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The main goal of our research was to identify the features of the spatial distribution of crusta movementsin
Ukraine using GNSS-technology. M ethods. As the initial date for investigation were the observations of 4 years
(2013-2016) from over 120 reference stations in Ukraine. The cumulative solution was estimated by program
GAMIT/GLOBK. For reference (red), we have taken solutions from EPN Analysis Combination Centre. By
comparing the real coordinate and coordinate determined in our cumulative solution we compute RMS of the
positioning. Results. The RMS analysis revealed that the received cumulative solution may be used for regiona
and local geodynamic studies, geophysical interpretation and for many practical applicationsin geodesy. Based on
the estimated horizontal components of velocities, their vectors were congtructed on the digital tectonic map of
Ukraine. Horizonta rates (22-25 mm/yr) show adear trend —adextral character. Movement componentsarein the
direction of Voronezh crystaline massifs. For the vertical component of the rdative Ste velocities, accuracy will
increase with an increasein the time interval of GNSS-observations. Scientific novelty and practical significance.
For the first time the digita tectonic map of Ukraine was prepared with vectors of horizontal velocities of GNSS-
stations. The values of the determined vel ocities are homogeneous and with the increase of the observation interval,
it will be possible to determine the peculiarities of the movements of the earth crugt on the territory of Ukraine and
in the futureto create aregiona geodynamic mode of Ukraine.
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The definition and maintenance of the global are trying to detect the natural disagers event in

terrestrial reference frame are one of the main tasks of
geodesy. The quality of the reference frame
realization has important implications for ability to
study both regional and global properties of the Earth,
including post-glacial rebound, sea level change, plate
tectonics, regional subsidence and loading, plate
boundary deformation, and Earth orientation
excitation [Altamimi et a., 2001; Seeber, 2003,
Fastellini et al., 2009]. Nowadays the actual terrestrial
reference frame is ITRF2014. This redization is
available from 21 January 2016. By that time,
redization ITRF2008 was used. The ITRF uses as
input data time series of station positions and Earth
Orientation Parameters (EOPs) provided by the
Technique Centers of the four space geodetic
techniques (VLBI, SLR, GNSS and DORIS). The
GNSS, compared to the other techniques, has the
advantage of being the most efficient one for the
ITRF densfication purpose (regional and local
networks), given its ease use, low cost and the
availability of the IGS products for al users
[Altamimi, 2003]. Nowadays there has been a
continued and growing interest of using GNSS for
monitoring crusta deformation. Many experts around
the world [Lim et a., 2010; Kutoglu, 2010; Kaloop

oc. Casuyk, C. /lockiu

advance by using GNSS technique. So regional and
local networks of GNSS reference dstations are
elements of a great interest to the study of regiona
crustal deformations and seismic activity.

The Department of Geodesy and Astronomy of
Lviv Polytechnic National University operate three
private local reference GNSS networks in Ukraine.
Until now, these networks have been mostly used for
engineering purpose but they also have a strong
potential for the monitoring of regional and local
crustal deformation in Ukraine. This is important
because Ukraine has the seismically active tectonic
structure — Mediterranean zone.

Aim

The main goal of our research was to identify the
features of the gpatial distribution of crusta
movementsin Ukraine using GNSS-technol ogy.

The main tasks of theresearch are;

1. Estimation of a combined solution (coor-
dinates and velocities) for all available reference
GNSS-stations.

2. Interpretation of the obtained results in
relation to the main tectonic structures of Ukraine.
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3. Creation of a digital tectonic map for the
territory of Ukraine with the indicated vectors of the
horizontal component of the reference GNSS-stations
velocities and determination of the main spatial
distribution of the earth crust.

Tectonic structures of Ukraine

Major tectonic structures within Ukraine are
(Table 1): ancient (Precambrian) Eastern-European
movabl e platform and the Mediterranean zone.

Table 1

Major tectonic structureswithin Ukraine

Ukrainian Shied
Voronezh crystalline massifs

GaliciaVolyn cavity
Volyno-Podilska Plate
Dniprovsko-Donetska

Depressions
Prychornomorska Depressions
Donetsk folded structures

Scythian Platform
Western-Eur opean Platform

Eastern-Eur opean
Platform

Carpathian fold system
Folded-brylova Building
Mountain Crimea
Black Seadepression

M editerranean zone

In the East-European platform distinguish the
Ukrainian shield (one of the oldest the Earth's crust in
Europe), Volyn-Podolska plate (on the western slope
of the shield), Galicia-Volyn cavity, Dniprovsko-
Donetska and Prychornomorska depressions and
Voronezh crystalline massif. The main structures in
the Mediterranean belt are moving Carpathian fold
system and fold-brylova Building Mountain Crimea.
In Ukraine there are long (hertsynska) Donetsk fol ded
building and youth Scythian Western platform. The
Mediterranean zone is moving area of modern seismic
activity. All tectonic structures of Ukraine are shown
inFig. 1.

\[loHeuska

S

Fig. 1. Tectonic map of the Ukrainian

In order to obtain information on crustal defor-
mations for different tectonic structures, a regional
GNSS network of Ukraine was used.

Methods

Currently (as of July 2017) the Ukraine reference
GNSS network consists of ~120 stations (Fig. 2). We
considered data available between 2013 and 2016
years. Data from three private GNSS networks
distributed throughout Ukraine (ZAKPOS, THT-THI,
System Solutions) was used. Additionaly, we also
use data from several stations of the neighbours
GNSS networks such as ASG-EUPOS (Poland),
ROMPOS (Romania), MOLDPOS (Moldavia),
SKPOS (Slovakia).

......
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Fig. 3. Schemes of thefiducial stations networks

Dual-frequency phase and pseudo range data are
recorded at sites at 30-s intervals in the internal
memory of the receivers in 24-hour-long files. Data
files are downloaded automatically on a daily basis
via ftp-server in Department of Geodesy and
Astronomy of Lviv Polytechnic National University.
Then GNSS data were processed using the Gamit-
Globk software (Herring et al., 2016) developed by
MIT, Scripps Inditution of Oceanography, and
Harvard University with support from the National
Science Foundation and using final GPS orbit pro-
ducts. In Gamit-Globk the orbits were fixed by
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choosing BASALINE experiment. Observable was
the ionosphere-free linear combination (LC_
AUTCLN). Using Gamit-Globk the input files were
imported the main anaysis by software package —
Gamit. This program inverted the (constrained)
correlation or covariance matrix to the unconstrained
normal equation. Reference frame were redlized by
the EPN/IGS stations (Fig. 3) from Poland (BY DG,
JOZ2, LAMA, USDL), Austria (GRAZ), Moldova
(IGEO), Itdy (MATE), Russan (MDVJ, ZECK),
Germany (POTS, WTZR), Latvia (RIGA), Bulgaria
(SOFI), Lithuania (VLNS) and Ukraine (CNIV,
GLSV, MIKL, POLV, SULP, UZHL).

Seven components of Helmert trandation related
to ITRFO8 were estimated by minimum constraint
method. Following such a dtrategy allowed to
eliminate the errors in network’ s geometry trigged by
some errors in stations (used for reference frame
realization) and also not make any significant changes
in the reference frame [Araszkiewicz, 2009].

Results

When cumulative solution (1721-1929 GPS
weeks) from GAMIT-GLOBK software was
estimated, several stations have incorrect values of
coordinates and velocities. We have investigated that
these “bad” values have several reasons such as
incorrectly indicated receiver’s antenna, error during
transmission of data to our Centre when the wrong
antenna was automatically recorded and some
gtations have a small time span of observations.
Figures 4 illustrate diagrams of the time interval for
the problematic station during 4 years (1461 days)
[Savchuk S, Doskich S., 2017].
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Fig. 4. Thetimeinterval of the stations
observations

Such stations with incorrect values of coordinates
and vel ocities ware excluded from the research.

To invegtigate accuracy and correctness of our
cumulative solutions it was compared with EPN
solutions by common dation and coordinates
differences was determined (Fig. 5). EPN solutions
were taken from EPN_A_IGb08.SSC (http://mww.
epncb.oma.be/_productsservices/'coordinates/). Coor-
dinates have been calculated on the same epoch asin
our solution.

Table 2 shows the datigical summary of the
differences.

Table 2

Statistical result of the coor dinate differ ences
EPN-Ukraine solutions

Value X (mm) Y(MM) Z (mm)
St.dev 5.2 4.6 6.9
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Fig. 5. Comparison of common sites coordinates
from IGS/EPN and Ukraine solutions

The comparison made between coordinates
obtained in national processing and official EPN
solution gave good results since differences do not
exceed 1 cm. So, the received cumulative solution
may be used for regional and local geodynamic
studies, geophysical interpretation and for many
practical applicationsin geodesy.

Final processing of GNSS data from the Ukraine
reference stations gives the station velocities in their
north (N), east (E) and altitude (H) components.
Annual stations movement velocities are determined
from dation time series, in units of mm/yr. To
investigate the accuracy of estimated velocitiesit was
compared with IGSEPN solutions by the common
station and velocities differences were determined
(Fig. 6).

The standard deviation between velocities
obtained in national processing and official IGSEPN
solution does not exceed 0.4 mm in the north (N) and
east (E) and Immin atitude (H).

Most Ukrainian GNSS-stations are located on
three tectonic structures. Carpathian fold system,
Volyno-Podilska Plate and Ukrainian Shield, which
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makes it possible to do a statistical analysis which is
represented in Table 4.
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Fig. 6. Comparison of common sites velocities
from IGS/EPN and Ukraine solutions

Table 3
Statistical result of the velocities differ ences
between | GS/IEPN-Ukr aine solutions

Value Ve W Vi
(mm/yr) (mm/yr) (mm/yr)
max 0.6 0.6 2.2
min -1.1 -0.9 -2.2
mean 0.1 0.0 0.0
St. dev 0.4 0.4 1.0
Table 4

Statistical result of the stations velocities on three
main tectonic structures of Ukraine

Value Ve Ui Vh
(mmiyr) (mm/yr) (mm/yr)
Carpathian fold system
max 23.1 14.6 2.8
mean 22.0 13.8 0.3
St.dev 0.6 0.7 1.7
Volyno-Podilska Plate
max 23.9 14.7 4.0
mean 22.2 13.7 18
St.dev 1.2 0.8 1.7
Ukrainian Shield
max 25.3 14.9 3.6
mean 23.0 129 0.5
St.dev 11 0.9 1.6
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The differences between mean values of velocities
between three main tectonic gructures in the east (E)
are 1 mm, in the north (N) are 0.9 mm and in atitude
(H) are1.5mm.

The analysis of detected movements in the
Ukraine region was directed toward an evaluation of
movement velocities of structures in the region. The
size and direction of the horizontal component of the
relative site velocities, determined from measure-
ments on all GNSS-stations, are givenin Fig. 7.

Fig. 7. Example of the geodynamic
interpretation of GNSS data of the reference
stations located in Ukraine

The movement components of all stations display
a dextral character. Movement components in the
direction of Voronezh crystalline massifs. These
mobile trends described to correlae with the
geologica and geophysical materids in the
investigated region (Somov and Rahimova, 1992).

The verticd component of the relative site
velocities estimated in Gamit-Globk software was
compared with geophysical materials by four stations:
SRTY, KIRV, VNRS and SHPT (Table 5).

Table 5
Vertical component of the site velocities
Station Gamit-Globk Geophysical
VH(mm/yr) VH(mm/yr)
STRY +2.8 +2.2
KIRV +0.0 +1.0
VNRS +3.2 +3.5
SHPT +2.9 +3.5

The results show the closeness of vertical
component values. Certainly, with an increase in the
time interva of GNSS observations, accuracy will
alsoincrease.

The analysis of the movement trends completed
for Ukraine displayed points toward the importance of
geodynamic studies on the local scale. Subsequently,
their mutual consecutive linkage will allow the
creation of a regional geodynamic model of Ukraine
to be compiled.
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Scientific novelty and practical sgnificance

Today, due to the active development and
spreading of GNSS-technologies, networks of active
reference dtations have begun to be used for
geodynamic purposes, specifically for the study of
regional movements of the earth’s crust and seismic
activity. Such studies are actively conducted on the
territory of the European Union, Japan and the United
States. For the territory of Ukraine, where the number
of such stations is about one hundred and twenty,
such geodynamic studies have not yet been
conducted. Although the tectonic structures of
Ukraine include a seismicaly active zone — the
Mediterranean belt, which is the subject of research
not only for geodesists, but also for geophysicists.

Using GNSS observations, we determined the
vel ocities of the reference stations that we take for the
earth's crust movements in the area where these
stations are located.

For the first time, an eectronic tectonic map with
a scale of 1:500,000 with velocity vectors was
congtructed and an interpretation of the results was
performed.

In the future, with the increment of the time
interval of such observations, it is planned to create a
regional geodynamic model of Ukraine.

Conclusions

1. Cumulative solution (coordinates and
velocities) for al available reference GNSS-stations
(~120) for four years (2013-2016) in software
GAMIT/GLOBK was estimated.

2. Horizontal rates show a clear trend — a
dextral character. Movement components are in the
direction of Voronezh crystalline massifs. Most of the
measured absol ute rates are about 22—25 mm/yr.

3. According to the results of satellite
observations, we can not confidently detect the
dependence of the obtained velocities on regiond
geotectonic. Even with an increasing the interval of
observations for several times the preiminary
conclusion is practically unchanged for the horizonta
component of the relative site velocities. For the
vertical component of the relative site velocities,
accuracy will increase with an increase in the time
interval of GNSS observations.

4. The analyss of the movement trends
completed for Ukraine displayed points toward the
importance of geodynamic studies on the local scale.
Subsequently, their mutual consecutive linkage will
allow the creation of a regiona geodynamic model of
Ukraine.
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MOHITOPUHTI PYXY 3EMHOI KOPY B MEXXAX YKPATHU
3 BUKOPUCTAHHM MEPEXI GNSS-CTAHLIII

Meta. BusiBUTH 0COONHMBOCTI MPOCTOPOBOrO PO3MOALIY PYyXy 3€MHOI KOpH Ha TepuTopii YKpaiHu 3a
nonomororo GNSS-texnonorii. Meromuka. BuxigHuUMHu TaHUMH JJIs TOCHIPKEHHS MTOCITY)KWIH PE3YJIbTaTH
CIOCTepEKEHb TPUBANICTIO yoTupu poku (2013-2016) na monan 120 pedepeHIHUX CTaHIIIX YKpaiHd. 3 1ux
CIOCTEPEKEHb 3a JIOMOMOr0I0 HayKoBOro nporpamuoro 3abesneuentss GAMIT/GLOBK o6uunciieHo 06’ €qHaHui
y 4aci po3B’si30K (YacoBi psAMM KOOPAMHAT Ta MIBUAKOCTI). 3a KOHTPOJBHI MH TPUHAHSIA PO3B S3KU i3
KomoGinauiitnoro nentpy EPN. 3 nopiBHSIHHS 3Ha4€Hb HAIIOTO Ta KOHTPOJBHOTO PO3B’ 3Ky OTPHMaHO cepeJHi
KBaJ[paTH4Hi TOMUJIKM TIOJIOKEHb Ta MIBUAKOCTEH craHiii. Pe3ynbraTn. AHaii3 oTpUMaHUX 3HA4YEHb CEpeIHIX
KBaJpaTHYHUX TMOMHJIOK IIOJIOKEHHsI Ta UIBHAKOCTEH CTaHIH IT0Ka3aB, IO CTBOPEHUH perioHalbHUH
00’ elHaHUH PO3B’SI30K MOXKHA BUKOPHCTATH ISl PEriOHANIBHUX Ta JIOKAJIHHUX T'€OJUHAMIYHUX JOCIIIKEHB,
reodizuyHoi iHTepmperanii Ta 0araTbOX INPAKTUYHUX 3aCTOCyBaHb Yy reozesii. 3a oOYMCICHUMHU
TOPU30HTAJILHUMH CKJIaJIOBUMHU IIBUIKOCTEH MOOYIOBaHO BEKTOpU Ha IU(POBI TEKTOHIYHI KapTi YKpaiHH.
BekTopyu TOPH30HTAJBHHUX CKIAJOBUX MIBHAKOCTeH (22—25 MM/pik) MalTh YiTKy TEHJCHINIO HAPSIMY IO
BopoHe3pkoro KpucramiyHoro macuBy. Jlisl BepTHKAIBHOI CKIIQJOBOI INBUIKOCTEH Leil 4YacOBHH iHTepBa
CrocTepekeHb (YOTUPU POKH) HE € JOCTATHIM JUIsl TIPOBEICHHS aHali3y Ta OTPUMAaHHS KOHKPETHHX OIIHOK.
TouHiCTh BH3HAYEHHSI BEPTHKAJIBHUX IIBUAKOCTEH 301MbIIYBaTUMEThCS 31 30UIBIISHHSIM YacOBOI'O 1HTEpBaILY
GNSS-crioctepexens. HaykoBa HOBH3HA Ta NMPaKTUYHA 3HAYYIICTh. Briepiie miJroToBJIEHO €NEKTPOHHY
TEKTOHIYHY KapTy YKpaiHH 3 BEeKTOpaMU TOPH30HTANBHHX CkiagoBux mBuiakocted GNSS-cranmiii. 3HaueHHs
BU3HAYEHUX IIBUJAKOCTEH € ONHOPIJHUMH 1 31 30UIBIIEHHSM YacOBOI'O IHTEpPBANly CIIOCTEPEKEHb AAAYTh
MOXITUBICTh BCTAHOBUTH OCOOJIMBOCTI IIPOCTOPOBOTO PO3IOALTY PYXy 3€MHOI KOpH Ha TepuTOpii YKpaiHu Ta B
MaiOyTHbOMY CTBOPUTH PEriOHANBHY I'e0JJMHAMIUHY MOJIENb Y KpaiHu.

Kniouosi crosa: koMOIHOBaHMH PO3B’ I30K; peepeHIIHi CTaHIii; TEKTOHIYHI CTPYKTYpH Y KpaiHu.
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MOHUTOPHHI IBMKEHM S 3EMHOI KOPHI B IIPEJIEJIAX VKPAWHBI
C UCIIOJIb3OBAHMEM CETU GNSS-CTAHIIMU

Leasn. BeisiBUTE 0COOEHHOCTH IPOCTPAHCTBEHHOT'O PaclpeAeIeH s ABHKESHUs 3eMHOM KOPBI Ha TEPPUTOPHH
VYxpaunsl ¢ nomoubto GNSS-texnonornu. Meroanka. VIcXoaHBIMU JJAHHBIMH 11 HCCIIEIOBAHUS TTIOCITYXKITH
pe3yabTaThl HAOMIOICHUH MPOIOKUTENRHOCThIO YeThipe rofa (2013-2016) Ha Gonee yem 120 pedepeHcHBIX
CTaHIMAX YKpauHbl. M3 95THUX HaONMIONEHWI C IIOMONIBI0 HAYYHOTO IPOTPAMMHOIO  OOECIeUeHHs
GAMIT/GLOBK BbruncieHo 00beIMHEHHOE BO BPEMEHH pelieHUe (BPEMEHHbIC PSIIbl KOOPIUMHAT U CKOPOCTH).
3a KOHTPOJIbHBIE HAMU NPHUHATH penienust ¢ KomOunammonnoro nenrpa EPN. U3 cpaBHeHus 3HaYeHUid Halero
U KOHTPOJIFHOTO PEUICHUs! IMONYyYeHbl CPEIHUE KBaJpaTU4eCKHe OMIMOKH TOJIOKEHWH W CKOPOCTeH CTaHIMWH.
Pe3yabraTbl. AHaNU3 TNOJYYEHHBIX 3HAYEHWH CPENHUX KBaJIpaTHYECKUX OLIMOOK ITOJIOKEHUS M CKOPOCTEH
CTQHIMH IIOKA3aJl, YTO CO3JAHHOE PErMOHATIbHOE OOBEIMHEHHOE PEIIEHHE MOXKET OBITh HCIIONB30BAHO IS
PETHOHAJBHBIX W JIOKAIBHBIX TE€OJMHAMUYECKHX HCCIEIOBAaHUM, reopU3n4ecKodl MHTEPIpeTalud U MHOTHX
MPaKTHYECKUX TNPUMEHEHUH B reone3ud. [lo BBIYHMCIEHHBIM TOPH30HTAJIBHBIM COCTABISIONIMM CKOPOCTEH
MIOCTPOEHBI BEKTOPHI Ha U(PPOBOM TEKTOHUYECKUE KapTe YKpauHbl. BEeKTOpbI TOPU30HTAIBHBIX COCTABIISIONINX
ckopoctelt (2225 Mm/Tom) MMEIOT YEeTKYI0 TCHACHIIMIO HAMPIMYI0 K BOpOHEKCKOMY KPHCTATHYECKOMY
MaccuBy. [ BepTHKAJIBHOIN COCTABISIONICH CKOPOCTEHl JaHHBIM BPEMEHHON MHTEpBAT HAOMIOJCHUH (d4eThIpe
roga) He SBISAETCS JOCTATOYHBIM IS TPOBEJCHHS aHAIW3a WM TOJTYYCHHS KOHKPETHBIX OIIEHOK. TOYHOCTH
OIIpeJIeIeHUs] BEPTHKAJIBHBIX CKOPOCTEH OY/eT yBEeNW4MBaThCs C YBEIUUEHHEM BpeMeHHoro uHrepaia GNSS-
HaOmonenuii. Haydynasi HOBM3HA M TPaKTHYecKasi 3HAYUMOCTB. BriepBble IMOJTrOTOBICHO 3JIEKTPOHHYIO
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I'eonesis

TEKTOHUYECKYIO KapTy YKpauHbI ¢ BEKTOpaMU T'OPU30HTAJBHBIX COCTaBJIstonmx ckopocTedr GNSS-craHimii.
3HaueHHE ITUX OMPEICICHHBIX CKOPOCTEH SIBIIIOTCS OMHOPOTHBIMHU U C YBEIIMYCHHUEM BPEMEHHOTO MHTEpBaIa
HAOJIOZCHUH MO3BOJIAT YCTAHOBUTH OCOOCHHOCTH MPOCTPAHCTBEHHOI'O PACIIPEICIICHUS IBHKCHHS 36MHOM KOPBI
Ha TEPPUTOPUHU YKPauHBI ¥ B OyAYIIEM CO37aTh PErHOHAIBHYIO TeOMHHAMHYECKAst MONICNIb Y KPaHBI.

Kniouesvle crosa. KOMOWHHMPOBAHHOE pelleHHe; pedepeHCHbIE CTaHIUH; TEKTOHHYECKUE CTPYKTYPHI
YkpauHsl.
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