into Ps, PpPp, PpPs, PpSs etc. (in
general, a capital letter denotes a refracted wave, and a lowercase letter denotes a reflected wave)
(Figure 4). The time difference between the arrival of the direct P-wave and the converted Ps phase
(where the P-wave transforms into an S-wave at an interface) allows for a direct calculation of the
Moho's depth (Delph et al., 2019). The result is a time series called the RF, which contains converted
seismic phases created at boundaries inside the Earth. For this method, the RF is only watched from
the moment a wave has converted from Moho to the time it has reached the station. However, the
presence of low-velocity sedimentary layers can obscure Moho signals, as these layers create
additional wave conversions that complicate the RF (Akinremi et al., 2024). In Estonia the
sedimentary cover is relatively thin (200-500 m), so it should not affect the results in this study.

(o]
S
k_
<<
Time after P arrival (s) .
Receiver
P-wave
--=-=- S-wave L
A
/
Moho

AL

PpPs PsPs+PpSs DirectP Ps

Figure 4. Schematic ray paths for different labelled phases and multiples from a simple two-layer
model with the resultant radial receiver function (Harland et al., 2009).

13
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4. Methods

4.1. Seismic stations

In this study, | use data from twelve Estonian, three Finnish, one Latvian and one Russian seismic
station (Figure 5) (Appendix 1). For Estonia | included all available seismic stations listed in the
GEOFON database. The additional stations were selected based on their locations to cover as large
area of Estonia as the seismic network allows. All the stations are part of GEOFON Seismic Network
(GEOFON Data Centre, 1993).

4.1.1. Estonian stations
There are three seismic stations located in western Estonia (for information about the Estonian
Seismic Network, see e.g., EGT, 1996; Soosalu, 2024). The Matsalu (MTSE) station is located in a
separate cellar at the Matsalu Nature Park Centre and has been in operation since 2006. EE06 is a
temporary station in Hiiumaa, installed in 2015. Additionally, the NOPE station is located in
Perakila, N6va commune.

In northern Estonia there are four stations. The newest Estonian station is PLDE, which started
operating in the summer of 2024. It is located in Paldiski and its site is very close to the Suurupi
station (SRPE), which operated from 2005 to 2011. The Arbavere (ARBE) station has been active
since 2011 and is located at the Arbavere Research Centre of the Geological Survey of Estonia. EE04
is a temporary station installed in May 2015 in the Vaivara Sinimagede area near Narva-JGesuu.
Although the site is affected by high-frequency noise from an ambient air quality monitoring station
operated by the company Eesti Energia, the noise does not interfere with the low-frequency
teleseismic signals required for RF studies.

The remaining stations are located in central and southern Estonia. Sdrghaua (SRGE), and Tooma
(TOSE) are both relatively new stations, installed in 2023. TOSE previously operated as a temporary
station under the name EEO3 However, in this study, only data from the upgraded TOSE are used.
The sites of Vasula (VSU) and Tartu (TRTE) stations are located very near to each other. The Tartu
station was active from 1996 to 2003 at the Tartu Old Observatory. Approximately 10 km to the
north there is Vasula station, which has been operating since 2003. The Piusa seismic station,
originally named as EEQ7, has been located in the Piusa caves from May 2017. In 2023, the
temporary station was replaced by a permanent one and was renamed as PISE. In this study only
data from PISE are used.

All Estonian stations are equipped with broadband seismometers — Giiralp CMG-6T, Nanometrics
Trillium Compact Horizon or Streckeisen STS-2 (Soosalu, 2025). These are low-noise seismometers
with an extended low-frequency sensitivity (Nanometrics Inc, 2009), making them useful for large
distant teleseismic wave observations, needed for RF studies.

4.1.2. International stations

The Finnish seismic stations used in this study are all located in southern part of the country (for
the information about Finnish Seismic Network, see e.g., Institute of Seismology, University of
Helsinki, 1980). The Metsédhovi (MEF) station, located near Espoo, has been in operation since 2006.

14
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Approximately 100 km to the east is a Pernaja (PVF) station. The station has been active since 1991.
Near the Finland — Russia border is a station Virolahti (VJF), which has been working since 2006.

Slitere (SLIT) station is located near Ventspils and has been working since 2006. This station is
particularly useful for seismic studies in Estonia, because there are no seismometers in the
Saaremaa Island. In Russia, the Pulkovo (PUL) station, located in Saint Petersburg, has been in
operation since 1998.

Finland Wi/&)
PVF A
:Wﬁf \&\
A _IA\T
— Gul inland e
) ulf of Finlan \;\‘J/H A
PUL

-EtEOG Estonia

Russia

Baltic Sea
f
g
=
-
w
m

Latvia

A Seismic station

Figure 5. Seismic stations used in this study.
4.2. Event selection

TSugai (2010) carried out a preparatory analysis for identifying seismic regions suitable for RF
analysis in Estonian. As the theory defines, she outlined the potential data set within the 30-90
degree epicentral distance from Estonia, including earthquakes with a magnitude at least 5.5 and
SNR greater than 20 dB. The same parameters were used in Aedma (2020) work, where he used RF
method for Vasula (VSU) station.

| downloaded all the raw waveforms from Potsdam GEOFON archive, which provides access to
seismic waveform data from global network stations (e.g., Quinteros et al., 2021a). GEOFON itself
operates a global seismic network, through which | was able to obtain data from Russian and Latvian
seismic stations. The downloaded data file format is the widely used MiniSEED (e.g., Ringler &
Evans, 2015; Quinteros, 2021b).

Initially, | planned to pre-filter and download only events with a magnitude greater than 6.5.
However, this approach resulted in a very small dataset. | expanded the selection criteria to include
earthquakes with magnitude 5.5 for stations that began distributing their data to GEOFON in 2023
or later. This adjustment provided me with a much larger dataset, consisting of 200-400

seismograms, which was more suitable for further analysis.
15
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4.3. Software packages

The main packages used in this study were PyGLImER, ObsPy and NumPy, all of which are Python-
based. PyGLImER is a framework for “Global Lithospheric Imaging using Earthquake Recordings”
(GLIMER), which automates RF processing — from downloading data to imaging (Makus et al., 2021).
It is built largely on the ObsPy project, which is broader seismological data processing framework
(e.g., Beyreuther et al., 2010). NumPy is a widely used numerical library that provides support for
efficient operations on matrices and multi-dimensional arrays (Harris et al., 2020).

The PyGLIMER software was last updated in 2023. However, updates to NumPy and ObsPy caused
compatibility issues, making it difficult to get everything work together. After resolving these issues,
| was able to successfully match the required versions to ensure full functionality: Python 3.9.6,
PyGLIMER 0.4.1, ObsPy 1.3.1, and NumPy 1.25.2.

4.4. Data Processing

After downloading the raw waveform data from the GEOFON archive, | began preprocessing the
data. The first step was to clip each waveform to the appropriate length. This was followed by
demeaning and detrending the waveforms to remove any offset and linear trend, which helps
stabilise the data. Then | removed the instrument response and converted the data to velocity. The
waveforms were then rotated from the original ZNE (vertical, north, east) components to NEZ.
However, in this coordinate system, the data is not aligned along the axis between the station and
earthquake. Therefore, a two-dimensional rotation is applied to get RTZ (radial, transverse, vertical)
components, which is the preferred system for RF analysis. Once the waveforms were in RTZ
format, | applied the SNR filter, that it would be greater than 20 dB. The final step in preprocessing
was deconvolution. This step produced the final RFs used in analysis (Table 2).

After the RFs were computed, they were plotted and stacked to create an average waveform for
each station. The RFs were stacked by aligning the P-wave arrival times, so that reflections from
Moho would align as well. From the stacked RFs | calculated the Moho depth. For this purpose, |
employed a seismic velocity model developed at the Institute of Seismology, University of Helsinki
(e.g., Tiira et al., 2022) (Table 1), since there is no Vp/Vs seismic velocity model for Estonia.

Table 1. Velocity model used in this study.

Vp (km/s) Vs (km/s) Depth range
6.19 3.6 0—15km
6.7 3.84 15—40 km
8.03 4.64 > 40 km

16
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5. Results

The Tartu (TRTE) and Pulkovo (PUL) stations had the least usable data, with only 30 and 15
seismograms, respectively, resulting in just 5 usable RFs. For Pulkovo, this limitation might be due
to the station not having accessible data to download since 2001. The smaller amount of data from
Tartu is less of a concern, as it primarily serves as a control station for Vasula, given their proximity
to each other.

Overall, approximately every second waveform was suitable for RF analysis (Table 2). The primary
reason for waveform rejection was a low signal-to-noise ratio. Among the Estonian stations, NOPE
and VSU produced the highest quality RFs. The Finnish stations also provided excellent data quality,
likely due to their location on hard igneous bedrock, which produces lower ambient noise because
of reduced wave scattering and surface interference.

Table 2. Overview of seismogram data and RF extraction.

Station Measurement period | Minimum No. of downloaded
name used magnitudes seismograms No. of RF-s
ARBE 2011.01.20-2024.04.17 | 5.5 767 352
EEO4 2023.10.18 - 2025.04.10 | 5.5 255 86
EEO6 2023.10.18 - 2025.04.17 | 5.5 275 131
MEF 2011.02.15-2025.04.17 | 6.5 237 126
MTSE 2006.01.01 - 2024.07.01 | 6.5 891 235
NOPE 2023.10.18 - 2025.04.14 | 5.5 277 156
PISE 2023.10.18 - 2025.04.17 | 5.5 279 137
PLDE 2024.10.30 - 2025.04.24 | 5.5 96 26
PUL 1998.01.01 - 2010.04.22 | 5.5 16 5
PVF 2018.04.19 - 2025.04.24 | 6 399 195
SLIT 2006.10.25 - 2024.04.17 | 6.5 351 172
SRGE 2023.10.18 - 2025.04.17 | 5.5 280 143
SRPE 2005.03.22 - 2011.01.03 | 6.5 142 76
TOSE 2023.10.18 - 2025.04.17 | 5.5 276 150
TRTE 1996.10.18 - 2003.04.26 | 6.5 30 5
VIF 2011.02.15-2025.04.17 | 6.5 390 311
VsuU 2003.04.12 - 2025.04.10 | 6.5 308 249

Most analysed stations provided reliable and well-defined receiver functions. For better
visualisation of the RFs, positive amplitudes are shown in red and negative amplitudes in blue. A
clear Moho signal is seen at the NOPE station in NGva, where the stacked RF reveals a distinct
arrival, indicating that the Moho lies at approximately 63 km depth (Figure 6A). At the Matsalu
(MTSE) station, which provided over 200 usable RFs, the signal is similarly strong, suggesting a
Moho depth around 61 km (Figure 6B). EE06 in the Hiiumaa island, also showed high-quality RFs,
which the Moho depth is interpreted to be about 60 km (Figure 6C).
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Figure 6. Receiver functions and estimated Moho depth. The panels show individual (below) and
stacked (above) RFs. The dashed line marks the interpreted Moho Ps arrival. Stations: A) NOPE; B)
MTSE; C) EEO6; D) PLDE.

Stations in north-western Estonia produced consistent results. Paldiski (PLDE), the newest among
them, is located at the transition zone between deeper Moho in the east and the shallower crust
beneath northern Estonia. PLDE had fewer usable events than nearby stations, so the result is less
certain. The Ps phase arrives just after 6 seconds, meaning a Moho depth of 58 km, which fits the
regional trend (Figure 6D). Suurupi (SRPE) showed a weaker signal with higher uncertainty. The
stacked RF suggests a depth of about 53 km, although by visual inspection | would place it closer to
54-55 km (Figure 7A). The RFs at SRPE appeared particularly noisy.

Arbavere (ARBE) produced the highest number of usable RFs. A comparison between stacks using
100 and 300 RFs showed no difference in the result, indicating the station’s overall high data quality.
The Moho beneath ARBE is located at approximately 54 km (Figure 7B). At EEO4 in Vaivara, the RFs
are quite noisy, yet the Moho is clearly visible at 55 km (Figure 7C). Interestingly, the same
waveform pattern appears at the Russian PUL station in Saint Petersburg, where the Moho is
estimated at around 64 km (Figure 7D). However, only five usable RFs were available from PUL and

thus uncertainty is high.
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Figure 7. Receiver functions and estimated Moho depth. The panels show individual (below) and
stacked (above) RFs. The dashed line marks the interpreted Moho Ps arrival. Stations: A) SRPE; B)
ARBE; C) EE04 ; D) PUL.

In southern and central Estonia, the Sdarghaua (SRGE) station produced clean and distinct signals,
with a Moho depth of approximately 54 km (Appendix 2). The Tooma (TOSE) station also gave a
substantial number of RFs, suggesting a Moho at 53 km. However, visual inspection of the stacked
graph indicates the depth could be closer to 54-55 km (Appendix 2). A notable result was obtained
at Vasula (VSU), where the Moho appears significantly shallower than at the other stations,
approximately 48 km (Figure 8C). This observation was supported by data from the nearby Tartu
station (TRTE), where the Moho depth was measured at 49 km (Figure 8D). The motivation to
include TRTE was mostly as a control for Vasula due to their proximity.

The station Piusa (PISE) produced the most uncertain result. The automatic calculation placed the
Moho at a depth of about 69 km, but visual analysis of the RFs suggests that the converted phase
arrives closer to 6.7 seconds, corresponding to a Moho depth of approximately 60 km (Figure 8A,
B).
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Figure 8. Receiver functions and estimated Moho depth. The panels show individual (below) and
stacked (above) RFs. The dashed line marks the interpreted Moho Ps arrival. Stations: A) PISE,
automatic result; B) PISE my interpretation; C) VSU; D) TRTE.

The Finnish stations all yielded high-quality RFs. At MEF, near Espoo, the Moho lies at around 56
km (Figure 9A). At PVF, it is approximately 49 km (Figure 9B), and at VJF, near the border between
Finland and Russia, about 50 km (Figure 9C). In contrast, the Latvian station SLIT, with relatively
noisy signal, had a very clear Moho signal at 45 km (Figure 9D).

20



Sonja Korvits, Crustal thickness of Estonia

Receiver Functions HE.MEF Receiver Functions HE.PVF

Approx. Depth [km] Approx. Depth [km!
A 173 43 5l 50.7 782 B 173 43 prrox. Degth k) 507 78.2
—— Stacked AF —— Stacked RF
© 0.4 Moho ~56.7 km o 947 ~=-= Moho ~48 5 km
g g
So. T2
5 E
0o \_/—

Approx. Degth [km]
263

173 a3

Trace Index
Trace Index

2 A -2 ) 2 4 5 8
Time After P-Arrival [s] Time After P-Arrival [s]
Receiver Functions HE.VJF Receiver Functions GE.SLIT
C 17.3 43 fnprec 2[3539(“ tkm) 507 78.2 D 173 43 Appmx'z%?th L) 50.7 78.2
T — sucwarr 050! —— Stacked RF

== Moho ~45.2 km

-~ Moho -49.6 km

Amplitude
Amplitude

&
W

148

{2
?

{ It
(b bl

q
b

150

[
i

“‘wﬂ%h‘ww , s o Ve

Trace Index
8
Trace Index

2 - 4
Time After P-Arrival [s]

2 a
Time After P-Arrival [s]

Figure 9. Receiver functions and estimated Moho depth. The panels show individual (below) and
stacked (above) RFs. The dashed line marks the interpreted Moho Ps arrival. Stations: A) MEF; B)
PVF; C) VJF; D) SLIT.

Based on the interpreted Moho depths from all analysed stations, | constructed an interpolated
Moho depth map of Estonia (Figure 10).
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Figure 10. Interpolated Moho depth map beneath Estonia and surrounding regions based on
receiver function analysis. The numbers in pink indicate seismic stations used in this study: 1) EE06;
2) MTSE; 3) NOPE; 4) PLDE; 5) SRPE; 6) MEF; 7) PVF; 8) VJF; 9) ARBE; 10) EE04; 11) PUL; 12) TOSE;
13) VSU; 14) TRTE; 15) PISE; 16) SRGE; 17) SLIT. The black line marks the location of the Sovetsk—
Kohtla-Jarve deep seismic sounding (DSS) profile.
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5. Discussion

The results of this study are limited by the sparse distribution of seismic stations, which makes
direct comparisons with existing knowledge challenging. With 12 stations in the country, plus five
nearby stations, there are significant gaps between data points. This limitation is particularly
evident in the southern Estonia and northern Latvia, where the SLIT station in Latvia is the only
available source. Its data are not sufficient to fully constrain the regional Moho structure (e.g., Grad
et al.,, 2009; Zandersons & Karuss, 2020). Expanding the seismic network in this region would
significantly improve the accuracy and resolution of future models.

Despite the limitations of the seismic network, the findings align well with previous regional studies.
The Moho depth beneath Vasula (VSU) was 48 km, closely matching Aedma’s (2020) result of 47
km. The nearby Tartu (TRTE) station yielded a similar result of 49 km, further validating this
observation. In northern Estonia, the stations produced consistent results, typically indicating
Moho depths within 53—58 km. Initially, the deepest Moho was detected beneath the Piusa (PISE)
station, however after evaluating the results more critically, | interpreted the Moho depth to be
smaller. Consequently, the deepest Moho depth was under Nova (NOPE) station (63 km), and the
shallowest was at SLIT (45 km).

The best direct seismic comparison is the Sovetsk—Kohtla-Jarve deep seismic sounding (DSS) profile,
originally published by Ankudinov et al. (1994) and later modified by All et al. (2004) (Figure 11).
Ankudinov et al. (1994) identified a transitional Moho boundary, marked by M1 and M2. My results
fall within these depths. Unfortunately, there is no data from other publications between shot
points SP2 and SPO to compare with my results. Furthermore, the lack of seismic stations in
southern Estonia and Latvia limits the reliability of my profile beyond SP5. Interestingly, my Moho
depth profile shows better agreement with the gravity profile trend than the other seismic models.
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Figure 11. Sovetsk—Kohtla-Jarve seismic sounding (DSS) profile. Moho transitional layer

interpretation by Ankudinov et al. (1994) is shown in dark green (profiles M1 and M2). The blue line
represents the modified Moho from All et al. (2004). The red line is Moho depth from this study.

The lower panel shows the gravity profile from All et al. (2004).
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The discrepancies between my findings and previous work may be due to differences in seismic
velocity models used. In this study, | employed the University of Helsinki model (Tiira et al., 2022),
which assumes that the Moho is at around 40 km depth, as the Vp exceeds 8.03 km/s beyond this
depth. This model underestimates the Moho depth in Estonia, as the actual depth is closer to 50—
60 km. | tested the impact of changing this velocity model at several stations by adjusting the depth
ranges to 0-15 km, 15-55 km, and >55 km. These modifications suggest that the crust beneath
Estonia may be 1-3 km thinner than indicated by the results of this study.

Another validation of the findings comes from comparing them with gravity data. | compared my
data with two gravity maps (Figure 12). The thickened crust in northwest and western Estonia, and
by the Russian station PUL, corresponds well with strong positive gravity anomalies. In northern

Estonia, both gravity and Moho depth show less variation, which is consistent across datasets. This
overall coherence between gravity anomalies and Moho depth trends suggests that the
interpolated depth relief is geophysically reasonable. On the other hand, the gravity-based model
by Solano-Acosta et al. (2023) shows noticeable differences, the cause of which is unclear and
would require further investigation.
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Figure 12. A) Filtered gravity data of Estonia and its surrounding areas (Zandersons & Karuss, 2020).

B) Bouguer gravity map of Estonia (Dmitrijeva et al., 2018).

Comparisons with similar studies in Finland further support the validity of the results of my study.
Alinaghi et al. (2003), used the same RF analysis, and observed similar patterns — thicker crust in
southwest Finland (50-55 km) and thinner in southeast (40—45 km). The recent SOFIC profile study
by Tiira et al. (2022) in southern Finland shows trends that also align with the current findings.

Further improvements of the study can be achieved through changing the seismic velocity model
and incorporating other geophysical models. Further filtering of the RF data might be needed for
noisy stations like SRPE, PISE, and EEO4. Additional stations are needed in under-represented
regions, such as southern Estonia and Latvia.
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Conclusions

This study provides a new seismic perspective on the crustal structure beneath Estonia and
surrounding regions by applying receiver function analysis to teleseismic data. Previous models of
Moho depth in the area have relied heavily on gravimetric, magnetic, and sparse deep seismic
sounding (DSS) data, often producing inconsistent results. By using data from both Estonian and
nearby regional seismic stations, this study demonstrates that receiver function analysis can map
crustal thickness in greater detail than previously possible.

The results reveal significant variation in Moho depth, ranging approximately from 48 km in
southeastern Estonia and northern Latvia to 63 km in the northwestern Estonia. These findings are
broadly consistent with earlier DSS profiles, as well as with gravity anomaly trends. In areas where
comparisons were possible, results closely match previously found values — for example at the
Vasula station.

While limitations remain due to the uneven distribution of seismic stations, particularly in southern
Estonia, this study highlights the potential of receiver function method. As the seismic network
continues to expand, future work will be able to improve spatial resolution. This study provides new
and independent seismic insights to the lithospheric structure beneath Estonia and shows the
importance of integrating seismological methods to regional geophysical studies.
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Appendix 1. The used seismic stations

Station Coordinates (°N; °E) Location

name

ARBE 59.4365; 25.98410 Estonia, Lddne-Virumaa, Arbavere Research Center

EEO4 59.374; 27.875 Estonia, Ida-Virumaa, Vaivara

EEO6 58.9695; 22.8482 Estonia, Hiilumaa, Soera Museum

MEF 60.21719; 24.39581 Finland, Metsdhovi Geodetic Research Station

MTSE 58.7144; 23.8146 Estonia, Parnumaa, Matsalu National Park Visitor Center
NOPE 59.2089; 23.6238 Estonia, Ldianemaa, Nova RMK Visitor Center

PISE 57.8414; 27.4674 Estonia, VOrumaa, Piusa Caves

PLDE 59.3481; 24.074 Estonia, Harjumaa, Paldiski

PUL 59.7728; 30.3222 Russia, Pulkovskoye Observatory

PVF 60.5453; 25.859 Finland, Ovre Rikeby, Pernaja

SLIT 57.6287; 22.2905 Latvia, Dudanga, Sliteres

SRGE 58.6563; 25.2425 Estonia, Pdrnumaa, TalTech Sarghaua Earth Science Center
SRPE 59.46331; 24.380 Estonia, Harjumaa, Suurupi

TOSE 58.8728; 26.2728 Estonia, Jogevamaa, Tooma Weather Station

TRTE 58.3786; 26.7205 Estonia, Tartumaa, Tartu Old Observatory

VJF 60.5388; 27.555 Finland, Virolahti, Virojoki

VSuU 58.462; 26.73469 Estonia, Tartumaa, Vasula
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Appendix 2. RF figures of SRGE and TOSE
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