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ON NUMERICAL PETROPHYSICAL EVALUATION OF GRANITOIDS OF AREA NEAR
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OF THE POSSIBILITY OF USING ITS FOR THE DISPOSAL OF RADIOACTIVE WASTE

(Reviewed by the editorial board member S. Shnukov)

The most important task of modern nuclear power engineering is a safe disposal of the radioactive wastes. The various approaches
have been used in developing the basic justification of choice of disposal geological environment. It was revealed that a deep repository
of the radioactive wastes is suitable approach for this goal. it has substantial advantages in comparison with the surface warehousing. A
carefully chosen geological environment would form a safe casing for the repository engineered barrier system, protecting it from many
natural and artificial hazards. At present several developed countries have considered locating deep repositories in crystalline rock.
Repository depths between about 500-1000 m are usually considered. However, a approach of deep geological repository is connected
with the problem of searching of suitable geological sites and investigation a lot of characteristics of the host rock. It is thus important
to consider the potential use of the special petrophysical researches in assessment studies. These petrophysical characteristics would
need more in-depth analysis of the insulating properties of the host rocks.

On the basis of our researches carry out the simulation of some petrophysical characteristics and permeability of the leading
petrotypes of Ingulsk and Dniester-Buh megablocks of Ukrainian Shield by statistical techniques, including correlation and factors
analyses. It gave a possibility to implement of numerical classification of the all researched objects (totally 27 petrotypes). Results of
analyses are also used to make predictions about the function indicators as a tool for selection of the host rocks. Finally only
Oleksandrivs'k enderbites and Kirovohrad granites were chosen as the most acceptable natural objects for the radioactive wastes
disposal. Also Oleksandrivsk enderbites are not far to SUNPP that means low transport costs and environmental safety. Kirovohrad
granites should be chosen as the host rocks as to creation of underground laboratory of priority comprehensive researches of

insulation properties of geological environmental.

Problem statement. The long-standing question of
modern nuclear power engineering is the problem of the
safe radioactive wastes (RAW) disposal. It is important to
accelerate studies of the search for a repository site. This
development are based on knowledge and understanding of
the insulating properties and involved processes and has to
includes directed investigations of the host rocks of
prospective disposal sites. Very promising of the natural
objects are hard poor-porous rocks. Respectively, it is mainly
concerned with crystalline rocks and its geomechanical and
hydraulic properties, also mineralogy and geochemistry.

Ukraine has 15 working nuclear power plants and has
produced large amounts of radioactive wastes that have to
be managed. However, at present Ukraine hasn't a
respective deep repository that satisfy a modern demand.
To achieve this goal need to apply the different disposal
strategies based on nature of the wastes, the available
host rocks and the associated engineering and scientific
researches. An one side these researches, the wide
petrophysical evaluation of the crystalline rocks in the near-
field of South Ukrainian Nuclear Power Plant (SUNPP) are
described this paper. As a result these investigations will
be determined the additional sites for RAW disposal and
operational capability of the host rocks are obtained.

Analysis of recent researches. There are three main
types of the host rock are currently under investigation:
1) hardrocks (granites, granodyorites and other hard
crystalline rocks); 2) sedimentary rocks (clays and marles);
3) chemical deposit (rock salt). It was found that the most
favorable natural objects for disposal of radioactive wastes
are crystalline rocks. Granite rocks are under investigation

in Sweden, Finland, Czech Republic, Spain, Switzerland
and other countries. Repository depths between about
500-1000 m are usually considered. In Ukraine, most
recent developments of disposal concept attracted to
granite massifs as the host rocks. A wide range of the host
geological formations has been considered for deep
repositories within the bounds of the Exclusion Zone of
Chernobyl Nuclear Power Plant and on the adjacent areas
[2, 3, 5]. Similar geological formations are also occur near
SUNPP but its still have a low level of proper
investigations. Overall petrophysical researches of the host
rocks are carried out relatively recently — in conjunction
with associated disposal programmes (by Swedish
scientists since 2002 [6]).

It should be noted that development planning of SUNPP
weren't developed to account for all possible hazards
connected with the functioning of the Tashlitsk hydropower
complex [1]. The main natural hazard is geodynamic tension
of Pervomaisky Fault — a part of spread fractured Holovaniv
Suture Zone, where SUNPP is actually located. Additionally,
Holovaniv Suture Zone is a border between Ingulsk and
Dniester-Buh megablocks of Ukrainian Shield where
tectonically-induced fractures and faults may be
superimposed upon this unstable system. In this regard,
disappointing forecast concerning the possibility of natural
seismic events at the center of Pervomaisky Fault with 56
or more times is expressed. It is clear that development of
multyconceptual models of the deep geologic repository may
proceed only on the basis of a good understanding of such
unpredictable natural disasters and careful searching of new
sites for RAW disposal.

© Tolstoy M., Kostenko N., Shabatura O., 2013
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Work objective. Our investigations will focus on the
study of the physical properties of granitoids of two large
megablocks of Ukrainian Shield. Granitoids of Kirovohrad
complex of Ingulsk megablock are positioned on genetic
connection with of uranium deposits. As is well known,
such operating excavations of U-deposits are most
favorable for disposal of RAW in future, and for the creation
of underground laboratory studies of the flow properties of
radioactive elements and the insulating characteristics of
the host rocks already today.

From the above material, it is seen that a basic subject
of the present invention is to provide a selection of the
most favorable sites within geological boundaries based on
a database of physical characteristics of leading petrotypes
of granitoids rocks. Database of investigated granitoids
rocks are collected and processed in research Sector of
Physic-chemical studies of rocks of Geological Faculty of
Taras Schevchenko National University of Kyiv. The main
goals these researches are to expand a quantity of the
suitable sites for RAW repository, providing the
comprehensive physical and technical characteristics of
massifs and improving geological criteria set for the host
rocks of RAW repository.

Summary of main material. In additon to a
description of geochemical and geological characteristics
of geological disposal system, the input data that are
generally required by petrophysical models include: rock
porosity (total porosity Pt and effective porosity Pef), density
(bulk density oy), elastic properties (compressional V, and
shear seismic waves V), radioactivity (R:), heat
conductivity () and permeability (). The permeability is
determined by quality terms of fracturing. Generally
speaking, permeability embraces a wide spectrum of
physical and structural characteristics of geological
environmental that controlling the migration of constituents
in the porewater, fluid flow and mass transport. As known,
the migration of radionuclides through undisturbed
saturated porous rocks or fractures and fracture zones
depend on the degree of water saturation, the temperature
and the permeability of the host rock. Because we observe
strong correlations of a value of the permeability with total
and effective porosities, elastic properties (and its
anisotropies) and total radioactivity. Thermal conductivity,
perhaps due to the influence of metasomatic processes, is
not strong correlated with any petrophysical parameters. It
was also proposed that during the preliminary stages of
estimation, try to use the value of the ratio (Vp+Vs)/Pet and
coefficients of anisotropies of seismic waves. Continuing
investigation on early listed physical characteristics has led
to a more sophisticated understanding of nature of
permeability in barrier zones of the repository.

Having a considerable amount of analytical material,
emphasis is given to the most useful aspects of
quantitative applications for disposal model development
and testing (mathematical research methods: cluster,
correlation analyses and principal components method).

Clasterization on the base of positive correlation
coefficients of granitoids rocks used in developing model
that includes 4 main rock groups (Figure 1):

1) Bokov'ian and  Novoukrainsk  charnokites;
Novoprazhsky, Orehiv and Vozsiyatsk leucogranites;
Kam'iansk, Huriv tonalites, Adzhamsk granodiorites;
Ingulets plagiogneisses; Oleksandrivsk enderbites;

2) Bokov'ian quartz diorites, lvaniv quartz monzonite,
Zhezheliv, Khrystoforiv, Kam'iansk granodiorites, Bokov'ian,
Mytrofaniv, Novolazariv granites, Ingulets plagiogranites;

3) Krupsky quartz syenites, Ruskopolyansk
granosyenites, Bobrynets, Nadiiv, Dolyniv, Krupsk granites;

4) Kirovohrad and Novoukrainsk granites.

23-13 .02 .08 1929 40 50 6171 .82 92103

]
Figure 1 Tree diagram of linkage distance of leading
petrotypes of Ingulsk and Dniester-Buh megablocks
of Ukrainian Shield
Notes: 1. 1, Il, lll, IV — rock groups with positive values of
correlation coefficients. 2. Leading petrotypes of granitoid rocks:
1, 5 — Bokov'ian and Novoukrainsk charnockites;
2, 8, 9 — Novoprazhsky, Orehiv, Vozsiyatsk leucogranites;

3, 4 — Kam'iansk, Huriv tonalites; 6, 12, 18 — Adzhamsk,
Zhezheliv, Kam'iansk granodiorites; 7 — Oleksandrivsk enderbites;
10 — Ingulets plagiogranit-gneiss; 11 — Bokov'ian quartz diorite;
13 — lvaniv quartz monzonite; 14 — Ingulets plagiogranite;

16, 17, 19, 21 — 24, 26, 27 — Bokov'ian, Mytrofaniv, Novolazarev,
Dolyn, Krupsk, Kirovohrad, Novoukrainsk granites;

20 — Ruskopolyansk granosyenites; 25 — Krupsk quartz syenites

Figure 2 shows the factor diagram constructed with two
large factors (F1 and F2) which cumulated 69% of total
variance. Also on this chart is displayed the points of
representing rock groups (I, Il, Ill, IV). On the right part of
factor diagram there are fields of points of rock groups Il
and IV. In terms of presenting assessments these
granitoids are the least reliable natural objects for safe
disposal. A degree of their availability decreases in the
direction of the axis Fi. It should be noted that the
significant positive factor loadings, connected with Fj,
corresponded with Pe, AVp while significant negative
loadings with V, and Vs. This means that searching of sites
for safe RAW disposal should be limited to the areas where
petrotypes from groups | and Il are occurred. First of all,
Adzhamsk granodiorites and Oleksandrivsk enderbites
may be defined as petrotypes that are suitable for creation
of primary RAW disposal at depths of their location. The
other petrotypes of the mentioned groups should be
classified as backup option.

Discrimination of rocks according to their total
radioactivity, Avs and P; is observed along the axis F2
where the petrophysical parameters have the significant
positive factor loadings. In particular, Ruskopoliansk
granosyenites and Kirovohrad granites are maximally
differentiated with radioactivity. It has also been found that
Kirovohrad granites may become attractive for us since
uranium deposits are genetically related to massifs of
"Kirovohrad  type" granites. According to the
recommendations of M.P.Laverov et al. [4], some the
underground openings, boreholes and shafts have been
worked out in U-bearing rocks, would be to use for studying
the insulating properties of the host rocks.
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Figure 2. Factor diagram of figurative points of leading petrotypes of granitoid rocks of Ingulsk
and Dniester-Bug of megablocks together with their petrophysical parameters in plot of factors F, — F,.
Notes: 1. I, II, lll, IV — rock groups outlined by results of cluster analysis.

2. Petrotypes according to their numbers, refer to Figure 1

Conclusions. All of the above 27 analyzed petrotypes
of Ingulsk and Dniester-Buh megablocks of Ukrainian
Shield have been reviewed with geostatistical simulation.
Only 2 petrotypes (Oleksandrivsk enderbites and
Kirovohrad granites) will be used to provide the proper
ranges of physical properties desired for RAW disposal.
Oleksandrivsk enderbites could be used as the host rocks
because of are not far to SUNPP that means low transport
costs and environmental safety. In addition, Kirovohrad
granites should be chosen to creation of underground
laboratory of comprehensive priority researches of
insulation properties of the host rocks.

It should be noted that value of permeability has
comprehensive nature so relevance analysis of leading
petrotypes of granitoids rocks with only one characteristic
of permeability is not appropriative. In particular, it is
recommended to use numerical values of all proper
characteristics of the host rocks as the basis of their
petrophysical evaluation. Also that allowed to introduce the
approach of "reference petrotype" and then respectively to
classify granitoids with "conditionally suitable” and
"conditionally unsuitable" categories. How it was done for
granitoids of Volyn megablock of Ukrainian Shield [3]. In
essence, granitoids of Ingulsk and Dniester-Buh
megablocks of Ukrainian Shield should be wide
investigated with the predetermined aim of developing or
testing concept for repository safety in the future.

References:

1. Bepbuukuin C.T., Kengsepa A.B., CacppoHos O.H., bywmakuna I.H.,
(2009). CeiicMONOrMYecknin  MOHUTOPUHT painoHa pasmelleHns HOxHo-
YKpPauHCKOro 3Heprokommnrekca v npeaBapuTerbHble pesynbTatbhl Habmo-
nenuin. MoximopuHe 2eonoeiyHux npouyecie: matepianu |IX MixHapogHoi
HayKoBOI koHdepeHLUii, M. Kuis, K., 44-46.

Verbitsky S.T., Kendzera A.V. Safronov O.N., Bushmakyna G.N,,
(2009) Seismological monitoring of location area of South Ukrainian power
supply package and preliminary results of observations [Seismologicheskiy
monitoring rayona razmeshcheniya Yuzhno-Ukrainskogo energokompleksa i
predvaritelnye rezultaty nablyudeniy]. Monitoring geologicheskiy procesiv —

Monitoring of Geological Processes: Materials of IX International Scientific
Conference, Kyiv, 14 — 17 October 2009. K., 44-46 (In Russian).

2. M3onsiumst paamoakTMBHbIX OTXOAOB B Heapax YKpauHbl (Mpobnemsl
1N BO3MOXHble pelleHus): MoHorpacdmsi / nog. pea. B.M. Lectonanosa,
(2006). K., 398.

Isolation of radioactive waste in subsurface of Ukraine (problems and
possible solutions) [Izolyatsia radioaktyvnykh otkhodov v nedrakh Ukrainy
(problemy i vozmozhnye reshenia)l: monograph / edited by V.M.
Shestopalov, (2006). K., 398 (In Russian).

3. Kysis J1., (2011). MNMepcnekTuBHICTb NeTpOTUNIB rpaHiToigis BonunHck-
Koro meraboky 3a ix NneTpoisyHUMK XapakTepUCTMKaMM Ons 3aXOPOHEH-
Hs1 PAB: aBTOped. auc. ... kaHA. reon. Hayk: 21.06.01., K., 25.

Kuziv L., (2011). Perspectivity of petrotypes of granitoids from Volyn
megablock by their petrophysical characteristics for disposal of radioactive
waste [Perspektyvnist petrotypiv granitoidiv Volynskogo megabloku za yikh
petrofizuchnymy kharakterystykamy dlya zakhoronennya RAV]: synopsis of
thesis ... candidate of geological sciences: 21.06.01, K., 25 (In Ukrainian).

4. Nasepos H.MM. Metpos B.B., MonyaktoB B.B., Hacumos P.M., Xam-
mep V., Bypmuctpos A.A., Llyku C.U., (2008). YpaHoBOe MecTopoxaeHue
AHTeln — npupoaHbIv aHanor xpaHunuiwa OAT u nogsemMHas reoguHaMmuye-
ckas nabopatopus B rpaHuTax. [eonoeusi pyOHbix mecmopoxdeHud, 50, 5,
387-413.

Laverov N.P., Petrov V.V., Poluektov V.V., Nasimov R.M., Hammer J.,
Burmistrov A.A., Schukin S.I., (2008). Uranium deposit Antaeus — natural
analogue of SNF disposal and underground geodynamical laboratory in the
granites [Uranovoe mestorozhdenie Antey — prirodnyy analog khranilishcha
OyaT i podzemnaya geodinamicheskaya laboratoria v granitakh]. Geologia
rydnykh mestorozhdeniy — Geology of Ore Deposits, 50, 5, 387—-413 (In
Russian).

5. CoboToBn4y 3.B., Wectonanoe B.M., BeneBues P.A. u gp., (1996).
CocTosiHne npobnemMbl 3aXOPOHEHVSI PaAMOaKTUBHBIX OTXOA0B B YKpaunHe v
reonormyeckue acnektbl ux umsonsauuu. lMpobnemu YHopHobunbCbKoi 30HU
8iduyxeHHs, 3, 5-16.

Sobotovich E.V., Shestopalov V.M., Belevtsev R.Ya. et al.,, (1996)/
State of the problem of radioactive waste disposal in Ukraine and geological
aspects of their isolation [Sostoyanie problemy zakhoronenia radioaktivnykh
otkhodov v Ukraine i geologicheskie aspekty ikh izolyatsii]. Problemy
Chornobylskoi zony vidshchudzhennya — Problems of Chernobyl Exclusion
Zone, 3, 5-16 (In Russian).

6. Mattsson H., Thunehed H., (2004). Compilation of petrophysical data
from rock samples and in situ gamma-ray spectrometry measurements.
Stage 2 — 2004 (including 2002). P-Report P-04-294. Nov., 69. Oskarshamn
site investigation [Electronic source]. Access mode:
http://www.skb.se/Templates/Standard 17139.aspx.

Received by Editorial Board on 14.10.13



ISSN 1728-2713 FEONOris. 4(63)/2013 ~9~

M. ToncTo#u, A-p reon.-MiH. Hayk, npod.,

H. KocTteHko, kaHA. reon. Hayk, CT. Hayk. cniBpo6., knv@univ.kiev.ua,

O. lWa6aTtypa, kaHA. reon. Hayk, CT. HayK. cniBpo6., sand@univ.kiev.ua,
KuiBcbkui HauioHanbHUM yHiBepcuteT iMeHi Tapaca LleBuyeHka
FeonoriyHni dakynbTeT, Byn. BacunbkiBcbka, 90, m. Kuis, 03022, YkpaiHa

PEYOBUHHO-NETPO®I3NYHA OLIIHKA FPAHITOIAIB PAUOHY NMIBOEHHOYKPAIHCbKOI ATOMHOI
ENEKTPOCTAHLII 3 BUSBHAYEHHAM IX MTPUOATHOCTI ANA CTBOPEHHA CXOBULL PAOIOAKTUBHUX BIOXOAIB

OO0Hiero i3 eaxnueux 3aday cyyacHoi s10epHOi eHep2emuku € eupiweHHs1 npobnemu 6e3ne4yHoli ymunisayii padioakmueHux eidxodie (PAB)
npayrorodux 6r510kie amomHux enekmpocmanyii (AEC). 3azanbHoOnpuliHIMHOI C8IMmo8oH MNPaKMUKOI M0800XeHHS i3 padioakmueHumu
8idxo0amu € ix 3aXOpOHeHHsI 8 creyiasbHO o61adHaHuX iHXeHepHuUX cropydax, ceped sikux nid3emHuli eapiaHm cxosuw, PAB mae psid cymmesux
nepeeaz y nopieHsIHHI 3 ix Ha3eMHUM cknadyeaHHsiM. Ane npu eubopi malidaH4Yuka nidzeMHo20 cxosuuwa PAB nocmae npo6nema ob6mexeHo20
nempoghoHAy npudamHoz2o Onsi euKopucmaHHs1 8 sskocmi derno3umapito 3 MoyYku 30py ix iHXeHepHoOI i ekonoziyHoi 6e3neku. Bce ye crioHykae
docnidHukie o NPUCKOpeHo20 8U3HA4YeHHS aslbmepHamueHux OinsiHOK, npudamHux Onsi Hempueasno2o nid3eMHo20 3axopoHeHHs1 PAB e palioHi
diroyux AEC. 3posymino, wjo npasusnbHuli eubip MailidaH4Yuka cxoeuuja MOBUHEH epaxosyeamu 6esluKy KiNlbKicmb iH)XeHepHO-2e0s102iYHUX
Kpumepiie sucyHymux 0o emicHux rnopid denoszumapiro. [fpuyoMy eaz2oeoro enacmueicmio, W0 KOHMPOJIIOE MENI0OMaconepeHoc 8 2ipCbKoMy
cepedosuwi € eeslu4UHa i Xxapakmep MPOHUKHOCMI 2ipCbKuUX nopio.

CneuyianbHi nempogizuyHi docnidxeHHs1 noka3zanu docums o6MexeHe KOJI0 XapaKmepucmuk, siki 0alomb 3MO2y KOPEeKMHO ouiHeamu napa-
mMemp egheKmueHOI MPOHUKHOCMI 2ipcbKux nopid. Ceped HUX 8i03Ha4UMO €MHICHI, NPYXHi i, meeHot Mipoto, padioakmueHi napamempu. B ocHosi
0aHo20 GOCIiOXeHHs1 NISi2/10 MOJIOXKEHHSI NPo nempogizuyHe ModesnrogaHHs 3acobamu MameMamuyHOi cmamucmuku npoeioHuUx nempomuriie
deox Mezabriokie YkpaiHcbko2o wyuma ([Hicmpoecbko-by3bkoao i IH2ynbcbkoz20) Onsi oyiHKu ix egheKmueHoi NpoHUKHocmi. Bpaxosyroyu 3HayHul
o6cs2 aHanimu4yHux aHux npuliMaecsi KOMMJ/IeKCHUL xapakmep OyiH8aHHsI MPOHUKHOCMI 38 '3aHOi cUuCMeMOor MHOXUHHUX KopesnsiyiliHux Haea-
HmMaxxeHb i3 iHWUMU euMiproganbHUMU Xxapakmepucmukamu ropid. [ins ix cucmemamu3auyii i aHanisy 6ynu eukopucmari knacmep-aHaniz i Memod
20J108HUX KOMITOHEHM y peXuMi Kkopensiyitinoi Mampuuyi. Lje dano 3mo2y knacugpikyeamu o6'ekmu docnidxeHb i sukoHamu onepauii onmumisayii i
subopy Halbinbw npudamHux 2eosio2i4YHUX 06'ckmie. 3a ompumMaHumu pe3ynbmamamu ceped 27 docnidxeHux nempomunie epaHimoiodie npu-
OamHumu Onsi ymunizayii PAB 3a nempogizu4HUMu o3Hakamu eusieunucsi eHlepbimu osnekcaHOpiecbki ma 2paHimu Kipoeoz2padchki. OKpim eenu-
YUH eheKmueHOI MPOHUKHOCMI, Nepwi 3 HUX MOXXymb 6ymu npueabnueumu, 3 MoYKu 30py hi3uko-mexaHiYyHUX enacmueocmel i mepumopianbHoi
6nusbkocmi do [liedeHHoykpaiHcbkoi AEC, mobmo HaliMeHw 3ampamHi ma eKosio2i4Ho 6e3neyYyHi 3 mo4yku 3opy mpaHcrnopmyseaHHsi PAB. IHwul
nempomun (2paHimu kipoeozpadcbkKi) eusieuecsi onmumanbHUM He MinbKu e sikocmi peno3umapito PAB, ane i Onsi cmeopeHHs nid3eMHuUx
nabopamopili KomnnekcHux docnidxeHb i3onayiliHux enacmusocmel emicHux nopiod. Sk ceidyumeb ¢hpaHyy3bkuli doceid (nepedosoi amomMHoO-
eHep2emuyYHoi KpaiHu ceimy) nodi6Hi nabopamopii MoXXyms 6ymu eukopucmati 0711 oyiHI8aHHs1 KpucmarsnidYHux Mmacueie 3 Memor MuM4acoeo20
i mpueanozo (koHcepgyr4020) 36epizaHHs Hebe3ne4yHux padioakmusHux gidxodie.

M. ToncTon, A-p reon.-MuH. Hayk, npod.,

H. KocTteHko, kaHA. reon. HaykK, CT. Hay4. coTp., knv@univ.kiev.ua,
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Feonornyeckui dakynbTeT, yn. BacunbkoBckas, 90, r. Kue, 03022, YkpauHa

BELWECTBEHHO-NETPO®U3NYECKASA OLIEHKA TPAHUTONAOB PAVWOHA
IOXKHOYKPAUHCKOUN ATOMHOW 3JIEKTPOCTAHLUNU C ONPEOENEHUEM UX BO3MOXXHOIO
NCMNOJNIb3OBAHUA OANA CO3O0AHUA XPAHUITULL PAOIMOAKTUBHbBIX OTXOO0B

OO0Holi u3 saxHbIX 3ada4 cospemMeHHOU si0epHOU 3Hepz2emuKu siesisiemcsi npobrnema 6e3onacHoll ymunu3sayuu paduoakmueHbix omxodoe (PAB)
pabomaroujux 6510k08 amoMHbIx anekmpocmanyuu (A3C). O6wenpu3sHaHHol Mupoeoli npakmukoli noeedeHusi ¢ PAB sienisiemcsi ux 3aXopoHeHuUe 8
cneyuanbHO 060pyd08aHHbIX UHXEHEPHbLIX COOPYXKEHUsIX, cpedu Komopbix MNod3eMHbIl 8apuaHm xpaHunuw, PAB umeem psid cyuw,eCmeeHHbIX npe-
uMyuwjecme e cpasHeHUU C UX Ha3eMHbIM cKriadupoeaHueM. Ho npu ebibope nnowadku nod3eMHo20 xpaHunuuja PAB eo3Hukaem npobsiema o2paHu-
4eHHO20 nempogoHda Npu2o0dHO20 011 UcNosib308aHuUs 8 kKa4ecmeae perno3umapusi PAB ¢ moyYKu 3peHusi Ux UHXXeHepHOU U dKosio2uyeckoli 6esonac-
Hocmu. Bce amo no6yxdaem uccnedoeamerneli K yCKOPeHHOMY onpedesieHUt0 aslbmepHamMuUeHbIX Yy4acmkKoe, npu200HbIX OJis HENMPOOO/HKUMEIbHO20
nodsemMHo20 3axopoHeHusi PAB e patioHe delicmeyroujux A3C. lMoHsIMHO, 4YMo KOppPeKmMHbIl 8bI60p nnowadku xpaHunuuia Go/mKeH yyumbieamb
6os1bWIOE KOIUHECMBO UHXEHEPHO-2e0J102U4eCKUX Kpumepuee K eMewarowum rnopodam pernozumapusi. lpuyeM 3Ha4uMbIM c80LICIMEOM KOHMPOIIU-
pyrowumM mersiomaccornepeHoc 8 20pHoli cpede siesisiemcsi e/IUMUHA U Xapakmep rMpoHUYaeMocmu 20PHbIX MOpo0d.

CneyuanbHbie nempogu3suyeckue uccredosaHusi nokasanau ocmamoy4Ho o2paHuU4eHHbIl Habop xapaKmepucmuK KOPPEKMHO oyeHU8arowux na-
pamemp 3ghghekmueHoOU NPOHUUaeMOoCmu 20PHbIX Mopod. Cpedu HUX OMMemuM eMKOCMHbIe, yrpyaue u, 8 udeecmHoll Mepe, paduoakmueHble napa-
mempsbl. B ocHoee daHHO20 uccriedoeaHust s1e2s10 MOJIoXKeHUe O Nempoghuzu4ecKkoM ModenuposaHuu cpeac I 14ecKoli ¢ ICMUuKu
sedyuwjux nempomurnoe deyx Me2abriokoe YkpauHcko2o wjuma ([Hecmpoecko-byeckom u UHaynbckom) Onsi oyeHKU ux aghghekmueHoU nNpoHuUyaemo-
cmu. Yyumbieasi 3Ha4yumesibHbIl 06beM aHanumu4eckux GaHHbIX MPUHUMAJICSI KOMIIEKCHbIU XapaKmep OoyeHuUsaHusi MPoHUyaeMocmu cesi3aHHoU
cucmemoli MHOXeCMBEeHHbIX KOPPesSIYUOHHbIX Ha2pPy30K ¢ Opy2uMu u3MepsieMbIMU Xxapakmepucmukamu nopod. st ux cucmeMamus3ayuu u aHasusa
6b11 ucnonb308aH Krlacmep-aHaau3 u Memod 2/1a8HbIX KOMIIOHEHM 8 PeXUMe KOppessiyUuoHHOU Mampuybl. 3mo Aano 803MOXHOCMb Kiaccuguyu-
poeamb 06bLekmbI uccriedoeaHull U 8bINOSIHUMB Oflepayuu onMuMU3ayuu u esi6opa coomeemcmeyrouux 2eos1o2uyeckux o6bekmos. 1o nosnyyeH-
HbIM pe3ynibmamamu cpedu 27 uccredo8aHHbIX Mempomurnos 2paHumoudos npu2odHbiMu 0nsi ymunusayuu PAB no nempoghu3uyeckum npusHakam
onpedeneHbl 3HOepPbumMbI ariekcaHOpPoBcKue U 2paHuUmMbI Kupoeozpadckue. Kpome eenuyuH aghghekmueHol npoHUyaeMocmu, nepenie u3 HUX Mo2ym
6bImb npussiekamesibHbIMU, C MOYKU 3PEHUs UX ¢hu3UKO-MexaHU4YecKux ceolicme, a makxe meppumopuasnbHol 6nusocmu K FOxHoykpauHckol A3C,
a amo coomeemcmeeHHO esieyem MeHblWUe 3ampambl Ha mpaHcriopmupoeky PAB u ux akonoauyeckyro 6e3onacHocms. [lpy2oli nempomun (2paHu-
mbl Kupoeozpadckue) oka3asicsi onmuMasbHbIM He MoJIbKO 8 Ka4yecmee perno3umapusi PAB, HO u makxe Onsi co30aHusi Nod3emMHbIx 1abopamoputi
KOMIMIeKCHbIX uccriedoeaHuli U3OJISIYUOHHBIX ceolicme codepxawux nopod. Kak ceudemenbcmeyem cppaHuy3sckuli onbim (nepedoeoli amomMHo-
3Hepzemuyeckoli cmpaHbl Mupa) nodobHbIe nabopamopuu Mo2ym 6bimb UCMONIb308aHbl Ol OUEeHUBaHUsI KPUCMAaIuU4eCKUX Maccueoe C Ueslbio
8peMeHHO020 U OnumesnibHO20 (KOHCepaUpPYWe20) XpaHeHUs1 onacHbIX PpaduoaKmueHbIX 0mxodos.
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IDENTIFICATION OF METASOMATIC FAMILIES IN GEOBLOCKS OF UKRAINIAN SHIELD

(Reviewed by the editorial board member V. Shevchuk)

The paper is aimed to refer metasomatites of Ukrainian Shield (USh) to the specific metasomatic families (formations) using the uni-
fied system of definitions and terms and to recognize distinctive features of metasomatic rocks for the separate megablocks of the
shield. Summarizing the all available data, it can be concluded that restricted list of metasomatic families are identified for the whole of
USh. In particular, within USh nearsurface families are not known at all; subvolcanic families are presented in Middle-Dniprean
megablock only; but families merely of hypabyssal and abyssal depth levels are shown in other megablocks. Additionally, it has been
found that alkaline metasomatic families are evidently prevailing relatively to acid and magnesian-calcian families as well as almost all
metasomatic rocks of USh are early or middle Proterozoic. As well it has been found that the separate megablocks of USh are character-
ized by the specific features of prevalence for different types of metasomatic families. It was concluded that above features of me-
tasomatic rocks distinguish the USh from other Precambrian shields of the world. The authors emphasize that conditionality of hydro-

£

thermal-m matic proc:

with general geologic, petrogenetic and tectonic events can give a key knowledge for application of

hydrothermaly altered rocks as important petrology and metallogenic indicators.

Introduction

Long since hydrothermally altered (metasomatic) rocks
are making good use as significant criterion for exploration
of mineral deposits. Investigation of metasomatites allows
getting multifarious and often unique information concerning
geologic and physicochemical conditions of ore formation.
This defines an applied significance of metasomatic rocks.
However, it is well known that metasomatic processes are
genetically coupled with other endogenous events such as
igneous, metamorphic and ultrametamorphic processes,
which to a considerable degree assign composition and
metallogenic specialization of metasomatites. Therefore in-
depth study of hydrothermally altered rocks has a high pe-
trology profile to analyze rock forming conditions within
certain geologic unit or region.

Several approaches of hydrothermally altered rock
classification were developed since beginning of 20" cen-
tury [1-3 etc]. However, the concept of metasomatic fami-
lies approach come as the most general and geologically
based way for metasomatic systematics [4, 5]. Concept of
metasomatic families (‘metasomatic formations') was first
proposed in 1950 decade [6,7] based on ideas of Dmitry
Korzhinskii [8], and thereafter it was advanced in the For-
mer Soviet Union and post soviet countries [9-14 etc.]. The
authors [4] have summed up these efforts and generalized
principal statements of family analysis for metasomatic
rocks. In general the recommendations by the IUGS (Inter-
national Union of Geological Sciences) Subcommission on
the systematics of metamorphic rocks concerning me-
tasomatites [5] are based on these statements.

Numerous publications including special books were
dedicated to investigation of metasomatites discovered
within the Ukrainian Shield (USh) [11, 12, 15-17 etc]. Still
there are very restricted numbers of generalized works given
up the systematics of metasomatic rocks of USh. Except
publications summarizing data on specific groups of hydro-
thermaly altered rocks (e.g. [11,13,15]) and publications on
metasomatites of separate area of USh [11,15,17], there are
a few works which anyhow analyze metasomatites for USh
as a whole [18, 19, 20]. It has to be noted that all above ref-
erences date from1970-1980. During last decades consider-
able volume of new information on metasomatites of USh
has been obtained. Moreover this time holistic theoretical
and applied approaches of metasomatic systematics based
on the family principles have been developed [4, 5].

In particular classification of metasomatic families
("formations") has been proposed in [14]. This attempt was
built upon the physicochemical grounds where main class
parameters were temperature and acid-base properties of
hydrothermal solutions. Besides metasomatites of Siberia,
Middle Asia, Ural and other regions, several metasomatic
occurrences of USh have been evaluated in [14]. However
geologic level of consideration was not introduced in
Scherban’s systematics [14]. Vice versa in [4] geologic and
petrologic family approach was applied to the only typical
metasomstites of USh namely to uraniferrous sodium alka-
line metasomatites.

This paper is aimed to refer metasomatites of USh to the
specific metasomatic families using the unified system of defi-
nitions and terms and to recognize distinctive features of me-
tasomatic rocks for the separate megablocks of the shield.

Main definitions and terms of metasomatic family
analysis

It is of importance to fix the meaning of some principal
notions as well as relationships between ones before to
classify metasomatites on the ground of the family ap-
proach. The author's understanding of the terminology of
the family analysis for metasomatic systematics as the
system of definitions, terms and practical rules is setting
out below. Most of cited notions as such are not original.
They are formulated in special publications (e.g. [4, 5, 9
etc]) and widely spread in metasomatic petrology. The
problem is that part of them has various meaning in differ-
ent publications and others still were not directly incorpo-
rated in the metasomatic family analysis.

Understanding of metasomatic process (metasoma-
tism) is taken in accordance with formulation [4], which
defines that metasomatic transformation of the parent rock
is occurred at remaining part of the rock in a solid state and
with alteration of chemical composition as a result of the
interaction between the rock and aqueous endogenic fluids
(solution). The most characteristic feature of metasomatic
products is their zonation pattern. Therefore the subject of
consideration for the family analysis is only endogenic al-
tered rocks. Product of weathering and other products of
interaction between rocks and exogenic solutions are not
regarded as metasomatites. Rocks formed during interac-
tion of fluids with melts are not related to metasomstites
because solid state condition fails. Furthermore, hydro-
thermal filling veins, which generated by direct crystalliza-

© Sinitsyn V., Shunko V., 2013
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tion from solution, are not metasomatites as such, whereas
substitution veins, which form as a consequence of hydro-
thermal transformation of parent rocks, refer to me-
tasomatic product. Nevertheless, filling vein just as substi-
tution veins have to be the subject of family analysis be-
cause of close spatial and genetic relationships between
both vein types and metasomatites.

In general the family (formation) is paragenetic associa-
tion of the rocks. Thus, definition of certain family has to be
based on deducing of genetic unity of the rocks involved in
this family. It means that definition criteria for different ge-
netic types of rocks (sedimentary, igneous, metamorphic
etc) have to account specific origin conditions. In particular
definition of metasomatic family supposes application of
the notions which show properties of metasomatism as
rock forming process. Within these notions the basic one is
metasomatic column which represents horizontal zonation
as a general property of metasomatites. It is the certain
sequence of zones, consisting of metasomatic rocks (par-
agenesises). The complete column is formed as result of
interaction between parent rock and solution (fluid) at cer-
tain conditions (temperature, pressure, chemical composi-
tion of parent rock and acted fluid) [4, 21]. It follows from
this that metasomatic column is paragenetic association of
rocks or metasomatic facies [9].

Metasomatic family is defined [4] as a set of metasomatic
facies (columns) which were formed by alteration of rocks of
different chemical composition under an action of solutions
of certain petrogenetic type. This definition includes the term
"solutions of certain petrogenetic type", that is complicated in
practice since common genetic character of solutions does
not immediately follow from data obtained by direct geologic,
mineralogical and petrography methods.

Authors of this paper suggest that metasomatic family
i.e. paragenetic association of rocks has to be regarded
taking into account such notions as vertical zonation, me-

tasomatic phase and metasomatic stage. Vertical zonation
is a regular changing of metasomatic columns (facies)
mainly caused by changing of depth and hence by appro-
priate changing of temperature and chemical properties of
solutions during metasomatic replacement of parent rocks
under action of single hydrothermal flow [9]. Then it is ac-
cepted that metasomatic phase is a period of time when
replacement of parent rocks of different chemical composi-
tion depth-independently takes place under action of single
hydrothermal flow. Consequently in general case vertical
zonation is formed during one metasomatic phase. Me-
tasomatic stage can include some phases, which are dis-
tinguished with conditions and chemical directivity of altera-
tion, but they are related to single hydrothermal process.
And eventually certain metasomatic family includes rocks
which were formed over one metasomatic stage. In general
location and geologic age do not matter for assignment of
certain metasomatic family.

In Table 1 schematic presentation of metasomatic family
is shown. It is apparently that metasomatic family constitutes
the whole complex of rocks generated as result of single
metasomatic process of certain petrogenetic type. The verti-
cal zonation, i.e. set of metasomatic columns (facies) has
been formed during prograde phase of this process. Each
column differs from another owing to various chemical com-
position of parent rocks (1, 2, ...k), or because of different
depth (h1, hz, hy) and consequently varied TP conditions
(PT4, PTy, ... PTn). Additionally, metasomatic family in-
cludes products of connected phases. These mineral prod-
ucts can be formed by the way of removal and redeposition
of some chemical components (e.g. SiO» removal and sec-
ondary quartz precipitation caused by alkaline metasoma-
tose), or by mineral precipitation in consequence of solutions
oversaturation at temperature and/or pressure decreasing
(e.g. formation of secondary carbonates).

Table 1

Schematic presentation of metasomatic family

? o Products of single metasomatic process

3 s Stage, phases Depth TP

[ ’ onditions | (Parentrock); | (Parentrock), | (Parentrock)x | Metasomatic columns | >
8 “‘;’ Metasomatic columns (facieses) (facieses) which =
® & | Stage | Prograde | hy PT, facies: 4 facies;, facies x are included =
E g phase hy PT, faciess facies,» facies,x in vertical o
88 hy PTy faciesy 1 faciesn, faciesx zonation b~
g .% Connected h™ PT” New formed mineral associations caused by: g
oL phases - removal and redeposition of chemical components; 175}
295 - T and P decreasing, solution oversaturation and precipitation ,i:
»n ©° of chemical components U§J

Family belonging criteria for metasomatic rocks

On the whole family analysis for metasomatic rocks has
to be regarded as achievement of two interdependent ob-
jectives. There are substantiation of certain metasomatic
family (first objective) and referring some metasomatic
rocks to certain metasomatic family (second objective).

First objective expects solution of main problem of fam-
ily analysis that is substantiation of paragenetic unity for
rock association. This fulfillment has to be based on results
of direct geologic observations and analytical studies as
well as on data deducing from these direct results (mass
balance calculation, analysis of paragenesises, analysis of
metasomatic zonation, estimation of physico-chemical
conditions, including temperature, pressure and chemical
specialization of solutions). Both direct and deducing data
have to be theoretically evaluated and by this way qualita-
tive or quantitative petrogenetic model has to be devel-
oped. Therefore final result of these coupled investigations
is as firstly, formulation of petrogenetic entirety for the me-
tasomatic rocks relating to certain family and secondly,

ascertainment (identification) of geologic, geochemical and
petrology characteristics for the rocks of this metasomatic
family. Such characteristics, in other words family belong-
ing criteria, have to be based on results of direct observa-
tions and measurements as well as on data deducing im-
mediately from geological and geochemical information.

Second objective of family analysis means an investi-
gation of metasomatic rocks with the aim to ascertain the
characteristics which are belonging criteria to certain me-
tasomatic family. Taking into account the experience of
family analysis [4, 9, 10, 21 etc] the principal family belong-
ing criteria are presented by results of:

a) direct geologic observations (morphology and geologic
location of metasomatic bodies, spatial and time relationship
of metasomatites with tectonic structures, igneous
complexes and rock sequences of different origin etc).

b) mineralogical studies and geochemical
measurements (mineral associations, macro and trace
element composition of rocks and minerals)
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c) formalized geochemical and petrology processing of
direct mineralogical and analytical data (typical mineral
paragenesises and metasomatic columns, metallogenic
and geochemical specialization, chemical feature of
solutions, estimates of temperature and pressure).

The most useful method for derivation of the last group
of data is analysis of metasomatic zonation.

Identification of metasomatic families for Ukrainian
Shield

The identification of metasomatic families was carried
out on the base of family systematics presented in [4]. The
metasomatic families of this classification are divided
among three groups: acid, alkaline and magnesian-calcian.
For each family the principal characteristics are given in-
cluding geochemical and petrologic ones. There are follow-
ing geochemical characteristics in [4]: typical paragene-
sises of inner zones in metasomatic columns, metallogenic
specialization and mineral associations of connected me-
tasomatites. Petrology characteristics include depth level of
origin and relationship between metasomatic and igneous
rocks. Moreover an essence of paragenetic unity of rocks
for most metasomatic families is formulated as well as geo-
logic examples, descriptions of metasomatic columns and
other typical characteristics are given in [4]. "Depth levels"
have to be considered as generalized characteristics of
thermobaric conditions. They are [4]: nearsurface (NS),
subvolcanic (SV), hypabyssal (HA) and abyssal (AB) depth
levels. To refer the metasomatites of USh to certain family,
available data (see tables 2,3) were compared with family
formulations and descriptions by [4]. The identification of
metasomatic families has been worked out for separate
megablocks of USh: Volyn (V), Dnister-Boug (DB), Ros-
Tykych (RT), Kirovograd (K), Middle-Dniprean (MD),
Azovian (A). The boundaries between the megablocks
were taken from [22].

The results of family identification are presented in
Table 2. Having a single meaning metasomatic families are
marked by "+". The sigh "?" denotes that there are not suf-

ficient information in accessible data sources for confident
referring of the metasomatic rocks to the given family. The
albite-aegirine family (family of alkaline sodium metasoma-
tites) has been established for K and V megablocks of
USh, however in K megablock this family is represented by
uraniferrous metasomatites (marked as "+") and within V
megablock uranium ores were not discovered in these me-
tasomatic rocks (marked as "{+}"). For comparison and
family identification, besides the publications pointed out in
the Table 2, a lot of other data sources were used. In most
cases they are cited in publications indicated by "*".

Other metasomatic families of Ukrainian Shield

There are above (Table 2) metasomatic families of USh
which appeared in the classification [4]. However despite of
this, at least two else families within USh can be substanti-
ated on the base of available information — subvolcanic
quartz-carbonate (SQC) family and hematite-calcite-
chlorite-orthoclase (HCCO) family. Brief description of
these families follows below including general model for-
mulations of paragenetic unity for related rock association,
as well as geological, geochemical and petrology family
belonging criteria.

The SQC family joins metasomatic rocks which were in-
vestigated in detail within Sura greenstone complex (MD
geoblock of USh) and described mainly by Victor Monakhov
and coauthors [17, 23-25 etc]. Moreover in these publications
there are cited works on similar metasomatic rocks discovered
in other greenstone complexes of the MD geoblock
(Verkhvtsevo, Chortomlyk) as well as in greenstone com-
plexes of Baltic, Australian and Brazilian shields. Generalizing
the available data the following family model formulation is
accepted: the SQC family includes mesothermal metasomatic
rocks which were formed within Precambrian greenstone
complexes as result of post magmatic hydrothermal process
related to intrusion of subvolcanic porphyritic rocks. Acted
hydrothermal solutions are characterized as sodium, consid-
erable carbonate, low acid or near neutral and reduced.

Table 2

Identification of metasomatic families in geoblocks of Ukrainian shield based on systematics [4]

Metasomatic family Depth level USh megablocks Data sources
NS [SV]HA | AB A|MD|K?RT|DB|V
ACID
Propylites + [177], [25]
Beresites + [177], [25]
Quartz-tourmaline-chlorite family ? [17]
Greisens + ? ? + [12], [22¥], [30], [317], [32]
Quartz-feldspar family +? ? [12], [31], [32]
ALKALINE
Apogranites (albitised granites) ? + [12], [16], [30], [31]
Albitites within aureole of nepheline syenites + [11], [12]
Fenites + [33%]
Two feldspar family ? + [16], [31]
Microcline-biotite family ? [34]
Albite-aegirine family + {+} | [47], [9], [11%], [14%], [227]
MAGNESIAN-CALCIAN
Carbonate-chlorite family ? [17]
Amphibole-chlorite family ? [17]
Phlogopite family ? [12]
Calc-skarns +? +?2 | ? +? + [13*]
Magnesian skarns ? ? +? ? [13%]

In this family depending on composition of parent rocks,
two distinct groups of facie are separated. Mineral composi-
tion essentially tells one group of facies from another. For
this reason formerly they were described as two individual
groups of metasomatic rocks. First group of SQC me-
tasomatites are represented by zoned aureoles formed as
result of hydrothermal alteration of aluminosilicate rocks with
composition from acidic to basic. In this case central parts

(zones) of metasomatic columns consist mainly of albite with
changeable amounts of carbonate (calcite) and quartz [23].
Second group of SQC facies includes vein-type quartz-
carbonate-tremolite metasomatites, which replace mainly
low thickness bodies of silica-magnesia-calcian rocks (ultra-
basic rocks or quartz-carbonate veins) [24]. Zonation of vein-
type metasomatites appears more or less distinctly depend-
ing on thickness and composition of parent rock [24]. Geo-
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logic position, metallogenic specialization and petrology pa-
rameters are coincided for both groups of SQC. It is usual
occurrence of low thickness tremolitic metasomatites within
wide aureole of essentially albitic altered rocks.

Geologic evidences for belonging of metasomatic rocks
to SQC family are spatial relation to subvolcanic bodies of
porphyritic rocks and especially placement within local tec-
tonic zones in exocontact area of such bodies. Vein-
shaped metasomatic bodies or zoned aureoles of thickness
from several centimeters to a few meters are morphologic
characteristics of SQC metasomatites. Pattern of me-
tasomatic columns for metasomatites of this family de-
pends essentially on composition of parent rock. Vertical
zonation of SQC metasomatites is not observed [23, 24].
Inner zones of metasomatic columns are composed of dis-
tinctive mineral associations; those are al-
bite+calcitetquartz or tremolite+calcite+quartz. There is
typically that secondary mineral associations of connected
metasomatic phase (ankerite+biotite+pyrite or
ankerite+chlorite+pyrite or ankerite+cericite+pyrite) are
locally applied to minerals of inner zones in metasomatic
columns of SQC metasomatites. This secondary minerali-
zation is accompanied with gold as well as with following
metallogenic associations: Fe-As-Au +Cu, Fe-Cu-Au, Au-
Cu-Mo, Au-Ag-Bi-Te-Pb [25].

Taking into account geochemical characteristics, the
SQC metasomatites are distinguished from other resem-
bling altered rocks. In particular, aceites have another
(uranium) metallogenic specialization, contain ferrian min-
erals and are not accompanied with ankerite-
biotite(chlorite, cericite)-pyrite secondary mineralization.
Uraniferrous albite-aegirine metasomatites (albitites) differ
from SQC rocks in the same characteristics as well as in
the presence of alkaline amphiboles and pyroxenes.
Tremolitic composition of amphibole is a specific sign for
SQC family in comparison with another amphibole bearing
metasomatites.

The HCCO family is described in detail within Kiro-
vograd megablock of USh [26, 27]. Generalizing the avail-
able data the following family model formulation is ac-
cepted: HCCO family includes metasomatic rocks which
were formed during late Proterozoic tectonic-hydrothermal
activity period within tectonic zones without certain rela-
tionship with some type of magmatism or complex of igne-
ous rocks. HCCO alteration took place at hypabyssal and
low temperature conditions by the action of potassium,
essentially carbonate, alkaline and oxidized solutions.

Geologic setting of HCCO metasomatites is defined by
area of fractured rocks within lengthy linear fault zones.
Separate metasomatic bodies are clearly zoned, but vertical
zonation on a level of mineral associations is not observed.
Facial varieties of HCCO family depend merely on composi-
tion of parent rocks. The typical mineral paragenesis of inner
zones in metasomatic columns of HCCO metasomatites is
hematite + calcite + chlorite + orthoclase which often are
supplemented with net of thin vein composed of secondary
chlorite and calcite. Metallogenic specialization of this family
is specifically uranium. The HCCO metasomatites are distin-
guished from other resembling altered rocks by geochemical
characteristics. For instance, aceites contain sodium feld-
spar instead of orthoclase, and gumbeites besides potas-
sium feldspar contain quartz and sulfides.

Metasomatites of USh with uncertain family belonging

Variety of metasomatic rock within USh is far from lim-
ited by the list of identified metasomatic families. There is a
lot of publications on numerous occurrences of another
metasomatites but a scope of information in the accessible
sources keeps from substantiation of family self-
dependence for some metasomatites or their belonging to
certain family. The examples of metasomatites with uncer-
tain family belonging, which were discovered within
megablocks of USh and described in referred sources are
given in the Table 3.

Table 3

Metasomatic rocks within megablocks of USh with uncertain family belonging

Metasomatites Megablocks of USh
and metallogenic (geochemical) specialization of them A[MD [KI[RT|[DB]| V Data sources
ACID
Quartz-microcline metasomatites U, Mo, Bi, TR + [28]
Epidote-actinolite-quartz metasomatites (Au,As) + [29]
Quartz-muscovite metasomatites Sn, W + + + [29], [30], [32]
Quartz biotite metasomatites Au ? + [227], [35], [36%]
Quartz-feldspar metasomatites Li, Nb, Ta ? + ? [22*],[37]
(within area of pegmatites) (Mn, B) ? + ? [22*],[29]
ALKALINE
Albitites Zr + [38]
Aegirinites Mo + [39]
MAGNESIAN-CALCIAN
Bazavlukites + [40%]
Prenite metasomatites + [41]
Scarnoids W + +| + + + [13*], [29]

Conclusion

Summarizing above review, it can be concluded that
restricted list of metasomatic families included in [4] are
identified for Ukrainian Shield in whole. In particular, within
USh nearsurface families are not known at all; subvolcanic
families are presented in MD megablock only; but families
merely of hypabyssal and abyssal depth levels are shown
in other geoblocks.

Moreover, alkaline metasomatic families are evidently
prevailing in comparison with acid and magnesian-calcian
families as well as almost all metasomatic rocks of USh are
early or middle Proterozoic, excluding Archean altered
rocks in MD geoblock and Riphean HCCO metasomatites

in K megablock. On the other hand the separate
megablocks of USh are characterized by the specific fea-
tures of prevalence for different types of metasomatic fami-
lies. For instance the distinctive metasomatites are: hy-
pabyssal alkaline altered rocks with zirconium, rare-earth,
molybdenum and apatite mineralization within A
megablock; subvolcanic acid metasomatites with golden
and molybdenum mineralization for MD megablock; abys-
sal family of uraniferrous sodium alkaline metasomatites
(albite-aegirine family) with distinctive vanadium and scan-
dium metallogenic specialization for K megablock; hy-
pabyssal and abyssal magnesian-calcian metasomatites
for RT and DB megablocks; hypabyssal alkaline me-
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tasomatites with beryllium and tin mineralization as well as
varieties of sodium alkaline metasomatites uncontained
uranium ores for V geoblock.

These features of metasomatic rocks distinguish the USh
from other Precambrian shields of the world that indicate on
a specific geologic history of USh as a whole and the geob-
locks of it in particular. The example of USh shows that con-
ditionality of hydrothermal-metasomatic processes with gen-
eral geologic, petrogenetic and tectonic events can give a
key knowledge for application of hydrothermaly altered rocks
as important petrology and metallogenic indicators.
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BU3HAYEHHA METACOMATUYHUX ACOLIIALIA Y FTEOBNOKAX YKPAIHCBKOIO LLIUTA

Memoro daHoi cmammi € ideHmudbikayiss HanexHocmi Memacomamumie YkpaiHcbkoz2o wjuma (YL) 0o neeHux MemacomamuyHux ghopmauiti
Ha ocHoei eQuHOi cucmemMu nMoHsIMb i mepmiHie ¢hopmayiliHo20 aHanisy MemacomamuyHuUX nopid, a MakKox ecmaHoesieHHs1 crneyudiku nposeie
Memacomamo3y e okpeMux mezabsiokax YL. Ha ocHoei icHyro4oi iHghopmauii 3po6rieHo 3a2anbHuUli BUCHOBOK MPo me, wo Ans YLl e yinomy enee-
HeHo ideHmudbikyembcsi o6MexeHull nepenik MemacomamuyHux ¢hopmayili. 3okpema, Ha YLl He ideHmugbikoeaHo npunoeepxHeei Memacomamuy-
Hi ¢hopmauii, cybeynkaHiyHi npedcmasneHi nuwe 8 mexax CepedHbLOMNPUOHINPOBCLKO20 Me2abrioKy, a 8 iHwux pezioHax YIl| po3noectodxeHi
minbku 2ina6icanbHi i abicanbHi gpopmayii. Kpim mozo, MoxHa 2oeopumu npo me, w0 Ha wumi e yiriomy nyxHi MemacoMamuyHi ¢popmauii cym-
meeo nepesaxaromb Had KUCIIOMHUMU i Ma2He3ianlbHO-KallbyiesuMuU, a y 8ikogomy 8iOHOWEHHi npakmu4yHo eci Memacomamumu Yl € paHHbO-
abo cepedHbonpomepo3olicbkkumu 3 iHWo20 60Ky, okpemi Mme2abnoku YL xapakmepu3yrombscsi ceoimu crneyugiyHUMU ocobiueocmsiMu 3 MoYKU
30py po3rno8crodXeHHs1 OKpeMux murie MmemacomamuyHux ¢popmauiti. BcmaHoeneHi 3akoHomipHocmi gidpi3Hsiromb YL 8id iHwux dokem6pilick-
Kux wumie. Aemopamu niokpecnoemscsi wjo, no2nubneHuli aHania obymoesneHocmi 2idpomepmarnibHO-MemacoMamu4yHux fnpouyecie 3a2asbHO
2eo0s102i4HUMU, Mempo2eHeMUYHUMU i MEeKMOHIYHUMU sisuWamu € akmyasbHOI 3adayqelo, CrIPSIMO8aHOI Ha YyOOCKOHaNeHHs1 UKOPUCMAaHHSI Me-
macomamuyHux nopio sk e¢hekmueHUX NemposIo2ivyHuUX i mowykoeux iHOukamopie.

B. CMHUUbIH, KaHA. FeoN.-MUH. HayK, CT. Hay4. COTp., sinitsyn@univ.kiev.ua,
B. LLyHbKO, KaHA. reon.-M1H. Hayk, Aol., shunko_v@ukr.net

KneBckui HauMoHanbHbIN yHUBepcUTeT UMeHu Tapaca LLleByeHko
Feonornyeckuit hakynbTeT, yn. BacunskoBckas, 90, r. Kue, 03022, YkpauHa

ONPEOENEHUE METACOMATUYECKUX ACCOLUMALIUA B TEOBNTOKAX YKPAMHCKOIO LWUTA

Lenbto daHHOU cmambu siensiemcsi uGeHmudgpukayusi npuHadnexxHocmu memacomamumoe (YLl) k onpedeneHHbIM MemacoMamu4yeckum ¢ho-
pMauyisiMm Ha ocHoge eGuHOU cucmeMbl MOHSAMUU U MepMUHoO8 hopMayUOHHO20 aHanu3a MemacoMamuyYyecKkux Nopod, a makxe eblsiCHeHUe cre-
yudgpuku nposienieHUss Memacomamo3sa e omadenbHbIx Me2abnokax YL. O6wuli ebie00, Nony4eHHbIl Ha ocHoee uMerowelicss UHghopmayuu, coc-
moum e mom, ymo dns YLl e yenom yeepeHHo udeHmMugpuyupyemcsi mosibKo o2paHu4eHHbIl nepeyeHb Memacomamuyeckux ¢ghopmayil. B yacm-
Hocmu, Ha Yl He udeHmugbuyupoeaHbl NPUNOBEPXHOCMHbIE Memacomamuyeckue ¢ghopmayuu, cybeynkaHu4eckue ¢gpopmayuu npedcmasseHbl
monbko e npedenax CpedHenpudHenpoecko2o Me2abrioka, a 8 dpyaux pecuoHax YLl pacnpocmpaHeHbl mosibKo 2unabuccanbHbie u abuccanbHble
gopmayuu. Kpome mozo, MOXHO ymeepxdamb, YMO Ha wyume 8 UesioM wiesloYHble Memacomamuyveckue ¢hopMayuu cywecmeeHHo npeobnada-
rom Had KUC/IOMHUMU U Ma2He3uasibHO-KallbyueebiMuU, a 8 803pPacimHOM OMHOWEHUU npakmu4ecku ece memacomamumsl YLl siensiromesi paHHe-
unu cpedHenpomepo3olickumu. C dpyaol cmopoHbl, omdesnbHble Me2abnoku Yl xapakmepu3syromcsi ceoumu crieyughuyeckumu ocobeHHocmsamu
C MOYKU 3peHusi pacrnpocmpaHeHHOCMuU onpedesieHHbIX MUrNoe MemacoMamu4Yyeckux ¢hopmauii. YcmaHoeneHHble 3aKOHOMepHOCMmuU omsu4yarom
Yl om dpyaux dokembpulickux wjumos. Aemopamu nodyYyepkKusaemcsi, Ymo yany6reHHbIl aHanu3 o6ycroesnieHHOCMuU 2udpomepmalibHO-
Memacomamu4ecKkux npoueccoe obujezeosiozudecKuMU, Nempo2eHemuYecKUMU U MeKMOHUYeCKUMU sIe/TeHUsIMU siefisiemcsi akmyarbHol 3ada-
qeli, HanpaesieHHOU Ha ycoeeplweHcmeoeaHue UCIMOoIb308aHUsI Memacomamuyeckux nopod e kayecmee 3¢hgheKmueHbIX Memposio2uyeckux u
nouckoebix UHOUKamMopos.
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MAGNETITE- AND ILMENITE-SERIES OF GRANITIC ROCKS AND THEIR POTENTIAL
NIOBIUM AND TANTALUM MINERALIZATION WITHIN THE UKRAINIAN SHIELD

(Reviewed by the editorial board member O. Mytrohin)

The paper discusses differentiating between different types of granites that occur within the territory of the Ukrainian Shied. The
classification in the article partly follows the principles formulated in the early taxonomies of granites, among which are the classifica-
tions proposed by Ishihara [11], Chappel and White [4], and a lower classification proposed by Tomurko and Shcherbakov [20]. The
latter made an attempt to single out two contrasting granite varieties — apobasitic and apopelitic granites — that are commonly found
within the Ukrainian Shield.

Grouping granites into different genetic types runs into difficulties due to heterogeneous origin of these formations, which results
from merging parental mantle with crustal sources. Nevertheless, such classification might be used in making an accurate prediction
about metallogenic specialization of different genetic types of granites. The redox state of granites formation is a major factor that can
largely affect possible metal concentration in them. Based on this parameter granites can be classified into ilmenite and magnetite se-
ries of granites, which differ in geological environment of their formation [6, 11] and mineralization associated with them [1].

Within the territory of the Ukrainian Shield there can be distinguished entire provinces with distinct distribution of mostly ilmenite or
magnetite series of granites that reveal different ways of ore mineralization associated with them. Columbite-tantalites are common ore
minerals found within these series of granites, with niobium and tantalum being characterised by close lithofillic affinity to these forma-
tions. Within the Ukrainian Shield, columbite-tantalites were found in granites and associated rare-metal pegmatites, in some apogranitic
metasomatites (greisens, quartzites, perthosites), and also in alkaline rocks of various origin. It is determined the basic features of
columbite-tantalites, with Ta/Nb value, Fe/Mn ratio and presence of admixture elements to have close genetic relation to different granite
series. The features of mineralization, defined to be typomorphic of ilmenite and magnetite series of granites, might be used to improve

survey and exploration carried out in the Ukrainian Shield.

Introduction. A possibility to use accessory oxides
(magnetite and ilmenite) was first outlined in the paper pub-
lished by Ishihara in 1977 [11], in which they were deter-
mined to be mineralogical criteria for metallogenic speciali-
sation of granitic rocks. This paper discusses distinguishing
between magnetite and ilmenite series of granitic rocks that
might be related, to some extent, to I- and S- types of gran-
ites according to genetic classification of Chappel and
White [4], or apobasic and apopelitic varieties of granites
according to lower mineralogical-geochemical classification
of Tomurko and Shcherbakov [20] eleborated for different
granitic complexes of the Ukrainian Shield. It is obvious
that classifying granites into different genetic types, such
as | (igneous), S (sedimentary), A (alkaline, anhydrous,
anorogenic) ones, runs into difficulties Granitic magmas
can be formed from different heterogeneous parental
source (protolith), crustal or mantle one predominantly, or it
can represent mixture melts of crustal and mantle origin
[17]. At the same time such subdivision of granites into
genetic series enables predicting the likely metallogenic
specialization of granitic magmas. Among the major pa-
rameters which can essentially affect general metallogenic
content of granitic complexes are the following: 1) type of
granitic protolith (S, I, A — types); 2) a trend of evolution;
3) degree of fractionation; 4) redox state [1].

Background. The classifications mentioned above are
interesting not only because they reveal features of metal-
logenic specialisation in the complexes of the Phanerozoic
orogenic belts [1, 4], but they might be also used to inter-

pret the likelihood of ore mineralization, that occurred in
different felsic association and granitic complexes found in
other geodynamic settings even in Precambrian structures,
among which there is the Ukrainian Shield.

Within the Ukrainian Shield there might be outlined dis-
tinct regions which are characterised by the distribution of
mostly ilmenite or magnetite series of granites. It is impor-
tant to note, that magnetite series of granites may include
some syngenetic ilmenite, while ilmenite series of granites
are commonly characterized by the presence of ferric iron
(Fe*?) in the structure of iron arsenide (loellingite FeAs;).

The presence of magnetite or ilmenite in granites can
predominantly be indicative of redox state of the environ-
ment, in which these granite complexes form. According to
the classification eleborated by Frost [6] there are three
main conditions that can maintain magnetite in granitic
rocks: 1) reduction resulting from the combustion of carbon
on metasedimentary rocks melting; 2) magnetite consump-
tion by reacting with the Fe-Mg silicates in reduced rocks;
3) magnetite consumption to make sodic pyroxenes and
amphiboles in peralkaline rocks. It allows estimating poten-
tial ore mineralization that might be found in granites as
well as it can help to define mineralogical-geochemical
features of many ore elements which are sensitive to redox
state, especially those of lithophilic affinity, with niobium
and tantalum being most useful among them.

Both niobium and tantalum show close association with
felsic rocks and tendency for accumulation in the latest
phases of fractionated intrusive complexes. In the late
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stages of granite evolution and superimposition of me-
tasomatic alterations a wide range of tantalum-niobium
minerals can be formed. Because of their close chemical
affinity niobium and tantalum might be found in the same
minerals, where these elements isomorphically replace
each other. Occurring dessiminated in rockforming miner-
als, Nb®* and Ta® can commonly be concentrated in some
accessory phases during the stages of superimposed me-
tasomatic alterations; the latter being characterized by ac-
tivity of volatile elements. Columbite (Fe,Mn)Nb,Os, pyro-
chlore (Na,Ca);Nb2Os(OH,F), ilmenorutile (Ti,Nb,Fe)3Os,
fergusonite (Y,Th)(Nb,Ta)O4. are among the minerals that
can concentrate tantalum and niobium. These minerals can
even concentrate up to 95 % of the total content of tanta-
lum and niobium. Concentration of Ti*" in the mineralogical
environment being high, there can be observed processes
of dissemination of Nb°>* and Ta’* in titanium-bearing min-
erals. Alkaline associations are characterized by constant
prevalence of niobium over tantalum.

Ta and Nb are also widely used to interpret different
kinds of trace element in the environment indicative of
granite rocks formation [16], to which discriminant dia-
grammes plotted in Nb-Y, Ta-Y, Rb-(Y+Ta) an Rb-(Y+Nb)
coordinates are common. In spite of the fact, that these
descriminators are commonly used for Phanerozoic granitic
complexes and felsic associations, for which plate tectonics
paradigm is widely accepted, these discriminative diagrams
for Precambrian complexes are also mentioned in a range
of recent publications.

Our primary aim in this paper is to discuss a possibility of
distinguishing between different types of granites and other
felsic rocks that occur within the Ukrainian Shied. The
Ukrainian Shield is considered to be a part of Sarmatia seg-
ment of East European Craton that consists of both Archean
and Proterozoic domains. Some researchers believe these
domains to be fragments of a single craton [12, 18], for basic
facts about plate tectonics in the Precambrian time remain
limited [10]. Those who keep up a plate tectonics idea con-
sider the Ukrainian Shield to be a Proterozoic collage of dis-
crete terrains [5, 7]. Among the Archean terrains there single
out the Azov one, which is situated in the East, the Dniester-
Bug and Rosinsk-Tikich terrains, highly reworked in the Pa-
laeoproterozoic, and the Middle Dnieper granite-greenstone
terrain, never affected by Proterozoic processes. Palaeopro-
terozoic terrains are represented by the Kirovohrad domain
(Ingul), which is located in the central part of the Ukrainian
Shield and the Volyn domain, which comprises the west-
ernmost part of the Shield (Figure 1).

Niobium-tantalum mineralization was found in different
domains of the Ukrainian Shield. Among Precambrian rock
series with associated mineralization there are distin-
guished rare-metal pegmatites rich in Li, Rb, Cs, Ta, Nb,
Sn, Be, some apogranitic metasomatites (greisens, quartz-
ites, perthosites), and also various alkaline rocks. Compo-
sitional affinity of Ta-Nb minerals to basic compositional
features of rock series that host this mineralization is be-
lieved to be a common feature of Ta-Nb minerals found in
different rock associations.

Korosten
pluton
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8in |\}&-m
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@
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Geological blocks (provinces)

I = Volyn

Il - Dnister-Bug
Il - Ros-Tikych
IV = Ingul

V - Middle-Dniper
Vi- Azov

< - Ta-Nb mineralisation

Figure 1. Schematic distribution of Ta-Nb mineralization within the Ukrainian Shield

Rare-metal pegmatites. Rare-metal pegmatites with Li,
Rb, Cs and Ta-Nb mineralization were found in the Pro-
terozoic (Volyn, Ingul) and the Archean (Azov) terrains.
These rare-element pegmatites are classified as LCT type
pegmatite [3]. Among the Precambrian rocks that host rare
pegmatites with Ta-Nb mineralization there were distin-
guished metaluminous granite complexes (S-type), which
are characterized by high potassic and alumina content,
lack of fluorine, predominant ilmenite, as well as carbona-
ceous matter constancy. The age of RE pegmatites is

unidentifiable because of the lack of accessory minerals
commonly used as geochronometers (zircon, monacite).
The age of granitic rocks that host rare-metal pegmatites is
likely to be about 2.0 Ga for the Volyn and Ingul terrains
and the same of 2.0 Ga (with some scientists scaling up to
even the Archen age) for pegmatites of the Azov terrain.
Apogranitic  metasomatites. The  Nb-Ta-bearing
apogranitic metasomatites of Proterozoic age were found in
eastern Volyn and central Ingul terrains. They are character-
ized by the occurrence of large AMCG (anorthosite-
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mangerite-charnockite-granite) complexes, such as Koros-
ten (in Volyn) and Korsun-Novomyrhorod (in Ingul) ones,
with which morion, topaz- and beryl-bearing chamber peg-
matites are associated, and which are classified as NYF-
type pegmatites [3]. The Volyn terrain also includes metalu-
minuos felsic associations of Osnitsk complex (I-type) ap-
proximately dated 2.0 Ga and Perga peralkaline associa-
tions (A-type) of 1750 Ga, the latter tracing Nb-Ta minerali-
zation. Osnitsk complex, being part of Osnitsk-Mikashevichi
Orogenic Belt bordering Sarmatia from Fennoscandia [2], is
thought to have predated the formation of Korosten AMCG
complex. Perga complex is supposed to have appeared after
the formation of Korosten NYF-type pegmatites.

Alkaline rocks. There were found about 50 massifs and
occurrences of alkaline rocks and carbonatites in the cen-
tral (Ingul) and eastern (Azov) terrains of the Ukrainian
Shield. The only alkaline formations evident in Kirovohrad
terrain turned out to be alkaline rocks and kimberlites of the
Proterozoic age (2.1-1.8 Ga). The Azov terrain prevalently
includes occurrences of the Proterozoic and Phanerozoic
(Devonian) ages. The two main alkaline associations found
in the Azov terraine were defined to be alkaline-ultrabasic
(carbonatitic) and gabbro-syenitic complexes. Alkaline
rocks of the eastern terrain (Azov) and the western terrain
(Ingul) reveal completely different geochemical properties.
Those of the Azov terrain show features of alkaline-
ultrabasic associations (high contents of incompatible rare
elements such as Nb, REE, Zr, Y, Sr), whereas those in
the Kirovohrad terrain are characterized by low contents of
Nb and Zr, and REE. This fact is interpreted to have re-
sulted from different geodynamic settings of their origin —
extensional and collisional ones, respectively. Various min-
eral deposits of apatite, niobium, REE, yttrium and zirco-
nium proved to be associated with the alkaline rocks and
carbonatites of the Ukrainian Shield. Most Nb and Ta of
Novopoltavka economic carbonatites (Chernihivka alkaline-
ultrabasic massif of the Azov terrain) were found to be con-
centrated in fergusonite and hatchettolite.

Application. By using optical microscopy, common
chemical analysis, spectral and XRF methods there was
determined chemical and mineralogical composition of grani-
toids and other felsic varieties of rocks. Furthermore, micro-
probe analysis identified some features of rock forming, ore
and accessory minerals, with probes to be JXA — 5, JCXA —
733 (Institute of Geochemistry, Mineralogy and Ore Forma-
tion, NAS of Ukraine), JCXA — 8200 (Scientific and Technical
Centre, NAS of Ukraine), Cameca SX — 100 (Geological
Institute, Slovakian Academy of Sciences).

The study of Ta-Nb mineralization distribution within
the Ukrainian Shield shows that despite inherent geo-
chemical affinity between tantalum and niobium, these
elements behave differently throughout the processes of
granite complex formation, which is especially indicative
of Proterozoic granite complexes. It should be empha-
sized that granites themselves do not commonly show
high concentrations of ore minerals. Their potential eco-
nomic mineralization is mostly associated with the prod-
ucts of late to postmagmatic alteration stages of granite
system. It is these stages during which volatile compo-
nents become more active followed by hydrothermal stage,
during which most of the ore elements are thought to be
accumulated [19]. But at the same time different pegma-
tites and metasomatites (greizens, secondary quartzites,
perthosites) show distinctly close spatial and genetic rela-
tion to certain Proterozoic complex found in the Ukrainian
Shield, which may be classified into different ilmenite or
magnetite series of granites.

Within the territory of the Ukrainian Shield there can be
outlined two contrasting provinces — Volyn terrain in the

eastern part and Ingul terrain in the central part of the
Ukrainian Shield, within which one can spatially single out
fields of rare-metal granites and pegmatites that reveal
typical geochemical specialization on Li, Rb, Cs, Ta, Nb,
Sn, Be. These areas are characterized by mostly Protero-
zoic granite complexes, which distribution can be based on
the features of niobium and tantalum minerals formed in
contrasting redox conditions [8, 9].

In the Volyn terrain, the westernmost part of the Ukrain-
ian Shield, the major concentrations of Nb and Ta minerali-
zation are confined to metasomatically altered alkaline
granites of Perga (A-type) and Osnitsk (I-type) complexes.
Felsic rocks of these complexes are characterized by high
magnetite content and that's why they may be related to
magnetite series granites. Regionally, both Perga and Os-
nitsk granite complexes of magnetite series are related to
the Osnitsk-Mikashevichi Orogenic Belt, which marks geo-
logical border between Sarmatia and Fennoscandia, the
northern margin of the Ukrainian Shield. Both terrains are
interpreted to have had different geological histories before
2.0 Ga and to have merged in post 2.0 Ga period of geo-
logical history [2]. It is exactly the period during which Pe-
gra and Osnitsk granite complexes of magnetite series
formed. Both granite complexes show a wide distribution of
superimposed processes of metasomatic alterations
(greisenization, albitization and silicification) and associ-
ated mineralization, which is confined to these metasoma-
tites. Magnetite series granites of Perga and Osnitsk com-
plexes are characterized by high content of fluorine and
wide distribution of magnetite, with Li micas (lithionite, zyn-
valdite), columbites  (Fe,Mn)(Nb,Ta),0s, pyrochlore
NaCaNbyOgsF, Ta-cassiterite (Ta crystals in cassiterite)
commonly distinguished among ore mineral associations. It
was identified Ta/Nb ratio ranging from 1/10 to 1/15 and
values of Fe/Mn ratio reaching 10/1, as well as complete
absence of admixture elements to be the typomorphic fea-
tures of columbites found in these ores.

Ingul terrain, occupying the central part of the Ukrainian
Shield, is also characterized by a wide distribution of rare-
metal granites, which occurrences can be spatially related
to the central Kirovohrad (Ingul) orogenic belt [13]. Most
granite complexes that contain Ta-Nb mineralization are
related to ilmenite series granite of S-type (Yaroshevka,
Polohivka, Lipniazhka complexes) with geochemical spe-
cialization on Li, Rb and Cs. These granites are character-
ized by high content of potassium, oversaturation in alu-
mina and practically complete absence of fluorine. Graphite
and anthraxolite that are commonly found in these ilmenite
series of granites can probably testify for predominant re-
duction conditions of their formation.

Polohivka, Mostove, Lipniazka, North-Stankuvatka and
Nadiya rare-metal deposits were determined to contain
tantalum-niobium mineralization with short range of Ta/Nb
values and low values of iron (FeO/MnO = 2.80-6.56).
Columbites-tantalites found here are marked by heteroge-
neous inner structure, with different mineralogical phases
to be found in a single mineral grain. These mineralogical
phases are characterized by high content (weight %) of
Ta0s ranging from 9.80 to 71.0, and Nb2Os varying from
10.6 to 70.1 [8, 9, 13, 14]. At the same time columbite-
tantalites indicate to a high content of admixure elements
(weight %) with TiO2 reaching 5.88; WO3 — up to 3.70;
SnO; — up to 9.20; Sc,03 — up to 5.40. Some associated
ore minerals, namely ilmenorutile (Ti,Nb,Fe)sOs, tapiolite
Fe(Ta,Nb),0g, microlite (Na,Ca)z(Ta,Nb).Os(O,0H,F), Ta-
cassiterite, nigerite are also commonly found here.

Conclusions.The basic typomorphic features of
columbite-tantalite minerals, specified by Ta/Nb values,
Fe/Mn ratio and admixture elements are concluded to de-
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pend on genetic granite types represented by magnetite
and ilmenite series that are found in the Proterozoic com-
plexes of the Ukrainian Shield. Magnetite series granites,
which are considered to be formed in mostly oxidized envi-
ronment (raised fO; values), are characterized by predomi-
nant niobium mineralization. At the same time ilmenite se-
ries granites, which are supposed to be formed in predomi-
nantly reducing environment, show rare-metal mineraliza-
tion that is characterized by generally equal proportion of
tantalum and niobium contents. This conclusion facilitates
methods to optimize prospecting for potential rare metal
mineralization associated with Precambrian structures
within the Ukrainian Shield.
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|. AwmpoBa, iHx. | kaT., ashirova.irina@gmail.com,

T. MipoHuyk, kaHa. cdinon. Hayk, gou., tatianakiev99@gmail.com,
KuiBcbkui HalioHanbHUI yHiBepcuTeT imeHi Tapaca LlleByeHka,

FeonoriyHun dakynbTeT, Byn. BacunbkiBebka, 90, M. KuiB, Ykpaina, 03022

MArHETUTOBI TA INbMEHITOBI CEPIi TPAHITOIOIB TA OUIHKA IX NOTEHLUINHOI PYOOHOCHOCTI
HA HIOBIN | TAHTAI B MEXXAX YKPAIHCbKOI'O LLUTA

Y cmammi o620eoproembcsi Moxiueicms ecmaHoenieHHs1 eiOMiHHocmel Mix pizHosudamu 2paHimie, siki 6ynu cgpopmoeaHi 8 Mexax mepu-
mopii YkpaiHcbko2o wyuma. 3anponoHoeaHa Knacudgikayisi Yacmkoeo criupaemcsi Ha 20J108Hi NMPUHYUNU, wo 6ynu eukopucmaHi 8 0esikux paHHiIx
knacudpikauisix 2paHimie, ceped siKux € wupoko eidoma knacudpikayisi, sika 6yna 3anpornoHoeaHa e po6omax lwuxapu [11] ma Yennena i Baiima [4],
a makoXx lokanbHa (pe2ioHanbHa) knacugikauyisi, sika 6yna 3anpornoHoeaHa e po6omi Tomypko ma Lljep6akoea [20]. Y yili nokanbHil knacudgikayii
6yna 3pobrieHa cnpoba Hasecmu 8iOMIHHOCMI MiX deoMa KOHMpacmMHUMU pi3Hoeudamu 2paHimie — ano6asumoeumu ma anonesnimoeumu 2paHi-
mamu, siki 6ynu ecmaHoerseHi 8 Mexax YkpaiHcbkozo Ljuma.

Knacudpikayiss epaHimie Ha pi3Hi 2eHemuyHi munu mMo)xe cmukamucsi 3 NesHUMU MmMpyOdHou,aMu BHacJsliOOK 2emepo2eHHO20 2eHe3Ucy UYux
ymeopeHb — MOXJ/1U8020 3Milly8aHHs1 po3rniasie 3 ix 6ambKiecbkux MaHMIliHUX ma kopoeux dxxepes1. Asie 8 moli e Yac maka Knacugikayisi Moxe
suKkopucmosyesamucsi OJisi MOXJ1U8020 MPO2HO3Y Memasio2eHiYHOI crneyuanizayii pisHux 2eHemu4YyHux munie epaHimie. Ceped napamempis, sKi
MOXYymb iCMOMHO en/IUHYMU Ha Npoyecu HaKoMu4yeHHs Memarsnie e 2paHimax cymmesy posib eidizparomb OKUC/O8aIbHO-8IOHOBHI yMoeu 1x
¢opmyesaHHsi. Ha 6a3i 3Ha4eHb Yb020 Napamempa 2paHimu MoXxXyms 6ymu niopo3dineHi Ha dea munu — 2paHimu inbMeHimosoi ma maecHemumosoi
cepill, sIKi xapakmepu3yombcsi pi3HUMU ymoeamu ix gpopmyeaHHs [6, 11] i acouyilioeaHoi MiHepani3auii [1].

B mexax mepumopii YkpaiHcbkozo Ljuma moxnueo eudinumu uyini npoeiHyii 3 eiOMiHHUM PO3nodiloM nepeeaxHo iNbMmeHimosoi abo
MazHemumoeoi cepili 2paHimie. L|i 2paHimu xapamepu3yrombcsi pi3HUMU cmunsim pyGdHoi MiHepanisayii acoyitioeaHoi 3 Humu. Tanmano-Hio6amu
3Haxo0dsimbcsi ceped munoesux pyGHUX MiHepasie, siki MOXXymb 6ymu ecmaHoesieHi 8 micHili acoyiauii 3 yumu cepisiMu 2paHimie, ockinbku Hio6il i
maHman xapakmepu3yrombcsi HasieHicmio micHoi iimoghinbHoi criopidHeHocmi 3 yumu ymeopeHHsiMu. Ha YkpaiHcbkomy Ljumi manmano-vio6amu
6ynu 3HalideHi e epaHimax i acoyilioeaHux 3 HUMU PiOKICHO NILHUX I imax, desikux aroz2paHimHux MemacoMamumax (2spelizeHu, keap-
yumu, Nepmo3umu) a MaKkox 8 JIY)XHUX Nopoodax pi3HO20 2eHe3ucy.

Byno ecmaHoeneHo, wio xapakmepHi o3Haku maHmarno-Hiobamie, ceped sikux 3HayeHHs1 Ta/Nb, eioHoweHHs1 Fe/Mn i npucymHicmb enemenmie
JoMiwoK, nokasyroms 6/1u3bKy criopiOHeHicmb 3 Pi3HUMU 2eHeMUYHUMU cepisiMu epaHimis. Lji o3Haku, siki 6ynu ecmaHoeseHi sk munomMopdHi ons
inbmeHim i Ma2zHemumosux cepili 2paHimie, MOXXymb 6ymu eukopucmati 051 onmumisauii npoeedeHHs1 NowykKoeo-po3eidysansHux pobim Ha YKpaiH-
cbkomy Llumi.
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MAFHETUTOBbLIE U WIbMEHUTOBBLIE CEPUX TPAHUTOMAOB U OLIEHKA
MX NOTEHUUAIIbHOU PYOOHOCHOCTU HA HAWOBUU U TAHTAI B NPEAENAX YKPAUHCKOI O LLUTA

B cmambe ob6cyx0aemcsi 803MOXXHOCMb yCMaHOBJIEHUSI pa3iuyusi Mexdy pasHO8UGHOCMSAMU 2paHUmMos, chopMupo8aHHbIX & npedenax
meppumopuu YkpauHcko2o wuma. pednoxeHHas knaccugukayusi yacmuyHo 6a3upyemcsi Ha OCHOBHbIX MPUHYUMNAaXx, UCMOIb308aHHbLIX 8 HEKO-
mopbIX paHHUX Kraccugukayusx epaHumos, cpedu KomopbiX WUPOKO u3eecmHas Knaccugukayusi npednoxeHHass 8 pabomax Uwuxapsl [11], a
makxe Yennena u Balima [4], u nokanbHasi (pe2uoHanbHasi) knaccugukayus, npednoxeHHasi @ pabome Tomypko u Lljep6akoea [20]. B daHHOU
nokanbHol Knaccugukayusi 6bina coenana nonbimka npoeecmu pasnuvue mexdy 0eyMsi KOHMPacMHbIMU pa3HO8UGHOCMSAMU 2paHUMoe — aro-
6a3zumoeniMu u aronesiumMoebIMU 2paHuUmam, Komopsie 6biu ycmaHoesieHb! 8 npedenax YkpauHckozo Luma.

Knaccugpukayus e2paHumoe Ha pa3nuyHbie 2eHemuyYyeckue murnbl MOXem cmasikueambcsi ¢ onpedeneHHbIMU mpyGHoCcMsAMU U3-3a 2emepo-
2eHHO20 2eHe3uca amux o6pa3oeaHull — 603MOXHO20 CMeWwueaHUsl Pacryiagoe ¢ ux pooumesibCKUX MaHMuliHbIX U KOpPoebIX ucmoyYHukos. Ho e
mo )xe epeMsi makasl Knaccugbukayusi MoXxem uCrosib308ambcsi O/151 803MOXHO20 MPO2HO3a Memassio2eHUYeckol crieyuanu3ayuu passuyvyHbIX
2eHemu4eckux munoe 2paHumos. Cpedu napamMmempos, KOMopbie MO2ym Cyu,ecmeeHHO Moesusimb Ha HaKkon/ieHue Memarssioe 8 2paHumax eax-
HYI0 posib UMeom OKuciumesibHo-80ccmaHoeumesbHble ycroeusi ux ¢gpopmupoeaHusi. Ha 6a3ze 3HayeHuli 3mozo napamempa 2paHumsl Mo2ym
6bimb nodpasdeneHbl Ha d8a muna — 2paHUMbI UIbMEeHUMoe8ol U MazHemumoeoli cepuli, KOMopbie Xxapakmepu3ymcsl Pa3uYHbIMU yCr108UsIMU
obpa3soeaHus [6, 11] u accoyuupoeaHHol MuHepanusayuu [1].

B npedenax meppumopuu YkpauHckozo Lljuma mMoxHo ebidenums yesnble MPOBUHYUU C OMJIUYHBIM pacnpedesieHuUeM Cyu,eCmeeHHoO UsbMe-
HUMOE uslu MazHemumoebIX cepuil 2paHUMoe. dMu 2paHUMbI MoKa3biealom passiuyHbie cmusiu pyoHol MuHepanu3ayuu accoyuupoeaHHOU C
Humu. TaHmano-Huo6amsi Haxo0sIMbCs cPedU MUNUYHbIX PYOHLIX MUHEPasoe, Komopbie Mo2ym 6bimb ycmaHoesieHbl 8 mecHolU accoyuayuu ¢
amumu cepusiMu 2paHuUMos, NMoCKOJIbKY HUO6Ul U maHman xapakmepu3yromcsl HaludueM MecHo20 JIUMoguIIbLHO20 cpodcmea ¢ 0aHHbLIMU 06pa-
30e8aHusiMu. Ha YkpauHckom LLjume manmano-Huo6amsbi 6bi1u HalideHbl 8 2paHUMax U accoyuuposaHHbIX pedkoMemarsbHbIX neamamumax, He-
KOMOpbIX arnoz2paHUMHbIX Memacomamumax (2pelizeHbl, KEapyumbl, IepPMOo3umbl) a makxke 6 WesIo4YHbIX Mopodax pa3siudHO20 2eHe3uca.

Bbino ycmaHoeneHo, Ymo xapakmepHble npu3Haku maHmarsno-Huo6amos, cpedu komopbix 3HayeHusi Ta/Nb, omHoweHue Fe/Mn u npucymcm-
saue asnlemeHmoe npumecel, nokasbiearom 651u3koe cpodcmeo ¢ Pas3/TIuYHbIMU 2eHeMUYeCKUMU CepusiMu 2paHumoe8. dmu npu3sHaku, ycmaHoeJ 1eH-
Hble KaKk muroMopgHble 07151 UNbMeHUMOo8bIX U MagaHemumoehbix cepuli 2paHuUmoe8, Mo2ym 6bimb Ucnonb308aHbl O oNMuMU3ayuu npoesedeHust
nouckoeo-pa3eedoyHbix pabom Ha YKpauHCKoM wjume.
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CALCULATION OF SEDIMENTARY DEPOSITS ELASTIC CONSTANTS
IN TRICLINIC APPROXIMATION ACCORDING TO VSP DATA

(Reviewed by the editorial board member O. Menshov)

This article attempts to define a complete component set of elastic constants tensor matrix in triclinic symmetry approximation and
to evaluate the nature of seismic waves azimuthal anisotropy using field seismic surveys data. Elastic constants are determined by
inverting the indicatrixes of radial and phase velocities with different polarization. Symmetry group of sedimentary strata is defined
using acoustic tensor and elastic constants tensor. The basis of the standard acoustic coordinate system was the three right mutually
orthogonal vectors of the acoustic tensor. Fedorov method is used for approximation of the elastic constants tensor to transversely
isotropic medium, which provides not only a quantitative assessment of elastic constants matrix components but also allows us to
estimate the deviation degree of real anisotropic medium elastic constants from those typical of transversely isotropic medium, the

latter being the most similar to it.

Introduction

The phenomenon of seismic wave velocity anisotropy in the
geological medium has long been the focus of researchers'
attention. At present, the increasing interest in azimuthal seismic
anisotropy is stimulated by the rapid development of three-
component (3C) wide azimuth 3D seismic methods.

The existence of seismic anisotropy indicates that a real
geological medium tends to possess an innate ordering of
various geological and physical nature [1, 5, 6, 7, 13]. It is
obvious enough that all the parameters of azimuthal seismic
anisotropy are determined by the symmetry type of structural
elements order in the geological medium. This follows from
the Neumann-Curie's principle [1, 2, 5, 6, 8, 10, 15, 16]
implying that the structural symmetry of the ordered
geological medium determines the symmetry type of the
elastic constants tensor. The elastic symmetry in turn limits
all the azimuthal anisotropy parameters of seismic waves in
ordered geological media.

Method of inversion

To solve this problem we use a modified invariant-
polarization method, which determines the full components
set of elastic constants matrix in the standard acoustic
coordinate system while making numerical calculations by
measuring the radial and phase velocities of elastic waves
with different polarization. The method has been described
in detail [1, 3, 5, 6, 11].

Inversion problem can be formulated as follows: to
define the elastic constants of the geological medium by
inverting the azimuthal dependence of the radial and phase
velocities of elastic waves with different polarization
specified during field seismic surveys. To solve the
problem we used a nonlinear least-squares method. The
objective function ®(x ) is as follows:

] 2
i)=Y v -y (1)
m=1

where V“, V" are the experimental and calculated values

of velocities with different polarization (e, r = 1,2,3; 1 —
quasi-longitudinal, 2,3 — quasi-transverse "quick " and
"slow ") in the m-th direction measurements, x is vector of
the unknown parameters with N dimensions, which
includes 21 components of elastic constants matrix |,
density and components of the wave normal vector
(if radial velocity is used). In determining components of
the wave normal vector 7, given the conditions of their
orthogonality, for numerical calculations of the radial
velocity wave vector, its components were limited:
w+ni+nl=1 (2)
Phase velocities and polarization vectors of elastic
waves were derived from the Green-Christoffel equation [9]:

(Fi] -pv’s, )U] =0, (3)

where I';, =C,,nn, — Christoffel tensor; v — phase velocity;

n, — components of the wave normal vector; C,;, — tensor

of elastic constants; U, - components of elastic

displacement vector; p —density; §, — Kronecker delta.

To determine the complete component set of tensor
matrix elastic constants of sedimentary deposits in
triclinic approximation, we used the results of field VSP
observations, which had been held in the South Elbe
region (the Caspian basin) [12] and Pierre shale data
[18]. Sedimentary deposits, which have been the subject
of research, are referred to the upper layers of the Lower
Cretaceous. The technique of experimental seismic
surveys combined observations of reflected and refracted

© Prodayvoda G., Vyzhva S., Kuzmenko P., Vyzhva A., 2013
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waves on the surface and observations of direct waves in
wells [12, 14, 17].

The above data show that stereo projections of all
azimuthal anisotropy parameters of elastic waves (Figure 1)
are strictly consistent with the symmetry type of sedimentary
strata. In this case, there are certain features in the spatial
behavior nature of these parameters.

It should be emphasized that obtained patterns of
azimuthal  anisotropy  parameters  distribution in
sedimentary strata are in good agreement with the
laboratory research of core samples by an ultrasonic pulse-
phase invariant-polarization method published in a number
of papers [1, 4].

Conclusions

Symmetry and a complete component set of tensor matrix
elastic constants and elastic pliabilities in a standard acoustic
coordinate system (Table 1) have been defined for the first

time by inverting the radial velocity indicatrixes of quasi-
longitudinal, "quick" and "slow" quasi-transverse waves
obtained from the VSP data [12].

The elastic constants of clay strata were proved to have a
planar triclinic symmetry; whereas the carbonates and shale
Pierre turned out to have an axial rhombic symmetry. The
value of elastic anisotropy integral coefficient is nearly 22%.

The stereo projections of seismic wave anisotropy
parameters indicate that the spatial character of seismic
wave azimuthal anisotropy is determined entirely by the
matrix symmetry of the elastic constants tensor. There
have been revealed distinct directions (longitudinal normal
and acoustic axes) at different depths of clayey and
calcareous shale strata.

Table 1

Elastic constants (C, , GPa — in the numerator) and elastic pliabilities S TPa™ (in the denominator) of sedimentary deposits

mn

mn?’

in working coordinate system (WCS) and standard acoustic coordinate system (SACS) calculated by seismic data inversion

Matrix indices. mn Sand and clay deposits Clay deposits Carbonate deposits
’ wcs SACS wcs SACS wcs SACS
1 9.15 9.18 9.16 8.82 17.79 17.79
280.9 255.2 238.5 238.2 86.7 86.7
22 10.00 9.41 10.04 9.57 14.00 14.00
141.1 233.0 135.5 175.4 95.7 95.7
33 7.34 7.14 7.28 7.02 13.85 13.85
438.5 506.7 379.4 398.0 134.0 134.0
44 0.62 0.87 0.71 0.94 3.47 3.47
1837.9 1609.1 1507.6 1330.2 288.2 288.2
55 0.98 1.02 0.86 0.88 3.41 3.41
1058.1 1004.4 1181.3 1171.8 293.3 293.3
66 1.67 1.76 1.52 1.81 2.71 2.71
685.3 700.1 672.0 656.3 369.0 369.0
12 1.99 2.25 1.90 2.37 5.00 5.00
53.9 53.8 41.0 24.0 -25 -2.5
13 6.14 5.92 5.81 5.55 9.30 9.30
-269.3 -245.5 -217.4 -197.4 -5.7 -5.7
23 4.01 4.36 3.95 4.28 7.00 7.00
-125.6 -216.5 -109.4 -140.9 -4.7 4.7
14 0.10 -0.74 0.29 -0.73 0 0
104.4 334 98.7 43.9 0 0
15 0.03 -0.01 0.04 0.09 0 0
53.2 -16.4 28.6 -22.1 0 0
16 -0.38 0.29 0.15 0.79 0 0
94.0 48.2 -1.9 -35.8 0 0
24 -0.17 0.82 -0.02 0.56 0 0
88.5 -294.2 50.4 -138.2 0 0
25 0 -0.11 -0.14 0.05 0 0
27.7 -5.1 37.3 -23.8 0 0
26 0 -0.81 -0.02 -0.76 0 0
327 158.8 9.1 70.8 0 0
34 0.21 -0.47 0.32 -0.54 0 0
-194.6 2721 -169.0 141.4 0 0
35 0.16 -0.06 0.14 -0.01 0 0
-88.4 30.3 -66.6 36.5 0 0
36 0.06 0.46 0.20 0.43 0 0
-114.2 -198.0 -17.6 -42.3 0 0
45 -0.05 0.04 0.02 0.03 0 0
166.1 -36.3 -10.7 -74.9 0 0
46 -0.26 0.02 0.13 -0.37 0 0
329.8 -226.4 -116.1 168.6 0 0
56 -0.13 0.19 -0.05 0.18 0 0
123.5 -115.6 46.2 -140.8 0 0
Elastic symmetry Planar triclinic Planar triclinic Axial rhombic
A % 21.6 | 21.6 2192 [  21.98 13.08 | 13.08
Density, g/lcm® 2.300 2.193 1.986

A — integral coefficient of elastic anisotropy
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Figure 1. Stereo projections of the values distribution for sand and clay strata:
a) indicatrix of quasi-longitudinal wave, contours in kmes™; b) indicatrix of "quick" quasi-transverse wave, contours in kmes™;
c) indicatrix of "slow" quasi-transverse wave, contours in kmes™; d) difference between the phase velocity values of " quick" and "slow"
quasi-transverse waves, contours in kmes™; e) deviation angles of quasi-longitudinal wave elastic displacement vector
from the direction of wave normal, contours in degrees; f) differential coefficient of elastic anisotropy, contours in %
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PE3YJNIbTATU YACEJNIbHMX PO3PAXYHKIB MPYXXHUX CTAIIMX OCAOOBUX MNMOPIA
B TPUKNIHHOMY HABNIMXKEHHI 3A JAHUMU CMTOCTEPEXEHb BCI

B yiti cmammi HasedeHull npuknad eu3HayeHHs1 MO8HO20 Habopy KOMMOHEHM Mampuyi meH3opa MPYXHUX MocmilHux e HabnuxeHHi mpu-
KniHHOI cumempil ma npoeedeHa oyiHka xapakmepy a3umMymanbHOIi aHizomponii celicMiYHUX Xeusb 3a pe3y/bmamaMu Mosbo8ux CelcMiYHUX
docnidxeHsb. pyxHi cmani eausHa4eHi wnsixom iHeepcii iHOukampuc npomeHesux abo ghasoeux weudkocmeli pi3zHoi nonspusayii. Fpyna cumempii
ocadoeoi moewi eusHayeHa 3a OOMOMO20/0 aKyCMUYHO20 MeH30pa i meH30pa MpyXHuUx cmanux. 3a 6a3uc cmaHdapmHoOi aKkycmu4Hol cucmemu
KoopAuHam o6paHo npaey mpiliky efacHUX 83a€EMHO OPIMO2OHaIbHUX 8eKmopie aKkycmu4Ho20 meH3opa. [ns anpokcumauyii meH3opa npyxXHux
nocmiliHux nonepe4yHo-i30MpPonHUM Hab/IUXeHHSIM eukopucmosyembcsi Memod ®edopoea, sikuli 3abe3neyye He nuwe KinbKiCHY OUiHKY KOMMo-
HeHm Mampuuyi NpyXHux nocmiliHux, ane U 0o3eosisie oyiHuUMu cmyniHb €iOXusIeHHs1 NPYXHUX CMasnux peajbHO20 aHi30mponHozo cepedosuwia
@id Halibnux4020 G0 HLO20 nonepe4YHo-i30MpPOoNHO20 cepedosulia.

Bnepwe wnsixoMm iHeepcii npomeHesux i ghazoeux iHOUKampuc kea3ino30oexHbol, "weudkoi" ma "noeinbHoi" Keasinonepe4Hux xeusnb ocado-
8oi mosuwji, siki ompumMaHi Memooom eepmukasibHo20 celicMi4yHo20 npodgpintosarHsi (BCI1), suzHa4eHa cumempisi i nosHuli Ha6ip KOMMOHEeHM meH-
30pHOI Mampuyi NpyXHux cmanux ocadoeux nopid. CumMmempiss MeH30pPHOI Mampuuyi NPYXHUX cmanux niwaHo-2auHUcmof i 2nuHucmoi moeuwi
eusigusiacsi niaHallbHOK MPUKIIHHOM, a Kap6oHamHOi moewi ma 2/IUHUCMO20 CrIaHU — aKciaslbHOK i NaHanbHOK PoM6iyHOM. 3anponoHosa-
Hul iHeapiaHmHo-nonsipusayiliHuli celicMiyHUl Memod eu3Ha4YeHHsI cumempii i NPy)XHUX cmanux eiGkpueae Ho8i Mo)siueocmi Npu AoCliOKeHHI
ynopsidkoeaHo20 2eosioz2iyHo20 cepedosuwa memodamu 3D celicmopo3egidku i 6yde cnpussmu cymmeeomy nidsuweHHo eghekmueHocmi celicmo-
po3ei0Ku npu nowykax Hagpmu i 2a3y 8 ck/ladHUX 2e0J102i4HUX yMOBax.

Bynu nobydoeaHi cmepeo npoekyii napamempie aHizomponii celicMiYyHUX xeusb, siki ceid4amb NPo me, W0 NPocmopoesull xapakmep asumy-
masnbHoI aHizomponii celicMiYHUX Xeusb MO8HICMIO 8U3Ha4YaeMbCSsl cuMempielo Mampuyi meH3opa NpPyXHUx cmanux. B anuHucmux i kap6oHam-
HUX moewax ma 2/IUHUCMUX CIaHUsIX Ha Pi3HUX 2nubuHax icHyromb ocobnuei HanpsiMKu — No3008)XXHLOI HOpMani i akycmuyHux ocell.

3pobneHa ouyiHka Noxubok anpokcumauii NpyXHoi cumMempii mosw, ModesisiMu rnornepeyHo-i30mpornHoi i pom6iyHoi cumempii. [oka3aHo, W0 anpoKcu-
Mayiss Mampuyi npyHuUXx nocmiliHUX MpUKTiHHOI cumempii 6inbw cumempuYyHUMU MOQGesISIMU, 30KpeMa PoM6i4HOI ma rnonepe4YHo-i30MpPOornHoi cumempii,
He nluwe cromeoproe xapakmep a3umMymarsibHOI aHizomponii celicMiYHUX xeusb, ane U CIPUYUHSIE 3Ha4Hi MOXUGKU NMpu oyiHIO8aHHIi a3uMymarsbHOI aHi3o-
mponii celicmiyHux weudkocmel. Lje Moxxe cymmeeo ennueamu Ha docmoeipHicmsb pe3ynsmamie 3D celicMopo3eioKu.
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PE3YNbTATbI YACJEHHBIX PACHETOB YMPYI'NX NOCTOSAHHBIX OCAAQOYHbIX MOPOA
B TPUKNUHHOM NPUBJIMXXEHNU NO AAHHBIM HABNIOAEHUU BCI

B amoli cmambe npueedeH npumep onpedesieHusi MosH020 Habopa KOMIIOHEHM Mampuubl MeH30pa ynpyaux MoCMOsIHHbIX 8 MPubuXeHuUuU
MPUKNuUHHOU cuMMempuu u npogedeHa oyeHKa xapakmepa a3uMymasbHOl aHu3omponuu celicMu4eckux 80JIH Mo pe3y/ibmamam fnoJsiesbix celic-
Muyeckux uccriedoeaHull . Ynpyaue nocmosiHHble onpedesieHbl nymeM UH8ePcUU UHOUKampuc slyYyeebix unu ¢a3oebix cKkopocmel passiudHol
nonspusayuu . Fpynna cuMmempuu ocado4Hol monuwu onpedesieHa ¢ NMOMOWbLIO aKyCMUYeCcKo20 MmeH3opa U meH30pa ynpyaux MoCMOSHHbIX.
Basucom cmaHndapmHol akycmuyveckoli cucmembl koopduHam ebi6paHO rpasyro mpoliky co6cmeeHHbIX 83aUMHO OPMO2OHasIbHbIX 8€KMOPOE8
akycmuyecko2o meH3opa. [jns annpokcumayuu meH3opa yrnpyaux nocmosiHHbIX MonepeyHo-u30MmponHbIM NPubIuXeHUeM Ucnosib3yemcsi Memod
®édopoea, komopkblli obecne4ueaem He MOJILKO KOJIUYECMEEHHYI0 OUEHKY KOMITOHEeHM Mampuuybl yrpyaux nocmosiHHbIX, HO U rnoseosisiem ouye-
HUMBb cmeneHb OMKJ/IOHEHUs1 yrpyaux MoCMOsIHHbLIX peasibHOlU aHU30mpornHol cpedsl om 6nuxaliwel K Heli monepe4YHo-U30mpornHol cpeodsbl.

Bniepebie nymem uHeepcuu siy4eebix U ¢ha3oebix UHOUKampuc kea3unpodosbHol, "6bicmpol” u "MedneHHOU" Kea3unonepe4HbiX 80sIH 0cadoyHouU
mosuwiu, nosty4eHHbIX MeMoOOM 8epMUKalbHO20 celicMu4ecko20 npogunuposaHusi (BCI), onpedeneHa cummempusi U nosiHbIli HA6op KOMITOHEHM MeH-
30pHOU Mampuubl! ynpyaux nocmosiHHbIX 0cadoYHbIX Mopod. CuMMempusi MeH30pPHOLU Mampuybl Yrpyaux MOCMOSIHHbLIX NecYaHo-2/IuHUCMoU U 2/1UHU-
cmoii monuju oka3sanack n/1aHa/lbHO MPUKITUHHOU, a Kap6oHamMHOU MOoJIWU U 2/TUHUCMOR20 C/laHya — aKkcuasibHoOl U nnaHanbHoli pom6uyveckoli. lMped-
JI0)KeHHbIU UH8aPUaHMHO-MOISIPU3ayUOHHbIU celicMuyYecKuli Memod onpedesieHUsi CUMMempuU U yrpyaux MocmMosiHHbIX OMKpbieaem HO8ble 803MOXHO-
cmu npu uccsiedogaHuu yrnopsidoyeHHOU 2eosro2udeckoli cpedbl Memodamu 3D celicmopa3eedku u 6ydem criocob6cmeosams Cyu,ecCmeeHHOMY rMosbiule-
Huto aghghekmueHocmu celicMopa3eedku npu Mmouckax Heghmu u 2a3a 8 CJIOKHbIX 2€0J102U4ECKUX YCII08USIX.

Bbinu nocmpoeHbl cmepeo nNpoekyuu napamMempoe aHU30MpPOMNuuU celicMUYeCKUX 80JIH, Komopbie ceudemesibCMeyom O MOoM, Ymo npo-
cmpaHcmeeHHbIl xapakmep a3umMymasnbHOU aHU30MpPONnuu celicMUYeCcKUX 80JIH MOIHOCMbIO onpedesisemcsi cuMMempuell Mampuybl meH3opa
ynpyaux nocmosiHHbIX. B enuHucmsbix u kap6oHamHbIX moJsiwax u 2/IUHUCMbIX CllaHyax Ha pa3Hbix a2/ly6uHax cywecmeyiom ocobbie Hanpaesie-
Husi — npodosibHOU HOPMasu U aKkycmu4yeckux ocel.

lMpou3eedeHa oyeHka nozpewHocmell annmpoKcuMayuu ynpyaol cuMMempuu mosnuw, ModessiMu fnonepeyHo-u3ompornHol u pombéuyeckol
cummempuu. lMoka3aHo, YMO anNPoOKcUMayusi Mampuybl Ynpya2ux MoCMOsIHHbIX MPUKIUHHOU cuMMmempuu 6osiee CUMMempPUYHbIMU MOOEeJISIMU, 8
4acmHocmu pomb6uyeckol U nonepe4yHo-u3omporHol cuMMempuu, He MOJIbLKO UCKaXKaem Xxapakmep a3umMymarsbHol aHU30mponuu celicMu4ecKux
80JIH, HO U esledem 3a coboli 3HaYumeJsibHble Mo2PewHOCMU Mpu oyeHKe a3uMymarsnbHol aHuU3omponuu celicMu4eckux ckopocmel. 3mo Moxem
cyw,ecmeeHHO rnoeusimb Ha docmoeepHocmb pe3ynbmamoe 3D celicmopa3eedku.
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ON THE ROLE OF POTENTIAL METHODS TO STUDY THE SALT AND REEF
STRUCTURES IN THE DNIEPER-DONETS BASIN

(Reviewed by the editorial board member S. Vyzhva)

The article deals with some of the results of integrating geophysical methods applied in prospecting for unconventional
hydrocarbon deposits under salt-stock bodies in the areas of concentration of small and low-amplitude anticlines and reef sites in the
Dnieper-Donets basin (DDB).

Analysis of potential methods shows that within the DDB there are three types of salt-diapirs, which have certain characteristics in
gravimetric and magnetic fields. The first and most common characteristic is the intense minima in gravity and no reflection in the
magnetic field. The less common second type is stocks that outline the minimum gravity against maximum in the magnetic field. The
third one, having a peculiar nature, shows both gravimetric and magnetic positive anomalies. Such a variety of manifestations of stocks
in the gravimetric and magnetic fields is due, primarily, to their complex morphology.

The results of the geophysical surveys over the reef structures and the low-amplitude elevations formed over them show that
they are mapped by linear, sometimes isometric, local maxima of the force of gravity of moderate intensity.

The comparison of results of previously performed studies of gravimetric and magnetic fields shows their high geologic
efficiency in studying the morphology of salt stocks and identifying prospective near-stock objects when combined with seismic
data and the data from exploration drilling.

Low-cost geophysical gravimetric and magnetic methods significantly reduce the cost of drilling deep exploration wells.

Introduction. Improving the efficiency of exploration for
oil and gas requires further development of non-traditional
methods. These activities have been conducted by various
research and industrial organizations in Ukraine for many
years. The theoretical basis to identify the unconventional
hydrocarbons (HC) fields in the crystalline basement, under
the salt-dome bodies, in the areas of concentration of small
and low-amplitude anticlines and reef sites, etc are
developing [2, 3, 6]. The accumulated data on exploration
show that in order to reduce the exploration cost, the
developments should focus on an integrated system of
effective and relatively cheap non-seismic methods, while
the detailed 3D seismic surveys ought to be carried out
mainly at the stage of preparing objects for exploration
driling. The need for combining seismic with other

geophysical methods can also be explained by the inability
to obtain a sufficient geological dataset and the parameters
of the oil and gas reservoir by individual methods [1, 4, 5].
A balanced combination of geophysical methods ensures
effectiveness of solving inverse geophysical problems in
prospecting.

The study of salt stocks. Salt domes in DDD
represent the tectonic uplifts differing from the classic
anticline uplifts in the presence of the salt core (Figure 1).
During the penetration process of the stock, its upper part
is dissolved, which often leads to the accumulation of a
kind of cap. This cap consists of a poorly soluble
accompanying mineral (gypsum, anhydrite) or pieces, or
even large blocks, of various solid rocks trapped by salt
when it moves upward.

Figure 1. 3D maps of the gravitational field: a — local anomalies, b — total horizontal gradient

© Pigulevskiy P., Nikitash L., Stovas A., 2013
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Analysis of the physical properties of rock salt shows
that it is characterized by slightly varying low density of 2.0-
2.2 g/lcm3. In most cases, the DDD salt stocks of pre-
Mesozoic Age break through the enclosing rocks of higher
density forming the bodies with negative mass anomaly

resulting in the intense minima in gravitational field. Such
features are well manifested in the various transformations
of the gravity field, for example, in local anomalies (Figure 1a)
and in the total horizontal gradient (Figure 1b).

II./(\ MW
m— i | ;.-"J | ) 1

Figure 2. Reflection of salt dome structures. in the gravity and magnetic fields:

a — Krestischensky stock, b — Runovschinsky stock, and ¢ — Leykovsky stock

Salt domes in DDD are always located in groups and are
characterized by columnar structure with steep and almost
vertical slopes, sometimes even widening up. The height of
the salt stocks is a few kilometers and can reach 6-10 km.
Such salt forms are generally isometric in the cross section
structures with a diameter from 1 to 8-10 km (Figure 1.2).

Salt is a weak diamagnetic rock. Therefore, big salt
bodies are likely to cause negative magnetic anomalies.
However, the combined effect of salt and weakly
paramagnetic capturing clastic rocks does not account for
their specific structure in a magnetic field. In some cases,

the salt-core moving upwards captures rock blocks with
significant magnetic susceptibility, which in DDD may be
represented by diabases. Elevated by salt to the surface
from the Devonian, diabases create magnetic anomalies
with intensity of a few hundred nT which can be easily
mapped in detailed surveys. It should be noted that some
salt domes in DDD tend to contain large caps of dense
rocks which gravitational effect being greater than that
caused by the salt itself. In this case, the salt domes give
maximum in gravitational field (Figure 2b).
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The results of applying potential methods show that
there are three types of salt-diapir identified within the
DDD, with characteristics clearly seen in the gravity and
magnetic fields (Figure 2). The most common ones are the
intense gravity minima which are not actually observed in
the magnetic field (Figure 2a).

The stocks identified with minima in gravity and maxima
in the magnetic field are less common (Figure 2b). The
stocks mapped by both gravity and magnetic positive
anomalies are very rare (Figure 2c). This fact can possibly
be explained by the presence of the Devonian volcanic
rock fragments of considerable thickness in the caprocks.
These volcanic rocks are characterized by high excess
density compared with the surrounding sediments.

Such a variety of stock manifestations in a gravitational
field is explained, first of all, by their complex morphology. It

is the main factor in predicting oil and gas structures in
zones near the stocks. In these zones, seismic is not always
effective since it cannot accurately determine the position of
the salt screen for optimal planning of exploration wells.
Based on the experience in the DDD, the most correct
solution of this problem can be obtained by using 2D and 3D
modeling of the gravitational field. Reliability and accuracy of
the obtained models depend on the quality and quantity of
initial data, first of all, seismic, geological data and the
degree of scrutiny of the density section [1, 4, 5]. An
example is the joint high accuracy gravity and magnetic data
and 3D seismic surveys in the Budyschansko-Chutovsky
area in the central part of the DDD. It resulted in discovering
a hydrocarbon field in the near-stock part of Runovschinsky
salt dome. The results of density modeling for the
Runovschinsky stock are shown in Figure 3.

Ag mGal

+ + + + + + + 4+ + + + + + + + + + + + + 4+
+ + + + + + + + + + + + + + + o+ + + o+ o+ o+

B+ + + + + + + + + 4+ + o+ o+ + + o+ o+ o+ o+ o+
R S S S S S S R S T =
T S S S T T e T e T

Figure 3. Density modeling of the Runovschinsky structure

As for other potential methods, it should be noted that
the magnetic surveys are used as a complimentary method
in the study of salt stocks to detect the presence of salt
uplifts of the Devonian volcanic formations in the caprocks
(the detection of their tops and thicknesses).

In the geoelectric sections, the salt stocks appear as
rather high impedance heterogeneity. Resistance of a dry
salt is equal or larger than 1,000 Ohm - m, while the
caprock presented by carbonate-clastic rocks have
resistance of 1-25 Ohms-m. The strong contrast in
geoelectric properties between the stock and the caprock is
the physical basis for using electrical methods to study the
stock's morphology.

The authors have compared the results of previous
gravimetric and electric studies with the exploration drilling
and seismic data to investigate the morphology of salt stocks
and allocation of near stock objects under prospecting. The
comparison (Krestischenskaya, Rozpashnovskaya,
Andreevskaya, Vostochno-Alekseevskaya (Figure 1), and
other areas) shows high efficiency of these geological and
geophysical methods.

The study of reef structures. Recently, due to the
decrease in the collection of classical pericline structures,
the hydrocarbon potentials are increasingly associated with
the objects extensively developed in the coal formations of
the northern near-edge part of the DDD and the Northern
Donetsk Basin, the reef structures and the low-amplitude
structures formed above them [6]. Stratigraphically, they
are confined at Visean and Serpukhovian ages and
possibly in the Bashkirian one.

Analysis of the density characteristics of the rocks from
these stratigraphical units suggests that the Visean and
Serpukhovian carbonate rocks have a slight excess of
density compared to their caprock mudstone and siltstone.
In the Bashkirian deposits, the density excess of carbonate
rocks still further increases.

Therefore, in the gravitational field, they are mapped by
linear, sometimes isometric, local maxima in the force of
gravity of moderate intensity. A good example is the results
from the Stelmahovskaya area in Lugansk region (Figure 4).

It should be noted, that nowadays, magnetic and
electric exploration for reef structures in the DDD is not
currently being carried out.
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Figure 4. The results of studies in Stelmahovskaya area

Conclusions. Analysis of research data obtained with
potential methods has made it possible to distinguish
between three types of salt diapirs within DDB that have
specific features manifested in gravimetric fields. The first
and most common ones are characterized by intense
gravitational minima and are not reflected in the magnetic
field. The less common second ones show gravitational
minima and maxima in the magnetic field. The third ones,
those of a peculiar nature, are mapped with both
gravimetric and magnetic positive anomalies.

Analysis of these results shows high efficiency of
gravimetric methods in prospecting for unconventional oil
and gas structures. Evaluation of their oil and gas
prospects requires an application of joint detailed high-
accuracy gravimetric and seismic surveys. Evaluation of
their prospects is related to joint detailed gravimetric
studies of high accuracy together with seismic. Comparing
the results of the combined potential fields and wave field
allows to quantify their geological efficiency. Certain
difficulties in measuring their effectiveness are related to
the study coursing unequally in prospecting areas, when
using different methods and techniques both in the field
and in the interpretation of the obtained data.

However, taking into account the complete set of
results of the potential field interpretation will increase the
productivity of exploration drilling. The effectiveness of
these works is, in our view, evident, since the cost of
gravimetric, magnetic and electric methods is much lower
than the cost of deep well drilling.
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TpoHAXeNMCbKMMA HayKOBO-TEXHIYHUI yHiBepcuTeT, HopBeris

NMPO POMb NOTEHUIMHUX METOAIB NPU AOCHNIMXEHHI CONAHUX
TA PADOBUX CTPYKTYP Y AHINPOBCbKO-AOHELIbKIA 3ANAOUHI

Y cmammi po3ansinymi desiki pe3ynbmamu y3a2anbHeHHs nposedeHux 2eogizuyHux pobim nomeHyianbHUMuU MemodamMu npu nowykax podo-
suuy eyaneeodHie HempaduyiliHo2o muny nid COJNSIHO-WIMOKOBUMU YMEOPEHHSIMU, 8 30HaX KOHUeHmpauyil Masiopo3MipHux i ManoamnaimydHux
aHmukniHanbHux i pughoeeHHuUx o6'ekmax e [Hinpoecbko-fJoHeysbkili 3anaduHi (443).

Y3azanbHeHHs1 pe3ynbmamie 0oc/ioeHb MOMeHyianbHUMU Memodamu nokas3ye, wo 8 Mexax 3 eudinsembcss mpu munu cosleHocHux dia-
nipie, siki Maromb xapakmepHi ocob6nueocmi nposiey e epagiMazHimHuUX nonsx: nepwi, HalbinbwW NowupeHi, xapakmepu3yroMmbcsl iHMeHcueHUMU
MiHIMyMamu cunu mspkiHHSI | npakmuyHo He eido6paxkarombCsi 8 Ma2HImMHOMY nosii; iHwi, 3ycmpivyatombcsi pidwe, wmoku, uwjo eidbuearombcs
JIOKasIbHUMU MiHIMyMaMu cusu msiKiHHsI, 00 SIKUX NpuypoYeHi MaKkcuMyMu Maz2HimHoO20 Mosisi; mpemi, 3 eKCK/IF03UBHOH npupodoro, siki kapmy-
rombcss NoedHaHUMU MO3UMUBHUMU 2pasimauyitiHumu i MazHimHuMu aHomanismu. Taka pi3HoMaHimHicmb nposisy wmokie e epasimayitliHomy i
MazHimHomy nonsix o6ymoesieHa, nepedycim, ix cknadHoro Mopghosioziero

Y3azanbHeHHs1 pe3ynbmamie 2eogpizudHuUx 0ocridxeHb Had pugo2eHuMu criopydamu i cpopmogaHUMuU Had HUMU MasioaMmaimyOHumu nio-
HMmMsIMU nokasye, ujo e 2pagimayiliHoMy nosii 60HU KapmyrmbCcsl NiHiliHUMU, iHOOi i30MempPUYHUMU JIOKaJIbHUMU MaKCcuMyMaMu cusu MsoKiHHS
He 8ucoKoi iHmeHcugHocmi.

BukoHaHi aemopamu 3icmaeneHHs1 pe3ynibmamie paHiwe npoeedeHux 2pasiMempu4HuUx i MazHimopo3eidyeanbHuUx 00C/liOXeHb 3 Memoro eu-
8YeHHs1 Mopgbosiozii consiHux wmokie i eudineHHs1 mMepcreKMueHuUX NPUWIMoKoesux o6'ekmie e KoMrieKkci 3 daHUMU rnowykoeo2o 6ypiHHsI i celic-
MOpO3eiOKU NoKa3asio 8UCOKY 2e0J102i4Hy edhekmueHicmb Yux 2eogizuyHux memodies.

Hu3bka eapmicmb 2eogpisudHux docnidxeHb Memodamu epaei-ma2Himopo38idku icMomHo 3HUXyomb eumpamu Ha 6ypiHHSI 21U60KuUX nowly-
Koe0-po3eidyeasibHUX c8epOsI08UH.

M. MuryneBckui, A-p reon. Hayk, CT. HayK. cniBpo6., pigulev@ua.fm,
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TpoHAXeNMCbKUMIA Hay4YHO-TEXHU4YeCKkui yHuBepcuteT, HopBerus

O POJIM NOTEHUMAIIbHBIX METOAOB NPU UCCINEQOBAHUN
COJTAHbIX U PUDOBbIX CTPYKTYP B AHENPOBCKO-AOHELKOM BNAOVUHE

B cmambe paccMompeHbl Hekomopble pe3ysbmambl 0606WeHuUs1 NposedeHHbIX 2eoghusuyeckux pabom nomeHyuanbHbIMU Memodamu npu
nouckax MecmopoxdeHuli yaneeodopodoe HempaduyuoHHO20 muna nod CoJIsTHO-WIMOKo8bIMU 06pa3oeaHUsIMU, 8 30HaX KOHUEeHmMpayuu maso-
Pa3MepHbIX U ManoamMniaumyOHbIX aHMUKUHaNbHbIX U pugho2eHHbIx o6bekmax e [JHenpoecko-LoHeykoli enaduHe.

O6o6uweHue pe3ynbmamos uccriedosaHuli TomeHyuaabHbIMU MemodaMu rnokasbieaem, ymo e npedenax B ebidenssemcsi mpu muna corne-
HOCHbIX uanupoe, Komopbie UMelom xapaKmepHble 0CO6eHHOCMU NPOosi8IeHUs 8 2pasUMazHUMHBIX MOJsAX: Nepeble, Haubosiee PacnpPoOCMpaHeH-
Hble, Xapakmepu3ylmcsi UHMeHCUBHbIMU MUHUMYMaMUu Ccuslbl MsXXecmu u npakmu4yecku He ompaxaromcsi 8 MacHUMHOM 1oJ1e; mopble, cmpe-
4armcs pexe, WMOKU OomMpaxarowuecss MUHUMYMaMu Cuslbl MSXXKeCmu K KOMOPbIM MpUypoYeHbl MakCUMyMbl Ma2HUMHO20 MOoJsi; mpembu,
3KCKIIH03UBHOU npupodoli, Komopble KapmupyromMcsi CO8MeWEeHHbIMU MOSIOKUMENIbHbIMU 2PasumayUoHHLIMU U Ma2HUMHbLIMU aHoManusmu. Ta-
Koe pa3Hoo6pa3ue nposiesieHusl WMOKOe 8 2pasumayUuoHHOM U Ma2HUMHOM rosisix 06ycrioesieHo, npexade ece20, UX C/I0XHOU Mopghosozuel

O6o6ujeHue pesynbmamos 2eoghu3uqdecKux uccriedoeaHuli Had pugho2eHHbIMU COOPYXEHUSIMU U cGhOopMUPOBaHHLIMU Had HUMU Masioam-
nAuUMyOHbIMU MOOGHAMUSIMU MOKa3bleaem, Ymo e 2pasumayuoHHOM 10J1e OHU Kapmupyromcsi IUHelHbIMU, UH020a U30MempPUYHbIMU JIOKafbHbI-
MU MaKkcuMymamu cusbl msKecmu He 8bICOKOU UHMeHCU8HOCMU.

BbinosiHeHHbIe agmopamMu CONnocmasJ/ieHus pe3y/ibmamoe paHee npoeedeHHbIX 2paguMempu4ecKux U MaeHumopa3eedoYHbIX uccredosaHuli
C yenbio usyqdeHusi Mopghos102uuU COJISIHbIX WIMOKO8 U 8bIAeIeHUs NepCcneKmueHbIX MPUWMOKo8biX 06beKMoe 8 KoMaekce ¢ OaHHbIMU MOUCKO-
8020 BypeHusi u celicMopa3eedKu 1oKa3asio 8bICOKYI 2€0/102UHECKYH 3¢hgheKmueHOCMb IMux 2e0ghu3uvecKux Memodos.

Hu3kass cmoumocmb 2eogpusuyeckux uccredosaHuli MemodamMu 2pasu-mMazHUMopa3eedku Cyu,ecimeeHHO CHUXarom 3ampambi Ha 6ypeHue
2J1y60KUX MOUCKOB80-pa38e00YHbIX CK8aXUH.
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IN UKRAINIAN URBAN AREAS
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Soil pollution is an aspect of environmental magnetism research. The main objects are heavy metals and other chemical com-
pounds. They pollute the environment and are dangerous for human life.

Purpose. The magnetic properties of polluted soils investigation for different technogenic sources and impact on the territory.

Methodology. The field stage work includes ecological and soil research, measuring the volume magnetic susceptibility with
field kappameters. Laboratory studies include measuring mass-specific magnetic susceptibility with kappameters AGICO, MS-2,
magnetization measurements, measuring magnetic parameters of the hysteresis loop with rock generator and special magne-
tometer equipment, determination of elemental composition, and electron magnetic microscopy.

Findings. Magnetic susceptibility of polluted soils ("urbanozems") increases in the upper humus horizons (A). New magnetic
particles (PM particles) tend to form during high-temperature processes. There was found a high correlation between magnetic
susceptibility and the lead, zinc, and copper content in the polluted soils.

Originality. A correlation between magnetic susceptibility and soil pollutants has been described. Heavy metals often stick to
the surface of ferromagnetic materials and penetrate the structure of the crystal lattice under high-technology processes, with

these compounds accumulating in soils.

Practical value. Further research into soil magnetism informative value is associated with the development of an optimal soil
mapping technology in urban areas. Environmental magnetic investigation is a low-cost and high-performance technology to
assess the technogenic and anthropogenic impact on the environment.

Introduction

Economic power and global sociopolitical influence of
modern countries are associated with developed industries.
Large cities have strong impacts on the surrounding environ-
ment. Powerful megalopolises are often centers of heavy in-
dustry. They are formed within extractive or processing indus-
trial areas and centers of geopolitical activities. Hence the
necessity to conduct environmental research in these centers.

More than a half of the world's population lives in urban
agglomerations. In industrially developed countries, this
share is as high as 75%. In Eastern Europe, Ukraine and
Moldova are at the higher end of the urbanization spectrum.

Vyzhva and Zhukov [15] mark dangerous pollution lev-
els, with special attention being paid to the capital of
Ukraine. There is high atmospheric concentration of nitro-
gen dioxide, lead, sulphuretted hydrogen and dust. This
results from harmful emissions from the city traffic. Reva et
al. [12] observed a threat of radiation, geochemical and oil
pollution impacts on the environment. They propose using
ecogeophysical methods based on electrical geophysical
investigation of soils.

It is important to understand the mechanism of bio-
sphere changes and functions to improve the city environ-
ment. These changes are caused by the processes of in-
dustrialization, overpopulation, environmental pollution and
other adverse effects of urbanization [9].

Geophysics is an effective instrument for ecological re-
search. Investigations into environmental magnetism are
very convenient and informative methods by Evans and
Heller [5], Jelenska et al. [7], who analyze soils, polluted
areas, lines and sources of pollution.

The magnetic method is a high-quality indicator of the
soil pollution levels. Soil magnetism can identify different
sources of pollution, toxic waste accumulation, poisonous
gas, active materials, pesticides, organic and inorganic toxic
compounds, as well as adverse chemical processes in soils.
These sources of pollution are accumulated on the soil sur-
face, which, in turn, produces negative effects on groundwa-
ter resources. Distribution of heavy metals in soils is deter-
mined by the location of the pollution sources, wind distribu-
tion, geochemical factors and geomorphology. The magnetic
anomalies and the highest accumulation levels of magneto-
active materials tend to occur in topsoil horizons [3, 14].

Soil magnetic measurements show good results in
detecting and mapping different sources of urban pollution,

such as the burning of fuels, iron and steel industries, coal
power stations, vehicle emissions. Good results were obtained
in the United Kingdom by Blundell et al. [2], in Czech Republic
by Fialova et al. [6], Petrovsky et al. [11], in Germany by Blaha
et al. [1]. Another source of magnetic susceptibility anomalies
in soils is superparamagnetic grains of non-atmospheric
origin, according to Blundell et al. [2], Mullins [10].

Liu et al. [8] used magnetic measurements and heavy
metal analyses of street dust as a means of determining
pollution levels. Wang et al. [16] concluded that magnetic
minerals in street dust samples are PSD range magnetite
in high concentration.

Materials and methods

Figure 1 presents a map of pollution levels in Ukraine.
The highest urbanization areas correspond to the areas
with highest pollution levels. These are: Kyiv, Donetsk,
Dnipropetrovsk, Zaporizhia and the South of Ukraine. The
situation is better in Western Ukraine, these territories
being moderately polluted. Black rings on the map in Fig 1
indicate the areas under investigation.

Urban geophysics is a part of environmental
geophysics which deals with the ecological situation in big
industrial cities and megalopolises. Urban geophysics
investigates the spatial distribution of dangerous chemical
compounds and pollution sources. Geophysical methods
(soil science and geochemistry, electrometry and others)
were used to study the effects of physical and chemical
fields on urban and natural areas.

The Ecological system of megalopolis and natural ar-
eas has four basic components: air, water, soil, and vege-
tation. Soils play an important role in vital human activities
within cities. There have been very important findings on
atmospheric pollution, vegetation, soils, and water contain-
ing heavy metals and hydrocarbons. The magnetic proper-
ties of soils are the best studied. Among other objects of
magnetic investigations are tree barks, leaves and other
biota. These are transmitters of the anomalous ecological
state, in which pollutants can be accumulated for a long
period of time. Snow is an object of research, too. Air pollu-
tion investigation is of great importance because many
pollutants are concentrated in the atmosphere. The direct
study of the magnetic properties of air samples were per-
formed by Spassov et al. [13] for a fast quantification of
urban pollution sources in atmospheric particulate matter.
The PM10 samples were collected on fibre-glass filters
using a high-volume air sampler.

© Menshov O., 2013
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Figure 1. Map of pollution levels on the territory of Ukraine. The rings indicate the areas under study

City soils are not soils in their original meaning. Soils
are unpolluted under city conditions only within forest and
park areas. The specific type of soil is named urbanozem
[4] (urbanosoil or anthroposols). Urbanozem is a geneti-
cally independent type of soil. It has both the natural soil
and anthropogenic properties. Urban soils profile increases
often resulting from anthropogenic accumulation of differ-
ent materials. These include both household refuse and
industrial waste. There are urban anthropogenic com-
pounds in the structure of the soil. High vertical and hori-
zontal zoning, series of buried historical, archaeological
and soil layers occur in urbanozems.

In order to investigate urban soils, Kyiv was divided into
a few key areas. 120 samples were taken to analyze mag-
netic susceptibility of the soils and the heavy metals content.
Donetsk is the main city of the Donetsky coal-field, which is

the driving force behind the industrial development of the
city. Its population is about 1 million people. The values of
the magnetic susceptibility of the urbanozem soils in different
districts of Donetsk were obtained for 50 samples.

To measure magnetic susceptibility, we used the
Bartington MS2 and AGICO Kappabridge.

Results and discussion

Research into soils of the capital of Ukraine (Kyiv) and
the main industrial center of Ukraine (Donetsk) shows a
close correlation between magnetic susceptibility of soils,
heavy metals concentrations, and the sampling area. The
distribution of the urbanozem soils magnetic susceptibility
in different districts of Donetsk is presented in Table 1.

Figure 2 presents the distribution histogram of average
magnetic susceptibility values for Donetsk region.

Table 1

The distribution of magnetic susceptibility of the urbanozem soils in different districts of Donetsk

Ne District Street MS*10”° m/kg
1 Kirovskiy Fruktovaya 1934
2 Leninskiy Leninskaya 3303
3 Leninskiy Pintera 607
4 Proletarskiy Razdolnaya 1063
5 Voroshilovskiy Komsomolskiy Ave. 1173
6 Voroshilovskiy Teatralniy Ave. 2531
7 Kalininskiy Vladichanskogo 2078
8 Kievskiy Universitetskaya 1694
9 Kuibishevskiy Yugoslavskaya 7755
10 Budenovskiy Zasulich 652
11 Kievskiy Prosp. Kievskiy 2071

The registered values of magnetic susceptibility on the
territory of Donetsk are between 2 and 50 times higher
than those observed for natural soil types. The lowest
magnetic susceptibility (MS=600-700*10" m*/kg) was reg-
istered in Leninskiy and Budenovskiy districts of Donetsk.
The most probable values of magnetic susceptibility
(MS=1000-3000*10°  m%kg) are in  Kirovskiy,
Voroshilovskiy, Kalininskiy, and Kievskiy districts of Do-
netsk. The highest values of magnetic susceptibility regis-
tered on the territory of Donetsk were in Leninskiy and

Kuibishevskiy (Yugoslavskaya Street) districts. And the
most considerable anomalies were found in the chemical
plant zone (MS=7000-8000*10"° m*/kg).

The average values of magnetic susceptibility for the
soils of different districts of Donetsk ranged between 1000-
3000*10° m%kg. This is 2 to 6 times higher than in non-
polluted soils. The soil samples with magnetic susceptibility
of up to 6000*107° m3/kg were collected in Kuibishevskiy
(Yugoslavskaya Street) district. The left asymmetry was
composed with the samples from Leninskiy and Bude-
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novskiy districts of Donetsk. The magnetic susceptibility is
600-700*10"° m*/kg.

The correlation coefficients between magnetic suscep-
tibility and heavy metals content in Kyiv urbanozems are
presented in Table 2. The investigations were conducted in
5 zones of Kyiv with different levels of anthropogenic and
technogenic impact.The highest correlation coefficients
were between magnetic susceptibility and Zn, magnetic

Quantity, N
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susceptibility and Pb, lower for Cu. An increase in MS val-
ues accounts for the growth of Pb, Cu and Zn concentra-
tions in soils.

For example, the correlation between Ln MS and LN Pb
for Kyiv Koncha-Zaspa area is presented in Fig.3. The cor-
relation coefficient value is 0.9, this being the highest
among the statistical samples.

4000 5000 6000

Magnetic susceptibility*10° m*/kg
Figure 2. The distribution histogram of average magnetic susceptibility values for the soils of Donetsk districts

Table 2
The correlation coefficients between magnetic susceptibility and heavy metals content in Kyiv soils
Area Heavy metals
Cu Zn Pb
Koncha-Zaspa 0.5 0.9 0.9
Kiyv-Dniprovskiy 0.8 0.7 0.8
Darnitsa 0.3 0.9 0.4
Svatoshino-Pusha-Vodytsa 0.8 0.6 0.6
Golosievo 0.5 0.9 0.9
35
<
3 v
o/’
25 Y >3 o
: . ol i
B /o ® .
Lis P
1
0,5
0
0 1 2 3 4 5 6 7
LnMS

Figure 3.The regression between Ln MS and LN Pb for Koncha-Zaspa area, Kyiv

The positive correlation can be explained in terms of the
single factor causing an increase in both parameters. A good
example would be alphitite, which accumulates heavy met-
als and magnetic materials. According to Spassov et al. [13],
some heavy metals are readily absorbed into the surface of
iron oxides. Heavy metals have a high affinity towards iron
oxides. They tend to occur as particulate matter smaller than
10 um (PM10) or may penetrate their crystal lattice under
high-temperature technological processes (fly ash).

Conclusions

The registered values of magnetic susceptibility on the
territory of Donetsk were 2-50 times higher than those for
natural soil types.

1. For the territory of Kyiv, the highest correlation
coefficients were between magnetic susceptibility and Zn,

magnetic susceptibility and Pb, lower for Cu. An increase in
MS values accounts for the growth of Pb, Cu and Zn
concentrations in soils.

2. Positive correlation between magnetic susceptibility
and heavy metals content can be put down to the presence
of particulate matter smaller than 10 ym (PM10) which may
penetrate the crystal lattice under high-temperature
technological processes.

3. We have emphasized the necessity for urban
geophysical investigations on the territory of big industrial
cities and megalopolises, with Ukrainian cities examples
used as an illustration. The magnetic properties of city soils
— urbanozems, snow and air — correlate with industrial
dust, heavy metals and other city pollutants. The magnetic
method has proved to be appropriate, low-cost and quick
for this type of investigation.
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MATHITHA CNPUAHATIUBICTb TA HAKOMWYEHHA BAXKUX METAJIB
Y TPYHTAX YPBEAHI3OBAHUX TEPUTOPIN YKPAIHU

HocnidxeHHs1 3a6pyOHeHHSs1 r'PyHMO8UX MOKPUBi8 € YacMUHOK 8UBYEHHSI Ma2Hemu3My HaeKouWwHbLo20 cepedosuuja. OCHoO8HUMU 06'ekmamu
docnidkeHb € 8aXKi Memasiu y rpyHmax ma ix ximiyHuli cknad. BionoeidHi He6e3ne4yHi pe4oeUHU HaKOMuUYylOMbLCSl y I'PyHmMax ma eodHo4ac €
Hebe3ne4YHUMU Ons1 XummeodisiibHoCcMi JI0OUHU.

Mema. [ocnidxeHHs1 MazHImMHUX es1acmueocmell 3a6pyOHeHUX 2pyHMIie NMpu Pi3HUX MexHOo2eHHUX d)Kepesiax enuey Ha HaeKosluWHeE cepedosulye.

Memoduka. lMonboeuli eman pobim eksto4ae eKos1020-rpyHmMo3Haeyqi po6omu, eumiproeaHHs1 06'eMHOI Ma2HImMHOT cnpuliHTmaueocmi nosLo-
euMu Kkanamempamu, 8id6ip 3pa3skie rpyHmis. JlabopamopHi docnidxeHHs1 cknadarombcsl 3 8UMIPHO8aHHS MUMOMOI Ma2HimHoI cnpuliHimausocmi
nabopamopHumu kanamempamu muny AGICO, MS2, eumiproeaHHs1 Hama2Hi4yeHocmi, Ma2HimMHOI )xopcmkocmi, napamempie nemni 2zicmepe3ucy 3a
J0MnoMo2oK0 PoK-2eHepamopa i cneyianbHoi MazHimoMempuUYHOI anapamypu, éU3Ha4YeHHs1 eJIeMeHMHO20 CKady, efleKmpPoOHHa Ma2HimHa MiKpo-
ckonisi. OcmaHHiIM emarnom eucmynae KOMIJIEKCHUU aHasli3 ma inmeprnpemauiss ompumaHoi iHghopmaui.

Pe3ynbmamu. HagedeHo pe3ynbmamu eue4YyeHHs1 Ma2HimHuUx enacmueocmeli 3abpydHeHux rpyHmie mepumopii Kueea ma [oHeybka. Busie-
JIeHO, W0 MazHimHa cnpuliHimaugicme 3apaxeHux rpyHmosux rnokpusie — ypbaHosemie, Moxe nidsuujyeamucsi y 6azamo pa3sie y eepxHix 2ymyc-
Hux 2opu3oHmax. BueyeHHs1 MazHimHOI MiHepanoezil noka3ye, ujo e npoyeci sucokomemnepamypHux peakyil eidbyeaemucsi popMyeaHHs HOBUX
Maz2HIimHUX 4acmuHoK eesu4uHoto 0o 10 Mkm (PM yacmuHku). BiO3Ha4eHi eucoki koegiyieHmu kopensayii mix MazHimHoro cnpuliHsimausgicmio i
8MiCMOM e 3apaXKeHuUx I'pyHmax ceUHyto, YUHKY, Mioi.

Haykoea Hoeu3Ha. BcmaHoeneHo 38'A30K MiX Ma2HimHoOI cnpuliHsimauegicmio i mexHo2eHHUM HasaHMaXeHHsIM Ha yp6aHizoeaHi mepumopii
YkpaiHu. Baxxki Memasiu 4acmo npukseroromscsi 0o noeepxHi gpepoMazHemukie, mompanasroms 00 CmMpPyKmypu ix KpucmasiyHoi pewimku e npo-
yeci sucokomemnepamypHUX MexHO2eHHUX rnpoyecis, a mMomim yi crnosiyku Hakonu4yromscs y rpyHmax.

MpakmuyHa 3Ha4Yumicms. HacmynHi docnidxeHHsi iHpopmamueHocmi MacHemu3My rpyHmie e ekosiozii noe'sisyromscsi 3 po3pobkoro onmu-
ManbHOi mexHoso2il KapmyeaHHs1 r'pyHmMoeux rnokpueie ypbaHizoeaHux mepumopili MacHimHumu memodamu. EkomazHimHe AocniOxeHHs1 € eKc-
npecHoro, deweeoro i UCOKOegheKMUBHOIO MEXHOJI02iEI0 OUiHKU MeXHO2eHHO20 8/1U8y Ha Ha8KOJIUWHE cepedosuue.

A. MeHbLUOB, KaHA. Feos. HaykK, HaykK. cniBpo6., pova@list.ru,

KueBckuit HauMoHanbHbIW YHMBepcuTeT UMeHun Tapaca LLleByeHko,
Feonoruyeckuit chakynbTeT, yn. BacunbkoBckas, 90, r. Kue, YkpauHa, 03022,
Ten.: +380442597030

MArHUTHAA BOCMPUAMUYMBOCTb U HAKOMNEHUE TAXENbIX METANNOB
B NO4YBAX YPBAHU3UPOBAHHbLIX TEPPUTOPUA YKPAUHDI

HccnedoeaHue 3az2psi3HEHUs1 NOY8EHHbIX MOKPOBOE s18JII€MCS1 HacmMb Ma2Hemu3Ma okpyxaroujeli cpedbl. OCHO8HbIMU 06beKmamu, Komophble
3a2psA3HAOM OKpyXaroujyto cpedy u npu 3MoM onacHbl OISl U3HU Yeslo8eka, a makxe huKCUPYrOMCcsi MazaHUMHbIMU Memodamu, ebicmynarom
msixenbie Memarssbl U HEKOmMopbie dpyaue XumuyecKue coeQUHeHUsI.

Lenb. N3yyeHue MazHUMHbIX ceolicme rnoye 3a2psi3HeHHbIX ec/iedcmeue MexHo2eHHO20 8JIUSIHUSI Ha MepPPUMOPU0 Pa3/TuYHbIX UCMOYHUKOS.

Memoduka. Moneeoli aman pabom ek/to4aem 3Kos1020-noyeosedyeckue pabomsi, usmepeHue o6LeMHol MazHUMHOU eocnpuuMyueocmu rno-
neebIMU Kanamempamu, om6op o6pa3yoe no4ye. JlabopamopHble uccriedoeaHusi cCOCMOSIM U3 U3MepPeHUs1 yoeslbHOlU Ma2zHUMHOU 80CMPUUMYUBO-
cmu nabopamopHbIMu kanamempamu muna AGICO, MS-2, usmepeHusi HaMazHU4eHHocmel, MacHUMHOU XecmKocmu, napaMempoe nemiu a2uc-
mepe3uca ¢ MoMowbio PoK-2eHepamopa u crneyuasbHOU MazHUmMomMempu4yeckol annapamypel, onpedesieHUe 3/1eMEeHIMHO20 cocmaesa, 3/1eKmpoH-
Hasi MaeaHUMHasi Mukpockonusi. [locrieOHUM 3manom ebicmynaem KOMIIEKCHbIU aHanu3 u uHmepnpemayusi nosyyeHHol uHgopmayuu.

Pesynemamei. lpueedeHb! pe3ynbmambl u3y4eHusi Ma2HUMHbIX ceolicme 3a2psi3HeHHbIx noye Kueea u [JoHeuka. BbisigsieHO, 4Ymo mazHUM-
Hasi 80CIPUUMYUBOCMb 3aPaXKeHHbIX MOY8EHHbIX MOKPO808 — yp6aHO3eM0o8, MOXem Mo8bIWambCsi 60 MHO20 pa3 8 8ePXHUX 2YMYCHbIX 20PU30H-
max. U3y4yeHue MacHUMHOU MUHepasio2uu nokasbigaem, 4Ymo 6 npoyecce 8bICOKOMeMnepamypHbIX peakyull npoucxodum ¢hopMupo8aHusi HO8bIX
Ma2HUMHbIX Yyacmuy, eeniuduHol 0o 10 Mkm (PM yacmuuybl). OmmeyeHbl 8bicoKue Ko3ghghuyueHmsl Koppensayuu mexady MmazcHUMHoOU eocnpuumyu-
8ocmbio U codepxaHUEM 8 3apaXKeHHbIX no4yeax ceuHya, YuHka, Meou.

Hay4Hasi Hogu3Ha. YcmaHoesieHa cesizb Mex0y Ma2HUMHOU 80CNPUUMYUBOCMbIO U MEeXHO2eHHOU Haz2py3Kol Ha yp6aHu3upoeaHHble meppu-
mopuu YkpauHsbl. Tskenbie Memannibl 4acmo npukieusaromcesi K noeepxHocmu ¢gheppomazHemuKkos, nonadarom e cmpykmypy ux Kkpucmannu4e-
cKol pewemkKu & rnpoyecce 8bICOKOMeMrepamypHbIX MeXHO2eHHbIX MPOYECcCcos, a 3ameM 3mu coeOUHeHUsT HaKarnuearomcsi 8 rnoyseax.

lMpakmuyeckasn 3Ha4umocms. [Mocnedyrouue uccnedosaHusi UHhopMamueHOCMU Ma2HemMu3ma ro4e 8 3Kos102uU cesi3blearomcesi ¢ paspabomkol
onmumarsbHOU MexHO/I02UU KapmupoeaHUsi MO4Y6eHHbIX MOKPoeo8 ypbaHu3upoeaHHbIX Meppumopull MazHUMHbLIMU MemodamMu. JKOMazHUMHbIe
uccnedosaHus s18/17F0MCs IKcrnpeccHol, deweasoll U 8bICOKO3ghhekmueHOU mexHosio2ueli OUeHKU MEeXHO2eHHO20 BJIUSIHUSI Ha OKpY)Katouyyto cpedy.



~34 ~

B 1 C H U K KuiBcbkoro HauioHanbHoro yHisepcurerty imeHi Tapaca LleBueHka

ISSN 1728-3817

UDC 550.34

V. Petruniak, postgraduate student
Geological Faculty

Taras Shevchenko National University of Kyiv
90 Vasylkivska Str., Kyiv, 03022 Ukraine
E-mail: petruniak@univ.kiev.ua

l. Ustenko, postgraduate student

Geological Faculty

Taras Shevchenko National University of Kyiv
90 Vasylkivska Str., Kyiv, 03022 Ukraine
E-mail: ustenko@univ.keiv.ua

Tel.: +380442597030

MODEL OF SEISMIC VELOCITY DISTRIBUTION FOR COMPLETE COMPLEX OF
PROCESSING AND INTERPRETATION OF SEISMIC DATA IN DNIEPER-DONETS BASIN

(Reviewed by the editorial board member G. Prodaivoda)

Advanced understanding of geological structure of petroleum fields remains one of the main drivers of successful exploration and
production. Due to limitations of seismic method we can acquire data only in time domain, while other data, like petrophysical or geo-
logical, are acquired in depth. Combining these main data sources in a single exploration project remains one of the main task of explo-
ration geologist since it allows avoiding mistakes in depth estimation of prospects, and thus correct estimations for drilling.

The key for correlations between time and depth domain is vertical seismic profiling (VSP), which allows estimation of seismic
waves' travel time with depth. Basically, so far this is the only direct measurement of time-depth relationship in petroleum fields. Correct
processing and interpretation of this data will lead to correct interpretation and prospect evaluation.

In the paper VSP data processing workflow is being proposed. Calculation methods of interval, average and layer velocities
and statistical methods to crosscheck obtained results are suggested. Statistical analysis allows avoiding subjective mistakes,
and though in some situations might require later manual corrections for geological factors, nevertheless it allows to guarantee
quality of the data and introduces unique approach to its interpretation.

Obtained seismic velocities later were incorporated in seismic data processing graph and an optimal graph for processing
seismic data using VSP velocities is introduced. Applying well velocity data allows us to properly estimate velocity models for
depth migration and to avoid uncertainties related to velocity estimation.

Seismic images, obtained after processing, were used for seismic interpretation, which helped to specify geological structure
of the prospects in the cutoff part of the Dnieper-Donets Basin. Modern software and interpretation methods of seismic data al-
low significant improving of mapping accuracy and tracing tectonic faults.

Introduction. Advanced understanding of geological
structure of the fields of Dnieper-Donets Basin is one of the
most important steps in modern geological exploration
hence it allows increasing of oil and gas resources and
reserves. In return, this challenge became unreachable
without precise processing of acquired seismic data and
detailed understanding of velocity model prior migration.

Significant amount of geological and geophysical stud-
ies were held at the area of interest, including electromet-
ric, magnetic, gravity and seismic surveys. Wildcat, para-
metric, and some production wells are drilled.

Acquiring of these data allowed creating acceptable
geological model of the area. Nevertheless, the most im-
portant issue related to depth conversion cannot be solved
correctly solely by little amount of velocity data from certain
fields, also we cannot rely completely on velocity models
created based on velocity spectra analysis prior migration.
Though such velocity cubes might be used later for depth
conversion relatively easily using well-known Dix equation,
we should take into account possible mistakes that might
be introduced during velocity spectrum analysis. Thus, 5%
mistake in velocity estimated from velocity spectra can
result in about 20% mistake in interval velocities calculated
via Dix equation. This is why using borehole seismic data is
a crucial step for accurate depth models of petroleum
prospects and leads.

Since most of well seismic data had being acquired in
different time by different tools and processed by different
methodologies, it was important to develop a methodology
allowing processing and interpretation of the data and bring-
ing it to one standard. Later these data, from more than 300
wells, were used to create interval, average and layer veloc-
ity models for central part of Dnieper-Donets Basin, helping
to understand velocity distribution in the region based not
only on onshore seismic, but on the well data.

These velocity data were introduced into processing
workflow, allowing us to use additional information for ve-
locity modeling and thus obtaining seismic images of

higher quality and more accurate distribution of reflectors.
And obviously, their correlation with geological strata.

A workflow to enhance processing graph using velocity
model acquired from VSP data at the whole central part of
DDB is being proposed in the paper.

Significant amount of geologic and geophysical surveys
were held at the area of interest, including electric, magnet-
ics, gravity and seismic surveys. Wildcat, parametric, and
production wells are drilled.

Most of the fields at the area are linked to non-anticline
traps — tectonic blocks with monoclines.

The processing was performed in a wide frequency
range with preservation of kinematic and dynamic charac-
teristics of the seismic record.

All processing consisted of three main steps:

1. Time processing of seismograms.

2. Prestack time migration.

3. Processing of the 3D volume.

The first and third stages of processing were performed
in the Echos software package. The second stage was
performed in GeoDepth.

Along with loading seismic profiles in geologic database
of the project, well log data was entered — coordinates of
wells in the area of study, stratigraphy markers, their depth
marks, VSP data, acoustic and radioactive logs, well devia-
tions and others.

Results of interpretation of seismic images build using
suggested processing graph allowed obtaining much more
detailed geological structure, with more accurate depth
correlation of the strata. Correct understanding of depth
relations can foster petroleum production from the field and
will be essential for well planning.

Methodology of VSP data interpretation. Collection
and analysis of wellbore seismic data, mainly results of
VSP research was the first step in preparation data for ve-
locity modeling. Authors have collected the data from more
than 300 wells. Most of these wells are located at the area
of research, while some wells are located outside the area,

© Petruniak V., Ustenko I., 2013
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but in "immediate" vicinity. These wells were incorporated
into model in order to control extrapolation process at the
borders of the research area.

About 5% of these data were not conditional — it was
not possible neither to re-interpret the data, nor even un-
derstand the readings. Therefore, we made conclusion that
such oil fields may be considered as the ones without well
velocity data.

Since all the VSP surveys were conducted in different
time by different methodologies, we have decided to re-
interpret the data — in order to bring it to one standard.

In order to have all the VSP interpretation results we
have developed following workflow:

- at the first stage vertical time travel curves were ref-
erenced to absolute depth level (sea level) and correction
of an a priori mistakes was made.

- at the second stage corrected time travel curve was
recalculated in the time travel curve with constant incre-
ment. If input time travel curve was reordered with a step of
20 meters and more, step of an output curve was set to 20
meters. If input time travel curve was reordered with incre-
ment of 10-15 meters and more, increment in the output
curve was set to 10 meters.

- at the third stage obtained data was transferred in
digital and graphical form for further processing.

A section of vertical time travel curve with location of
reading points is presented at Figure 1. Figure 2 shows
time travel curve with reading points (A) and interval veloci-
ties calculated in the well. Red arrow indicates a layer with
anomalously high velocities, which corresponds to one
reading point at the time travel curve and most likely is a
result of measurement mistake.

Average and interval velocities based on VSP data
were calculated according to the following workflow:

v H

ayv = —

poav= (1)

were V), o — average velocity for primary wave, H — vertical
depth from the reference datum, T, — wave transit time.

For interval velocity:

Vint AH
int=——
Alp”’ 2)
were Vi, — interval velocity of primary wave, AH — depth
differential, AT, — primary wave transit time.
Figure 3 presents an example of layer velocity modeling.
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Figure 1. Example of time travel curve with location of reading points. A and B indicate different wells
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Figure 2. Example of time travel curve (A) and interval velocities (B) before corrections.
Arrows indicate errors of the first arrival readings
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Figure 3. An example of layer velocity modeling.
A —interval and layer velocities, B — forward modeling — calculation of vertical time travel curve, which is later compared
to real time travel curve (B, C). E — correction of the model with reduced time travel curve, D — statistical control of the data

Calculation of layer velocity based on traditional meth-
ods (choosing breakpoints of time travel curve) is the most
subjective and open to errors since interpreter's point of
view is the main criteria in this approach. At the other hand,
suggested methodology allows calculating layer velocities
automatically, reducing human factor.

To calculate layer velocities authors have used not time
travel curves, but interval velocities. Based on common
petrophysical algorithms [2, 3] these data were converted
into layers and layer velocities were calculated based on
the equation (3):

v AH

4 ATp (3)
were V,, — layer velocity, AH — thickness of the layer, AT, —
wave transit time in the layer.

Calculated layer velocities were used for forward geo-
physical modeling — calculation of time travel curves, which
were compared to recorded ones. If qualitatively both
curves matched, the process was finished. If qualitatively
curves did not match — model was corrected solving in-
verse problem of reduced time travel curve with additional
quality control, both visual and statistical.

Optimal graph of seismic data processing

1. Reading of field seismic data in SEG-Y format and
recording them on magnetic disk of the workstation.

2. Formation, linking and verification of the array of
source points and receiver points positions for further de-
velopment of the project database in the processing sys-
tem ProMAX 3D, obtaining position schemes of the source
and receiving points.

3. Binning points of CDP. Obtaining multiplicity distribu-
tion in the area of interest.

4. Entering parametric information required for the sys-
tem processing ProMAX 3D in the headers lines.

5. Quality control of assigned geometry by visual con-
trol of seismogram first entries in the records.

6. Calculation of static corrections using data of explo-
sive seismic investigations CDP method of previous sur-
veys and SRM data.

7. Formation of tables of static corrections for source and
receiving points and entering them into project database.

8. Editing of input seismographic records. Making
changes to the tables of the database.

9. Calculating of an a priori 3D cube.

10. Analysis of seismic characteristics of the input data.

11. Selecting parameters and restoring the values of
the amplitudes.

12. Attenuation of sound waves.

13. Testing of the parameters and performance of FK
filtering by source points.

14. Testing of parameters and deconvolution of input data.

15. Calculating of control 3D cube after FK filtering and
deconvolution.

16. The first cycle analysis of stacked 3D velocity grid
by 2.5 by 2.5 km.

17. The first cycle of the automatic 3D static corrections
and editing of results.

18. Calculating of the control 3D cube using the first cy-
cle static and kinematic corrections.

19. Weakening of multiple waves of seismographic records.

20. The second cycle of velocity stacking on the 1.25
x1, 25 km grid.

21. The second cycle of the automatic 3D static corrections.

22. Calculating control 3D cube using second cycle of
static and kinematic corrections.

23. DMO-transformation in the high-speed analysis points.

24. Adjustment of velocity stacking using data corrected
by DMO.

25. DMO transformation.

26. Zero-phase deconvolution of stacked data.

27. Weakening of incoherent noise.

28. Building of the velocity model for 3D time migration.

29. Time 3D migration of the stacked data.

Data interpretation. Reinterpretation of 3D seismic data
and formation properties at the Southern border of Dnieper-
Donets Basin led to revealing new aspect of geological struc-
ture of the area, determine areas of petroleum leads and re-
estimate formation properties of key productive horizons.

Interpretation workflow

Today, when new technologies and equipment are de-
veloped, both for seismic data acquisition and its processing
and interpretation, it has become possible further research of
Southern part of Dnieper-Donets Basin border. Interpretation
was carried out on 20 seismic profiles, which forms fairly
uniform grid. For alignment of wells two profiles of past years
— 19-43-81 and 70-43-90 were used. After processing of
seismic data, and also reprocessing of profiles from previous
years, in the ProMAX system, all materials were loaded into
the database of "Integral Plus" interpretation package. The
seismic reference datum of profiles is 150 m.
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For tying seismic boundaries with geological data at all
deep drilling wells, as well as to determine the characteris-
tics of the complex nature reflectors, seismic modelling was
carried out.

For convolution of impulse traces 23 Hz Ricker wavelet
was used, determined from seismic profiles 77-2-02. Cal-
culations of synthetic traces were performed based on an
acoustic borehole logging and generalized velocity curves.
Results of seismic modelling showed that the lower and
upper borders of Visean formations correspond to an
acoustically hard surface. Stratigraphic boundaries coin-
cide with the top of seismic vibrations' wavetrain. This con-
clusion is also confirmed by comparing calculated seismic
traces with the real wave field.

Conclusions. Modern software and interpretation
methods of seismic data allow significant improving of
mapping accuracy and tracing tectonic faults. Application of
new techniques for the interpretation of data makes it pos-
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sible to create 3D geological models, defining distribution
of zones with better reservoir properties, predict values of
porosity and zones of lithological substitutions. Using algo-
rithms of seismic facies analysis allows much more reliable
establishment of lithological substitution zones and esti-
mate distribution of formations with similar porosity and
permeability properties. As a result of seismic studies the
geological structure of southern border of Dnieper-Donets
Basin was clarified.
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BUKOPUCTAHHSI MOZENI PO3MOAINY LWWBUAKOCTEA CENCMIYHUX XBUNb
MPU NOBHOMY KOMMIEKCI OBPOBKM TA IHTEPMPETAL|Ii CENCMIYHOT IHOOPMALY
HA MPUKITALI NNOLL AHINPOBCLKO-AOHELILKOI 3ANAOUHM

KomnnekcHe ysieneHHs1 npo 2eosnozidyHy 6ydosy podoeuw, Haghmu ma 2a3y € OCHO8HUM iHCMpPyMeHmMoM, wo 3abesneyye ycniwHy po3eidky
podoeuuja ma eaudobyeaHHs1 KOPUCHUX KonasuH. BiGomum o6mexeHHsIM celicMoOpo38idku € me, wy0 ompumaHi 0aHi 3Haxodssmbcs 8 Yyacoeili obna-
cmi, 8 moli 4ac sk 6inbwicms iHWux Mmemodie, makux sik 2eoghizu4Hi docnidxeHHs1 ceepOno8uH Yu nempogizuka, Marome 21UGUHHY PO3MIpHiCMb.
IHmezpayis yux munie daHux e eduHOMy 2eosio2o0po3eidyeasibHOMY NMpPoekmi € o0Hie 3 nepwoyvep2oeux 3aday 2eoghizuka-iHmepnpemamopa
OCKinbKu 00380J151€ YHUKHYMU MOMUJIOK Yy 8U3Ha4e€HHi 2nubuH podosuuwia ma rnpoaHo3ax npu 6ypiHHi.

OCHOBHUM iHCMPYMEHMOM npu Kopessyii yacoeux ma 2nu6uHHUX 0aHUX € pe3ybmamu eepmuKasibHO20 celicMiYHO20 NpogintoeaHHs], Wo
do3eosisilomb oyiHUMU Yac npoxodKeHHs1 celicMiYHUX xeusnb 3 a2nubuHoro. KopekmHa o6pobka ma iHmepnpemauiss yux aHuUx € K/1r0408oro Onsi
KopekmHoi iHmepnpemauyii celicMiyHUx daHux ma nobydoeu 2eoso2i4HuUx modesel.

B OaHiii po6omi aemopu nponoHyroms MemoduKy o6po6ku OaHUX eepmuKasibHO20 celicMiYyHO20 NPointoeaHHs, po3paxyHKy iHmepeanbHUX,
cepedHix ma nnacmoeux weudkocmeli. [Jnss KOHMposnto ssKocmi ompumaHux pesynbmamie 6ys0 eukopucmaHo cmamucmuyHi Mmemodu. Cmamu-
cmu4Hull aHani3 00360J151€ YHUKHYmMu cy6'ekmusHUX MOMUJIOK iHmeprnpemamopa, xo4a, 6e3nepe4yHo, 8 NodasbuioMy Moxe 3Hadobumuchb KOpekK-
myeaHHs1 OmpuMaHux pe3ynbmamie 3 epaxyeaHHsIM Hasi@HUX 2e0/102i4HUX YMO8.

Po3spaxoeaHi weudkocmi celicMiyHUX xeunb 6ynu eukopucmati 05151 po3pobku onmumManbHo20 epaghy 06pobku celicMi4HUX daHux. Bukopuc-
maHHs1 ceepdsio8UHHUX OaHuUx do3eoJisic cmeopumu 6inbw MoYHy weudKicHy Modesnb Onsl 2U6UHHOT Mi2payii ma yHUKHymu Heeu3Ha4YeHocmell 8
ouyiHyi weudkocmeii.

CelicmiyHi 306paxkeHHs, ompuMaHi 8 pe3ysibmami o6pobku ma mizpauii, 6ysu eukopucmai npu iHmepnpemauii ma do3eonunu ymo4YyHuUMu 2eos1o2iy-
Hy cmpykmypy podosuw; rnpu6opmoeoi YacmuHu [Hinpoecbko-[JoHeybKoi 3anaduHu. CyyacHe npozpamHe 3abesneqyeHHs1 ma Memodu iHmepnpemauyii
ceticMidHUX AaHUX 30380/151F0Mb 3HaYHO MiIG8UWUMU MOYHICMb KapmyeaHHs1 INa KOPEeKMHiICMb 8U3Ha4YeHHS MEKMOHIYHUX MOPYWEHb.
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MCMNOoNb30OBAHUE MOOENN PACNPEAENEHUA CKOPOCTEI7[ CEI7ICMVI‘-IE§KI/IX BOJH
NPU NONHOM KOMMNNEKCE OBPABOTKU N UHTEPMNPETALUUU CENCMUYECKOU MHOOPMALIUU
HA NPUMEPE NNOLWALEN OHENPOBCKO-AOHELKOWU BNAAUHBI

KomnnexkcHoe noHumaHue 2e0/102u4€CKO20 CMPOEHUsI MECMOopPoXOeHuUll Heghmu u 2a3a s18J151emcsi OCHO8HbIM UHCMpPYMeHmom obecrneyu-
earowumM ycrewHyo pa3eedKy Mecmopoo0eHusi U Ao6bivy NMosie3HbIX UCKonaembix. U3eecmHbIM oe2paHu4YeHUeM celicMopa3eedKu s18Jisiemcsi mo,
4mo nosy4yeHHble OaHHble Haxo0sIMcsi 80 8peMeHHol obnacmu, 8 Mo epeMsi Kak 6osbWUHCMEo Opya2ux Memodoe, makux Kak 2eogusuyeckue
uccnedogaHusi CK8a)XUH unu nempogbusuka, umMmerom 21y6uHHyr0 pasmepHocmb. MHmMezpayusi amux munoe 0aHHbIX 8 €AUHOM 2e0J1020pa38edoYy-
HOM npoekme siesissemcsi 0OHOU U3 nepeooy4yepedHbix 3aday 2eoghusuka-uHmeprpemamopa MnocKosbKy rnoseosisiem uzbexams owubok e onpede-
JnleHuu 251y6uH MecmopoXOeHUs1 U Npo2Ho3ax fnpu 6ypeHuu.

OCHOBHbIM UHCMPYMEHMOM MPU KOPPessiyuu 8PpeMeHHbIX U 2JTy6UHHbIX GaHHbIX SI8MISAIOMCS1 pe3ynbmambl 8epmuKaribHO20 celicMu4ecKo20
npoghunuposaHusi, KOMopbie M0380JISIFOM OUEHUMb 8PEMSI MPOX0XOeHUsI celicMU4ecKUX 80JTH ¢ aiy6uHol. KoppekmHasi o6pabomka u uHmepnpema-
yust amux 0aHHbIX si8risiemcs KioYyeaoll 05151 KoppeKmHol uHmeprnpemayuu celicMudeckux OaHHbIX U MIOCMPOEHUs1 2eosio2uyeckoli Modesnu.

B OaHHoli pabome asmopbi npednazatom MemoOuKy o6pabomku OaHHbIX 8epMUuUKasibHO20 celicMU4YecKo20 npogunupoeaHusi, pacdema uH-
mepeasnbHbIX, CPeGHUX U raacmoesbix ckopocmedl. [nsi KOHMpPoOsA Ka4ecmea nosly4eHHbIX pe3ynbmamoe 6biIu UCMoIb308aHbl cCmamucmu4yeckue
memodbl. Cmamucmuyeckuii aHanu3 no3seossiem usbexamb cy6beKkmueHbix owuboKk uHmepnpemamopa, xomsi 6e3ycso8Ho 8 danbHeliwem Mo-
)xem nompe6oeambCsi KOPPEKMUPOBKa MOyYeHHbIX OaHHbIX C y4emoM Hasi@HbIX 2€0J102u4ecKux yciosul.

PaccyumarHble ckopocmu celicMuYyecKux 80JIH Gbisiu ucnosib3oeaHbl 011 pa3pabomku onmumasibHo20 epagha o6pabomku celicMu4ecKux
OaHHbIX. Mcnonb3oeaHue CKeaXXUHHbIX OaHHbIX NMo3eosisiem co3damb 60s1ee MOYHYH CKOPOCMHYI0 MoOesb Onsi 2ny6uHHoOU muz2payuu u u3be-
Xamb HeornpedesieHHocmel 8 oyeHKe ckopocmedl.

CelicMu4eckue u3obpaxeHusi, nosly4eHHble 8 pesynbmame o6pabomku u muzpayuu, 6bi1u UCMONb308aHbl NMPU UHMepNpemayuu u nomoaau
YMO4YHUMBL 2€0/102UYeCKyl0 cCmpyKmypy mecmopoxdeHuli npu6opmoeoll yacmu [JHenpoecko-fJoHeuykoli enaduHbl. CoepeMeHHoe npo2paMMHoOe
obecneyeHue u MemoObl UHMepnpemayuu celicMuyeckux 0aHHbIl 103680J151I0M 3Ha4UMesIbHO MO8bICUMb MOYHOCMb KapMupPOo8aHUsi U KOPPeKm-
HOCcmb onpedesieHuUs MeKMOHUYECKUX HapyweHUU.
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DETERMINING THE FOCAL MECHANISM OF AN EARTHQUAKE
IN THE TRANSCARPATHIAN REGION OF UKRAINE

(Reviewed by the editorial board member G. Prodaivoda)

In the paper, the theory of seismic wave propagation in anisotropic media is presented, with the use of the matrix method when de-
termining the mechanisms of local earthquakes. These issues are of importance in seismic studies in the Carpathian region where the
number of seismic stations is insufficient.

The work is aimed at the development of a methodology for calculating displacements on the surface of anisotropic medium and de-
termining the mechanisms of local earthquakes with the use of the graphic method. The purpose of the graphic method consists in mak-
ing it possible to use seismic records at the stations with indistinct polarities of first P-wave motions. The ratio between the amplitudes
of direct P- and S-waves is used as an auxiliary parameter.

The research results are illustrated with examples of using the records of 04.04.2013 event near Nyzhnye Selyshche
(9=48,1977, A=23,4663, h=1,73 km, M,=2). Comparative analysis is carried out of seismograms calculated with the matrix method
and those recorded at a seismic station, which confirms the effectiveness of the methodology for determining the seismic source
parameters. Based on the graphic method, spectral and geometric parameters of the seismic source have been obtained: seismic
moment, radius of shear dislocation, slip area, mean fault slip, stress drop, energy and magnitude.

Scientific novelty of the work consists in developing a method of calculating the displacement field in anisotropic media with
the use of the matrix method and in amending the graphic method so as to ensure determining the mechanisms of local earth-
quakes in the Carpathian region where the number of seismic stations is limited.

Practical application of the work is in determining the source parameters of local earthquakes, based on the developed ap-
proaches, which is of crucial importance in local seismological studies.

The version of the matrix method developed in this work for calculating seismic wave propagation in anisotropic media can

be used for determining the tensor of seismic moment with the number of seismic stations being limited.

Introduction

Determining earthquake focal mechanisms in the Tran-
scarpathian region of Ukraine is one of the most topical is-
sues in local seismological investigations. As the level of
local seismic activity is low, the number of reliable polarities
of first motions at local seismic stations is very often insuffi-
cient to determine the mechanism in a traditional way, which
necessitates the development of alternative methods and
improvement of the traditional ones.

An approach is often used where nodal planes are plot-
ted on a lower-hemisphere stereographic projection to best
fit the polarities of first arrivals of P waves at the stations, the
location of a station polarity on the projection depending on
the station azimuth and take-off angle of the ray of first arri-
val connecting the source and the station.

These focal mechanisms are determined using a
method that attempts to find the best fit to the direction of
P-wave first motions observed at each station. For a dou-
ble-couple source mechanism (or only shear motion on the
fault plane), the compression first motions should lie only in
the quadrant containing the tension axis, and the dilatation
first motions should lie only in the quadrant containing the
pressure axis. Accuracy of the focal mechanism solution
depends on the input data: velocity model and coordinate
of the hypocenter (they determine the take-off angle), qual-
ity of seismic records and sign inversion on the seismome-
ter, so that "up" is "down" (they determine the entry wave
character).

But sometimes there is not enough information about
the first arrivals of P waves. Both information about fuzzy

arrivals of P-waves (which can mean proximity to the nodal
plane) and the value logarithm of the amplitude ratio of S-
wave and P-wave amplitude at each station is important for
the distribution of compression and tension by nodal lines
in the quadrants.

However, it is appropriate to develop other methods for
determining the parameters of an earthquake source. One
of these methods is based on the expressions for dis-
placement field on free surface of an anisotropic medium
and spectra of real records from stations that recorded
these events.

Using the Thomson — Haskell matrix method of
constructing wave fields on the free surface is also feasible.
A method has been developed here for mathematical
modeling of elastic waves in medium consisting of
homogeneous anisotropic layers with parallel boundaries.

At the boundaries between the layers, the condition of
the hard contact is performed. A free surface is free of
stress. Wave source is located inside an anisotropic layer at
a certain depth z=zs. The radiation condition is also fulfilled
(the wave of the lower half space (n+1) does not return).

The solution is shown here for the direct problem when
a point source represented by a randomly oriented force on
an arbitrary boundary of a layered anisotropic medium is
preset. A "wave propagator" is introduced in order to pre-
sent the theory of the matrix propagator in a homogeneous
anisotropic medium. The basic expressions for the stress-
displacement field with using the matrix propagator and the
radiation condition are obtained. In fact, the direct problem
is reduced to the determination of the propagator P(z,z).

© Malytskyi D., Muyla O., Pavlova A, Hrytsaj O., 2013
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To determine the earthquake source parameters, we use
the spectra of real records and the basic expressions for
the stress-displacement field with the matrix propagator.
Matrix method. Direct problem
We assume the usual linear relationship between
stress r; and strain ey
Ou,

T, =Coy €y = Cpyy —— (1)
ki kil kl
v " o,

- T . .
where i = (ux,u},,uz) is displacement vector.

(5+|)
Z:H{M

N
N

3 (N+q )

Figure 1. Vertically inhomogeneous field model

The equation of motion for an elastic homogeneous
anisotropic medium, in the absence of body forces, is
[Fryer et al, 1984]

o, %y,
e, 2)
P ~ M oo,
where p is the uniform mass density, and ¢, are the ele-

ments of the uniform elastic coefficient tensor which satisfy
the symmetry conditions

Cimt = Clie = Cyjie = Cuy
so that only 21 independent constants are involved.
The suffixes can take the values 1, 2, or 3, and the summa-
tion convention for repeated suffixes is assumed.
Taking the Fourier transform of (1) and (2), we obtain
the matrix equation [6]

D _ jodcz)b(z), @)
0z

al ]y

where b :( j is the vector of displacements and scaled

tractions, T :—i(rxz,ryz,tzz ). With the definition of »
Jjo

the system matrix A has the structure:

T C
ST

where T, S and C are 3x3 sub matrices, C and S are sym-
metric.

For any vertically stratified medium, the differential system
(3) can be solved subject to specified boundary conditions to
obtain the response vector b at any desired depth. If the re-

sponse at depth z; is 13( z, ), the response at depth zis
b(z)=P(z,2))b(z,) )

where P(z, zp) is the stress-displacement propagator. The
matrix propagator is defined as

P(z,20) =1+ [ A& )de, + [ A&, ) A& )A(E, JdE,dE +... (47)

where [ is the 6 x 6 identity. If D is the local eigenvector
matrix of A then

D'AD=A (5)
where A is diagonal. The diagonal elements of A are the
eigenvalues of A which are the vertical phase slownesses
q = p. . In general, we may write

A =diag(q, .q, 9.4, 9. 4. ) » (6)
where superscripts U and D denote upgoing and downgo-

ing disturbances, the subscript P denotes quasi-P and Sy,
S, denote the two types of quasi-S. For an isotropic me-

dium ¢” =—-¢”, but for general anisotropy there is no

such simple relationship between the vertical slownesses
[9]. However, for our choice of Fourier transform and the
definition of A in (3), it follows from the radiation condition
that Im(qD)>0 and Im(qU)<0.

Given the eigenvector matrix D, we may define a

wavevector v from the transformation
b=Dv. (6)
As in the isotropic case the elements of v may be

identified with the amplitudes of upward and downward
travelling plane waves,

V=l =le, v 20w 2ol 7)
where ¢, denotes gP amplitude and y, x the two gS ampli-
tudes. As before, U and D denote up and down.

If the elastic parameters are locally constant, then D is
independent of z and substitution of (6) and (5) into (3)
yields

o -
D— = joADv (8)
Oz
with the solution
W(z)=e" " (2) = 0(2,2,)V(z,) 9)
where z; is a reference depth. From (7) it is apparent that
Q may be regarded as a 'wave propagator' since it is the
solution to
00(z,z .
LA jor(zz), O(zm)=1  (10)

We note from (6) that within the uniform layer, Q has

the structure [6]

= E, 0 11
0(z,z,)= 0 E, (11)

with

T Jjo(z—z1 )q, f")(-”*zﬂqlcll Jo( 22 )q5,
E, —dlag[e re ,e ,

. jo(z-2,)g°  JO(z2=21)4L  jeo(z-2 )q>
ED:dzag[e’w(z Wiy T QIR (12)

Using (6) and (9), the stress-displacement vector at any
level z within the uniform medium is

b(z)=DQ(z,2,)Db(z,). (13)
By comparison with (4), the desired propagator for the
uniform interval is
P(Z’Zl)=DQ(Z’Zl)D71 (14)
To find this propagator, it is necessary to find the ei-
genvalues (vertical slownesses), the eigenvector matrix D,
and its inverse D. In the isotropic case these are known
analytically, so the construction of the propagator is
straightforward. In the anisotropic case, analytic solutions
have been found only for simple symmetries, so in general,
solutions can be found numerically.
The layered anisotropic medium, which consists of n
homogeneous anisotropic layers on (n+1) anisotropic half
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space (Figure 1), is considered. The matrix propagator (4*)
can be represented by a "wave propagator" in each layer
for an anisotropic layered medium. The source in the form

of a stress-displacement discontinuity F:Z;M—Z;S is

placed on the s-boundary (Fig. 1); it is easy to write the
following matrix equation, using (13-14):

bn+l = P b

n,s s+l ’

z=z,

Vi1 = D;:anQnD;l e D.v+1Q.s-+1D:1 ‘b

s+1

z=z(

P PRy b=

b.s' = PSA -1
z=z

:DSQSD;l...DlngJTl.BO

o
Q
Q
Q.9

0 Gy Gp Gy
0 | Ga Gy Gy
% | | Gn Go Ga
VLS; Gy Gy Gg
vff G Gy Gg

or

Q

IS

Q

IN)
i

Q

EQ EQiﬁ

o)

R

V1 =D,0,D."+ D 0. DY (b + F)= G (G by + F ) =
G = G b+ G F = Gl + GT L '
where
G= Dn_+11 "D2_1D1Q1D1_1
— characteristic matrix of a layered anisotropic medium.

V0= Ghy+G-G - F=G(by+ G2 F )=G(by+ F ), (15)

Dn QnD):l T D.v+lQ.s'+lD_l

s+1

where F=G1-F, G=G""".G,,.

Using (15) and the radiation condition (with a half-wave (n
+1) not returned), and also the fact that the tension on the free
surface equals zero, we obtain a system of equations:

1l

G15 Glﬁ M)(CO) * .

Gy Gy || 1" +1F

Gy Gy “;0) + ~3 (16)
Gis Gy ~4

Gss G ~5

Ges Ges )| 1

=)

Gou'” +Gu'” + Guu” = ~(GyF, + G, F, + G Fy + G F, + G Fy + Gy Fy )
Gzl”;O) + Gzz”;O) + st“im = _(G21151 + Gzzﬁ 2t stﬁs + G24F st stﬁs + Gzeﬁ s) (7
Gzlu,iO) + Gaz”;p) + Gsz”ZO) = _(Gzlﬁl + Gazﬁz + Gzaﬁé + G34F4 + G35F5 + G36F6)

As a result, the displacement field of the free surface of
the anisotropic medium is in the spectral domain as:

i=|u) |=(G°)"y (18)
0

QQ

w

Gll G12
where G®=|G,, G, G,
G31 G32 G33
a= _(GllFl + Glez + G13F3 + G14F4 + G15F5 + Glst) ,
b= _(G21F1 + G22F2 + G23F3 + G24F4 + G25F5 + GzeFe) s
¢ =~(GyFy + Gl + GyFy + Gy Fy + Gy by + G F) |
Using (18) and the three-dimensional Fourier transform,
we obtain a direct problem solution for the displacement

field of the free surface of an anisotropic medium in the
time domain as:

V=

o o Q

U(x,y,z,,t)=
1 . oty e ,
:gﬂ‘jmzu(px,py,zmm)el (t-p, 1"})dpxdpyd(o

where zr — epicentral distance, px, py— horizontal slowness.
The stress-displacement discontinuity is determined via
the seismic in matrix form [7]:

—CssM

—CcuyM

—cxM.,

PAM, —cyegM )+ p M,

PM, +p (M, —cuegM_.)
PAM -M_)+p, (M, —-M

&St
1

8(z-z.) (19)

yz)

where Myx, Myy, Mzz, Myz, Myz, Myx, Myy, Mz, Mz, — compo-
nents of the seismic moment tensor, and c¢43, C23, C33, Caa,
cs5— components of the stiffness matrix.

Matrix method. Inverse problem

We can write the stress-displacement discontinuity F
for weak seismic events as:

21

st}
Il

(20)

© © o xmxm

Using (16, 19, 20), we obtain a system of equations,
which has a unique solution:

G11“§0) + GIZMLO) + G13“§0) = _(Gnﬁl + Glzﬁz + Glaﬁé)
Gzl”iO) + Gzz”,fr()) + stugl)) = _(G21ﬁ1 + Gzzﬁz + Gzaﬁa) - (21)
G31u£0) + Gsz“;-m + G33u;°) = _(G31F1 + Gszﬁz + Gssﬁs)

F=G, F, (22)
where G, is the characteristic matrix of the source.

Using (21, 22), we find explicitly the stress-displacement

vector F . From (19) equations for the determination of the
seismic moment tensor components are derived:

sz = sz = _F;L : C55
M = sz = _F; : C44 (23)

M. =—F;-cqy
To determine the angles of orientation of the plane of
rupture (@s, 6, A), we use the trigonometric system of equa-
tions which represent the known components of seismic

moment tensor via the angles of orientation of the plane of
rupture [1]:
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M_=-M,-(cosd-cosh-cosd, +cos25-cosk-cos¢, )
M, =—M,-(cos8-cosh-cosd, —cos 25-sinh-cos, ) , (24)

M_ =M,sin25-sink
where My — seismic moment determined from the spectrum
of seismograms. The found angles of orientation of the
plane of rupture (¢s, 6, A) are substituted in the following
equation to find the total seismic moment tensor [1]:

M_ =-M,-(sind-cos\-sin2¢, +sin28-sin)-sin’ ¢, )
M, =M, =M, (sind-cos\-cos 2, +%sin28-sin7vsin2¢j) (25)

M, =M,-(sind-cos)-sin2¢, —sin 25-sin-cos” ¢, )
As a result, we write the seismic moment tensor using
the symmetry condition:
M)o( Mxy sz
M = MXy MW Myz

sz Myz Mzz

(26)

Determining the focal mechanism by graphical
method

Today, the focal mechanism solution for earthquakes in
a region of low seismic activity is a topical issue. It is of
crucial importance for the Transcarpathian region of
Ukraine, where the number of stations is limited and seis-
mic activity is low. It is impossible to determine a focal
mechanism with software packages.

It is proposed to determine the focal mechanism by ap-
plying the traditional graphical method based on the first

arrival P-waves [10] using the information about fuzzy first
motion [5] and the S/P amplitude ratio [8].

To test the graphical method, an event dated
04.04.2013 21:15:14.36 is considered (¢=48.1977,
A=23.4663, h=1.73 km) near the village Nyzhnye Sely-
shche. This event was recorded by 9 stations (Figure 2)
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Figure 2. Map of seismic stations in the Transcarbathian
region and the specified location near to the epicenter
of events near Nyzhnye Selyshche village

The polarities of first motion P-waves were defined from
complete records seismograms taking into account the pos-
sible inversion of the sign on the z-component. A logarithm
of the amplitude ratio S/P is calculated using data from the
three components seismic records of this event at each sta-
tion [8]. Input data for the azimuth and take-off angle are
calculated by software packages for this event (Table 1).

Table 1
Input data for the focal mechanism solution
Stations First arrival Azimuth,’ Take-off angle,” lg As/Ap

NSLU +Pg 269 -53 -
KORU -Pg 260 31 0.43
MEZ -Pg 6 31 0.084
BRIU -Pn 295 42 0.65
TRSU -Pn 253 42 0.57
BERU xPn 274 42 2.64
MUKU -Pn 297 42 0.71
UzH -Pn 299 45 0.88
KSV -Pn 83 45 1.05

The graphical method is used to determine the focal
mechanism for this event according to the input data [10].
The data about first motion P-wave is plotted using a lower-
hemisphere stereographic projection. The point-projection
rays from the source to the station were applied on the
stereonet. The red points are the points of compression

North

(where the P-wave first motion recorded was up), the blue
points are the points of dilatation (where the P-wave first
motion recorded was down), and black points are the
points of fuzzy first motion. Several averaged versions of
the nodal plane locations are determined out of all the pos-
sible alternative versions for this event (Figure 3).

North

Figure 3. Averaged versions of the nodal planes locations for event 04.04.2013 21:15:14.36
(p=48.1977, A=23.4663, h=1.73 km) near the village Nyzhnye Selyshche
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The determining criteria for the most suitable locations
of the nodal planes for the 4.04.2013 earthquake were:
fuzzy first motion on the station BERU, a small logarithm
value of amplitude ratio S/P at the station MEZ indicates a
location projection station in the middle of the quadrant,
and the logarithm value of the amplitude ratio S/P at the

station KSV, which is larger than 1, indicates the proximity
to the nodal line. Consequently, the focal mechanism for
event 04.04.2013 21:15:14.36 (¢=48.1977, A=23.4663,
h=1.73 km) near the village Nyzhnye Selyshche is repre-
sented by diagram (Figure 4) with parameters in Table 2.

Table 2
Parameters of the focal mechanism for the event 04.04.2013 21:15:14.36
(9=48.1977, A=23.4663, h=1.73 km) near the village Nyzhnye Selyshche
Plane1 Plane2 P T N
Strike (¢s) | Dip (8) Slip (\) | Strike (¢s) | Dip (8) | Slip (A) Azm Plunge Azm Plunge Azm Plunge
174° 45° 173° 269° 85° 45° 33° 27" 142° 34° 274° 44°
North

Figure 4. The focal mechanism determined by graphic method for the event04.04.2013 21:15:14.36
(p=48.1977, A=23.4663, h=1.73 km) near the village Nyzhnye Selyshche

Seismic moment and other spectral parameters are
computed by (27-33) [2] for each station and the average
values of these parameters are represented in Table 3.

The seismic moment is computed according to:

My =4muvipu, / (68, ), (27)
where r —is hypocentral distance, v, - P-wave velocity, p
— density, u, — low-frequency level (plateau) of the dis-

placement spectrum, @ — average radiation pattern and S,

— surface amplification for P waves.
The radius of shear dislocation R is computed from
the relationship:

3.36v
R=—"T™2
2x/§nfc

where f, - is the corner frequency of the P wave. The size
of the circular rupture plane is computed as:

(28)

A=nR?. (29)
The average source dislocation is according to
D=M,/pA, (30)
where the shear modulus is computed by
n=vip/3. (31)

The stress drop, seismic energy and magnitude ML are
computed according to:

Ac=T7M,/16R®,
E =M,-16-10°,
ML=(IgE,—-4)/18.

(31)
(32)
(33)

With the seismic moment and the parameters of the
focal mechanism, the moment tensor M is defined from

(24, 25) [1]:
-11.42494 -54.24707 -54.15575

M =|-54.24707 1.96935 5.69199 |-10" (34)
-54.15575 5.69199  9.45559

Approbation of the inverse problem

The inverse problem is solved for the event, which took
place near the village Nyzhnje Selyshche.

The orientation angles of the fault plane are determined
by the graphic method (¢s = 174°, 6 = 45 °, A = 173°) and
the focal mechanism is determined for the event. The
seismic tensor (27) is obtained by substituting the orienta-
tion angles of the fault plane and the magnitude of seismic
moment in (24, 25).

The real seismic records at station Mezhyhirya is used
for the inverse problem. The earthquake source is located
in the first layer. Therefore, a two-layered anisotropic
model of medium (with Tl symmetry) is selected, whose
parameters are given in Table 4.

The orientation angles of the fault plane (@s = 177°, 6 =
45°, A = 175°) are obtained as a result of the inverse prob-
lem solving using spectrum of real seismic record and the
velocity model (Table 4). The seismic tensor is obtained by
substituting the orientation angles of the fault plane and the
magnitude of seismic moment in (24, 25):

573144 -54.70825 -54.57932
M =| -54.70825 -1.03079 2.86038 |-10"(35)
5457932 286038  6.76224

The focal mechanism is shown in Figure 4 which is
based on the seismic moment tensor (35).
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Table 3
Spectral parameters for the event 04.04.2013 21:15:14.36 (¢=48.1977, A=23.4663, h=1.73 km) near the village Nyzhnye Selyshche
My, Nm S HZ R.m A m? D.,m Ac , MPa E J ML
6.68784*10™ 6.81 213.191 1.4271*10° 2.85*10°° 0.302 1.07*10° 2.22
Table 4
Velocity model for seismic station Mezhyhirya

Ne cq1, GPa cq3, GPa c33, GPa c44, GPa Ces, GPa kg‘/);ns h, m

1 81.12 25.342 84.397 37.036 28.127 3000 2400

2 100.38 33.464 100.38 33.458 33.458 3367 6600
Table 5

Velocity model for seismic station Korolevo

Ne c1, GPa c13, GPa Cs3, GPa Cas, GPa Ces; GPa kg‘7;113 h,m

1 76.81 24.57 76.71 24.36 24,26 3000 2400

2 100.38 33.464 100.38 33.458 33,458 3367 6600

where c11, C13, Ca3, Caa, Ces — cOMponents of the stiffness matrix, p — density, h — thickness of layer.
North The focal mechanisms of the earthquake built by two
I N different methods (Figure 4-5) are actually identical,
’/ \\__ which confirms the correctness and accuracy of the ma-
£ , P' trix method.
o | \ The synthetic seismograms are constructed for the
West = '. T East earthquake's focal mechanism (Figure 5) and the velocity
‘ models (Table 4-5) to confirm the inverse problem solu-
T 4 tions. A comparative analysis is done of synthetic seismo-
\ N __,,/ grams and real records at the stations Mezhyhirya and
%\*;' Korolevo, which are filtered in the frequency range from fy
a0utn

Figure 5. The focal mechanism determined by the pro-
posed method for the event which took place near the village
Nyzhnje Selyshche (¢ =177°, 6 =45°, A = 175°)

o.08

= 0.1Hz to fmax =

5Hz (Figure 6-7).Synthetic seismograms
are built for the obtained seismic tensor (35) and the veloc-
ity model (Table 4-5).
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Figure 6. Comparison of synthetic seismograms with real
seismic record from station Mezhyhirya

Figure 7. Comparison of synthetic seismograms with real
seismic record from station Korolevo
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Conclusion

Comparative analysis of waveforms confirms the feasi-
bility of using the matrix method for solving seismology
problems with earthquakes sources being distributed in
time. Similarity of the focal mechanisms obtained by two
different methods confirms the correctness of the solutions
for this event.

More accurate results in determining the earthquake
focal mechanisms are obtained when using the spectrum
data from stations that are located at a smaller epicentral
distance. The best results were obtained for those stations
where records have a lower noise level. Choosing the ve-
locity model is essential for determining earthquake focal
mechanisms.

We can conclude that the graphical method is suitable
for determining focal mechanisms for earthquakes in the
Carpathian region of Ukraine.
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BUSHAYEHHA ®OKAJNIbHOIO MEXAHI3MY 3EMJIETPYCY B 3AKAPIMATTI

Y po6omi npedcmaeneHo meopiro nowupeHHs1 celicMiYHUX X8UJIb 8 aHi30mponHoMmy cepedosuuwii 3 8UKOPUCMAHHSIM MampuyHo20 Memody
TomcoHa-Xackesia, a makoXx eu3Ha4yeHHs MexaHiaMie eo2HuUW, Micyesux 3emnempycie. Taki 3adayi € Had3eu4aliHO aKkmyaJibHi 051 eue4YeHHs celic-
miyHocmi 3akapnamms yepe3 o6MexeHy Kinbkicmb celicMiyHux cmaHyid.

Memoro po6omu € po3pobreHHsi Memoduku Onsi mobydoeu nosisi nepemiuieHb Ha eiNbHili MoeepxHi aHi30MpPorHo2o cepedosuwia i BU3Ha4YEHHST Mexa-
Hi3mie eo2HUW, Micyesux 3emnempycie 2paghiyHumM memodom. Cymb 2paghiyHo20 Memody nosisi2a€ y UKOPUCMaHHI celicMiYHUX 3anucie Ha cmaHyisx 3
HemoYyHuM ecmyrnom npsiMux P-xeusb. STk donomixxHuli napamemp y po6omi eukopucmaHo eiGHoweHHs1 amnimyo npsimux P i S xeunb.

Pe3ynbmamu 3anponoHoeaHux nidxodie nokaszaHo Ha nNpuknadi eukopucmaHHs 3anucie nodii 04.0.2013 p. 6ins c. H. Cenuwe (p=48.1977;
A=23.4663; h=1.73 km, ML=2). 3okpema, npedcmassieHO NMOpPieHANLHUL aHani3 celicMo2paM, OMPUMaHUX Mampu4YHUM MemoOoM i3 pearbHUMU
3anucamu, wo nidmeepdxye sukopucmaHHsi Memoduku Onisl eU3Ha4YeHHs1 napamempie Axepesna. Ha ocHoei 2paghitHo20 MemoOdy Onsi eU3HAYEHHS
MexaHi3mie 802HUW, Micyesux 3emsiempycie ompumMaHo criekmpasbHi ma 2eomMempuYHi napamempu Oxepena: celicMi4HUl MmomeHm, padiyc 3cye-
Hof ducrnokauyil, nnowyy po3puey, cepedHto MocyeKy no pospusy, cnad Harnpyau, eHepailo ma mazHimyady.

Haykoea Hosu3Ha po6omu nonsieae y po3pobrsieHi MemoduKu 8u3Ha4YeHHs1 MoJisi nepemiwieHb y aunadky aHi3ompornHo2o cepedosulya 3 8UKO-
pucmaHHsIM Mampu4yHo20 Memody, a MaKoXx po3eumky 2pagiyHo2o memody Ansi nobydoeu MexaHiamie eo2HUW, 3eMiiempycie 3akapnamms y
sunadky o6mexxeHol KinbKocmi cmaHuyit.

lMpakmuyxa 3HaYumicms po6omu rosisi2zae 8 MoMy, W0 Ha OCHO8i po3pobrieHuUx nidxodie € Mo)Jiueicmb eU3Ha4YeHHsI NapaMempie eo2HuUW, Mic-
yesux 3emsiempycie, Wo € eaxsiueum Ons1 sus4eHHs1 celicMiyHocmi pezioHy. Po3pobrnieHa modudpikayiss Mampu4yHo20 memody Orsi mowupeHHs celic-
Mi4HUX X8Usb 8 aHi3ompornHux cepedosuwax Moxe 6ymu eukopucmaHa Osis1 6U3Ha4YeHHsI MeH30pa celicMiYHO20 MOMeHmYy y eunadky obmexeHol
Kinbkocmi cmanuit.

A. Manuukvir, a-p ¢ums.-mat. Hayk, npod., dmytro@cb-igph.lviv.ua,

O. My#nna, kaHa. ¢ms.-maT. Hayk, Mnag. Hay4. coTp., orest-aro@rambler.ru,
A. NaBnoBa, acn., susyinet@gmail.com,

O. Mpuuan, acn.,

Kapnatckoe otaeneHue UHctutyTa reodpmsnkm mum.C.U. Cy66otnHa
HaumoHnanbHon Akapemun Hayk YkpauHsbil,

yn. HayuHas, 3-6, r. JibBoB, YkpaunHa, 79060

ONPEAENEHUE ®OKAJIbHOIMO MEXAHU3MA 3EMNETPACEHUA B 3AKAPINATbBE

B pabome npedcmassnieHo meopuro pacrnpocmpaHeHusi celicMUu4ecKux 80JIH 8 aHU30mponHol cpede ¢ UCMOIb308aHUEM Mampu4yHO20 Memo-
Oa TomcoHa — Xackena, a makxe ornpedesieHUsi MexaHU3MO8 04a208 MeCMmHbIX 3emsiempsiceHull. Takue 3adayu ype3eblyaliHO akmyasbHbl Ons
u3syyeHusi celicMu4yHocmu 3akapnamabs U3-3a 02paHU4eHHO20 Kosluyecmea celicMu4ecKux cmaHyudl.

Lenbto pabomsi ssensiemcs pa3pabomka memoduku Osis1 MOCMPOEHUsI o151 nepemeujeHuli Ha ce0600HOU Mo08EePXHOCMU aHU30MPOIMHOU cpe-
Obl U onpedesieHUs1 MexaHU3MO8 04a208 MEeCMHbIX 3emMsiempsiceHull epagpuyeckum memodom. Cymb 2paghuyecko2o Memooda 3aksrovyaemcsi e
ucrnosib308aHuUU celicMuYecKux 3anucell Ha CMaHYusix ¢ HeMOYHbIM ecmynsieHueM npsiMbix P-eonH. Kak ecnomMozamenbHbliii napamemp e pa6ome
ucnosnb308aHoO omHoweHue amnaumyo npsiMmbix P u S eosH.

Pe3ynbmamsbi npednoxeHHbIx 1oAx000e Moka3aHO Ha Npumepe UcnoJsib308aHus 3anuceli cobbimusi 04.0.2013 2. e palioHe c. H. Cenuuwe (¢ =
48.1977; A = 23.4663; h = 1.73 km, ML = 2). B yacmHocmu, npedcmaeJsieH cpagHUMesbHbIlU aHanu3 celicMo2paMm, Mosly4eHHbIX MampuYyHbIM Memo-
doM, € peasibHbIMU 3anucsiMu, noomeepxoarowuli 803MOXXHOCMb UCMO/Ib308aHUs1 Memoouku Onsi onpedesieHUsi Nnapamempos8 ucmoy4Huka. Ha
ocHoege 2paghudecko20 MemooOa 05l onpedesieHUs1 MexaHU3MO08 04a208 MeCMHbIX 3eMsiempsiceHull Nosly4YeHbl crieKmpasnbHble U 2eoMempuvecKue
napamempbl UCMOYHUKa: celicMu4deckuli MOoMeHm, paduyc cdsuaoeoli ducsiokayuu, niowadb pa3pbliea, CPeOHII MOJ8UXKY Mo pa3pbigy, c6poc
HanpsikeHusi, 3Hep2uro U MazHuUmyay.

Hay4Hasi Hosu3Ha pabombi 3akno4aemcsi 8 paspabomaHHoU Memoduke onpedesieHus1 MoJsisi nepeMeweHull 8 cly4ae aHuU30mpoIrnHoU cpedbl C UC-
nosb308aHUeM Mampu4Ho20 Memoda, a makxe pazsumusi 2pagpuyecko2o Memoda Orisi TOCMPOEHUsI MEXaHU3MO8 04Ya208 3emiempsiceHuli 3akapna-
mbs1 @ c/ly4ae oepaHU4eHHO20 Kosiuvyecmea cmaHyud.

lMpakmuyeckasi 3Ha4uMocmb pabombl 3aK/Il04aencs 8 MoM, Ymo Ha ocHoee pa3pabomaHHbIX M0Gx0008 s1esisiemcsi 803MOXHOCMb onpedersie-
HUs1 napamempoe o4a208 MeCMHbIX 3eM/IempsiCeHuUll, Ymo 8aXKHO OJisi uly4yeHusi celicMu4Hocmu pezuoHa. PasapabomaHHasi Modugpukayuss mam-
PUYHO20 MemoOda O pacnpocmpaHeHus1 celicMUu4ecKux 80JIH 8 aHU30OMPOIHbLIX cpedax Moxem 6bimb Ucnosib308aHa Osisi onpedesieHUsI MeH30pa
celicMu4ecKo20 MOMeHmMa & c/ly4ae oepaHU4YeHHO20 Kosiudecmea cmaHyuu.
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THE MORPHOLOGY AND COMPOSITION OF LIBERIA PLACER GOLD

(Reviewed by the editorial board member V. Zagnitko)

Due to civil war in Liberia, which lasted from 1989 to 2003, the geological study of the country was suspended, and became pos-
sible only after its end. That is why today, Liberia has no specific geological zoning of the gold-bearing regions. The morphology of
gold of Liberia is examined very poorly, and Soviet literature paid no attention to studying this issue.

This article is devoted to the study of morphological forms of gold from different regions of the Republic of Liberia.The main ob-
Jjectives of the morphological analysis are to distinguish the main morphological types of gold of the country and their origin and to
identify possible ways of placer formation. For achieving more accurate results, roentgenospectrographic and roentgen-fluorescent
analyses were carried out. The comparative analysis of the morphological features and the fineness of gold was held in eight re-
gions: Kolahum, Magua, Konia and Zeya in the northern part of the country, Solo and Eastern in its southern part, Soso in the west-
ern part, and Timbo in the central part of Liberia.

Different types of the gold under study were distinguished according to their morphological features which may indicate their
genesis. Well-flattening of grains indicates either a large distance of the transportation of the material, or the fact that the gold has
been reworked from nearby local paleoplacers. In the case of the Magua area, considering a large variety of shapes, sizes and the
mineral composition of the gold grains, its gold can be of two genetic types: 1) paleoplacer gold, the closest analogue of which is
Tarkva deposit in Ghana; 2) indigenous gold, related to ferruginous quartzites, where laterite crusts of weathering are developed.

As a result of the roentgenospectrographic (electron microprobe) analysis of gold from different regions, it was found that all
of the analysed grains have gold content close to 100%. Due to the results of the analysis, we can affirm that all the samples,
except of the sample number 142 are of typical metallic composition of gold, which represent the geochemical features of this

element. Sample number 142 is distinguished by its anomalous silver content, which reaches 16.7%.

Introduction. The Republic of Liberia stretches for 500
miles along the Atlantic Ocean. The relief of the country is
midlands covered with forests and a swampy tropical
coast. The coastal lowland plain is slightly dissected and
swampy here and there. In the hinterland, the plain rises up
to 400-600 m and turns into Leone-Liberian Upland. There
are also many wide but short rivers (the Mano, the Loffa,
and the St.Paul). The climate is tropical, hot, and humid.

The geology of Liberia is determined by its location on
two large geological structures:

» early Precambrian Leone-Liberian massif (the Leo-
Man shield), which occupies most of the country;

» late Precambrian mobile belt Rockelides, separated
from the massif by a large thrust and located along the coast.

Among Archean granite-gneisses of the Leone-Liberian
massif, the residues of greenstone belts are preserved.
They are metasedimentary and metavolcanic formations
such as quartz-mica and quartz-mica-graphite shales, fer-
ruginous quartzites, amphibolites and itabirites (Nimba and
Simandu series).

Early Proterozoic metamorphic formation (Birrim series)
is composed of shales, quartzites, metaeffusives of mafic,
intermediate, and more rarely felsic composition, manga-
neseferous phyllites, gondites, transected by Eburnean

granites. More recent formations involve Permian-Triassic
and Jurassic trappean sills and dikes, and small kimberlite
bodies. Laterites and alluvial deposits are of the Quater-
nary age.

The territory of the country was greatly influenced by
the periods of tectonic-magmatic activation that accompa-
nied the formation of the West African craton:

» Cratonization stage (3,5 - 2,6 Ga)

> Before Eburnean stage 2,5 - 2,3 (Ga)

» Eburnean stage 2,2 — 1,8 (Ga)

» Meso-Cenozoic stage 300 — 50 (Ma)

Exactly during the Eburnean stage, the accumulation of
gold-bearing conglomerates of Tarkwa series (Ghana) took
place, and the main gold-quartz and gold-sulfide deposits of
this craton were formed. Besides, a significant impact on the
geological structure of Liberia was made by the Phanerozoic
epochs of tectono-magmatic activation associated with the
formation of the Atlantic. This activation facilitated the forma-
tion of a large number of Mesozoic and Cenozoic dykes.

Natural and geographical conditions and the geological
structure of Liberia define the main directions of industry
development, which is poorly developed and has basically
raw-product orientation. Among mineral resources, the
country is rich only in high-quality iron ores in explored

© Mykhailov V., Guliy V., Kovtun O., Sydorchuk V., Nakonechna Yu., 2013
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reserves of which Liberia takes one of the first places in
Africa. They are usually associated with ferruginous quartz-
ites of supracrustal Archean complexes (Bea Mountain,
Wologisi). In the country, there are also deposits of man-
ganese, barite, gold, diamonds, and cyanite. Liberian dia-
monds are mined from alluvial and eluvial placers. Most of
the gold deposits of Liberia are also related to alluvial de-
posits; however, in the east of the country, auriferous
quartz lodes were found too.

State of the problem. During the period of civil war in
Liberia, which lasted from 1989 to 2003, the geological
study of the country was suspended, and became possible
only after its end. That is why today Liberia has no specific
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geological zoning of the gold-bearing regions. Its produc-
tion is mostly carried out by manual methods.

The morphology of gold of Liberia is examined very poorly.
Soviet literature paid no attention to studying this issue; al-
though, there are some sources which represent general
characteristic of the gold mining sector in Liberia [3].

Setting of the problem. The main objectives of mor-
phological analysis are to distinguish the main morphologi-
cal types of gold of the country and their origin and to iden-
tify possible ways of placer formation. For achieving more
accurate results, roentgenospectrographic and roentgen-
fluorescent analyses were carried out.
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Figure 1. Schematic map of the regions of sampling:

1 — Kolahun, 2 — Magua, 3 — Konia, 4 — Zeya, 5 — Solo, 6 — Eastern, 7 — Timbo, 8 — Soso Camp

Morphological analysis of gold. The comparative
analysis of the morphological features and the fineness of
gold was held in eight regions: Kolahum, Magua, Konia
and Zeya in the northern part of the country, Solo and
Eastern in its southern part, Soso in the western part, and
Timbo in the central part of Liberia (Figure 1).

The Kolahun area (775 kmz) is situated in the north-
western part of the Republic of Liberia. The geological
structure of the area is predominated by Archaean granites
and gneiss-granites (geochronological dating is 2580-2770
million years) with their significant feature of granite-gneiss
cupolas. They are transected by diabase dykes, mainly of
sublatitudinal, more rarely of submeridian and north-west
directions, that reflects the features of fault tectonics of the
area. Among faultings, submeridional and north-east shear
zones as well as sublatitudinal fault systems and disjoining
structures (fracture systems) are prevailing.

Gold grains from Kolahun samples are characterised
by a round flat shape, indicating an intense mechanical
wear. The grains have glitter and golden yellow colour,
which may indicate a high fineness of gold. There are
only two available samples with signs of gold from this
region, one in each, that's why their exact origin is difficult
to determine (Table 1).

The perspective area of Magua is located in the south-
east framing of the Kolahun area. The flat part of the terri-
tory is composed of Archean leucocratic gneisses, includ-
ing lens-shaped amphibolite bodies and quartz-muscovite
shales. The mountainous part of the area is predominately
composed of quartz-muscovite and quartz-amphibole
shales, up to phyllites, which contain horizons and lenses
of quartz conglomerates.

Table 1
General table of linear characteristics of gold samples by areas
Number Number Measured results
Area of samples of gold grains length (um) width (um) elongation

with gold in the area min max av. min max av. min max av.
Kolahun 2 2 272 340 306 170 272 221 1,25 1,6 1,43
Magua 17 314 68 1598 359 34 884 230 1 5 1,61
Konia 2 19 204 1054 478 136 578 311 1,08 2,58 1,55
Zeya 3 104 136 1190 449 102 1190 279 1 3,78 1,66
Solo 9 464 102 1394 341 68 918 207 1 8 1,71
Timbo 5 324 102 2040 428 34 1224 268 1 4,67 1,66
Soso Camp 4 213 68 884 274 34 510 181 1 5 1,63
Total 42 1440 68 2040 364 34 1224 228 1 8 1,66
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Figure 2. Photo of gold grains from different regions of Liberia:
a — Magua, b — Konia, ¢ — Zeya, d — Solo, e — Timbo, f — Soso Camp

The gold from the region of Magua is characterized by
the presence of irregular in shape and discoid grains; they
have a smooth or commonly folded surface, usually with
incurved protrusions and traces of mechanical wearing. The
colour of grains is generally golden yellow, and the shine is
bright. Extremely interesting is the sample number 142,
which contains gold grains of two various types of morphol-
ogy which may have different origin (Figure 2, a). The first,
well-flattened type of grains, most likely was transported in a
fluvial environment, and the second type, with a rough sur-
face and various protrusions, was formed in situ from a
nearby primary source.

The perspective area of Konia is located in the north-
western part of Liberia. The region is composed of mo-
notonous granites and gneisses. In a dump of develop-
ments and in deluvium, light grey and grey banded migma-
tites prevail; also there occur fragments of quartz, dark-
green-grey amphibolites, and crystal slates.

The gold from the region of Konia is irregular in shape
with a commonly folded surface and smoothed grain out-
lines (Figure 2, b). The colour of grains is golden yellow
with a bright shine, which also indicates a high fineness.
The linear dimensions of gold grains from this region are
above average taken in all regions of research.

The area of Zeya is located in the river basin of the same
name, 10 km to the south of Konia's frame, so it has a simi-
lar geological structure. Gold grains from this region usually
have a commonly folded discoid and leaf shape (Figure 2,
c). Their shape indicates that the distance of transportation
was not very long, which suggests the presence of indige-
nous sources close to the alluvial placers. The grains are
golden yellow. Compared to the gold of the Magua area, it is
characterized by a wide variety of shapes and sizes and, in
particular, by the presence of large fractions of grains that
highly exceed the size of the gold of the Magua area.

The Solo (902 km?) and Eastern (803 km?) areas are
located in the south-eastern part of the Republic of Liberia.
Geologically, the area is located in the block, composed of
Paleoproterozoic sediments, comparable with a series of
West African Birrim, favourable for gold mineralization.
These deposits occur in the north-western part of the Solo
area, where they create a block of 36 x 8 km, extended to
the north-east. There are complexes of the rocks favourable
for gold mineralization, such as shales, including black
shales, and geological structures, namely a combination of
fault structures of north-east and north-west directions. The
rest of the territory mostly consists of gneisses intersected by
diorite intrusions. Also, in the central part of the Eastern area,
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there is a number of amphibolite bodies elongated in a north-
east direction.

In the samples from these regions, there are both ir-
regular in shape and spherical grains with smoothed grain
outlines and a smooth surface (Figure 2, d). The colour of
grains is generally golden yellow, which may indicate a
high fineness of gold. The linear dimensions of gold grains
from the Solo and Eastern regions are below average
taken in all regions of research (274 versus 296 microns).

The area of Timbo is located in the central part of Liberia
in the Timbo river basin. In the samples from this region, there
are irregular in shape and discoid grains with a commonly
folded surface (Figure 2, ). The grains are golden yellow, the
linear dimensions of them are above average taken in all re-
gions of research (348 versus 296 microns).

The perspective area of Soso Camp is located in the
western part of the Republic of Liberia, near the epony-
mous village. Gold is already mined there by intensive ar-
tisanal workings in the crust of weathering. The crusts of
weathering are developed along the series of alternation of
leucocratic and melanocratic gneisses with blocks of more
acidic rocks, possibly granites. In the crust of weathering,
there are also impregnations of amphibolite shales sized
up to 5-6 m, along which the manganese oxides and frag-
ments of quartz deposits are being developed.

The gold grains from the Soso Camp area are com-
monly irregular in shape with folded outlines; they also tend
to be smaller in size (Figure 2, f). All this indicates that the
gold has been transported from not far away, in other words,
it was formed in situ during the formation of the crust of

weathering on the basement rocks. The colour of gold grains
has a brown tint, which may indicate the presence of admix-
tures of other metals and a low fineness of gold.

Roentgenospectrographic analysis. As a result of
the roentgenospectrographic (electron microprobe) analy-
sis of gold from different regions, it was found that all of the
analysed grains have gold content close to 100%. In other
words, all gold samples have high levels of gold fineness.
The only exception is the grain from sample number 142,
which was collected near the village of Kpadamey (the
Magua area). It has a high silver content, about 45%. After
this analysis, it was decided to conduct an additional roent-
genospectrographic analysis of three more gold grains
from this region. One was selected from number 139, also
taken from the alluvial-diluvial placers near the village of
Kpadamey. Morphologically, it is highly flattened. The elec-
tron microprobe analysis showed the presence of a signifi-
cant admixture of silver, about 10%. The other two gold
grains were taken from the same sample number 142.
However, unlike the previous case, there have been se-
lected the instances of a well-flattened type. According to
the microprobe analysis, they both are almost 100% com-
posed of gold, with no meaningful content of silver.

It confirms a guess that was made after the morpho-
logical analysis: a well-flattened type of grains was trans-
ported from remote regions or reworked from local paleo-
placers, while the other type of grains with elongations in
several ways and protrusions was formed in situ.

Roentgen-fluorescent analysis. Six samples were
given to the laboratory to conduct the research (Table 2).

Table 2
The results of the roentgen-fluorescent analysis
Area Sample Ne Ag (%) Cu (%) Zn (%) Au (%) Total (%)

Magua 32 3,27 1,08 0,22 95,42 100,00

Magua 142 16,70 15,68 3,87 63,75 100,00

Konia 204-1 1,74 3,31 0,56 94,40 100,00

Zeya 121 2,15 0,43 0,09 97,32 100,00

Solo 1004 2,39 0,20 0,06 97,34 100,00

Soso Camp 77 1,98 2,42 0,06 95,53 100,00
Due to the results of the analysis, we can affirm that all analogue of which is Tarkva deposit in Ghana;

the samples, except of the sample number 142 are of typical
metallic composition of gold, which represent the geochemi-
cal features of this element. Anomalous silver content was
observed in sample number 142; it is up to 16.7%. This out-
come confirms the results of the electron microprobe studies
and the morphological analysis in the following way: taking
into consideration the fact that in the sample there are gold
grains with a high and low fineness (based on the electron
microprobe analysis), and also knowing that the vast major-
ity of gold grains are of low fineness (based on morphologi-
cal analysis), we can therefore state the fact that the ob-
tained silver content is just the result of the mixture of gold
grains with different fineness.

An interesting result of this analysis is also an abnor-
mally high content of zinc in the sample number 142. The
presence of zinc may be associated with some rock-
forming minerals, from which this gold placer was formed.
To confirm this hypothesis, there has to be carried out a
detailed study of the bedrock of this region which could
produce the placer gold of the Magua area.

Conclusions. As a result of the research, there can be
presented a range of morphological features of the gold
under study which may indicate its genesis. Well-flattening
of grains indicates either a large distance of the transporta-
tion of the material, or the fact that the gold has been re-
worked from nearby local paleoplacers. In the case of the
Magua area, considering a large variety of shapes, sizes
and the mineral composition of the gold grains, its gold can
be of two genetic types: 1) paleoplacer gold, the closest

2) indigenous gold, related to ferruginous quartzites, where
laterite crusts of weathering are developed.

The Zeya area is related to the south-eastern part of the
belt of rocks which are similar in composition to those asso-
ciated with Magua mineralization. They are shales, quartz-
ites, amphibolites, and ferruginous quartzites. Considering a
relative similarity in morphological characteristics of the gold
grains and the proximity of their geographical location, the
gold of the Kohalun area may have the same genesis as the
Magua gold. The gold from the Konia region is not well-
flattened and has a commonly folded surface; it may indicate
that the distance of its transportation was very short.

At the Solo area, as a result of geological studies, there
were found the complexes of the rocks favourable for gold
mineralization. They are shales, including black shales and
geological structures, namely a combination of fault structures
of north-east and north-west directions. Most likely, the
auriferity of the Solo area is associated with these conditions.

The gold grains from the Timbo area are mainly irregular
in shape with a commonly folded surface. This may indicate a
relatively short distance of transportation. It is likely that the
gold placers are associated with alluvial-diluvial sediments of
small streams or granitoids' crusts of weathering.

The gold from the Soso Camp area, according to the
morphological analysis and geological studies, could be
accumulated during the formation of the crust of weather-
ing on the basement rocks, among which their felsic varie-
ties were prevailing.
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MOP®ONOrIA TA CKNAL 3010TA PO3CUNMHUX POOOBULL NIBEPIT

Y 383Ky 3 nepiodom 2pomadsiHCLKOI 8iliHU, sika mpueana e Jli6epii 3 1989 no 2003 pik, 2eonoziyHe sus4YeHHs KpaiHu 6ys10 NPU3ynuHeHe, i cmasno Mo-
JKIUeUM MminbKu nicns it 3akiHyeHHs1. Came momy do cb0200Hi mepumopisi Jli6epii He Mae 4imKo20 2e0s102i4HO20 palioHy8aHHsI 30JI0IMOHOCHUX pe2ioHie.
Mopdgbonoeisi 30n1oma Jli6epii eue4eHa Ayxe cnabko. Y eimyusHsHil nimepamypi eue4eHHIO Ub020 MUMaHHs1 yeaza He npuodinsinacek.

Cmamms npucesiyeHa 00clidKeHHI0O Mopghoso2idHuUX ¢hopm 30/10ma 3 pi3HUX pezioHie pecrny6niku Jlibepis. OcHo8HUMU yinsMu nposedeHo20 Mop-
gposnioziyHo20 aHanizy 6ys10 eudinieHHs1 OCHO8HUX MOPHOsI02iYHUX Mmurlieé 30/10ma KpaiHu ma ix 2eHe3ucy, a MaKoX 8U3Ha4YeHHs1 MOXJ1UueuUX wWuisixie ghopmy-
8aHHs1 po3curnis. []ns docsicHeHHs1 Ginbw MoYHUX pe3ynbmamie 6y10 makox nposedeHo MiKkpo3oHAos8uUll ma peHmeaeHogyopecyeHmHul aHanisu. Mopis-
HAnbHUU aHaniz MopghosozidyHux ocobriueocmeli ma npo6Hocmi 30/10ma NMPoeoduecst Mo 80CbLMU pezioHam docnidxeHb: KonaxyH, Mazya, KoHist ma 3esi e
nigHiYHiti YyacmuHi, Cono i CxidHa — 8 niederHill YacmuHi, 3axioHit (Coco) i yueHmpanbHiti (Timb6o) yacmuHax JliGepi.

Pi3He 3a munom 3o0nomo, wo docnidxyeanocn, 6yno knacugikoeaHe 3a lio2co Mopghos102iYHUMU O0CO6IUBOCMSAIMU, W0 MO2JIU MAaKOX 6Ka3y-
eamu Ha lio2o 2eHe3uc. [Jo6pa okamaHicmb 3epeH eka3ye abo Ha 3HayHy eidcmaHb nepeHocy Mamepiany, abo Ha me, w0 3o510mo 6ysno nepeegiok-
nadeHe i3 naneopo3scunuw. Y eunadky pezioHy Mazya, epaxoeyroyu eesiuky pisHomaHimHicmb ¢popM, po3mipie ma pe4oe8UHHO20 cks1ady 30/I0MUH,
OJaHe 30510mo0 MO)XXe Mamu dea 2eHemuyHi munu: 1) naneopo3cunHe, HalibNIUX4YuM aHano020M siko2o € podosuwie Tapkea e IaHi; 2) kopiHHe, npu-
ypoueHe do 3ani3ucmux keapyumie, Ha KUX po38U8alombCsi JamepuMHi KOpu eueimpro8aHHsI.

B pe3ynbmami npoeedeHo20 peHmMz2eHocneKkmpanabHO20 (Mikpo30HO08020) aHasli3y 30/I0MUH 3 pi3HUX pez2ioHie 6y/10 eu3HayeHo, W0 eci aHa-
ni3oeaHi 3epHa Maromb y c8oeMy cknadi eMicm 3os10ma 6nu3bkuli o 100%. 3a pesynbmamamu npoeedeHo20 aHalizy MOXHa 3aceid4umu, uw,o yci
npo6u, okpim npobu Ne142 maromb munoeuli MemasniyHull cknad 3o0/10ma, sikuli xapakmepHuli 0ns1 2eoxiMiyHux ocobnueocmeli 0aHO20 esleMeHmy.
Y npo6i Ne142 sidmivaembcsi aHoManbHuUll eMicm cpibna, sikuli cmaHoeums ax 16,7%.
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MOP®ONONNs U COCTAB 30J10TA POCChIMHbIX MECTOPOXOEHUA NMUBEPUN

B cesi3u ¢ nepuodom 2pax0aHckoli eoliHbl, komopas dnunacb 6 Jlubepuu c 1989 no 2003 200, 2eosro2uyecKoe usyyeHue cmpaHbl 66110 Npu-
0CMaHoe8sIeHO, U CMaJsio 803MOXHbLIM MOJILKO Mocsie eé OoKoHYaHusi. MIMeHHO noamomy 0o cux nop meppumopusi Jlubepuu He umMeem 4emko20
2e0/102U4eCcK020 palioHUPO8aHUsi 30J10MOHOCHbIX peauoHos8. Mopdghonoaus 30noma Jlubepuu usy4eHa o4yeHb cnabo. B omevyecmeeHHoU numepa-
mype u3y4eHUr0 3Mo20 80MpPoca 8HUMaHue He yOesisiioCh.

Cmambsi nocesiujeHa usyyeHuto Mopghosro2udeckux ¢hopm 3o/10ma u3 pas3Hbix pe2uoHoe pecny6bnuku Jlubepusi. OCHOBHbIMU yensiMu npoee-
0EHHO20 MOpghosI02U4eCcKO20 aHanu3a 6bi10 ebidesieHUe OCHOBHbLIX MOPEHOI02UYECKUX MUMoE 30/10Ma cmpaHbl U UX 2eHe3uca, a makxe onpede-
JleHue 803MOXKHbIX rymel ghopmupoeaHusi pocchineli. [ns docmuxxeHus1 6os1ee MOYHbIX pe3ysibmamoe 6bI/10 makxe npoeedeHo MUKPO30HA08bIl
u peHmeeHogyopecyeHmHbIli aHanu3sbl. CpasHumenbHbIl aHanu3 Mmopghosio2udeckux ocobeHHocmedil, a makxe npo6Hocmu 3os10ma 6b1n1 npoee-
0EH no eocbMu pe2uoHaM uccriedoeaHul: KonaxyH, Mazya, KoHusi u 3es1 8 cesepHoli Yacmu, Cono u Bocmo4Hasi — e roHoU Yyacmu, 3anadHol
(Coco) u yenmpanwHoli (Tum6o) yacmsx Jlu6epuu.

Pa3Hoe no muny 3onomo, ymo uccnedoeasnoch, 6bLI0 KrnaccughuyupoeaHo Mo e2o0 MopghosI02U4eCKUM 0CO6eHHOCMSIM, YMO MO2/1U makKxe
yKa3bleamb Ha e20 2eHe3uc. bonbwas cmeneHb okamaHHOCMU 3€peH yKa3bigeaem U/U Ha 3Ha4YumesibHOe paccmosiHue rnepeHoca Mamepuarna, unu
Ha mo, Ymo 30/10mo 661510 NepeoMsI0XKeHO U3 naseopocchinel. B cny4yae pezuoHa Mazya, y4umsieasi 6onbwoe pa3Hoobpa3sue (hopM, pazmepoe u
seujecmeeHHO20 cocmasa 30J10MuH, 3MOo 30/10MO MoXem uMemb 08a 2eHemuyYyeckue munbi: 1) naneopocchbinHoe, 6nuxallumM aHasm020M KOomo-
pozo sienisiemcsi MecmopodeHue Tapkea e aHe; 2) KOpeHHOe, NPUYPOYEHHOE K )Ke/le3ucmbiM Keapyumam, Ha KomopbIX pa3euearomcsi 1amepu-
MHbIe KOpbl 8bI8EMPUBAHUSI.

B pe3ynbmame npoeedéHHO20 peHM2eHOCNeKmpanbHO20 (MUKPO30HA08020) aHa/lu3a 30/I0MUH C Pa3HbIX Pe2UoHOo8 6b110 ornpedesieHo, Ymo ece pa-
ccmampueaemble 3épHa umMerom 8 c80éM cocmase codepxkaHue 3os1oma 6nuskoe k 100%. Mo pesynbmamam npogedéHHO20 aHanu3a MOXHO 2080PUMb,
4mo ece npobbl, kpome nNpobbi Ne142 umerom munuy4HbIl MemanIuyeckuli cocmae 30/10ma, KOmopbili xapakmepeH O7s1 2e0XUMUYecKux ocobeHHocmeli
0JaHHO20 3n1emeHma. B npo6e Ne142 ommeyaemcsi aHomanbHoe codepxaHue cepebpa, komopoe cocmaessiem ensioms 8o 16,7%.
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ECONOMIC EFFICIENCY OF FAST WELL DRILLING IN DONBASS

(Reviewed by the editorial board member V. Mykhailov)

The main purpose of this paper is to study the optimal conditions for rational degassing during gas-hazardous mines operation
and cost-effectiveness to ensure safe operation, to increase coal production and to use the produced gas commercially.

The work methodology is complex and combines mining-technological and economic components. The first step was to
analyze the results of the project degassing, which was held directly in the field CG "Pokrovske", and define the main parameters
affecting the efficiency of degassing. The parameters of drilling conducted on CG "Pokrovske" in 2012 were generalized. The
next step was to establish a correlation between the parameters of drilling speed and lava promotion. The data on real drilling
performance achieved in the implementation of degassing project showed that the average drilling speed was now about 100 m
per day against the previous years' average of 500 m per month. The formulas for determining annuity from the drilling
organization operations are given. The final stage of the research was to determine the optimum drilling performance for
degassing at an economically favorable, rational expediency and efficiency level.

The obtained results revealed that the main parameters affecting the efficiency of degassing are drilling speed, optimization
of degasification wells construction, as well as calculation of the effective well spacing and timing of their preparation for the
lavas approach. It has been found out that the main factors to achieve efficiency of operation include cutting down on wages of
the workers engaged in servicing rigs, due to drilling speeds, and decreasing investments into the construction of wells. Empha-
sis is laid on the need for integrated development of the existing fields, which combines degassing with coal mining.

Scientific novelty of the paper is in the development of formulas for calculating the drilling organization's annual income de-
pending on drilling speed characteristics. Fast drilling technology offers clear advantages as compared to the conventional one.

The practical application of the paper is in determining the optimum speed and drilling conditions that ensure cost-effective
degassing. The theoretical assumptions were confirmed by the results obtained from using the fast drilling operation technology

developed by "Donetsksteel".

Problem definition and its relationship with
important scientific and practical tasks.

Being under the influence of the gas factor, leading
domestic mines have reached the limit of their output
capacity. They need non-trivial solutions for safe and high
efficiency coal mining operations. The preliminary degassing
which is of preferential extensive use in the United States,
Canada, Australia, China and other countries could be a
solution; but about 10 years are required for 50-percent
reduction in gas emissions; Ukrainian enterprises do not
have so much time for that. That is why they are forced to
find a combination of space and time performing coal mining
operations and drilling, namely, to use wells drilled from the
surface for degassing purposes. General mine ventilation
ensures degassing of about 55% of the daily emissions in
highly productive longwalls; this type of ventilation is followed
by degassing by wells drilled from the development workings
(25%), and finally, degassing by wells drilled from the
surface (up to 20%).

Analysis of recent research and publications.

Conducted in recent years, research and its analysis in
publications [1, 2, 3] are increasingly presenting arguments
regarding the need for effective concomitant degassing.
The conventional methods for underground degassing by
drilling wells from excavations cannot provide the
necessary safety conditions for gas factor in gas-
hazardous mines. Equipping the mines with a modern coal-
mining complex will increase labor productivity. Designed
degassing pipes system, especially in old mines, are
limited by bandwidth. It is necessary to create additional
degassing systems that could provide the necessary
working conditions in the mines and contribute to the
rational use of the extracted gas. The solution to this
problem could be drilling degasification wells from the
surface, the advance of lava with forgery and gravitational
unloading are an additional way to underground extraction

of gas from the coal-rock block. Degasification wells drilling
should be conducted with the greatest possible speed.

Aspects of the problem to be solved.

Despite the fact that the method of degassing by wells
drilled from the surface is the third in the row of the methods
used for further development of Ukrainian mines, it is a crucial
one, as all other resources have already been mobilized.

Degassing by wells from the surface requires drilling of
a great number of wells. It has a direct impact on the
economic aspect of coal mining. However, the focus had
primarily been on the technical side [1, 2, 3]. Therefore, to
improve the efficiency of coal mining in Ukraine, in this
paper we set the goal to determine a rational scope of
application of wells drilled from the surface.

Purpose of the article. The main purpose of this paper
is to study the optimal conditions for rational degassing
during gas-hazardous mines operation and cost-
effectiveness to ensure safe operation, to increase coal
production and to use the produced gas commercially.

The main research material.

Degassing efficiency depends on the well spacing
density and the time factor. A proper combination of coal
mining and well drilling operations is an important
requirement: by the time of well completion, projection of
well bottom on mined seam is to be at a distance of not
less than 30 m ahead of the production face.

Thus, time provided for drilling and completion of a well
shall satisfy the inequality:

Ty <(Li—=1)/my,, (1)
where Tpi1— time of well drilling that is allowed by
conditions of degassing technology, days; Li— spacing
between wells within a single extraction panel, m; /; —
minimum distance from the advancing face to the
projection of well on the degassed seam at the time of well
completion, m; m.w — average daily advance of production
face, m/day.

© Yushkov Ye., Zinchenko S., Khalimendikov Ye., 2013
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In order to stay within the stipulated time, commercial
drilling speed is to be at least:

Sic=nh /Ty, (2)
where Si; — commercial drilling speed for a well, m/day; n —
number of degassing wells that are to be constructed
according to the plans by one drilling rig for the time Tpq;
hi — depth of i-th degassing well, m.

h=H,—h,, 3)
where H;— depth of occurrence of the seam where
degassing is performed, m; hy — project distance from the
well shoe to the roof of the longwall, m.

The following parameters of well construction were
taken as optimum ones for Project of Degassing that is
being implemented in "Pokrovskoye" mine: L4=300 m;
11=30 m; h,=15 m. If a degassed seam occurs at a depth of
800 m, the depth of the well is to be 785 m.

When average daily advance of a longwall is 7m (as it
is in fact in case of mines characterized by high output
capacity), for the construction of such a well not more than
300-30

7

In the project of degassing that was developed for
"Pokrovskoye" mine by a specialized organization
"Donbassgeologiya", use of the Canadian drilling rig produced
by National Oilwell Varco (Dreco) was assumed; while
construction of wells from the surface was considered as rig-
down and rig-up operations with a duration of 12 days and the
actual drilling. Standard well drilling speed for a depth of
674 m was 40.5 days; 724 m — 43.5 days; 800 m — 48 days
(drilling speed — 500 m per month per one drilling rig). Thus, in
view of rig-down and rig-up operations for the well with a
depth of 800 m, 60 days were required. It conditioned
commercial speed of well construction of 13.3 m/day.

Drilling speed required under condition (2) is to be not
less than 22 m/day. This means that the investment project
for the creation and operation of the drilling organization,
specialized in the construction of degassing wells drilled
from the surface, would require more drilling rig complexes,
and in case of simultaneous operation of several longwalls,

=39days are to be spent.

a number of drilling rigs would be increased in proportion to
the number of concurrent mined panels. And it's not just
arithmetic addition of pieces of equipment — significant
increase in investment and operating costs is observed.
Up-to-date drilling complexes are expensive ones (drilling
rig produced by Dreco costs $ 9.7 million USD), each
drilling rig is serviced by a separate crew, each drilling rig
requires maintenance, including transportation from place
to place, etc.

In order for the investment project for the foundation and
operation of the drilling organization to be break-even, cash
flow CF: from its implementation represented in the form of
annuity is to meet the following condition [1]:

O L — (4)

Z 1
T (1+m )
where CF;— annual cash flow (annuity) from the activity of
drilling organization, min UAH; INV — cumulative amount of
investments, min UAH; my — cost of capital, fraction unit; { —
current year of project implementation; T — duration of the
investment project.

The break-even condition (4) shows the amount of the
annual cash flow that turns a net present value (NPV)
under the project to zero for a given volume of investments
and rate of capital cost. Condition NPV=0 gives very
informative indicators for an investor — with their help, even
roughly, the economic prospects of the project, its
feasibility and, finally, efficiency can be estimated.

In 2012, in "Pokrovskoye" mine as a result of progressive
fast driling operations performed by one Ultra Single 150
driling rig on three production panels, 36 degassing wells
were drilled for 301 machine-days. According to the initial
project, based on the traditional drilling technologies, 6 drilling
rig complexes of Dreco type would have been involved to
serve three longwalls. Individual parameters of drilling
operations were summarized in the table.

Annual cash flow on break-even condition of the project
was calculated based on 20 years of operation of drilling
complexes and the rate of 12% per annum.

Table 1
Actual and Estimated Indicators of Drilling Operations
Indicator Measurgment Value
Unit
Wells constructed in 2012 pcs 36
Average duration of well construction days 8+2
Deductions for salary payment for drill site thous. UAH/day 18.5
Costs excluding depreciation when using one Ultra Single 150 drilling rig min UAH/well 1.0£0.1
Wage and salaries fund for drill site when using one Ultra Single 150 drilling rig min UAH/year 5.5
Wage and salaries fund for drill site when using six Dreco drilling rigs min UAH/year 32.9
Total costs when using one Ultra Single 150 drilling rig min UAH/year 37.3
Total costs when using six Dreco drilling rigs min UAH/year 64.7
Unit costs excluding depreciation when using six Dreco drilling rigs min UAH/well 1.8
Investments when using one Ultra Single 150 drilling rig min UAH 192
Investments when using six Dreco drilling rigs min UAH 466
Annual cash flow on break-even condition of the project when using one Ultra Single 150 drilling rig min UAH 26
Annual cash flow on break-even condition of the project when using six Dreco drilling rigs min UAH 62
When comparing the projects, design identity of wells was wells drilled from the surface without depreciation

assumed; increase in costs of maintenance of drilling
complexes in case of their greater amount etc. was not taken
into account. As major factors in achieving economic
efficiency, only savings on salaries of personnel directly
engaged in drilling rigs maintenance, and reduction in amount
of investments due to reducing the time of a well construction.
The value of the annual income of the drilling
organization on break-even condition of the investment
project (taking into account appropriate annuity of cash

flow) is to satisfy the following condition:
G=CF,+C,, (5)

where G — average amount of annual income of drilling
organization, min UAH; Cq4 — cost of the construction of

deductions, min UAH.

Conclusions. In the case of fast drilling technologies, the
above mentioned 36 wells constructed for "Pokrovskoye"
mine would have cost for coal production enterprise more than
62 min UAH taking into account the requirement to ensure
break-even condition of the project; in case of conventional
drilling technologies — more than 127 min UAH.

In the past, artillery-type weapons were cast with the
Latin inscription "Ultima ratio regum", which had the
following meaning: "The final argument of kings". For
owners of the leading Ukrainian mines such a "final
argument" is degassing wells drilled from the surface. But,
according to the assessment performed by the Institute of
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Industrial Economics of National Academy of Sciences of
Ukraine, the basic project is not economic. Degassing of
Coal and Gas Deposits by wells drilled from the surface
can be economic providing the commercial drilling speed
exceeds 22 m/day and enables using one drilling complex.
While acknowledging the importance and effectiveness
of the process of preliminary degassing by wells drilled
from the surface, it should be recognized that degassing
combined with mining operations will be of immediate
interest to the existing mines for at least another 15-20
years. It determines the topicality and value for the
domestic coal industry of the progressive fast drilling
operations technology developed by "Donetsksteel".
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EKOHOMIYHA E®EKTUBHICTb LUBUOKICHOIO BYPIHHA CBEPOANOBUH B YMOBAX JOHBACY

onoeHoro memoro daHoi po6omu € docnidxeHHs1 onMuMasnibHUX YMO8 payioHanbHO20 npoeedeHHs1 de2a3ayiliHux pobim npu ekcnnyamauyii
2a3oHebe3neyHUX waxm ma ix eKoHOMi4Hoi eghekmueHocmi Anss dompumMaHHsi 6e3neku po6im, HapoujyeaHHs1 euOOBymKy eyzinns ma eukKopuc-
maHHs 8usly4eHo20 2a3y y 20crnodapyux yinsix.

Memoduka po6im € KoMnIeKCHOr ma noedHye 2ipHUY0-MexXHOI02iYHY ma eKOHOMiYHY cknadoei. [lepwum emanom 6ye aHanis pesynbmamie
npoekmy Oeaa3auii, nposedeHo20 6e3nocepedHbo Ha podosuuwii LLIY "[lokpoecbke” ma eu3Ha4yeHHs1 20/108HUX NMapaMempis, WO Masau enaue Ha
pe3ynbmamueHicmb de2a3ayiliHux po6im. Y3azanbHeHo napamempu 6yposux pobim, wo 6ynu npoeedeHri Ha LY "lMokpoecbke" y 2012 poui. Ha-
cmynHuUM Kpokom 6ysio cmaHOBJIeHHs1 83a€M038 'A3Ky MiX napamempamu 6ypiHHA ceepdnoeuHu ma weudkicmio nocyeaHHsi nasu. Ha npuknadi
peasibHUX noka3Hukie 6ypiHHsI, siki docsi2Hymi npu peanizayii de2a3auiliHo2o npoekmy, po3paxoeaHa cepedHsl weudkicmb 6YpiHHS, siKa cknadae
6ins1 100 M/006y npu cepedHix MoKa3HUKax MUHynux pokie 500 m/micsiyb. HagedeHo po3paxyHkoei ¢popmynu Onsi U3Ha4eHHs1 W,0pPiYHO20 2poWo-
8020 nomoky eid disnbHocmi 6ypoeoi opaaHizauii. Kinyeeoro cmadiero y po6omi 6yno eusHayeHHs1 onNMuUMasbHUX MoKa3HukKie 6ypiHHS Onsi npo-
sedeHHs Oeza3ayiliHux po6im Ha eKOHOMiYHO eu2iOHOMY, payioHanbHO-00YiNbHOMY ma e¢heKmueHOMY pieHi.

OmpumaHi pe3ynbmamu do3eosuniu CmaHo8umu, Wo OCHOBHUMU Napamempamu, Wo ensueaoms Ha pe3ysbmamueHicms de2a3auii, € weu-
Okicmb 6YpiHHSI, onmumi3auisi KOHCMPYKUii deza3ayiliHux ceepd/io8uUHU, @ MaKOX PO3paxyHOK eghekmusHuUx eiocmaHel MiX ceepdnosuHamMu ma
8U3HaYyeHHs1 4Yacy ix nidzomoeku Ao nidxody nae. BusHayeHO, uj0 OCHOBHUMU ¢hakmopamu Onss docsizHeHHs1 e¢pekmusHocmi po6im € eKOHOMis1 Ha
3apo6imHux nnamax pob6imHukie, wo 3aliHaami Ha o6crly2oeyeaHHi 6ypoeux ycmaHOBOK, 3a paxyHOK weudkocmeli 6ypiHHSI ma cKopo4YeHHs1 o6csizy
iHeecmuuyiii dns 6ydieHuymea ceepdnoeuHu. lMidkpecieHo Heo6xiOHiCMb KOMIMIEKCHO20 OCBOEHHS iICHYyIOYUX podoeuwy, W0 NoedHye NpoeedeHHs
Odeza3zauyii 3 audobymkom eyainns.

Haykoea Hoeu3Ha po6omu nonsi2cae y aueedeHHi ¢hopmynu Onsi po3paxyHKy piyHo2o npubymky 6ypoeoi op2aHi3auyii y 3anexHocmi eid weuo-
KiCHUX Xapakmepucmuk npoeedeHHs1 6yposux pobim. BcmaHoeneHo nepesa2u mexHonoezili weudkoz2o 6ypiHHS ceepOsI0O8UH Y MOPI8HSAHHI 3 mpa-
QuuyitHumu.

lMpakmuyHa 3HaYyumicmb po6omu nonsi2ae y eusHaYyeHHi onmumanbHOi weudkocmi ma yMoe 6ypiHHsI, 3a siKux npoeedeHHs1 de2a3auii € doyi-
JIbHUM Ma eKOHOMIYHO eu2iGHUM. BucHoeku niomeepoxeHi pe3ysbmamamu, ompuMaHUMU Mpu eUKOPUCMaHHIi Ha npakmuyi mexHosozii weudkic-
HO20 6ypiHHs1, po3pobneHoi [pAT "[JoHeybkcmansb".
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OKOHOMUYECKAA 3DPPEKTUBHOCTb CKOPOCTHOIO BYPEHUA CKBAXWH B YCITOBUAX JOHBEACCA

nasHol yenbto daHHOU pabomel siensiemcsi uccsedoeaHue onMuMalsbHbIX ycoeull payuoHasrbHo20 rnpoeedeHusi deza3ayUoHHbIX pabom
npu 3KcnIyamayuu 2a300nacHbIX wWaxm u ux 3koHomu4veckol aghgpekmueHocmu Onsi o6ecrnieveHuss 6ezonacHocmu pabom, HapaujueaHusi o6bI4u
yans u ucnonb3o8aHusi 306bIMo20 2a3a 8 X035liCMEeeHHbIX YeslsiX.

Memoduka pabom sieissemcsi KOMIIEKCHOU U 06beduHsiem 20pPHO-MEXHO/I02UYECKYH0 U 3KOHOMUYECKYI cocmaensitoujue. [lepebiM amarnom
6b11 aHanu3 pesysibmamoe npoekma de2a3ayuu, KOmophblil npoeedeH HerocpedcmeeHHO Ha MmecmopoxdeHuu LLIY "lMokpoeckoe” u onpedeneHue
2/1a8HbIX NMapamempos, eusiloWux Ha pe3ysbmamueHocms de2a3ayuoHHbIX pabom. O606uweHHbI Nnapamempsl 6ypoebix pabom, npoeedeHHbIX
Ha LY "Mokpoeckoe” 8 2012 200y. Cnedyrowum waz2om 6b110 ycmaHoesieHUe 83auMocesi3u Mexdy napamempamu 6ypeHuUsi CK8aXUHbI U CKOPO-
cmbto npodeuxeHusi naebl. Ha npumepe peanbHbix nokazamesnel 6ypeHusi, ocmuaHymbIX Npu peanusayuu de2a3ayUoHHO20 MPoeKma, paccyu-
maHa cpedHsisi ckopocmb 6ypeHusi, komopasi cocmasJsisiem okosio 100 m/cymku npu cpedHuX nokazamesisix npowsnbix sjem 500 m/mecsy,. lMpueede-
Hbl pac4emHbie ¢popMyrbl Onsi onpedesnieHus1 exe200H020 AeHeXHO020 nomoka om desimesnibHocmu 6ypoeoli opeaHu3dayuu. KoHeyHoli cmadueii e
pabome 6b110 onpedenieHue onmuMasnbHbIX Mokasamesnel 6ypeHusi Onsi npoeedeHusi 0e2a3ayUOHHbIX pabom Ha 3KOHOMUYECKU 8bI200HOM, pa-
YUOHasIbHO-yes1ecoobpa3HoM U 3¢hgheKmusHOM ypPOBHe.

lMony4yeHHble pe3ynbmamsl M0380/UMU YCMaHOBUMb, YMO OCHOBHLIMU NapamMmempamu, eUsiOWUMU Ha pe3yibmamueHocmb Ge2a3ayuu, se-
nsiromcsi ckopocme 6ypeHusi, onmumu3ayusi KOHCMPYKYUU 0e2a3ayUOHHbIX CK8a)XXUH, @ makxe pacyem 3ghghekmueHbIx paccmosiHuli Mexdy ckea-
JKUHamu u onpedesieHUe 8peMeHU ux Mod20moeKu Kk nodxody nae. OnpedesieHo, 4MO OCHOBHbLIMU ¢hakmopamu Onsi docmuKeHus1 3ghgheKmueHo-
cmu pa6om siensiemcsi 3KOHOMUSI Ha 3apabomHbIX namax paboyux, 3aHIMbIX Ha o6cnyxueaHuu 6ypoebix yCMaHOB8OK, 3a c4em ckopocmeli 6y-
PeHUs1 u cokpaujeHue o6bema uHeecmuyuli 111 cmpoumesnibcmea ckeaxuHbl. [Tod4epkHyma Heo6xo0UMOCMb KOMIIEKCHO20 OC80EHUsI cyuwjecm-
syrowux MecmopoxoeHull, coyemarouwe2o nposedeHue dezasayuu ¢ 0obbiyell yans.

Hayuynasi Hoeu3Ha pabomsl 3aknro4aemcsi @ ebieedeHuUuU ¢hopmysnbl Ons1 pacyema 2odoeoli npubbinu 6ypoesoli op2aHU3ayuu e 3agucuMocmu
om CKOpOCMHbIX Xapakmepucmuk rnpoeedeHusi 6ypoebix pabom. YcmaHoersneHbl npeumMyujecmea mexHonoauli 6bicmpo2o 6ypeHusi CK8aXUH Mo
cpasHeHUr ¢ MpPaduyUuoOHHbIMU.

lMpakmuyeckas 3Ha4uMocmb pabombl 3ako4aemcsi 8 onpedesieHUU ONMUMalbHOU ckopocmu u ycrnosull 6ypeHusi, Npu Komopbix nposede-
Hue dezasayuu yennecoobpasHO U IKOHOMUYECKU 8bI200HO. Bbieodbl nodmeepxdeHbl pe3ynbmamamu, nosy4eHHbIMU Npu UCMOo/b308aHUU Ha
npakmuke mexHoJI02uu CKOPOCIMHo20 6ypeHusi, paspabomaHHol 3A0 "[loHeykcmanb".
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STRESS AND STRAIN ANALYSIS DURING THE SLEME TUNNEL EXCAVATION

(Reviewed by the editorial board member B. Maslov)
A stress and strain analysis by Finite Element Method (FEM) has been carried out during the portal section excavation for the Sleme

Tunnel right tube.

A comparison has been made of 2D and 3D model results with on-site measurement results for tunnel convergence and ground sur-
face settlement. Multistage excavations with pipe roof support of the working face were modelled.
The calculation model has shown that safe and cost-efficient excavation technology had been applied in the case under con-

sideration.

Introduction

A tunnel excavation requires detailed consideration
based on geotechnical and geophysical investigation re-
sults, excavation method, supporting method, geotechnical
measurements inside a tunnel, land surveying of the
ground surface, and an impact of the tunnel excavation on
structures in urban areas. Development of traffic networks
entails excavation of tunnels in geologically unfavourable
conditions. Due to large radii and relatively small ascents
and gradients of the road and railroad routes which cannot
follow the ground configuration, it is necessary to drive
tunnels even in weak rocks. Tunnel is a civil structure built
in unknown material, unlike concrete, wooden or steel
structures where the material is known in advance. Tunnels
are also built in urban areas, with low overburden, which
makes the construction still more complex.

Theoretically, excavations under low overburden are
those with the overburden height H being less than the
tunnel diameter D (H<D).

When a tunnel is excavated with low overburden in
weak and loose rocks, the possibility of working face cav-
ing-in increases, thus additional measures need to be
taken including supporting and multistage excavation.

Excavations when height H = D are made with particu-
lar caution and careful selection of technology, which calls
for wide experience. Designers tend to avoid portal zone
excavation, which requires high portal cutting or side cut.
This approach is easily applied outside urban areas, but
when the works are carried out in urban areas there is of-
ten no alternative.

For road tunnels with two lanes (width D), the New Aus-
trian Tunnelling Method (NATM) defines height H < 2D with
low overburden, and this approach has been accepted in
construction practice. Width D =10 m is adopted for typical
cross-section of a road tunnel in Croatia. Figure 1 shows
heights of overburden H=D =10 mand H=2D =20 m.

The NATM method can be tailored to frequent changes in
geological and geotechnical conditions at the working face
when the neighbouring geological formation is integrated with
the ring-shaped support structure which, to put it simply,
means that the rock itself is made a part of the support struc-
ture. The majority of time-related processes of stress redistri-
bution happen in the bearing rock mass arch, a zone around
the tunnel opening. The term "rock mass arch activation"
means activities undertaken to maintain and/or increase the
rock bearing capacity and use it to favourably affect the devel-
opment of the induced stress state, since the tunnel boring
changes the in-situ stress state 0,° and o’ into a considerably
less favourable induced stress state o, and op.

Unlike mechanical excavation of an entire profile in
favourable geological formations, boring in rock mass with
frequently changing geological and geotechnical conditions
along the tunnel line requires that a multistage excavation
method be used. Profile development using a multistage
excavation method is applied when the excavation with low

overburden is carried out in urban areas, weak rocks/soil,
fault zones, and when excavation is carried out for
underground rooms with larger cross-sections. A
multistage excavation is usually carried out in three stages:
top heading (Stage I.) — bench (Stage Il.) — invert (Stage
lll.). The distance between the stages depends on
geological conditions at the working face. In weak
rocks/soil, the bench and invert are excavated in intervals
exceeding one tunnel diameter D, in order to quickly close
the support ring and reach the new state of balance
preventing occurrence of larger convergences.

The majority of theoretical research is into the tunnel
excavation with low overburden focus on excavation using
the Tunnel Boring Machines (TBM) in urban areas. The
reason is a possibility of forecasting ground settlement as
the most frequently encountered side effect of tunnelling
within urban areas. This topic is particularly interesting for
development and use of the TBMs with large diameters,
which thus indirectly influences the direction in which the
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research goes. However, in excavation of shorter tunnels,
frequent changes of tunnel cross-section and surface areas
and side passages, the TBM is still much more expensive
than excavation using the NATM.

Authors writing about the NATM focus on the cases of
low overburden and use of NATM in weak rock mass and
urban areas, when NATM is used instead of the TBM. The
Croatian authors have also published works [10, 16] de-
scribing examples of tunnel construction (design and con-
struction). Some authors analyse incidents occurring during
excavation of tunnels with low overburden using the NATM,

London (2002)

which are frequently due to insufficient knowledge of the
method [1].

The highest risk encountered when excavating in weak
rocks with low overburden is ground surface settlement,
since consequences might sometimes be grave (Figure 2),
even disastrous, causing human casualties. Therefore, the
excavation methods chosen need to ensure security of
work performance and minimum settlement, which de-
pends on geological and geotechnical characteristics of the
rock mass, tunnel cross-section and excavation technol-

ogy.

" Munich (1994)

Figure 2. Ground surface caving-in during tunnel excavation in urban areas [1]

High standards of the work carried out along the tunnel
line minimize the risks during excavation. However, caving-
in happens during the tunnel excavation and accidents in
tunnelling practice cannot always be avoided.

A condition analysis needs to be made of endangered
structures along the tunnel line which might respond to an
underground excavation before the tunnel excavation starts.

In damage classification, it is necessary to differenti-
ate between the damage on load-bearing parts of the
structure which could ultimately cause collapse of the
structure or a part thereof and the damage on secondary
structural members.

Ground surface settlement surveying (levelling, GPS —
Geodetic Positioning System) is carried out during the tun-
nel excavation, and optical 3D measurements are carried
out in the tunnel including measurements of excavation
outline benchmark displacement (profile convergence).

Ground settlement caused by tunnel excavation at a
certain distance gradually increases closer to the working
face. To mitigate settlements and stabilise the excavation,
it is necessary to improve the rock mass during the excava-
tion process by grouting, pipe roof installation, soil freezing
or core reinforcement by fibreglass pipes [12]. This paper
discusses use of pipe roof for reinforcement [7].

-

-

- 3 "“‘p—t"'.

Figure 3. Excavation protection with paling [3]

The pipe roof method is a modern version of paling
(steel rods and breakdown sheets, Figure 3), an old mining
method of working face protection against material falling in

and easier installation of the support system members dur-
ing the rock mass excavation.
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A pipe roof method (Figure 4) is a technique where
grout-mix filled perforated steel pipes are embedded along
the tunnel outline in the excavation progress direction, which
creates a grouted zone as a protective arch under which the
excavation is carried out [11, 13]. An actual pipe roof

installation effect could only be evaluated by back analysis
once the geotechnical measurements have been completed,
since it depends on the rock type, number of installed pipes,
diameter of rock bolt walls and excavation method.

Land Surveying Results

The Sleme Tunnel is situated at the Vrata — Delnice
section of the Rijeka— Zagreb Highway. The 835 m long left
tube was finished in 1995, and the 858 m long right tube in
2008. The right tube portal excavation was based on the
known geology and using the pipe roof support.

The tunnel line passes through the Lower Jurassic car-
bonate sediments — liassic limestone with dolomite interlay-
ers. The limestones are light to dark grey, often recrystal-
lised, fossil contents are encountered with rarely, typically in
about 0.50 m layers fissured and fractured due to subse-
quent tectonic activity and occasionally hardly noticed. The
limestones are highly kartstified in the surface zone, with
large crack aperture, and Kkartstification of deposits con-
firmed during the tunnelling. The crack filling material con-
sists of high plasticity clay and calcite up to 5 mm. The clay
is also encountered in form of clusters, lenses and interlay-
ers. The surface is mostly covered with fine detritus and

Figure 5. The Sleme Tunnel portal with mari('éd positions of the right

Figure 4. Pipe roof installation [3]

clays-sandy material. The rock mass is heterogeneous and it
consists of clay, sand and loose karst rocks.

The area in which the Sleme Tunnel was built is tecton-
ically highly fractured and it belongs to the geotectonic unit
of Dinaric carbonate platform. Generally, the area is char-
acterized by variable discontinuity orientations on a rela-
tively small space, which is an indication of its being excep-
tionally tectonically fractured, as was actually confirmed
during boring of both tunnel tubes.

The measurements were carried out in the west portal.
Because the entire section was at risk of the working face
caving in, a pipe roof was installed consisting of
$114.3/6.3, 15.0 m long steel pipes filled with cement grout
mix as a reinforcement of the top heading arch.

The excavation outline displacements were measured
with optical 3D method in three benchmarks: in benchmark
1 in the u top heading apex, and in benchmarks 2 and 3 in
the bench sides (Figures 5 and 6).

! vq:'::-.ﬁ.
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Settlement was measured using optical methods. Two
benchmarks were set at the chainage 34+961.50 of the
west portal, 10 m from the excavation start point. The
benchmark installed in the tunnel axis is R2, and the

benchmark R1 is placed 8.50 m left from the tunnel axis.
Positions of benchmarks R1 and R2 are marked in Figures
5 and 6. The measurement results are given in Table 1.

Table 1
Measurement results for profile convergence and settlements during the Sleme Tunnel right tube excavation
Chainage Overburden (m) Measurement Vertical Transverse Longitudinal
of displacement u,(mm) | displacement u,(mm) | displacement u,(mm)
34+962.50* 8.5 convergence -12 3 8
34+975.00* 11.0 convergence -5 7 3
34+985.00 17.0 convergence -4 5 3
34+996.00* 21.0 convergence -2 3 3
34+961.50 8.0 settlement -17
* Numerical calculations for 10 m and 20 m high overburden
For comparison, the largest measured horizontal encountered during the left tube excavation work, and a top

(transverse) displacement of the left tube at a 25 m dis-
tance from the entrance [8], in identical rock mass, was
20.42 mm, which is considerably more than the displace-
ment in the right tube (3—7 mm). A lot of problems were

heading arch was reinforced using the paling (Figure 3).
Minor convergences in the right tube are caused by instal-
lation of the pipe roof.
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Figure 6. Settlements measured at chainage 34+961.50
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3. Excavation Numerical Modelling

An important role in selecting an excavation method is
played by numerical modelling of excavation in rock mass
based on geotechnical data for the constructed tunnels. [2].
Some of the problems encountered in numerical modelling
of weak rocks are described in the paper [6]. Numerical
analysis, together with geotechnical measurements, en-
sures safer and more cost-efficient design of tunnels and
other underground structures [10]. Actual mechanical
properties of a rock mass are very hard to determine [9]
and even the best field investigations could render incom-
plete data. The tunnel construction is faced with a problem
of considerably varying physical and mechanical character-
istics of the rock mass, which results in sudden changes in
geological conditions that have a major impact on the tun-
nel excavation. Stress variations within the rock mass/soil
quite often result in working face caving in when reactive
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pressure with which the primary support acts on the rock
mass is not sufficient. The lower overburden causes less
favourable stress state due to the heterogeneous nature of
the rock mass, lower self-supporting capacity and surface
impacts (water courses, structure load acting on the sur-
face, dynamic load of roads).

The stress and strain analysis with the FEM method
uses the following software: Sage Crisp 4 for 2D models
[15] and Plaxis 3D Tunnel for 3D models [14].

Calculations were made for 10 and 20 m high overbur-
den, for three-stage excavation without the pipe roof (Case
a), three-stage excavation with pipe roof in top heading
arch — design concept (Case b), and two-stage excavation
(top heading+bench, invert) with use of pipe roof and 2 m
invert excavation stage (Case c). Ultimately, the two-stage
excavation with reinforced pipe roof and 4 m invert excava-
tion stage (Case d) was carried out.
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Figure 7. Three-stage profile excavation for 3D calculation

The computational model of three-stage excavation us-
ing NATM method — top heading, bench, invert consists of
six phases (Figure 7):

1. Top heading excavation

2. Shotcrete placement into the top heading

3. Bench excavation

4. Shotcrete placement into the bench

5. Invert excavation (excavation stage 2 m)

6. Shotcrete placement into the invert.

First, the top heading excavation and supporting with
shotcrete on a 5 m long section were simulated, with 1 m
cycle step (excavation and support). Then, excavation and
shotcrete supporting of the bench on a 4 m long section
was simulated. The cycle step was 2 m. Next, the excava-
tion and shotcrete supporting of the invert on a 4 m long
section was simulated, with 2 m cycle step. A new top
heading, bench and invert excavation cycle followed until
the top heading length reached 20 m, and bench and invert
length 18 m. The total number of excavation cycles was 38,
and the total number of 3D calculation stages 76. A model
was created for a half of the cross-section excavation,
since the tunnel cross-section is symmetrical related to the
axis (Figure 8).

Since 3D calculation can show results for several
cross-sections with co-ordinates corresponding to the ex-
cavation stages, the cross-sections z = 0 (initial plane) are
shown which present the calculation in the excavated and
supported part of the tunnel located 20 m from the working
face (z = —20 m). Figure 8 shows position of these planes.

The computational model of two-stage excavation using
the pipe roof consists of four phases (Figure 9):

1. Top heading and bench excavation

2. Shotcrete placement into the top heading and bench

3. Invert excavation (excavation stage 4 m)

4. Shotcrete placement into the invert.

A 15-node wedge finite element mesh was used for 3D
model, while triangular and square finite elements were used
for 2D model. In order to eliminate impact of boundary condi-
tions, width of the coverage area selected for calculations is
four times tunnel opening to the left and right from the tunnel
axis. In the tunnel axis direction (longitudinal direction), the
coverage area width in 3D analysis was 50 m.

The adopted physical and mechanical characteristics of
the portal zone rock mass [4, 5], pipe roof and primary
support are given in Table 2. The Mohr—Coulomb elastic—
ideally plastic model was selected for the rock mass, and
an isotropic- elastic model for the primary support.

The pipe roof consists of 29 steel pipes, $114.3/6.3,
15 m long, filled with cement grout mix. The shotcrete
thickness is 20 cm, and rock mass reinforcement using
pipe roof in the top heading arch is 50 cm, which approxi-
mately corresponds to the as-built situation. Since there is
no general rule for calculation of the pipe roof reinforce-
ment, an approximate method was used to calculate
modulus of elasticity acc. to [6], Table 3, where the weak
rock mass was replaced with a system comprising steel
pipes + grout mix. Bulk density of the zone reinforced in
this way is 19.2 kN/m?>.

The calculation results are tabulated and shown in a
diagram (stresses, vertical displacements, ground settle-
ments). Figure 10 shows the pipe roof reinforcement for
two-stage excavation of the whole profile (2D calculation),
effective vertical stresses (a) and vertical displacements (b)
for a 10 m overburden.

The 2D calculation results, i.e. ground surface vertical
displacements — settlements with 10 m high overburden
after excavation of all stages, are shown in Figure 11.

The 3D calculation results of the ground surface set-
tlement with visible effect of the excavation pipe roof rein-
forcement are given in Figure 12.



~ 58 ~ B 1 C HU K KuiBcbkoro HauioHanbHoro yHisepcurerty imeHi Tapaca LleBueHka ISSN 1728-3817
_ {1V
|
‘ X
| z
|
|
| |
- — . —
Sleme Tunnel, 10 m, pipe roof, three-stage excavation
: 5.2 |F 256 - 16.06.10 i University of Zagreb |
Figure 8. Position of plane z = 0 (excavation of whole profile) and z = —-20 m (working face)
_- 10 m ok 10m 3

FLULELGLGLELELELEL UL SLELEL UL GL.ELELSLULELY

e

10 |

13|

14 15|

16 |

1718|1921 | D

TOP
HEADING

BEMNCH

IMVERT ARCH

4m

v

Y

Figure 9. Two-stage profile excavation for 3D calculation

Table 2

Physical and mechanical characteristics of the rock mass, pipe roof and primary support

Rock mass — Portal zone Pipe roof — reinforced rock mass Primary support — shotcrete
Modulus of elasticity E (MPa) 300 19,900 3,000
Poisson coefficient v (-) 0.25 0.25 0.20
Bulk density p (kN/m%) 26.5 19.2 25.0
Angle of internal friction ¢ (°) 28 - -
Cohesion c (kPa) 40 - -
Table 3
Calculation of the modulus of elasticity of the pipe roof reinforcement
Surface area Modulus of elasticity Product
Element (m?) (MPa)
a b a'b

Pipes 0.06 210 E+03 12.60 E+06
Grout mix 5.94 18 E+03 106.92 E+06
Sum: 6.00 119.52 E+06
Modulus of elasticity of rock reinforcement with pipe roof  mass 19,900
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Settlement (mm)

Figure 10. Two-stage excavation with pipe roof reinforcement, 10 m overburden:

a) effective stress, b) vertical displacement
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Figure 11. Ground surface settlement after excavation of all stages, 2D calculation
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Figure 12. Ground surface settlement after excavation of all stages, 3D calculation

Use of pipe roof mitigates convergences in the tunnel
and settlements. In real conditions, impact of the under-
ground opening on the settlement equals radius of plastifi-
cation of the rock material which depends on equivalent
radius of the opening. With increase in overburden, the
pipe roof effect on the settlement decreases, so when the
overburden is higher, the pipe roof acts so that it reduces
convergences in the top heading.

Values of vertical displacements of the top heading
apex and ground surface after whole profile excavation

(*20 m from the working face in plane z = 0) obtained by
calculations are given in Table 4. Calculation results are
given for 3-stage excavation (top heading, bench, invert)
using NATM method: without pipe roof (Case a) and with
pipe roof reinforcement (Case b, Figure 7 — design con-
cept); and for 2-stage excavation (top heading + bench,
invert) with pipe roof and 2 m invert excavation stage
(Case c) and 4 m (Case d, Figure 9 — construction).

Table 4

Vertical displacements u, in characteristic points

Vertical displacements u, (mm)
Overburden 10 m Calculation No pipe roof Pipe roof
3-stage 3-stage 2-stage 2-stage

Point Case a Case b Case c Cased
Ground surface 2D -75 -6.7 -7.7
Top heading apex 2D -11.2 -8.6 -9.7

Invert excavation stage 2 m Invert excavation stage 4 m
Ground surface 3D* -8.5 -73 -7.9 -9.2
Top heading apex 3D* -11.9 -94 -10.0 -114
Overburden 20 m
Ground surface 2D -9.0 -7.8 -9.7
Top heading apex 2D -19.2 -13.7 -16.0

Invert excavation stage 2 m Invert excavation stage 4 m
Ground surface 3D* -9.5 -8.7 -9.0 -9.9
Top heading apex 3D* -18.8 -15.6 -15.7.0 -17.0

(* displacement for z = 0; 20 m from working face)

Difference in total vertical displacements for two-stage
excavation with 2 m and 4 m invert excavation stage is
1.3 mm for settlement, and 1.4 mm in the top heading
apex. The measurement and calculation results show that
an optimum invert excavation stage for the contractor
would be 4 m. Also, the shorter invert excavation stage
results in less intensive overall convergence.

In addition to vertical displacement uy, and excavation
cross-section convergences uy, the 3D stress and strain
analysis calculates displacements in working face u, (pre-
convergence, Figure 13) which are particularly important
for excavation in weak rock/soil since they ensure timely
response. Provided ther are continuous geotechnical

measurements, and sufficiently small strains, a multistage
excavation could be done in a smaller number of stages.

Results of 2D and 3D numerical calculations are com-
pared with the results of measurements at chainages
34+962.50 and 34+975.00 for 10 m high overburden and
actual two-stage excavation with pipe roof and 4 m invert
excavation stage (Table 5.).

The results of 3D calculation for 10 m high overburden
correspond very well with measured convergences. The
difference in vertical displacements uy is -0.6 mm, and dif-
ference in transverse ux and longitudinal u, direction is only
2 mm, which is negligible.
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Figure 13. Vertical displacements u, in longitudinal section, overburden height 10 m, pipe roof
Table 5

Comparison of measurement results and calculated displacements

Overburden 10 m

Vertical displacement u, (mm)

Transverse displacement uy

Longitudinal displacement u,

(mm) (mm)
Measured -12.0(100%) 7.0 (100%) 8.0 (100%)
2D -9.7 (81%) - -
3D -11.4 (95%) 9.0 (128%) 10.0 (125%)

With such convergences (maximum 12 mm), a 0.20 m
thick support system is sufficiently yielding not to cause the
support failure, which complies with the NATM principles.
The same applies to 20 m high overburden. The highest
calculated convergence in a tunnel for two-stage excava-
tion is 17 mm, which is in good correspondence with
measured convergences. Displacement calculations and
measurements indicate that it is possible to make a more
cost-efficient tunnel excavation under the pipe roof protec-
tion in a smaller number of stages, i.e. in two instead of
three design stages, which is a common approach to exca-
vation of portal sections in weak and weathered rocks.

Conclusions

Excavation of a tunnel with low overburden is a com-
plex design 3D problem. In such conditions, the rock mass
is very heterogeneous and has variable physical and me-
chanical characteristics, it is prone to surface impacts and
thus potentially unstable. The practice shows that even
when the rock mass is well investigated, it is still not always
possible to forecast all the geological "pitfalls" of the un-
derground. Sudden and unpredicted changes in rock mass
characteristics could, in worst case scenario, cause tunnel
caving in and damage to the structures on the surface.

Numerical modelling enables predicting of rock mass
reaction to the tunnel profile excavation. An advantage of
the 3D FEM analysis is that it makes possible not only
modelling of an excavation by stages, but also by change
in excavation stage length in a particular phase (top head-
ing, bench or invert). The excavation stage is commonly
determined empirically, according to some of the engineer-
ing rock mass classifications or by in situ variation of exca-
vation stage with permanent geotechnical measurements.
Based on its long-term experience, contractor had decided
not to carry out the three-stage excavation but rather to

make a joint excavation of the top heading and bench dur-
ing the first stage and to carry out the invert excavation
subsequently (second stage). The 3D calculation has con-
firmed that the excavation stage of 4.0 m for the invert (the
envisaged stage was 2.0 m) is a boundary stage where
strains are such that they do not cause tunnel caving in. An
analysis of an optimum stage for excavation progress
shows that there are cases when the stages in certain
phases can be longer than designed. A contractor has to
decide whether to assume certain geotechnical risks. An
increase in an excavation stage shortens the construction
time and reduces the project costs. Quality forecasts are
possible only with numerical simulations of the 3D model of
the tunnel excavation, along with experience, intuition and
field measurements. This approach results not only in pro-
ject cost reduction but also in improvement of work per-
formance safety.

Data on geotechnical measurements, which are usually
kept unused on the archives, need to be used in the stress
and strain analysis so that the empirical knowledge could
be complemented with the results of numerical calcula-
tions. The analysis is intended to determine the degree to
which the numerical calculation results correspond with the
field measurement results. The back analysis of the as-built
status of the tunnel is particularly important for verification
of design parameters and excavation method.
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AHATI3 CTPECCY TA JE®OPMALIN NIA YAC PO3KOMOK TYHEIIO CNEME

lMpoeedeHo aHaniz cmpecy i deghopmayii Memodom ckiHyeHHUx enemeHmie (MCE) nid yac po3konok po3diny nopman Ha npaeili mpy6i myHHe-

o Cneme.

IMopieHsnbHUl aHani3 sukoHaHo Ha ocHoei 2D i 3D modentoeaHHs 3 pe3ylbmamamu euMiproeaHb Ha micyeeocmi Ons1 KOHeepa2eHYil myHesnto i
nosepxHi HazeMHux 6ydoe. BazamocmyniHyacmi po3konku 3 niompumkoto mpy6u Ha daxy poboyoi nosepxHi 6ynu 3MooesIbo8aHi.
Po3paxyHkosa modesib noka3ana, wo 6e3rneyHa i EKOHOMiYHO egheKmueHa MexHosI02is1 Po3KonkKu 6ysiu 3acmocoeaHi 8 po32/istHymomy eunadky.

T. XpecTak, A-p Hayk,

KomnaHus Buapgykr, 3arpe6, XopBatus,

A. INNazapeBuy, A-p HayK, aCCUCT.,

J1. ®pruy, A-p Hayk, npod., lidija.frgic@rgn.hr,
3arpebckumn yHuBepcuTerT,

®dakynbTeT NlopHoro gena, Feonoruun n HedtsiHoM MHXxXeHepuu, XopBaTus

AHAIN3 CTPECCA U AE®OPMALIUA NPU PACKONKAX TOHHENSA CNEME

IMpoeedeH aHanu3 cmpecca u deghpopmayuu MemoAoM KoHe4YHbIx anemeHmoe (MK3) npu packonkax pa3dena nopman Ha npasol mpy6e myH-

Hens Cneme.

CpasHumenbHbIl aHanu3 eblnosiHeH Ha ocHoee 2D u 3D modenuposaHusi ¢ pesysbmamamu U3MepeHuli Ha MECMHOCMU Of1si KOHeep2eHUuuu
MOHHess1 U NogepxHocmMu Ha3eMHbIX cmpoeHul. MHozocmyneHYamble packonku ¢ noddepikoli mMpy6bl Ha Kpbiwe paboyel nogepxHocmu 6binu

cMo0denupo8aHbil.

Pacyemnasi Modenb noka3sana, Ymo 6e30nacHasi U SKOHOMUYECKU 3¢hheKmueHasi MexHOI02usi PacKonKu 6buIu npL

MOM criy4ae.

1 8 pacc pueae-
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ECOLOGICAL AND GEOLOGICAL INVESTIGATION OF THE MINE INDUSTRIAL REGIONS
IN LUHANSK DISTRICT IN CONNECTION
WITH COAL-MINING INDUSTRY'S RESTRUCTURING

(Reviewed by the editorial board member M. Korjnev)

Goal. A range of problems arisen in the process of coal-mining industry's restructuring in Luhansk district is analyzed.

Methodology. Main factors determining the possibility of unfavorable and dangerous processes related to the closure of coal
mines are described and analyzed.

The new data of the concentration of heavy metals and toxins in waters, soil, coal waste and rock dumps in industrial areas of
closed mines in Luhansk district are obtained. In order to define the pollution level by several elements, a total index of concen-
tration (TIC) has been applied. This index characterizes the overall geochemical load produced by all chemical elements with
abnormal level of concentration.

Research results. The data processing of lithographic sampling in Luhansk region has helped to define five large and more
than 40 smaller areas of anthropogenic pollution. Within the main industrial areas, the more intensely polluted sites (2-32 km2)
were revealed. They are related to some plants or industrial units. TIC here is 16-50, and in some sites it reaches 150.

Topicality. It is revealed that the most contrasting (TIC 8 — 126) and extensive (410 kmz) anthropogenic area is located in Al-
mazno-Mar'yvsk mine industrial region and stretches over 48 km in the northwest direction from the town of Perevalsk to the
town of Zolotoye. Typical contaminants for this region are arsenic, lead, fluorine, mercury, barium, manganese. Within the region,
large areas (15-25 kmz) with the maximum (TIC 16-77) pollution level of land were revealed. They are limited to industrial and in-
tended for building landscapes of the towns of Alchevsk, Bryanka, and Stahanov. More local (1-4 kmz) but nevertheless more
contrasting (TIC 16-126) abnormalities related to contamination are recorded near the coil mining plants of the towns of Teplo-
horsk, Zolotoye, and Horskoye.

Conclusion. The main pollutants of soils and bed deposits are revealed, they are the following: arsenic, lead, fluorine, mer-
cury, phosphorus, zinc, and barium. Cadmium, thallium, antimony, manganese, lithium, copper and chromium are also found. In
order to determine the level of land pollution by several elements, the total index of concentration was used. The specific fea-
tures related to the occurrence of some microelements in industrial waste of Donbas are described, their probable sources and

possible ways of use are suggested.

Introduction. In the regions of coal industry develop-
ment extremely unfavorable ecological circumstances have
emerged. Anthropogenic changes in the geological envi-
ronment that covers the area of more than 15000 km?
within the limits of Donetsk, Luhansk and Dnepropetrovsk
prove this fact. The situation took a dangerous turn due to
the consecutive implementation of the program of removing
from service unprofitable mines, chiefly by applying a
method of "wet" conservation.

It is revealed that the main factors that precondition the
unprofitable and dangerous processes associated with the
closure of mines are the following:

> a fault-block structure of rock masses with a wavelike
translation of blocks;

» monoclinique bedding of multilayer, lithologically
heterogeneous and irregularly weathered mass of coal
deposits;

» disturbance of the stressed state of rock masses in
underworked areas, including the areas of abandoned
shallow workings;

» a wide spread occurrence of fill-up grounds (rock
dumps, dumps of domestic and industrial wastes);

» a large number of hydraulic engineering structures
(tailing dumps, sludge dumps, settling basins, etc.);

» occurrence of soluble rocks and rocks that change
their properties when soaked and rehydrated;

» imposition of depression cones in the areas related
to mines;

» changes in chemical composition of surface and
underground waters as a result of mines operation [1,2].

Taking into account the above listed, it is possible to
suggest that Donbas represents a disturbed and very sen-
sitive to exposure anthropogenic structure. The change in
the state of the rock mass in the context of removal of

mines from service will keep its magnitude but there will be
the emergence and development of the whole complex of
phenomena and processes quite undesirable in terms of
ecological and geological safety. Among the particularly
dangerous processes are the following:

» underflooding of territory and
underground structures;

» rehydratation of soils, change of their physical and
mechanical properties, activation of such processes as
subsidence and hydration of ground base under various
buildings, weakening of structure bonds in grounds that will
induce the development of exogenic geological processes
(sliding of slopes, ravines, etc.);

» activation of suffusion and erosion processes,
irregular subsidence of the surface and, as a result, the
deformation of buildings and structures;

» a hydrodynamic impact on the soil masses and
buildings;

» intensification of gas release and gas accumulation
in underground structures, cellars and basements, which is
closely related to the issues of social safety;

» activation of underground water movement in the
direction of operating mines, changes in the surface run-off;

» change in chemical composition of underground
water, including the water of small artesian basins used for
domestic and industrial water supply;

» increased corrosivity of groundwater and relevant
processes of deterioration of metal, concrete and
reinforced concrete structures.

The removal of mines from service affords ground to
consider ecological and hydrogeological factors and
wastes accumulated during the long-term mining (for in-
stance, waste dumps, slurry sumps and wastes of coal
dressing placed on industrial areas) as a source of impor-

submersion of
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tant influence on ecological and geological characteristics
of natural and anthropogenic systems. It is known that in
Stakhanov mining industry region there is approximately a
hundred of waste dumps; these waste dumps are the
sources of air pollution. Moreover, they have a negative
effect on the surface run-off, soil cover, and underground
waters. Therefore, the new data acquisition on the concen-
tration of heavy metals and toxic components in waste
dumps will improve the ecology of the area. Hence, the
research on the effect waste dumps and waste coal have
on the environment is extremely topical [3,4].

Goal. The goal of investigation is to reveal a mecha-
nism of toxic and "small" elements distribution both in the
rocks containing coals and the waste produced by coil in-
dustry plants. This will help to solve ecological and geo-
chemical problems concerning further storage or use of
products coming from coal conversion.

Methodology. In order to realize these goals, it is nec-
essary to solve the following tasks:

» to study the geological structure and hydrogeological
conditions within the locations of industrial enterprises;

» to study the special aspects of the waste storage;

» to carry out an investigation of potentially dangerous
objects of industrial plants: industrial area, waste dumps,
production waste, refuse dumps, mine water settling
basins, slime tanks, etc.;

» to define and map investigated anomalies.

Anthropogenic anomalies are characterized by a com-
plex of elements-impurities, therefore, in order to estimate
a level of land pollution by several elements, a total index
of concentration is used (TIC). This index characterizes the
geochemical load produced by all chemical elements with
abnormal content. According to the standards GOST
17.4.02-83 "Classification of chemical substances for land
pollution control", 24 elements of 1-st, 2-nd and 3-d classes
of danger were defined.

In some samples only selective components were de-
termined. In order to define the TIC, the value of their con-
centration was taken on the basis of related samples or,
otherwise, baseline value was used. This applies primarily
to arsenic [5].

Research results. In the result of data processing of
lithographic sampling in the limits of Luhansk region five
large and more than 40 local polluted areas were revealed.
Within the main anthropogenic site, the more intensely
contaminated plots (2-32 km?) were determined. All of
them are related to some plants or industrial units. TIC
here is 16-50, and in some plots it reaches 150.

It is found that configuration of anthropogenic anomalies
is very complicated and preconditioned by irregular distribu-
tion of pollution sources (mines, plants, industrial dumps).
Besides, complex air flows in urban area also add to the
problem. The main impurities of subsoil are: arsenic, lead,
fluorine, phosphorus, mercury, zinc, and barium; while cad-
mium, antimony, molybdenum, chromium, manganese, cop-
per, lithium, and thallium are of less importance.

The determination of natural geochemical background
plays a key part in defining the intensity of anthropogenic
pollution of subsoil. The assessment of geochemical back-
ground was carried out on the basis of characteristical
samples in the areas located far away from a source of
pollution. Local background was defined for each of the
three sites, as well as for the whole investigated area. The
coefficient of variation characterizing the diversity of back-
ground content ranges from 12 to 67.

Comparative characteristic of local background values
shows the certain (6-30%) increase in the content of lead,
phosphorus, cobalt from the west to the east. Higher con-
centration of magnesium, chromium, barium, lithium was
found in the central part of the investigated area.

It was revealed that geochemical background in the
south of Luhansk region practically doesn't differ from

clarkes and regional geochemical background of the soils
in Donetsk region [3,4].

Selected samples (n=1797) helped to define mean con-
tents of chemical elements. All the elements except vana-
dium and niobium showed an increase in mean contents in
relation to background concentration.

Topicality. It is revealed that the more contrasting (TIC
8 — 126) and extensive (410 km2) anthropogenic site is
located in Almazno-Mar’yvsk mine industrial region. It
stretches over 48 km in the northwest direction from the
town of Perevalsk to the town of Zolotoye. Arsenic, lead,
fluorine, mercury, barium, manganese are typical contami-
nants for this region. Within the site large plots (15-25 km2)
with maximum (TIC 16-77) subsoil pollution were detected.
They are limited to industrial and intended for building
landscapes of the towns of Alchevsk, Bryanka, and
Stahanov. More local (1-4 km?) but nevertheless more con-
trasting (TIC 16-126) abnormalities related to contamina-
tion are recorded near the coal mining plants of the towns
of Teplohorsk, Zolotoye, and Horskoye.

A close connection between maximum concentration of
elements and industrial and urbanized landscapes is par-
ticularly noticeable in a geological profile Zoinsk-
Mikhaylovka that runs across the town of Alchevsk. Here
one can detect positive abnormalities of lead, barium,
manganese, chromium, copper and negative abnormalities
of phosphorus and vanadium, and the latter two are not
characteristic for industrial landscapes.

The revealed anthropogenic site comes second in terms
of size and pollution level. It is a location (5 km wide and
80 km long) of sublatitudinal extension within the limits of
Bokovo-Khrustalny and Dolzhano-Rovenetsky mining re-
gions. Here arsenic, lead, mercury, barium, and molybde-
num have the most profound effect on the structure of con-
tamination. Maximal contamination level (TIC 16-149) is
recorded on the territory of industrial and urbanized land-
scapes of the towns of Vakhrushevo, Krasnyi Lukh, Antratzit,
Sverdlovsk, Chervonopartizansk, and a village Dzerzhinsky.

Peculiarities of chemical elements distribution in the di-
rection Krasniy Luch-Rovenki, Sverdlovsk-Krasnodon allow
to associate their maximal concentration with urban ag-
glomeration and certain plants (a mine "Centrosoyuz", a
plant "Titan", Krasnidon industrial and domestic waste).

Characteristic feature of anthropogenic site (TIC 8-
120), which was found in the area subjected to the influ-
ence of enterprises of Luhansk (80 km?), is the presence of
such elements as cadmium, antimony, lead, zinc which are
the main land pollutants.

Besides, large anthropogenic sites of pollution (100-
120 kmz) were detected near the towns of Lisichansk and
Krasnodon.

Waste dumps and waste coal may be used as a secon-
dary source of natural resources and building material, for
instance, as back filling in road construction. This will guaran-
tee the complex effective use of coal dumps and lead to the
improvement of ecological situation in coal mining regions.

Taking into account a range of modern ecological prob-
lems in coal regions, the view on rock dumps as mere recul-
tivation objects seems to be somewhat narrow. According to
the results of geological exploration, the majority of mining
waste should be considered as prospective deposits of fer-
rous, non-ferrous and rare-earth metals [4,6].

Available operational experience in processing such
anthropogenic deposits shows that the better they are ex-
plored, the more valuable they may become .

Conclusions. Special features of geological structure and
hydrogeologic conditions of investigated territories are studied.
It is defined that mining enterprises are the main sources of
pollution of land, bed deposits, surface and underground wa-
ters. Environmental pollution by harmful and toxic elements
has integrated nature due to a vast variety of sources of pollu-
tion, specific features of migration and accumulation.
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The main pollutants of soils and bed deposits are ex-
plored, and they are the following: arsenic, lead, fluorine, mer-
cury, phosphorus, zinc, barium. Cadmium, thallium, antimony,
manganese, lithium, copper and chromium also occur. Dan-
gerous concentrations of these elements are found on indus-
trial sites of coal mining enterprises and coking plants, where
the total index of pollution ranges from 16 to 32 units, and in
some enterprises it reaches 130 units.

Implementation of a complex approach to a coal-mining
industry's restructuring requires a change of attitude to rock
dumps, their estimation as a raw stock and adoption of new
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management solutions concerning their diversified usage,
particularly on the state level.
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EKONOro-reonori4yHi AOCNIMKEHHA NMPHUYONPOMUCIIOBUX PAVUOHIB NYTAHCBLKOI OBIACTI
B 3B'A3KY 3 PECTPYKTYPU3AUIEIO BYTIJIbHOI MPOMMUCNOBOCTI

Mema. lMpoaHanizoeaHo Komniekc NpobsieM Wo 8UHUKIIU NPU pecmpyKkmypu3auyii ey2inbHoi npomucnosocmi Jly2aHcbkoi o6nacmi.

Memoduka. OnucaHo ma cucmemMamu308aHO OCHOBHI ¢hakmopu siKi eusHa4yaromb MOXJIUGICMb 8UHUKHEHHS1 Hecnpusimiueux i He6e3neyHux
npouecie npu 3akpummi 8y2inbHUX waxm.

OmpumaHi Hoei AaHi 3a eMicmoMm ea)xkux Memariie i mMoKcUYHUX KOMIMOHeHmie y rpyHmax, eioxodax eyane3bazayeHHsl i TOPOOHUX eidsanax Ha
npommatidaH4yukax nikeidoeaHux waxm JlyzaHcbkoi obnacmi. [Qns eusHavyeHHs1 8eNlU4UHU 3a6pyOHEeHHS1 I'PYHMI8 KilbKoMma esleMeHmamu 3acmoco-
8aHull cymapHuli noka3Huk koHyeHmpauii (CI1K). Xapakmepu3ye 8iH 3az2anbHy 2e0XiMiYyHy HasaHMaXXeHHsl, cImeoplosaHy ycima XiMiyHUMu ese-
MeHmamu 3 aHOMaslbHUMU 3Micmamu.

Pesynbmamu. Y pesynbmaml 06po6ku daHux nimoximiuHo20 onpobyeaHHs1 mepumopii JlyeaHcbKoi o6nacmi eusiesieHo N'AMb 8eJTUKUX M/TOUSUHHUX MEeXHO-
2eHHUX opeoriie 3a6pyOHeHHs i binbwe 40 nokanbHux. BcepeduHi 0CHOBHUX MeXHO2eHHUX opeoartie audinsrombcst GinsiHKU (2 -32 kM’ ) 3 GinbW iHMEHCUBHUM 3a-
6pyOHeHHsIM rpyHmie. BoHu ripuypoyeHi 0o okpemux nidnpuemcme abo npomucsiosux eysnle CIK mym 1 6-50 a 8 okpemux micysix docsizae 150.

Haykoea Hoeu3Ha. BuzHayeHo, wjo Hal6inbw KoumpacmHuu (CI1K 8 — 126) i eenukuti (410 km ) mexHo2eHHuUl opeoJ1 po3mawosaHuli 8 Anmas-

Ho-Map‘iecbkomy elpHuqonpomucnoeouy palioHi i npocmsizaembcs Ha 48 km 8 [13 HanpsimKy 8id M. lMepesanbcbk 0o M. 3os10me. XapakmepHumu
3a6pydHIoeayaMu 0Nl HbO2O € MULL'AK, C8UHEUb, pmop, pmyms, 6apiti, MapzaHeub. YcepeduHi opeony eusieneHi eenuki (15 25 km?) dinsiHku 3
makcumansHum (CIK 16 — 77) 336py6HeHHﬂM noyeoepyHmis. [Mpuypo4eHi eaoHu do npomucnoeo-cenume6nux naHowagmie micm Anyeechbk,
Bpsiika, CmaxaHie. Binbw nokanbHi (1-4 km?) , ane kowmpacmni (CI1K 16 — 126) aHomanii 3 3a6pydHeHHsIM rpyHmie 8id3Ha4YeHi No6nu3sy eyanedo-
6yeHux nidnpuemcme pp. Tennozipcbk, 3onome, ipcbke.

lMpakmuyHe 3Ha4yeHHsi. BusieneHo ocHOBHi enemeHmu — 3abpydHroeayi noyeoepyHmoe i OOHHUX 8i0KnadeHb , HUMU €: MUW'SIK, C8UHeUb,
¢pmop, pmyms, chocghop, YuHk, 6apili. 3ycmpidaromscsi kadmil, maniti, cypma, mapaaHeyb, 1imil, Miob i xpomM. OnucaHo ocobnueocmi MOWUPEHHs
desikux MikpoesiemeHmie e npomucrniogux eidxodax [JoHbacy, HaeedeHi Moxnuei Axepena ix HaOX0O0KeHHs | eapiaHmMu 8UKOPUCMAaHHS.

Knrouoei cnoea. ByzinbHa npomucriogicmb, eKosi020-2e0s102i4Hi A0C/iOXKeHHsI, 2pyHmMuU, nid3emMHi eodu, 3a6pyOHeHHsl, CyMapHUli MOKa3HUK
koHuyenmpaduii (CI1K), Jly2saHcbka obnacmeb.
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yn. Bnagumupckas, 60, r. Kue, YkpanHa

3KONOro-reoNnorm4ECKME UCCNENOBAHUSA FOPHOMPOMBILLNEHHBIX PAMOHOB NTYTAHCKOW OBNACTU
B CBA3U C PECTPYKTYPU3ALUEN YIOJIbHOU OTPACIU

Uens. MMpoaHanu3upoeaH KoMnseKc npobsieM 803HUKWUX MPU pecmpykmypu3ayuu y2osbHol npombiwneHHocmu JlyzaHckol o6nacmu.

Memoduka. OnucaHbl u cucmemMamu3upoeaHbl OCHOBHbIe (hakmopbl onpedesnsilowue 803MOXHOCMb 803HUKHOBEHUSI Heb1a2oNnpusimHbIX U
onacHbIX MPOYEeccoes nMpu 3aKpbIMuu y20/1bHbIX waxm.

IMonyyeHb! Ho8ble aHHbIe MO codep)KaHUIO MSDKENbIX Memassioe U MOKCUYHbIX KOMIIOHEHIMO8 8 2pyHmax, omxodax yaneobo2aujeHusi u no-
POOHBLIX omeanax Ha npomnioujadkax nukeudupoeaHHbix waxm JlyzaHckol o6nacmu. [ns onpedeneHusi eeNUYUHbI 3a2pPsiI3HEHUST 2pPyHMO8 He-
CKOJIbKUMU 3/1eMeHmamu npumeHeH cyMMapHbIl nokasamens koHyeHmpayuu (CIK). Xapakmepu3yem oH o6uwjyro 2e0XuUMU4ecKyto Haspy3Ky, cO3-
OdasaeMyr0 8CeMU XUMUYECKUMU 3J1IeMeHmamu ¢ aHoMaslbHbIMU COOepKaHUsIMU.

Pe3ynbmamsi. B pesynbmame o6pabomku daHHbIX TUMOXUMUYECKO20 onpoboeaHusi meppumopuu Jly2aHckoli o6nacmu ebisiesieHo nsimb
KPYMHbIX nnomaaublx mexHO2eHHbIX 0peosioe 3azpsi3HeHuUs1 u 6osnee 40 s0kanbHbIX. BHympu 0CHOBHbIX MeXHO2eHHbIX 0OPeoJsI08 8bidesnromcsi
yuacmku (2-32 kM) ¢ 60/1€e UHMEHCUGHLIM 3a2Psi3HEHUEM M048. OHU MPUYPOYeHbI K OMOeLHLIM NPEINPUSMUSM UU MPOMLIWIEHHLIM Y3/1aM.
CI1K 3decb 16-50, a @ omdenbHbIx Mecmax docmuzaem 150.

HayuHasi Hoeu3Ha. OnpedeneHo, ymo Hau6osnee koHmMpacmHbiii (CIK 8-126) u o6wupHbIi (410 KM ) MmexHO2eHHbIU OPeoJ1 PacrosioxeH 8 AlIMa3Ho-
MapbeecKkoM 20pHONPOMbIWIIeHHOM palioHe u npocmupaemcsi Ha 48 km e C3 HanpaeneHuu om 2. [lepesanbck Ao 2. 3os10moe. XapaKmeprlmu 3azpsi-
3HUMenAMU Onsi He2o sI8JISIIOMCS MbIWbSIK, C8UHeY, ¢pmop, pmymb, 6apuli, Map2aHey. BHympu opeona ebisieneHb! KpynHbie (15-25 km ) y4yacmku ¢
makcumanbHbIM (CIK 16-77) 3a2psi3HeHUeM no4yeo2pyHmoe. [TpuypoyeHbl OHU K MPOMbIW/IeHHO-celumebHbIM naHowagmam 2opodoe Anyeseck, bps-
Hka, CmaxaHoe. bonee nokanwbHblie (1-4 kM°), Ho koumpacmuble (CIK 16-126) aHomanuu c 3ae2psi3HeHUeM o4Ye ommMeyeHbl 8671U3U yar1edobbisaroujux
npednpusimuii 2e. Tennozopck, 3onomoe, Mopckoe.

lMpakmuyeckoe 3HayeHue. BbisieieHbl OCHOBHbIE 3/IeMeHMbI-3a2PsI3HUMEIU M04802PYHMO8 U OOHHbLIX OMJIOKEHUU, UMU S8/ISAIOMCS: MblWb-
SK, ceuHeuy, omop, pmymsb, ¢hocghop, YUHK, 6apuli. Bcmpeyaromcs kadmul, mannul, cypbmMa, MapaaHeuy, qumul, Medb U xpom. OnucaHbl 0cO6eH-
HOCmMu pacnpocmpaHeHusi HeKOMOopPbIX MUKPO3/IeMeHMoe8 8 MpoMbiusieHHbIx omxodax [JoH6acca, npueedeHbl 803MOXHbIe UCMOYHUKU UX IO-
cmyneHusi U eapuaHmbl UCMOJIb308aHUSI.
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PECULIARITIES OF DEGRADATION IN LOESS SOILS' DEFORMATION
AND STRENGTH PROPERTIES ON THE EXAMPLE OF DNIPROPETROVSK CITY

(Reviewed by the editorial board member B. Maslov)
Presentation of mathematical modeling results for the deformation and strength properties degradation process using the group
method of data handling. Testing of this method had been applied to longitudinal data on the variability of the properties of the geologi-
cal environment as an element of regional level natural — technogenic system.

Research Objective: to establish the peculiarities of massif degradation on the example of the longitudinal data research on perigla-
cial formation soils’ properties using methods of stochastic and inductive modeling.

Solution methods and software: stochastic modeling performed with methods of correlation and multiple regression analysis;
inductive modeling — with group method of data handling. Software: STATIST (O. Honchar DNU), trial version of STATISTICA, cus-
tomized program by Koryashkina L.S. (Candidate of physical-mathematical sciences, Associate Professor at O. Honchar DNU)

Results. These peculiarities indicate that there is subordination between subsidence properties degradation and changes in
aggregate content: this confirms the A.K. Larionov's theory about consecutive destruction of rock's aggregate system and de-
crease in coagulation-dispersion type connections as a result of increase of water film thickness during subsiding.

Scientific innovation. Methods of inductive mathematical modeling applied to the description of change pattern in loess soils’
exposed to technogenesis allows to objectively establish factorial variables whose changes affect the intensity of the process.
Coordinates, soils’ physical properties indicators were set as the factor variables. The evaluation of technogenic impact intensity

is not performed, which greatly simplifies the solution.

Practical significance. Inductive Modeling will enable more accurate predictions of strain.

Presentation of the basic research results. Peculiari-
ties of the loess soils' deformation and strength properties
have been the subject of scientific research for a long time
(Krokos V.I., Abelev Yu.M., Larionov AK., Lysenko M.G.).
The nature of subsidence as a physical-chemical process is
explained from the view point of theories by Denisov N.Ya.,
Sergeev E.M. and Minervin A.V. Subsidence change pat-
terns as a result of properties change in rocks exposed to
technogenic factors are researched insufficiently and repre-
sent a current scientific problem. A lot of attention is drawn to
the problems of subsidence properties degradation in soils
massifs' exposed to technogenesis [1, 4, 5].

There is a shortage of works dedicated to the change
patterns of loess-type and loess soils exposed to the simul-
taneous influence of high intensity transient physical fields,
for instance, in cities. To study the real processes in sub-
siding soils' composition changes, conditions and proper-
ties under their exposure to complex factors' impact one
needs to research longitudinal data series. Such sampling

is time-consuming. In some cases it is very difficult to re-
store the data about technogenic impact intensity. Methods
of permeability experimental modeling, consolidation in the
process of argillaceous soils formation are in the stage of
development [6]. Special attention is dedicated to the study
of the relationship between the soils' structural-textural
features and development of hazardous and unfavorable
processes [7, 8]. The study of soils' deformational behavior
as a result of microstructure peculiarities — is one of the
trends which has been both traditional and fast growing in
recent years [9, 10, 11]. Physical experimental modeling
methods contribute to the solution of forecasting problems
on condition that mechanical similarity criteria are strictly
adhered to. Due to the development of the nonlinear dy-
namics methods, the theory of dynamic systems [12] and
their application in tackling practical tasks in geology there
is a need to change modeling methods used for engineer-
ing-geological processes forecasting.
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Figure 1. Skewness of average values (in a year) (a) and particular values of periglacial formation properties' indicators (b)

Methods of inductive mathematical modeling allow to
solve a wider array of tasks in massif's condition evalua-
tion. To characterize the periglacial formation properties,
the total number of 3,104 monoliths was selected from the
aeration zone. The foundation is comprised of the standard
measurements of the properties' engineering-geological
indicators — materials of State Enterprise "UkrGIINTIZ,
OSC "DneproGiprotrans", "Ukrjuzhgeologija" that were
included into the common database (1956-2007
years).Stochastic analysis of average values (by the
measurement year) and particular values showed that data

skewness and kurtosis in the second case is several time
higher (Figure 1).

The rank correlation of year's average values showed
that linear correlation with indicator's measurement year
was discovered for fraction composition 0.25-0.1 mm (rank
correlation coefficient r equals = 0.42); the negative corre-
lation — for deformation module and specific cohesion
(r =-0.57; -0.72 respectively). The correlation was not con-
firmed by regression. The particular values' rank correlation
showed that indicators have a sense of the spatial variable,
there is correlation of values with the sampling depth

© Mokritskaya T., 2013
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z.Thus, the rank correlation coefficient for soil density p
with sampling depth z equals 0.57, natural humidity w 0.21
and deformation module E 0.61.

Positive correlation with sampling year t was discov-
ered for the following indicators: content of particles bigger
than 2 mm with natural humidity w. per unit, (r=0.288).
Positive correlation with sampling year t was discovered for

absolute deformation value in case of compression testing
of naturally humid soil at the stage of normal compression
0.15 mPa (r=0.43), the internal friction angle Fi (r=0.66).
Negative correlation with sampling year t was discovered
for values distribution of specific cohesion ¢, mPa, (r=-
0.697), deformation module E, mPa, (r=-0.25). Rank corre-
lation values between the indicators are not high (Table 1).

Table 1
Correlation matrix for periglacial formation properties' indicators
(particular values)
WL wpP w PLS PL RO,1 DEF0,15 ESAT FI (o

WL 1.00 0.49 0.36 0.47 0.19 -0.14 0.10 -0.12 -0.40 0.48
WP 1.00 0.36 0.14 0.11 0.09 0.33 0.24

w 1.00 0.18 0.53 0.26 0.38 -0.16 0.16
PLS 1.00 0.14 0.1 0.12 -0.12

PL 1.00 0.16 -0.33 0.49 0.30
RO,1 1.00 0.32 0.62 -0.42
DEFO0,15 1.00 -0.30 -0.22 -0.23
E, sat 1.00 0.29 0.32
FI 1.00 -0.64
(o 1.00

Notes to Table. 1-5: 1. Only meaningful values of rank correlation coefficient are presented. 2. Empty cells mean the absence of mean-

ingful values of rank correlation coefficient. 3. WL, wl, WP,wp — plasticity limits, per unit; W,w — natural humidity, per unit; ps — soil particles'
density, gr/cm3; PL, p- soli density, gr/cm3; R 0,1 — fraction particle content 0,25-0,1 mm; DEF0,15 — absolute deformation during naturally
humid soil compression test at the level 0,15 mPa; E, sat — deformation module in water saturated condition, mPa; FI — internal friction

angle, degree; C,c — specific cohesion, mPa. 4. Symmetrical matrix elements are not displayed.

Multiple regression of indicators properties' particular
values in the inhomogeneous sample showed that correla-
tion models are standard in the set of the dependent and
independent variables irrespective of the multi — colinearity
signs (Table 2).

The multiple regression analysis method requires adher-
ence to strict conditions regarding the homogeneity of selec-
tive distribution; these conditions can not be fulfilled in this
case. To find the optimal model of correlation between the
indicators of subsidence, deformation and strength proper-
ties, group method of argument handling was used[4]. Stan-
dard, most often measured indicators were chosen as vari-
ables characterizing the inner properties of the formation.
Testing numerous possible variants allowed us to define the

optimal fraction of particle size content that determines the
values of relative subsidence. On the compression level
approximately equal to the common urban one, particle size
content is not a factor for subsidence degradation due to the
fact that fraction content is used as a nonlinear component in
the model which does not include time as a factor variable.

In the compression interval 0.05-0.1 mPa, with the linear
variable t the coefficient is high, the fraction interval for which
the time changes act as the subsidence factor is bigger.
Fraction content changes in time act as subsidence factor on
the compression levels which correspond to extra load
(0.3 mPa), for fraction content 0.5-0.25 mm. It is possible to
find correlation between changes in certain fractions content,
pressure and micro aggregates' size (Table 3).

Table 2
Regression model for particular values of loess formation (particular values)
The dependent variable Regression Model Model's parameter AR?
PL p=0,0008year+0,01z+0,0267w 0,992
WL WL=0,103*ps 0,97
Table 3

Coefficients for models' factor variables in loess type loams' subsidence

Compression mPa Fraction. R. mm Coefficients for variables' linear elements
T Year, t WL, WP w PLS PL R
0.25-0.1 0.0015 | + +
0.05-0.01 0.0011 + 0.0017
0.05 0.01-0.005 | + 0.01 0.005 | + +
1.0-0.5 + + 0.107
0.5-0.25 + 256.42 | 91.836 0.005 1.173 1.807
0.25-0.1 | + + 0.0055 -0.048 -0.028
0.1-0.05 0.867 | 24.604 | + 0.135 | 0.0317 -0.016 0.986
0.1 0.05-0.01 | + -0.053 + 0.0025 | +
1.0-0.5 + 0177 | + 0.001 0.0057
0.5-0.25 | + 0.07 -0.831 0.004 | + 0.002
0.3 0.25-0.1 0.03 0.006 0.378 0.006

Notes to Table 3-6: (+) — the variable is included as a factor one, as non-linear element: an empty cell means that variable is not in-
cluded as a factor one. R — content of a fraction in the range 0.25-0.1; 0.1-0.05; 0.05-0.01; 0.01-0.005 mm

Results analysis shows: the higher the compression,
the bigger is the aggregates' size whose changes in time
act as a factor in subsidence properties' degradation. Lin-
ear relation between functional and factor variables is due
to the controlling impact of the destruction process. In the
loads' interval 0.05-0.1 MPa which are nearly equal to
structural strength, accumulation takes place — slight in-
crease in fraction content 0.25-0.1 mm, because the in-

crease signs of relative subsidence (in the process of deg-
radation) and fraction content are not identical. The reason
for that is the destruction of big aggregates sized 0.5-
0.25 mm and of the fraction sized 0.1-0.05 mm, this is indi-
cated by the sign "+" or " —" in front of the coefficient. At the
compression level of 0.3 MPa takes place the destruction
of sand aggregates sized 0.5-0.25 mm. Coefficient analysis
at linear factor variable "fraction content" indicates, that
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linear relation between relative subsidence coefficient and
fraction content predominates at compression level 0.05—
0.1 MPa. This level is nearly equal to structural strength
limit. With linear variables at other compression levels coef-
ficients are lower or non-existent. Linear relation between
fraction content and subsidence degradation appears in
the dispersion range from 1 to 0.05 mm, which corre-
sponds to the sizes of macro- and microaggregates in
loesses [2, p. 146]. Non-linear relation of increase appears
in fraction 0.05-0.01 mm and subsidence degradation.
These peculiarities indicate hat there is subordination be-
tween subsidence properties degradation and changes in
aggregate content: this confirms the A.K. Larionov's theory
about consecutive destruction of rock's aggregate system
and decrease in coagulation-dispersion type connections
as a result of increase of water film thickness during sub-
siding [2, p. 225]. Fraction content 0.1-0.25 mm has the

biggest impact on the values of plasticity's lower limit, natu-
ral humidity and density.

All the functional variables — deformation properties in-
dicators have the spatial pattern (Table 4). Correlation be-
tween time and physical properties is more evident in the
models created for the undisturbed condition.

Values of the internal friction angle increase in time,
module's values — decrease. Increase in internal friction
angle values and the deformation module with depth re-
flects the relationship between values in their natural condi-
tion and the changes due to technogenic impact.ln some
cases values' decrease (increase) in time does not negate
relationship with the sampling depth; this affects the results
of the regressive analysis: models for properties regression
and the coordinate have not been received. Deformation
and strength properties' change in time are connected with
changes of medium's dispersion, they reflect degradation's
direction and intensity.

Table 4

Coefficients at linear elements of models' factor variables for the physical-mechanical indicators of loess loams' properties

Variable Factor variable (upper line) and their values (lower line)
z t WL wpP w PLS PL
E 0.863 -0.543 0.226 -12.05 11.577 -0.832 | -
t z WL wpP w PLS PL
Fi - 0.781 -7.316 | - 56.953 0.101 14.639
z t year WL wpP w PLS
E, sat 0.705 | + 0.001 | - 0.358 4.654 -0.035

Notes to table 4-6: (+) — the variable is a factor one, the relation is non-linear; (-) — the variable is not a factor one; 0.705 — coefficient of the
linear polynomial element of ai Xi type, where a — is a coefficient at factor variable; X — factor variable, year — indicator's measurement year

Table 5
Coefficients at linear factor variables in models of paleosoil horizons' relative subsidence
Compression MPa Fraction R Coefficients at linear factor variables t. year
R t. year z WL w PLS PL R
0.01-0.005 + 0.069 0.006 | +
0.05 | meHee 0.005 + -0.119 + -0.004 | +
1-0.5 | + + 0.13 | 0.0016 | 0.0018
0.5-0.25 | + + 0.13 | 0.0016 | 0.0018
0.25-0.1 + + -0.009 -0.011
0.01-0.005 + -0.018 + 0.001
0.1 | meHee 0.005 0.217 0.289 + 0.055 -0.001
0.25-0.1 + + -0.106
0.15 0.1-0.05 + + -0.106
0.01-0.005 -0.693 | + 0.001 | +
0.2 | meHee 0.005 -0.693 | + 0.001 | +
0.5-0.25 + 17215 56.86 | + 0.031
0.3 | Menee 0.005 0.071 | + + + 0.069 | 0.0197 | +
Table 6
Coefficients of linear factor variables in models of paleosoil horizons' physical-mechanical properties
Physical properties indicators
Coordinates
Variable t z WL wpP w PLS PL
C -0.085 5.046 -1.063 -0.097 | + -0.398
C. sat 1.111 -1.694 -8.26 0.9
E 0.0048 24.528 -1.194 -0.192 1.676
E. sat + 0.94 80.57 -26.71 0.104
Fs. sat + + -126.23 67.23 270.17 1.111

Notes: Fs — internal friction angle, degree, complete water saturation condition

Result analysis of paleosoil horizons' changes study
shows that soil density is a linear factor variable, while solil
particles density is non-linear in the majority of models (Ta-
ble 5). Linear relation between the sandy and silt fractions'
content and subsidence degradation is discovered in the
compression interval 0.05-0.1 MPa; this points out to the
relationship change between the compressions' interval in
which aggregates' destruction is a factor for subsidence deg-
radation. Linear relation between clay fraction content
changes in time appears only at the level of 0.3 mPa, in all
other cases linear relation is poorly defined or absent. Sub-
sidence models' spatial pattern is confirmed at the initial
compression levels. In this model selection factions act as
factor variables. Coefficient values are smaller than in loess-

like loams' models. In paleosoil horizons microaggregate
content changes are less defined than in loess-like loams.

Linear connections with measurement year are con-
firmed only for the deformation module values (Table 6),
the tendency does not correspond to mechanical properties
indicators' changes for subsiding loess-like loams. In the
process of subsidence degradation in paleosoil horizons
fine sand aggregates' and fine clay aggregates' accumula-
tion is accompanied by a decrease in the fraction content
0.01- 0.005 mm.

Conclusions:

* For loess-like loams and paleosoil horizons the ag-
gregate composition changes in the process of subsidence
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degradation are characterized by different trends, which
leads to the decrease in massif's anisotropy.

* Indicators of loess-like loams deformation properties
do not lose the character of spatial variables. The internal
friction angle values increase in time, while module values
— decrease; but with depth — they increase.

* For loess-like loams, deformation and strength prop-
erties' changes in time are connected with the medium's
dispersion changes which reflect direction and intensity of
degradation.

* Result analysis of paleosoil horizons' changes study
indicates that soil particles' density is present as non-linear
factor variable in the majority of models.

* Compression intervals in which aggregates destruc-
tion is a subsidence degradation factor depends on the
type of soil, because for loess-like loams and paleosoil
horizons the difference in coefficients at linear factor vari-
able "fraction content" is one order of magnitude or more.
Microaggregate content changes in paleosoil horizons are
less defined, than in loess-like loams.
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OCOBNMBOCTI AErPAOALIT AE®OPMALINHUX TA MILHICHUX BNTACTUBOCTEWN NECOBUAHUX MPYHTIB
HA NPUKNALI m. AHINMPOMNMETPOBCHKA

HaeedeHo pe3ynbsmamu mamemamu4Ho2o modentogaHHs1 deghopmayiliHux i MiyHiCHUX ennacmueocmeli 8 npouyeci deepadayii 3 suKkopucma-
HSIM Memody epynoeozo o6niKy apaymenmis. Ljeli Memod 6ye 3acmocoeaHutli Onsi onucy MiHnueocmi enacmusocmeli 2eosio2iyHo20 cepedosuwa
SIK esleMeHma npupodHO — MeXHO2eHHOI cucmemMu pe2ioHasIbHO20 PieHSI.

Mema OocnidxeHHs1: ecmaHosumu ocobnugocmi dezpadauii Macusy Ha npuknadi mpueanoao docnidxeHHs OaHUX MPo elacmueocmi nepuansiyi-
anbHUX r'pyHmie 3 euKkopucmaHHsIM memodie cmoxacmu4Ho20 ma iHOykmueHo20 mModesitoeaHHsi. Memodu piweHHs1 i npozpamMHe 3abe3ne4eHHs1: cmo-
Xxacmu4He MoOeJs108aHHs 6UKOHaHO MemodaMu KopessiyiliHo — pe2peciliHo20 MHOXUHHO20 aHani3y; iHdykmueHe Modesllo8aHHs1 — MemodoMm 2pyrnoso-
20 ypaxyeaHHs1 ap2ymeHmie. [IpozpamHe 3abe3neyeHHsi: STATIST (QHY im. O. MoH4yapa), STATISTICA (trial — eepcisi), asmopcbka npozpama (kaHo. ¢his.-
mam. Hayk, doyeHm [HY im. O. MNoHyapa J1.C. KopsiwkiHa). Pesynbmamu nidmeepdxyroms nionopsiokoeaHicme dezpadayii enacmueocmell i 3MiH a2-
pe2amHoz2o cknad, wjo niomeepdxye meopiro A.K. JlapioHoea npo nocnidoeHe pyiiHyeaHHi azpe2amueHoi cucmemu rnopodu i 3MeHWeHHI 3e'si3kie
KoazynsiyitiHo — dicnepeaayiliHo2o muny e pesynbmami 36inbweHHs1 MoesuwUHU 800HUX M/1i8OK Npu ocidaHHi [2, c. 225]. Haykoea Hoeu3Ha. Memodu
iHOyKmMueHO20 MamemMamu4Ho20 ModesTlo8aHHs 3acmocosyrombCsi O5isi onucy 3MiHU enacmueocmel siecogux ' rpyHmie , ujo niddaromescsi mexHoze-
He3y, 0o3eo0J1sie 06'ekKmu8HO ecmaHo8umu ¢hakmopian 3MiHHUX , 3MiHa sIKUX ennueae Ha iHmeHcueHicmb npouyecy. KoopduHamu, ¢hi3u4Hi Moka3HUKU
enacmusocmeli 6ynu obpaHi hakmopHUMuU 3MiHHUMU. OyiHKa iHMeHcueHOCMi MeXHO2eHHO20 8IIU8Y HEe BUKOHYEMbLCS, W0 3Ha4YHO CMPOWYE 8upi-
weHHs1. lMpakmuyHe 3Ha4YeHHs1. IHOykmueHe ModesiroeaHHs1 003801UMb 8UKOHY8amu 6inlbw MoYHi Npo2Ho3u deghopmayii.

T. Mokpuukas, K.reon.H., gou., mokritska@i.ua,
[HenponeTpoBCKWUIA HaLuMOHanNbHbIN YHUBepcuTeT umeHu Onecs MoHuvapa,
np. K. Mapkca, 36, r. AHenponeTpoBck, 49044, YkpanHa

OCOBEHHOCTU OErPAOALNU OE®OPMALIMOHHbIX U MPOYHOCTHBLIX CBOMCTB NNIECCOBUAHbLIX FPYHTOB
HA NMPUMEPE r. JHEMPONETPOBCKA

lNpueedeHb! pesynsmambsi MameMamu4ecko2o ModesiuposaHusi de¢hopmMayUOHHbIX U NMPOYHOCMHbLIX ceolicme e npoyecce deezpadayuu ¢ uc-
nonb30e8aHueM 2pynnoeoz2o Memoda yyema apaymeHmos. dmom memod 6bi1 npuMeHeH 0151 OnucaHusi u3MeH4Yu8ocmu ceolicme 2eoso2uyeckoll
cpedbl Kak asileMeHma npupooHO — MexHOo2eHHOU cucmeMbl pe2uoHasIbHO20 YPOBHS.

Lenb uccnedosaHusi: ycmaHosumes ocobeHHocmu dezpadayuu Maccusa Ha npumMepe 011umesnibHoO20 ucciedoeaHusi OaHHbIX O ceolicmeax rne-
puansiyuanbHbIX 2pYHMOE C UCMO/Ib308aHUEM MEeMOO08 CIMoxacmu4ecko2o U UHOyKmueHo2o modenupoeaHusi. MemoOdb! peweHusi U npozpamm-
Hoe obecreyeHue: cmoxacmuyeckoe ModesiupoeaHue 6bIMOJIHEHO MemodamMu KOpPPesyUOHHO-Pe2PecCUOHHO20 MHOXeCMBEHHO20 aHau3a;
uHdykmueHoe ModesiupoeaHue — MemodoM 2pynrnoeo2o yvyema apa2ymeHmos. [lpoepammHoe obecneyeHue: STATIST (OHY um. O. MoH4vapa),
STATISTICA (trial — eepcusi), asmopckasi npoepamma (kaHO. ¢pus.-mam. Hayk, doyeHm [HY um. O. NoH4apa, J1.C. KopsiwkuHa). Pe3synsmamsbl yKka-
3bl8arom Ha conod4uHeHHocmb Oez2padayuu NPocadoyHbIX ceolicme u Uu. Hull azp 1020 cocC , Ymo nodmeepxxGaem meopuro
A.K. lapuoHoea o mnocnedoeamenbHOM paspywleHuUU azpe2amusHoli cucmemMbl MOpodbl U yMeHbWeHUU ces3ell Koa2ynsiyUuOHHO-
ducnep2ayuoHHO20 muna e pe3ysbmame yeesiudeHuUss MosWUHbl 800HbIX M/IEHOK npu npocadke [2, c. 225]. HayyHast Hoeu3Ha. Memodb! uHOyK-
MueHO20 MameMamu4ecKo20 MOdesIupPO8aHUsT MPUMEHSIIOMCS ONsi ONuUcCaHUsi U3MEHEeHUs1 ceolicme J1Iecco8bIX '2pyHMos, nodeep2arouyuxcs mex-
HO2eHe3y, Ymo no3eoJsisiem 06bLeKMU8HO ycmaHo8UMb haKmMopHbIe nepeMeHHbIe, U3MeHeHUe KOMOopPbIX 8/lusiem Ha UHMeHCUBHOCMb Npoyecca.
OueHKka UHMEHCUBHOCMU MEeXHO2eHHOo20 eo3delicmeusi He 8bIMOIHAeMCs, YMo 3Ha4umesnbHO ynpoujaem peweHue. [TpakmuyecKkoe 3HayeHue:
UHOyKmMugHoe ModesiuposaHue o380/1uMm 8bINo/HAMb 6os1ee Mo4HbIe MPO2HO3bl dehopmayuu npocadku.
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POTABLE CENOMANIAN-CALLOVIAN GROUNDWATER COMPLEX CHEMICAL
COMPOSITION CHANGES DYNAMICS IN KYIV AS A RESULT
OF LONG-TERM EXPLOITATION

(Reviewed by the editorial board member M. Korjnev)

Purpose. Potable ground water chemical composition and quality class changes tendencies of Cenomanian-Callovian groundwater
complex in Kyiv as a result of long-term exploitation were revealed. For this purpose mathematical-statistical methods and GIS-
technologies were used.

Methodology. In the research systemic, mathematical-statistical, geoinformational approaches, typification method and descriptive
procedure were used. For mathematical and statistical processing Microsoft Excel, Statistica, Attestat software packages were chosen;
for cartographic schemes construction and for spatial analysis and modelling in GIS Corel Draw, Mapinfo Professional and ArcView
programs were used.

Findings. Kyiv potable ground water chemical composition and quality class changes investigation methodology on the basis of
combined mathematical-statistical methods and geoinformatics technologies were developed. Non-parametric statistics method (Mann-
Witney criterion), used for hydrogeochemistry data analysis, description and substantiation are given. Kyiv territory typification, based
on geomorphology characteristic, was done; the most vulnerable to contamination city zones were defined.

Originality. For the first time general tendency of Cenomanian-Callovian groundwater complex deterioration was revealed in Kyiv; it
was determined that city potable groundwater chemical composition basic components changes of observable groundwater complex
have irregular space character and depend on exploitation intension and geo-hydrogeological and geomorphological territory district
structure. Also for the first time Kyiv territory typification, based on Cenomanian-Callovian potable ground water chemical composition
basic components and quality class changes, was implemented; deterioration tendencies were determined.

Practical value. Practical application of determined Cenomanian-Callovian complex potable ground water chemical composition and
quality class changes tendencies in Kyiv will allow to prevent further ground water deterioration with the help of exploitation system
optimization. Obtained results have the potential to become the basis for the potable ground water chemical composition monitoring

system development in Kyiv; methodological approaches and techniques can be used for urbanized territories ground water study.

Introduction. Nowadays Kyiv population potable water
supply is provided both at the expense of surface water
(75,9 % of city supply general balance) and groundwater
(24,1 %) [5]. Since surface waters are polluted and need
considerable preliminary water preparation for potable
quality assurance, strategically important potable water
source is groundwater. From this point of view within the
bounds of Kyiv important groundwater sourses are
groundwater complex in sediments of the middle and the
upper Jurassic Ivanytska formation and the lower and the
upper Cretaceous Zagoryvska, Zhuravynska, Burimska
formation (next — Cenomanian-Callovian groundwater
complex) and aquifer in sediments of the middle Jurassic
Bayos layer Orelska formation.

During long-term exploitation (more than 100 years),
significant changes of active water exchange zone hydrody-
namic conditions appeared. Also these changes are detected
in the above mentioned groundwater complex and aquifer [2,
4]. This potentially should have an effect on groundwater
chemical composition. However, modern water quality obser-
vation system is exceptionally factographic (MPC accordance
periodical dotted control) and doesn't provide spatio-temporal
estimation of groundwater chemical composition changes, the
same way as deterioration forecasting.

In this connection the necessity of research to reveal po-
table Cenomanian-Callovian groundwater complex chemical
composition and quality changes tendencies, based on mod-
ern native and european requirements, appeared.

Methodology. Systemic, = mathematical-statistical,
geoinformational approaches, typification method and de-
scriptive procedure were used in research. For mathemati-
cal and statistical processing Microsoft Excel, Statistica,
Attestat software packages were chosen; for cartographic
schemes construction and for spatial analysis and
modelling in GIS Corel Draw, Mapinfo Professional and
ArcView programs were used.

Accumulated during decades data about chemical
composition of Cenomanian-Callovian groundwater com-
plex are disordered on area and in time. For the purpose to
generalizate this data in the view of spatio-temporal esti-

mation of water quality changes, the author has created
geoinformational database model with the help of Maplnfo
Professional software (scale 1:10000, projection GK, zone
6, Pulkovo 1942). The attributive table architecture, con-
taining Cenomanian-Callovian groundwater complex
chemical composition and bacteriological quality factors on
separate wells, has been designed. The table contains
both modern and archival data. Today geoinformational
database model supports information on 298 wells.

Given data have been analyzed by using the demands
of National Standard of Ukraine "Sources of centrical pota-
ble water-supply. Hygienic and ecological demands for
water quality and withdrawal principles. ICTY 4808:2007"
[6]. These demands are designed for the centrical potable
water-supply sources and determine hygienic, ecological
and technological requirements for new and present centri-
cal water-supply sources.

It has been revealed that, during long-term exploitation,
Cenomanian-Callovian groundwater complex quality has
become worse in such factors as mineralization (has
changed from 1 quality class to 3 class) and hardness (has
changed from 3 quality class to 4 class).

For such groundwater chemical composition factors as
mineralization, ammonium and oxidizability histograms
have been constructed and verification of samples in
accordance to normal (logarithmically normal) probability
law has been done (Figure 1).

It has been revealed that different temporal samples
obey different statistical laws (normal or logarithmically nor-
mal). In many cases is not possible to determine statistical
law. Bimodal distribution existence for oxidizability gives the
possibility to assume that this factor changes on area irregu-
larly. At the next research stage for each factor verification of
two different temporal samples (the end of the XIX — the
beginning of the XX century and the beginning of the
XXI century) accordance to the one universal set by means
of Mann-Witney criterion has been done [1].

The following statistically significant results have been
obtained. Longstanding monitoring data show that miner-
alization value (mean and median) in Cenomanian-

© Koshliakova T., 2013
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Callovian groundwater complex has practically not
changed (mean 356,9 ppm and median 350 ppm at the
beginning of the XXI century compared to mean 356,5 ppm
and median 353,7 ppm at the end of the XIX — the begin-
ning of the XX century). As for ammonium concentration in
observable groundwater complex, its value has been stable
till the 1990s, when ammonium mean value rose to
1,3ppm and median value rose to 0,4 ppm. At the
beginning of the XXI century ammonium concentration

decreased to the end of the XIX century — the beginning of
the XX century level. Oxidizability concentration rose in
mean value in 1,38 ppm and in median value in 0,87 ppm
at the groundwater complex intensive exploitation period
(the 1960s-1980s). Though statistically in oxidizability
today's Cenomanian-Callovian chemical composition does
not differ from the end of the XIX — the beginning of the
XX century, mean and median oxidizability values in the
2000s are higher than at the beginning of exploitation.
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Figure 1. Oxidizability value histogram for period from the end of the XIX to the beginning of the XXI century

The author has suggested that irregularity of
Cenomanian-Callovian groundwater complex chemical
composition factors changes are stipulated by the territory
geological-hydrogeological and geomorphological structure
features and long-term groundwater complex exploitation.
With the aim to check this suggestion the author has con-
structed five schematic geological-hydrogeological sections
for the Kyiv territory districts, which geomorphologically differ
from each other, on the basis of available printed and fund
materials: Prydniprovska upland flat part, Prydniprovska
upland loess residual outcrops, minor rivers valleys, the Dni-
pro river valley and the part of Prydniprovska lowland. The

main aquifers and groundwater complexes hydrodynamic
heads as of the middle of the XX century and of the begin-
ning of the XXI century have been put on sections. Con-
structed sections testify that territory districts are
characterized by difference in inter-relations of the main ag-
vifers and groundwater complexes hydrodynamic heads.
Therefore the conclusion was drawn about necessity of
further research taking into account the above mentioned
territory typification. For this purpose geoinformational data-
base model in Mapinfo Professional software has been
amplified with respective layer which spatially reflects such
typification (Figure 2).

y > ' JA) 4 ! \
Figure 2. Geoinformational Iayér of Kyiv with territory typification:
1 — Prydniprovska upland flat part; 2 — Prydniprovska upland loess residual outcrops; 3 — minor rivers valleys;
4 — the Dnipro river valley; 5 — the part of Prydniprovska lowland
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Groundwater chemical analyses results samples have
been formed separately for each type with the aim of
further mathematical-statistical treatment. By means of
Statistica software using non-parametric Mann-Witney
criterion verification of samples belonging to the one
universal set has been done for four time periods: the end
of the XIX — the beginning of the XX century, the 1960s-
1980s, the 1990s, the beginning of the XXI century.
Different temporal samples of selected factors have been
compared both for each separate territory type and for
different types [3].

It has been revealed that within the limits of
Prydniprovska upland flat part and Prydniprovska upland
loess residual outcrops, minor rivers valleys and the part
of Prydniprovska lowland mineralization stays invariable
during all the groundwater complex exploitation period.
However within the limits of the Dnipro river valley min-
eralization has decreased since the 1990s and stays
this way today.

Within the bounds of Prydniprovska upland loess
residual outcrops and minor rivers valleys ammonium does
not change. In Prydniprovska upland flat part and the Dni-
pro river valley ammonium concentration decreased in the
1960s-1980s. Next within the limits of the Dnipro river val-
ley changes are not fixed, while in Prydniprovska upland
flat part ammonium value increased in the 1990s; at the
beginning of the XXI century ammonium decreased again.

Within the limits of Prydniprovska upland loess residual
outcrops, the Dnipro river valley, minor rivers valleys
oxidizability value increased at the groundwater complex
intensive exploitation period (the 1960s-1980s) and stays
this way today. However in Prydniprovska upland flat part
oxidizability value remained stable before the beginning of
the XXI century. Today oxidizability has decreased com-
pared to the 1990s of the XX century.

During the research of groundwater complex chemical
composition changes process between isolated territory
types the following tendencies have been revealed:

1. The highest mineralization values at the end of the
XIX century — the beginning of the XX century were within
the limits of the Dnipro river valley (median 388,4 ppm). In
mineralization the Dnipro river valley has exceeded
Prydniprovska upland flat part (332 ppm), minor rivers
valleys (348 ppm) and Prydniprovska upland loess residual
outcrops (328 ppm). In the 1960s-1980s mineralization
values in all five types became uniform and stay this way.

2. The highest oxidizability values at the end of the XIX
century — the beginning of the XX century were within the
limits of Prydniprovska upland loess residual outcrops
(1,6 ppm) which exceeded Prydniprovska upland flat part
(1,25 ppm) and minor rivers valleys (1,36 ppm). In the
1960s-1980s of the XX century oxidizability values in-
creased in the Dnipro river valley and essentially exceeded
Prydniprovska upland flat part and the part of Prydni-
provska lowland. The highest oxidizability values at the
beginning of the XXI century are in the part of Prydni-
provska lowland (2,23 ppm) which exceed Prydniprovska
upland flat part (1,84 ppm) and the Dnipro river valley
(1,64 ppm).

3. At the end of the XIX century — the beginning of the
XX century ammonium values were different in all the
types: the lowest values were in Prydniprovska upland
loess residual outcrops (0,28 ppm) and in minor rivers

valleys (0,15 ppm). The highest ammonium values were in
Prydniprovska upland flat part (0,36 ppm) and the Dnipro
river valley (0,35 ppm). In the 1960s-1980s ammonium
values in all five types became uniform and remained this
way before the beginning of the XXI century. The highest
ammonium values at the beginning of the XXI century are
within the limits of minor rivers valleys (0,42 ppm) and in
the Dnipro river valley (0,38 ppm), which exceed
Prydniprovska upland flat part (0,14 ppm) and
Prydniprovska upland loess residual outcrops (0,22 ppm).
Conclusions. It is possible to contend that the most
vulnerable to groundwater chemical composition changes
territory types are minor rivers valleys, the Dnipro river
valley and the part of Prydniprovska lowland. These three
types are characterized by increasing of mineralization,
ammonium and oxidizability values in time. This phenome-
non can be explained by the fact that the above mentioned
types are geologically less protected from surface contami-
nation. Moreover, these types are more influenced by sur-
face water than other types. Cenomanian-Callovian
groundwater complex chemical balance disturbance con-
temporizes with hydrodynamic conditions disturbance, de-
termined by experts-hydrogeologists since the 1950s.
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AVHAMIKA 3MIH XIMIYHOTO CKNAAY MUTHUX MIA3EMHUX BOA
CEHOMAH-KENOBENCbKOrO BOAOHOCHOIO KOMMNEKCY
HA TEPUTOPIi m. KAEBA B YMOBAX TPUBAJIOl EKCMINYATALII

Mema. BusieneHHss meHAeHUyili 3MiH XiMi4yHO20 cknady ma knacy sskocmi NMUMHUX nid3eMHUx 800 CeHoMaH-Kes108elicbko20 8000HOCHO20 KOM-

nnekcy e mexax M. Kueea, suknukaHux mpueasoro ekcrniiyamayieto, 3a 00romMo20+o IKO-C iIcmu4Hux memodie ma NIC-mexHosnoeiti.
Memoduka. B po6omi 3acmocoeaHi cuc U, uKo-c Icmuy4Hul, 2eoiHghopmauitiHuii nidxodu do eusyeHHs1 06'ekma, Memod
muni3zayii ma onucoeuii memod. Ans I4HOT i ¢ Icmu4Hoi 06pobku 6ynu obpaHi nakemu npoepam Microsoft Excel, Statistica,

Attestat; dna nobydoeu kapmozpaghiyHux cxeM, a makox Osisi MPOCMopPoeo20 aHanisy i ModenroeaHHs e 'IC 6ynu 3acmocoeaHi npozpamu Corel
Draw, Maplinfo Professional ma ArcView.

Pe3ynbmamu. Po3po6neHa memoduka docnidxeHHs1 3MiH XiMiyHo20 cknady ma sikocmi numHux nidzemHux eod M. Kuesa Ha 6a3i cninbHoz20
3acmocyeaHHs1 Memodie MameMamu4HOi cmamucmuku ma 2eoiHghopmMayiliHux mexHonogili. HaeedeHo onuc ma o6rpyHmyeaHHs1 3acmocyeaHHs!
memodie Henapamempu4Hoi cmamucmuku (kpumepili Mana-YimHi), ujo 6ye eukopucmanuli 9ns aHanidy 2i0poximiyHux daHux. BukoHaHa muni3a-
yiss mepumopii M. Kueea ma eudineHi Halibinbw epa3snuei do 3a6pydHeHHs1 OinsiHku micma.

Haykoea Hoeu3Ha. Bnepwe susignieHa 3a2asibHa meHOEHUis 00 Noz2ipweHHs Kiacy sikocmi 600U ceHoMaH-Kes108elicbko20 8000HOCHO20 KOM-
nnekcy e mexax mepumopii M. Kuesa. BcmaHoesieHO, wjo 3MiHU OCHOBHUX KOMIMOHeHMmie XiMi4yHo20 ckiiady numHux nidzeMHux eod docidxyea-
HO20 8000HOCHO20 KOMIJIEKCY Ha mepumopii Micma Mmatomb HepieHOMIpHuUL 3a niowero xapakmep i 3anexams 6i0 iHmeHcueHocmi ekcrinyamauii
ma 2eos1020-2i@pozeosioziyHoi i 2eomopghonoziyHoi 6ydoeu dinssHku mepumopii. Takox enepwe 6yna eukoHaHa munizauiss mepumopii M. Kueea 3a
3MiHaMu OCHOBHUX KOMMOHeHmie ximiyHo2o cknady ma Knacy sskocmi numHux nid3eMHuUx o0 ceHOMaH-Kesnoeelicbko2o 8000HOCHO20 KOMIIeKCY i
ecmaHoesieHi meHOeHUiT yux 3MiH.

lMpakmuyHa 3Ha4Yumicms. lpakmuy4He eépaxyeaHHsI eécmaHoesieHuUx meHAeHyili 3MiH xiMiyHO20 cknady ma Knacy sikocmi nUMHUX niG3eMHuUx
800 ceHOMaH-Kesio8elickoeo 8000HOCHO20 KoMiekcy 8 mexax M. Kueea dozeonume 3anobizmu nodanbuwioMy rnozipweHHIo sikocmi nid3eMHux
800 wuisixoM onmumi3ayii cucmemu ix ekcriiyamauii. OmpumaHi pesynbmamu MOXymb Cily2yeamu oCHO80 O71s1 po3pobKu cucmemu MOHIimopu-
Hay XiMi4Ho20 cknady numHux nié3emHux 800 y M. Kueegi, Memodu4Hi nidxo0u ma nputiomu Moxymb 6ymu eukopucmati 011 8U84YeHHS Mid3eMHuUxX
800 Ha iHwux yp6aHizoeaHuUx mepumopisx.

T. KownskoBa, uHx. | kat., geol@bigmir.net,
KneBckui HauMoHanbHbIW yHUBepcuteT uMmeHu Tapaca LLleBuyeHko,
Feonornyeckuit pakynbTeT, yn. BacunskoBckas, 90, r. Kue, YkpauHa, 03022

OVNHAMUKA VI3MEI-!EHVII7I XUMUYECKOI'O COCTABA NNTBEBbLIX MOA3EMHbLIX BOL]
CEHOMAH-KEJTOBEMCKOIro BOJOHOCHOIO KOMIMNEKCA HA TEPPUTOPUW r. KNEBA
B YCNOBUAX OANUTENbHOWU SKCNNYATALUN

Uenb. BbisisenieHue meHOeHYyuli usMeHeHuli XUMU4eCKO20 coCcmaea U Ksiacca kayecmea numbeebiX M003eMHbIX 800 CeHOMaH-Kesl08elicko2o
8000HOCHO20 Kommiekca e npedesnax 2opoda Kueea, ebizgaHHbIx AnumesibHOU 3Kcnayamayuel, Npu MoMowu MamemamuKo-cmamucmu4ecKux
memodoe u M'MC-mexHonozaull.

Memoduka. B pabome ucnonb3o08aHbl cUCMeMHbIl, MameMamuKo-cmamucmuYecKkul, 2e0UHGOPMayUOHHbIU M0dx00b! K U3y4eHuro o6 Lekma,
mMemod munusayuu u ornucamesibHbil Memod. [ns Mmamemamu4veckoli u cmamucmuyeckoli o6pabomku 6binu ebl6paHbl Nakemsl NPo2pamm
Microsoft Excel, Statistica, Attestat; dns nocmpoeHusi kKapmozpaghuyecKkux cxeM, a makxe 0Jis IPOCMpPaHCMeEeHHO20 aHaslu3a u ModeslupoeaHusi
NC 6b1nu ucnonb3oeaHsbl Nnpozpammbl Corel Draw, Mapinfo Professional u ArcView.

Pe3ynbmamei. lMpednazaemcsi Memoduka uccnedogaHusi UsMeHeHuli XUMU4ecKo20 cocmasa U kayecmea numbeeabix nod3emMHbix 800 2. Kueea
Ha 6a3ze coeMecmHoO20 NMpuUMeHeHUsi Memodoe 149eckoll ICMUKU U 2eo0UHgopMayuoHHbIX mexHonoaul. lpueedeHo onucaHue u
o6ocHosaHue Memodoe Henapamempuyeckoli cmamucmuku (kpumepuli ManHa-YumHu) u kpumepusi A66e, komopble 6biau ucnonb308aHbl Ons
aHanu3sa 2udpoxumuyveckux 0aHHbIX. BbinonHeHa munusayusi meppumopuu 2. Kueea no 2eomopghosio2udeckomy npusHaky u esidesieHbl Haubosee
ysAi3eUMbIe K 3a2Psi3HEHUI0 y4acmku 2opoda.

Hayuynasi Hoeu3Ha. Bnepenie ebisiesieHa ob6wasi meHOeHUUs1 K yxyOweHUo Krnacca Kadyecmea e00bl CEHOMaH-Kesls108elickoeco 8000HOCHO20
Komnnekca e npedenax meppumopuu 2. Kuesa u ycmaHoesieHo, Ymo U3MEHEHUSI OCHOBHbLIX KOMITOHEHMO8 XUMUYEeCKO20 cocmasa numbesbix
nodsemMHbIx 800 uccsedyeMo20 8000HOCHO20 KOMIJIEKCa Ha meppumopuu 20poda umMerom HepaeHOMEepPHbIl Mo rowadu xapakmep u 3asucsim
Om UHMEHCUBHOCMU 3KCMIyamayuu, a makxe 2e0/1020-2U0P02€0/102U4ECKO20 U 2e0MOPEHOII02U4ECKO20 CMPOEHUS y4acmka meppumopuu. Tak-
)Ke enepeble 6bina ebiMosIHeHa munu3ayusi meppumopuu 2. Kueea no uamMeHeHUsIM OCHOBHbIX KOMITOHEHIMO8 XUMU4eCKo20 cocmaea u Kniacca
Kavyecmea numbeebiX Mo03eMHbIX 800 CEHOMaH-KeJ1108elicko20 8000HOCHO20 KOMIIeKCa U yCmaHo8 /1eHbl MeHOeHUUU 3mux U3MeHeHul.

lMpakmuyeckasi 3Ha4yumocmsb. lMpakmuyeckuli y4em ycmaHoesieHbix meHOeHyuli usMeHeHull XUMUYeCKo20 cocmaea U Kiacca kavdecmea nu-
mbeebix Mod3eMHbIx 800 CeHOMaH-Kesnoeelickoeco 8000HOCHO20 Komrsiekca e npedenax 2. Kueea noszeonum npedomepamumsb OanbHeliwee
yxyoweHue ka4ecmea nod3emMHbIx 800 mymem onmumu3ayuu cucmemsbl ux akcrslyamayuu. lMonyyeHHble pe3ynbmambl MO2ym MOCIY)XUmb OCHO-
eoli dnsAi pa3pabomku cucmemMbl MOHUMOPUH2a XUMUYEeCKO20 cocmaea numeeabix nod3emMHbIx 800 8 2. Kuese, Memoduyeckue nodxodbl U npu-
eMbl Mo2ym 6bImb UCMO/1b308aHb! G151 U3y4eHusi N003eMHbIX 800 Ha yp6aHU3UPOBaHHbLIX MEPPUMOPUSIX.
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GROUNDWATER AND ITS SUSCEPTIBILITY TO CONTAMINATION IN KHERSON REGION

(Reviewed by the editorial board member O. Koshliakov)

Goal. The goal of the research is zoning of Kherson region on the basis of the upper Miocene water-bearing complex sensitivity to
contamination caused by potentially dangerous types of economic activity.

Research methods. The methodical approach to determining the sensitivity of groundwater to contamination based on
sensitivity index was proposed. For these purpose the index-rating, parametric methods, method of zoning and geoinformational

(GIS) approach were used.

Research results. This study evaluated the sensitivity of the upper Miocene aquifer complex to contamination in Kherson re-
gion. The groundwater sensitive to pollution is mostly in the areas closest to the rivers (Dniper, Ingylets), where natural protec-
tion of groundwater is low, and in urban areas with a great number of anthropogenic objects.

Originality. For the first time, the quantitative criterion has been developed to assess anthropogenic load on the underground
hydrosphere. Based on this criterion, a consistent approach to the assessment of groundwater vulnerability to pollution in the
Kherson region was proposed. Such approach takes into account not only the static factors of groundwater protection, but also
its dynamic component — anthropogenic loads, hydrogeodynamic conditions.

Practical application of the research. The potentially dangerous territories were allocated, in terms of pollution of the upper
Miocene water-bearing complex — the main source of potable groundwater. This zoning is an important step in planning the
location of monitoring, water supply wells and dangerous anthopogenic objects. The methodological approaches and techniques

can be used to study groundwater in other areas.

Introduction. Groundwater is an important source of wa-
ter to supply human needs. In the last few years, there has
been a tendency for drinking groundwater quality to deterio-
rate, which resulted in increasing anthropogenic impact on
the environment. The protection of groundwater quality from
the impact of human activities is a high priority because:

» groundwater moves slowly through the ground and so
the impact of human activities lasts for a relatively long time;

» groundwater may be difficult to clean up, even when
the source of pollution is removed;

» groundwater provides baseflow to surface water sys-
tems and accordingly its quality influences the recreational
value of surface water and its potential use for water supply
purposes;

» unlike surface water where flow is in defined chan-
nels, groundwater is present everywhere.

The groundwater sensitivity to pollution schemes
should be used by land-use planners and water resources
managers for the most practical and effective means of
protecting groundwater and preventing pollution. The
scheme consists of two closely interlinked components:
groundwater protection and potentially groundwater pollu-
tion activities.

This study presents the methodological approach to
build digital map of groundwater sensitivity to pollution in
Kherson region. This is because, Kherson region is one of
the most problematic regions of Ukraine, from the point of

view of the present state and maintains the trend of drink-
ing groundwater quality deterioration.

Kherson region is located in the south of Ukraine, in the
area of insufficient moisture. One of the major ecological
problem of the region is the shortage of fresh groundwater.
This problem reveals causal relationship between the irri-
gation practice, aquifer overexploitation and a complex of
natural conditions.

The main source of drinking water is the upper Miocene
(the main Neogene) water-bearing complex, widespread in
Kherson region. Under the influence of natural and anthropo-
genic factors, the groundwater quality deteriorates over time.
Thus, the regional process of increasing of the water salinity,
total hardness, phenol and nitrate contamination and local
pollution by Ba, Li, Se of groundwater were fixed in the years
2006-2009, during the testing of groundwater withdrawals [2].

The study has produced a map of sensitivity to pollution
of the upper Miocene aquifer complex in Kherson region
which will be useful to policy makers for scheduling of dan-
gerous anthropogenic objects and new water supply wells
in order to maintain the quality of drinking groundwater. It is
for these reasons that the study has derived its relevance.

Methodology. Index-rating, parametric methods,
method of zoning and geoinformational (GIS) approach were
used in research. Schematically, the algorithm of mapping of
sensitivity groundwater to pollution is illustrated in Figure 1.

Vs

Potential sour ces of
groundwater pollution
~ - Sensitivity of
- groundwater to
Subsoils map | P N contamination
& GroundV\_/ater
protection
Map of (vulner ability) map
hydrogeodynamic L Y,
conditions

Figure 1. Conceptual framework for production a map of sensitivity groundwater to contamination

The first stage of the work is the creation of information
layers maps, accompanied by attribute tables (database).
The ArcView GIS package was used to digitize a ground-

water protection map and other relevant themes of the

study area. The following information layers were created:
1. Local potential sources of groundwater pollution (field

of filtration, gas stations, sedimentation tanks, cattle

© Scherbak O., 2013
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cemetery, farm, storage of fertilizers, pesticides, toxic
chemicals, waste dump);

2. Natural protection map of the upper Miocene aquifer
complex;

3. Hydrodynamic conditions map, with different
hydrodynamic ratio of the first surface aquifer and the
upper Miocene aquifer complex.

The input data for informational layers were collected
from the published map — "Level of changes in forming of
the main upper Miocene aquifers zoning map", scale 1:200
000 (A. Luschyk, 2010) [2].

At the second stage of the work, the index-rating method
was applied. For each object in the database a quantitative
assessment has been given in terms of its impact on ground-
water. The degree of possible impacts of anthropogenic ob-
jects on the groundwater in these natural and man-made con-
ditions was estimated by the hazard index — the ratio of the
amount of experimentally detected toxic elements in ground-
water to their theoretical predictions (by A. Luschyk, [2]). Haz-
ard index values vary in the range of 0 to 1, respectively, an-
thropogenic objects, with a value of hazard index which
equals one, have had the greatest negative impact on
groundwater (waste dump, storage of liquid waste).

The degree of natural protection of the upper Miocene
aquifer complex was estimated by the methodological ap-
proach developed by VSEGINGEO. Thus, the natural pro-
tection of groundwater depends on geological factors —
composition and thickness of subsoils. In other words, the
subsoils (sands, gravels, glacial tills (or boulder clays),
peat, lake and alluvial silts and clays), are the single most
important natural feature influencing groundwater vulner-
ability and groundwater contamination prevention.
Groundwater is mostly at risk where the subsoils are ab-
sent or thin and, in the areas of karstic limestone, where
surface streams sink underground at swallow holes. Three
groundwater natural protection categories are used in the
map — protected, conditionally protected and unprotected.
All polygons with different degrees of natural protection of
groundwater were estimated by respective points — 3
points (protected area), 2 points (conditionally protected), 1
points (unprotected). Geological factors that determine the
natural protection of groundwater are constant over time.

The protection of groundwater depends on hydro-
geological condition too, in particular on hydrogeodynamics
of the adjacent aquifers. Hydrogeodynamics conditions de-
termine the velocity and the direction of seepage of infiltrated
water (and contaminants). But this is a variable factor of the
groundwater protection. In this research the present state of

- -

Legend:

I

the hydrogeodynamic conditions of the upper Miocene aqui-
fer complex were analyzed. Polygons with different degrees
of hydrogeodynamic conditions of the upper Miocene aquifer
complex were estimated by points too — 3 points (protected
area), 2 points (conditionally protected), 1 points (unpro-
tected). The upper Miocene aquifer complex is protected in
areas where the level of the surficial aquifer is located below
the level of the upper Miocene. Thus, the contaminated wa-
ter of the surficial aquifer can't seep into the deeper aquifers.
The conditionally protected areas are where the level of the
surficial aquifer is located above the level of the upper Mio-
cene aquifer complex on 0-10 m. The unprotected areas are
where the level of the surficial aquifer is located more than
10 m above the level of the upper Miocene aquifer complex.
Namely, under such pressure differences the water seepage
through the clay strata begins.

The parametric method was used at the third stage of
research. To characterize the interaction between the
groundwater and the environment pollution the sensitivity
index was used, proposed by V. Goldberg in 1987 and
modified by the author. According to V. Goldberg, the sen-
sitivity index (P) is the ratio of anthropogenic load module
(m) to the protection of groundwater index (S), expressed
in points. Thus, the sensitivity of groundwater to contami-
nation is directly proportional to anthropogenic impact on
the underground hydrosphere and inversely proportional to
the protection of groundwater [1]. Special quantitative crite-
rion (total hazard index) was proposed by the author, to
identify the anthropogenic load on the underground hydro-
sphere [3]. Based on total hazard index the sensitivity in-
dex was calculated according to the following equation:

YK,
(S +S/ ™

were P — sensitivity index; Y K, — total hazard index (sum of
hazard indexes of each local potential source of groundwa—
ter pollution, located on the unit area); F — area, km? S, —
natural protection of groundwater, in points; Sy — protectlon
of groundwater that depends on hydrogeodynamic condi-
tions, in points. For areas with similar conditions of protec-
tion of the upper Miocene aquifer complex the sensitivity
index was calculated.

At the last stage of the work, the map of sensitivity of
the upper Miocene aquifer complex to contamination was
prepared (Figure 2) using the sensitivity index.

Cha glynka

Movotroits'ke

Ka!cm e

- .-

Figure 2. Scheme of' sensitivity of the upper Miocene aquifer complex to contamination in Kherson region:
1-P=0; 2 - P=0-0,01; 3 - P=0,01-0,03; 4 — P=0,03-0,08; 5 — P=0,08-0,12
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The impact of anthropogenic objects on the groundwa-
ter and the other themes within the protection of groundwa-
ter were assessed using GIS overlay manipulations. As a
result, five classes of groundwater sensitivity to pollution
were identified in Kherson region. The method of the
natural breakdown in ArcView GIS was used to separate
the classes. These classes are as follows:

1. Areas marked as not susceptible to pollution (P=0);

2. Areas marked as badly susceptible to pollution (P=0-0,01);

3. Areas marked as potentially susceptible to pollution
(P=0,01-0,03);

4. Areas marked as susceptible to pollution (P=0,03-
0,08);

5. Areas marked as highly susceptible to pollution
(P=0,08-0,12).

As presented in Figure 2, there are variations in the de-
gree of groundwater sensitivity to pollution in Kherson region.
Significant part of Kherson region has had a low degree of
sensitivity of the upper Miocene aquifer complex to contami-
nation (1, 2 classes). The groundwater sensitive to pollution is
mostly in the areas closest to the rivers (Dniper, Ingylets),
where natural protection of groundwater is low, and in urban
areas with a great number of anthropogenic objects.

Conclusions. In this research, an algorithm for estima-
tion sensitivity of groundwater to contamination without
additional field work was proposed. Such an approach
takes into account not only the static factors of groundwa-
ter protection, but also its dynamic component — anthropo-
genic loads, hydrogeodynamic conditions. This study em-

O. Lllep6ak, acn., scherbak_olesia@ukr.net,
KuiBcbkui HauioHanbHUM yHiBepcuteT iMeHi Tapaca LLleByeHka,

phasises the importance of a GIS database in tackling
groundwater vulnerability related problems.

The scheme of sensitivity of the upper Miocene aquifer
complex to contamination in Kherson region can be applied
to groundwater conditions management as part of ground-
water monitoring procedure, for the planning authorities to
carry out their functions, and a framework to assist in deci-
sion-making on the location, nature and control of devel-
opment and activities in order to protect groundwater.
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NIA3EMHI BOAM TA iX YYTNMBICTb A0 3AEPYAHEHHA Y XEPCOHCBKIA OBJACTI

Mema. Memoto docnidxeHHsi € palioHyeaHHs1 mepumopii XepcoHcbKoi o6r1acmi 3a pieHeM yymsueocmi nid3eMHUx 600 eepXHbLOMIiOYeH08020
8000HOCHO20 KOMIieKcy 3o 3a6pydHeHHsI, CIPU4YUHEeHO20 MoMeHUYiliHO Hebe3neyHuMu Ons nid3eMHuUx eod eudamu 2ocnodapcbKoi disnbHocMi.

Memodu docnidxeHHsi. 3anponoHoeaHo Memodu4Huli Nioxi0 Ao eu3Ha4yeHHs1 pieHs1 Yymnaueocmi nid3eMHux eod Ao 3abpyOHeHHsI, Ha OCHO8I
KinbKicHO20 Kpumepito — iHOekcy Yymnueocmi. B po6omi 3acmocoeyeanucb iHOeKCHO-pelimuH208i, napamempuy4Hi, Memoodu palioHyeaHHs1 ma
2eoiHghopmayitiHul nidxio.

Pe3ynbmamu docnidxeHHsi. BuzHa4eHo pieeHb Yyymnaueocmi nidzeMHux 00 eepxXHbLOMIOUEeHO08020 80OOHOCHO20 KOMIIEKCY 00 3a6pyOHeHHs1 Ha me-
pumopii XepcoHcbkoi o6nacmi. Tak, Halbinbw ypasnueumu Ao 3abpyOHeHHs1 € mepumopii mo6nu3sy piykosux donuH (JHinpo, IHayneys), de HU3bKa Npupo-
OHa 3axuuweHicmb 8000HOCHO20 20PU30HMY Ma & palioHax MiCbKoi 3abydoeu, de po3miusyemsCcs 8eslUKa KiflbKicmb MexXHO2eHHUX 06'ekmie.

Haykoea Hosu3Ha. Bnepwe 3anpornoHoeaHo KinbKicHul kpumepil Onsi OYiHKU aHMPOMNo2eHHO20 HadaHMaXKeHHs1 Ha nid3eMHy 2idpocgepy. Ha
OCcHoei mako20 Kkpumepiro, po3pobrieHo MemoduyHuii Nidxid Ao ouiHku Yymmaueocmi nidzeMHux o0 0o 3abpydHeHHs Osisi mepumopii XepCOHCbKil
obnacmi. B daHomy nidxodi epaxoeaHi He nuwe cmamuyHi gpakmopu 3axuwjeHocmi nidzemMHux eod, ane U if uHamiyHa cknadoea — aHmMporno2eHHe
HasaHmMaXxeHHsl, 2i0po2eoduHaMi4yHi ymoeu.

lMpakmuyHa 3Ha4Yumicms. BudineHo nomeHyiliHo He6e3ne4yHi mepumopii 3 moyYku 3opy 3abpyOHeHHsI 8epXHbOMiOyeHO08020 8000HOCHO20
KOMIJIeKcy — OCHOBHO20 OxKepesia NumMHuUx nid3emHux eod. Take palioHyeaHHsI mepumopii € eaxsiueuMm emarnomM npu niaaHyeaHHi Po3MiujeHHs
MoOHimopuHao8ux, 80003abipHux ceepdsio8UH, He6e3rne4YHUX mexHo2eHHUX o6'ckmie. 3anponoHoesaHi Memodu4Hi Nidxodu ma npulioMu MOXymb
6ymu sukopucmaHi 0nsi ue4eHHs1 Ni03eMHUX 800 Ha IHWUX MepPumMopisx.

O. Wep6ak, acn., scherbak_olesia@ukr.net,
KueBckuit HauMoHanbHbIN YHMBepcuTeT MeHun Tapaca LlleByeHko,
Feonoruyeckuit chakynbTeT, yn. BacunbkoBckas, 90, r. Kue, YkpauHa, 03022

NOA3EMHBIE BOAbl U UX YYBCTBUTENBHOCTb K 3ArPA3HEHUIO B XEPCOHCKOW OBNACTHU

Yenb. Yenbto uccnedosaHusi siensiemcs palioHuposaHue meppumopuu XepcoHCcKolU obriacmu o ypoeHI0 YyecmeumeslbHoCmu nod3eMHbIX
800 8epXHLOMUOUEHO08020 80OOHOCHO20 KOMIJIeKCa K 3a2Psi3HeHUI0, 8bI38aHHO20 MOMeHYUaribHO onacHbIMU Os1si Nod3eMHbIX 800 eudamMu Xo-
3s1ticmeeHHoU O nbHOCMU.

Memodbi uccnedoeaHus. lpednoxeH memoduyeckuli N0Ox00 K onpedesieHUI0 YPOBHS YyecmeumeslbHoOCMuU MoG3eMHbIX 800 K 3a2psi3HEHUO,
Ha OCHOBe KoJIu4ecmeeHHo20 Kpumepusi — uHdekca yyecmeumesnbHocmu. B pa6ome npumeHsinucb uHAeKkcHO-pelimuHzoeble, napamempuyeckue,
MemodbI palioHUpOo8aHUsi U 2e0UHGHOPMayUOHHBbIU MoAxo0.

Pe3ynbmamsi uccnedoeaHusi. OnpedesieH ypoeeHb YyecmeumesbHOCMuU nod3eMHbIX 800 8ePXHbLOMUOUEHO8020 8000OHOCHO20 KOMMIIEKca K
3aeps3HeHUlo Ha meppumopuu XepcoHckol obnacmu. Tak, Haubosee ysi38UMbIMU K 3a2PsI3HEHUIO s18JISIFOMCSI meppumopuu e6u3u peyHbix 0o-
nuH (QHenp, UH2yney), 20e HU3kas ecmec HHasl 3auuueHHOCMb 80G0HOCHO20 20PU30HMa U 8 palioHax 20podckKoli 3acmpoliku, 20e cocpedo-
moyeHo 60/1buIoe KoIu4ecmeo MmexHo2eHHbIX 06beKmos.

HayuyHasi Hoeu3Ha. Brniepebie npednoxeH KonuyecmeeHHbIl Kpumepuli 0151 O4eHKU aHMpPOono2eHHOU Ha2py3Ku Ha nod3emMHyro 2udpocgepy. Ha
0OCHO8e maKoa20 Kpumepusi, pa3zpabomaH MemooduyecKkuli MoOxo0 K oyeHKe YyecmeumesibHOCmu nod3eMHbIX 800 K 3a2psi3HeHUIo 011 meppumo-
puu XepcoHckoli o6nacmu. B daHHoM nodxode ydymeHbl He MOJIbKO cmamu4eckue hakmopb! 3aujuWjeHHOCMu Mod3emMHbIx 800, HO U ee OUHaMu-
Yyeckasi cocmaeJsisirowasi — aHmporoz2eHHasi Hagpy3ka, 2udpo2eoduHamuyecKue ycrioeusl.

lMpakmuyeckasi 3Ha4uMocmb. BbideneHbl MomeHYyuanbHO ONacHble MeppumMopuUU ¢ MOYKU 3PeHUs] 3a2Psi3HeHUs1 ePXHbLOMUOUEH08020 8000-
HOCHO20 KOMI/IeKca — OCHOBHO20 UCMOYHUKa Numbeebix nod3eMHbix 800. Takoe palioHuUpogaHue meppumopuu siesfisiemcsi 8 aXXHbIM 3Mariom npu
nnaHuUpoeaHuUu pasMeweHuUsi MOHUMOPUH208bIX, 80003a60PHbIX CK8aXUH, OMacHbIX MeXHO2eHHbIX 06bekmos. [pednoxeHHble Memoduveckue
nodxodbi u npuemMbl Mo2ym 6bImb UCMOJIb308aHbI OJ1s1 U3yYeHUs1 N0O03eMHbIX 800 U Ha Opyaux MeppumMopusix.
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MODELLING SOIL WATER REPELLENCY IN AN ABANDONED AGRICULTURAL FIELD

(Reviewed by the editorial board member O. Menshov)
Soil Water Repellency (SWR) is a natural property of soils with impacts on soil erosion, water infiltration, superficial and sub-

surface hydrology, nutrients leaching and plant growth.

Purpose: Study the spatial distribution and identify the most accurate interpolation method to estimate SWR in an abandoned

agricultural field.

Methodology: A plot with 21 m’ (07x03 m) was designed. Inside this plot SWR was measured in the field every 50 cm. In order
to identify the most reliable map, we tested several interpolation methods, as Ordinary Kriging (KRG), Inverse Distance to a
Weight (IDW) with the power of 1, 2, 3, 4 and 5, Radial Basis Function (RBF) (Inverse, Multiquadratic, Multilog, Multiquadratic,
Natural Cubic Spline and Thin Plate, Spline) and, Local Polynomial, with the power of 1 and 2.

Findings: The results show that SWR was very heterogeneous, even in small distances, showing that soil hydrological prop-
erties can change very quickly in space. The spherical model was the best predictor of SWR and the most accurate interpolation
method was the Multilog and the more biased the Natural Cubic Spline.

Originality: The test of several interpolation methods in SWR spatial distribution were not explored in detail, and this study

represents an advance in this field.

Practical value: A better interpolation of SWR and other variables will help to have a better understanding of small scale
processes in larger areas. Mapping with a better accuracy will improve models and contribute to a better prediction.

Introduction

Soil water hydrophobicity (SWR) is a natural property of
soils. Among other factors, SWR depends on soil moisture,
mineralogy, texture, pH, organic matter, aggregate stability,
fungal and microbiological activity and plant cover. It has
implications for plant growth, soil water infiltration, superficial
and subsurface hydrology, soil erosion and nutrients leach-
ing [5]. Depending on the level, SWR can also have positive
impacts on soil structure and aggregate stability, carbon
sequestration and protects soil from crusting [17, 1, 11].

Soil water repellency has been widely studied around
the world in the most diverse climate regions [13] and envi-
ronments, including forests [7, 14] grasslands, pastures
[20], heathlands [35], steppes [8], sand dunes [5], golf
fields [22], fire affected areas [4, 17, 21, 27] and agriculture
fields [30, 32, 11, 10]. Previous studies showed that sail
management in agricultural areas have important implica-
tions concerning the persistence, intensity and spatial dis-
tribution of SWR. Blanco-Canqui and Lal [2] and Roper et
al. [31] observed that no-tillage soils have a higher SWR
than tilled soils. The authors attributed this to the presence
of soil organic matter that normally increases SWR [35].

Soil water repellency is highly variable in space and time
[11, 29], even in small distances [16], imposing a challenge
in mapping this small distance variation. Small scale varia-
tion modelling is important to understand large scale proc-
esses [3, 24]. Mapping small scale variations is complex due
to the heterogeneous data distribution, and normally it is
recommended to test several interpolation methods in order
to know the less biased spatial predictor [26]. The objective
of this work is testing the best interpolation method to esti-
mate SWR in an abandoned agricultural field.

Materials and Methods

The studied area is located in an abandoned agricultural
field located near Vilnius city (54 49' N, 25 22', 104 masl),
Lithuania. The mean annual rainfall is 735 mm and tempera-
ture is 8.8°C. In a flat area an experimental plot with 21 m?
(07x03 m) was designed and SWR repelency was assessed.
Inside this plot, we measured SWR in the field every 50 cm,

collecting a total of 105 sample points. Measurements were
carried out on 28 May, 2012, after a period of 15 days without
rainfall. Soil water repellency was assessed placing 5 droplets
(£0.05 ml) in soil surface and measuring the water drop pene-
tration time (WDPT) in seconds (s) [33].

Some statistical analyses were carried out: Mean (m),
Standard Deviation (SD), Coefficient of Variation (CV%)
Minimum (Min), 1% quantile (Q1), median (M), 3 quantile,
Maximum (Max), Skewness (SK) and Kurtosis. The spatial
autocorrelation of SWR was assessed with the Moran's /
Index, a measure similar to Pearson correlation coefficient.
A value near 0 represents a random pattern, +1 a strong
positive autocorrelation (clustered) and -1 a strong nega-
tive autocorrelation (dispersion) [23].

Previous to data modelling, normal distribution was
tested with the Kolmogorov-Smirnov (K-S). Data normal
distribution was considered at a p>0.05. This method, SK
and Kur evaluate the data distribution and asymmetry that
affect the interpolation methods accuracy. Previous studies
show that it is desirable that data be as close as possible to
normal distribution. If data is highly skewed, it may have
negative impacts on the variogram modelling and interpre-
tation [19, 23]. In this study we used the transformations,
currently used in previous studies, Neperian logarithm (In),
Square root (SQR) and Box-Cox (BC), which were not
powerful enough to normalize data distribution [23. 24].

The spatial patterns of SWR were analysed with an ex-
perimental omnidirectional variogram (it is assumed that SWR
variability is equal in all directions) that observes the spatial
continuity of SWR. The nugget effect, range, sill and nug-
get/sill ratio were measured. For the interested readers, details
of variogram modelling can be consulted in Fu et al. [9] and
Pereira et al. [24] [23]. Data interpolation tests were carried
out using the most common methods, such as Ordinary
Kriging (KRG), Inverse Distance to a Weight (IDW) with the
power of 1, 2, 3, 4 and 5, Radial Basis Function (RBF) (In-
verse, Multiquadratic, Multilog, Multiquadratic, Natural Cubic
Spline and Thin Plate, Spline) and, Local Polynomial, with the
power of 1 and 2. For detailed information about these meth-

© Pereira P., Oliva M., 2013
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ods Pereira and Ubeda [25] can be consulted. The best inter-
polation method was assessed with the cross validation
method that compares the observed and estimated values of
SWR. The cross validation was obtained by taking the value
of a determinate sample point and estimating it from the re-
maining ones. The residuals produced were used to evaluate
the accuracy of each method. The Mean Error (ME) and the
Root Square Mean Error (RMSE), calculated from the residu-
als, were used to assess interpolation methods performance.
The method with the lower RMSE was considered the best
estimator. More information about these indices can be found
in Pereira and Ubeda [25]. Pearson correlation coefficient was
calculated between the observed and estimated values. Sig-
nificant differences were considered at a p<0.05. Statistical
analyses were carried out with Statistica 7.0 and interpolation
methods assessment with Surfer 9.0 for windows.

Results and Discussion

Soil water repellency varied from 1 to 772 s, and had
an average of 25.73. The CV% was 361.09%, showing that

in this small plot SWR was extremely high variable. The
results of SK show that the majority of the values were
concentrated in lower values of the distribution (Positive
SK) that is evidence of the presence of extreme positive
outliers. Data also showed an extremely high KUR, which
means that data have a peaked distribution (Table 1). The
result of the Moran's / index was 0.026, p<0.513, suggest-
ing that the distribution of SWR was random and no spe-
cific pattern was observed. According to the results of the
K-S test, the original and transformed distributions were
considered not normally distributed (p<0.05). To model the
spatial distribution of SWR, we used the Ln transformed
data since they were closer to normal distribution and pre-
sented the lower SK and KUR values (Table 1). This crite-
rion was used in previous works [14, 36, 34, 23). In this
case we did not remove the outliers because it would mean
loss of important information.

Table 1
Descriptive statistics of SWR and results of K-S test. Original data in seconds (s)
m SD CV% Min Q1 M Q3 Max SK KUR K-S p
Original data 25.73 92.93 361.09 | 1 1.66 266 |7 772 6.13 43.10 0.01
Ln 1.49 1.46 98.16 0 0.51 098 | 1.94 | 6.64 1.50 2.02 0.01
SQR 3.06 4.06 132.72 | 1 1.29 3.06 | 2.64 | 27.78 3.85 17.02 0.01
BC 4.95 3.51 71.06 248 3.03 4.95 | 5.09 | 2248 2.77 8.69 0.01

Among all the tested models, the spherical was the best
fitted to explain SWR spatial variability (Figure 1), as ob-
served in previous studies [28]. The nugget effect was 1.2,
the range 101 cm, the Sill, 2.22 and Nugget/Sill ratio
54.05%. The nugget effect is normally attributed to the small
number of samples, small distance variance and presence of
outliers [18]. In this case the nugget effect may be due to the
small scale variance of SWR and to the presence of outliers,
since the data that we used was not normally distributed.
The spatial correlation of SWR increased with the distance
until the distance of 101 cm. This suggests that spatial corre-

4
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2.57

Variogram
i
.
&

1.59 P

lation range was higher than the sample density (50 cm),
showing that the sample design was good to measure SWR
variability. It is important to mention that the spatial correla-
tion was short in the space, which confirms the random pat-
tern identified with the Moran's / index. The nugget/sill ratio
result suggested that the SWR has a moderate spatial de-
pendency. According to Chien et al. (1997), ratios less than
25% show that the variable has a strong spatial depend-
ence, between 25 and 75%, the variable has a moderate
spatial dependence, and when higher than 75, the variable
has a weak spatial dependence.
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Figure 1. Omnidirectional Experimental Variogram calculated for SWR

The most accurate method to interpolate SWR was
Multilog, with a RMSE of 1.353 and the less precise was
Natural Cubic Spline with an RMSE of 1.686 (Table 2).
The ME of all the interpolation methods were close to 0,
showing that the predictions were unbiased. On aver-

age, LP 1 and 2 under-estimated the original values
(negative ME). The coefficient of correlation between
observed and estimated were significant in all the cases
but was not strong. They range between 0.25 in IDWA1
and 0.38 in Multilog (Table 2).
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Table 2

Summary statistics of the accuracy of interpolation methods. Numbers in bold indicate the most accurate method
and underlined, the least accurate. Correlations between observed and estimated values significant at **p<0.01 and ***p<0.001

Type Min Max ME RMSE Obs vs Est
KRG Ordinary (Point) -4.844 2.461 0.003 1.406 0.37**
Power (1) -4.997 1.587 0.011 1.425 0.25*
IDW Power (2) -4.702 1.733 0.013 1.377 0.32***
Power (3) -4.646 1.873 0.013 1.369 0.34**
Power (4) -4.726 2.060 0.012 1.378 0.35***
Power (5) -4.772 2.135 0.011 1.386 0.35"*
Inverse multiquadratic -4.685 1.871 0.001 1.379 0.37***
Multilog -4.798 2.188 0.003 1.353 0.38***
RBF Multiquadratic -4.814 2.736 0.004 1.447 0.37**
Natural cubic spline -4.558 4.612 0.013 1.686 0.36***
Thin Plate Spline -4.738 3.754 0.007 1.552 0.36™*
Lp 1 -4.911 2.136 -0.026 1.392 0.28**
2 -4.695 2.437 -0.016 1.382 0.32%**

The interpolation methods tested allowed us to identify
the best spatial predictor and the most precise SWR spatial
distribution. The map interpolated with the best method
showed that SWR was low in the northeast part of the plot,
and high at northwest and in the south of the area of interest
(Figure 2a). The interpolation with the less biased method
showed that the distribution is more heterogeneous and no
clear pattern was identified (Figure 2b). This suggests that
previously to mapping any variables, it is essential to test
several methods in order to have the best data interpolation,
as observed in previous studies [24, 23]. The maps of the
residuals produced are in the figures 2c and 2d. The interpo-

a)

B

0 50 100cm

lated map with the most accurate method residuals showed
that the major errors were identified in the areas where SWR
was high. This correlates the observed with the results from
the SK which suggest that data were mostly concentrated in
the lower values (positive SK) and few samples had high
values. The cross-validation procedure, estimated them
substantially lower than the original ones. The errors were
high and heterogeneous in the less accurate method than in
the best one, suggesting that the Natural Cubic Spline inter-
polation has produced high positive and negative errors. In
comparison to Multilog, the values predicted by Natural Cu-
bic Spline were very distant from the original values.

c) d)

Figure 2. Soil water repellency interpolation according to the most a), less b) accurate method
and the residuals obtaned from the best c) and worst d) interpolation technique

Conclusions

1. Soil water repellency was highly variable in the
studied plot and had a random pattern distribution,
suggesting that soil hydrological properties can be very
heterogeneous at short distances.

2. The spherical was the best model to explain SWR
variability. The SWR range was short, but the sample
density was adequate to measure SWR spatial variability.

3. The best SWR interpolator was Multilog and the less
accurate was Natural Cubic Spline. The lowest SWR was
identified in the northeast and south of the plot, while
highest values were observed in the south and northwest.

4. The interpolated maps with the most and least
accurate method showed different spatial configurations,
highlighting the need for testing several interpolation
methods, previous to mapping any variables.
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MOJENIOBAHHSA MNAPO®OBHUX BNIACTUBOCTEU MPYHTIB
B YMOBAX HEOBPOBJIIOBAHUX CIJ1IbCbKOIrOCNMOAAPCbKUX YTIidb

FidpogpobHicmb 2pyHmie € npupodHoro enacmueicmio, sika noe'szaHa 3 enIUBOM epo3iliHux npouyecie, iHpiNbmMpauii odu, noeepxHesux i
niézeMHux 2i0po2eos102i4HUX MPoyecie, MOXUBHUX Pe4YOBUH, 8UsTy208y8aHHs i pOoCcmy POCI/IUH.

Mema: JocnidxeHHs1 npocmopogozo po3nodiny i eusHa4YeHHs Halibinbw MoYyHux Memodie iHmepnonsyii dns oyiHku 2idpogho6HOCMi 2pyHMie
Yy Mexax Heo6pob61roe8aHuUX CiflbCbKO20CN00apchbKuX y2iob.

Memoduka: Byno o6paHo dinsiHky nnouiero 21 m* (7x3 m). YcepeduHi uiei dinaHku 2idpogho6Hicme 2pyHmie eusHayanacs 3 Kpokom 50 cm. 3
Memoro eu3HayeHHs1 Halibinbw HadiliHol kapmu 6y/10 npomecmoeaHo Kinlbka Memodie iHmepnonsyii — 3eu4aliHuli Kpi2iHz2, 360pomHs1 eidcmaHb do
eazu 3 cunorw 1, 2, 3, 4 i 5, PadianbHa 6a3ucHa yHKuyis (38opomHsi, MynbmukeadpamuyHa, Mynbmuiro2apugmiyHa, HamypanbHull Ky6id4HuUl
cnnalH i moHkoi nnacmuHu, cnnalH ), JlJokanbHa noniHomHa 3 cusioro 1 2.

Pe3ynbmamu: OmpumaHi pe3ynbmamu nokasyroms, wo 2idpogobHicmb 2pyHmie Ayxe HeoOHOpiOHa, Haeimb Ha HeeesluKux eidcmaHsix.
OcmaHHe ceidyumb, wo 2idposoziyHi enacmusocmi 2pyHmie MoxXxyms 3miHroeamucs dyxe weudko e npocmopi. CpepuyHa Modesib cmana Halik-
pawum nepedeicHukom 2idpogho6HOCmi 2pyHmie. Kpim mozo, Halibinbw mo4HuUM memodoM iHmepnonsayii euseneHo MynbmunozapugmiyHuli
memod, a Halibinbw o62pyHmoeaHuii Memod Ky6i4Ho20 crnnalHy.

HoeusHa: fJocnidxeHHs dekinbkox memodie inmepnonsyii npocmopoeo2o po3nodiny 2idpoghob6Hocmi 2pyHmie He eusyanucsi paHiwe, a omxe
HasedeHi Mamepianu Hecymb Ho8y iHghopMauyito y AaHili cghepi docnioKeHb.

lMpakmu4He 3HaveHHs: Binbw moy4Ha iHmepnonsayis 2idpoghobHocmi 2pyHmie ma iHwux nokasHukie dornomoxe anube 3po3ymimu MoHki npoyecu y
MexKax eestukux rowy. KapmyearHsi 3 uwjoro moyHicmio nosinwume Modesii ma 3pobums 8a20Muli 8HECOK Y MPO2HO3y8aHHS1 €po3ii 2pyHmis.
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YuuBepcutet Mukonaca Pomepuca,

ATtenTuc, 20, LT-08303 BunbHtoc, Jlutea,

M. OnuBa, a-p Hayk, Moliva@campus.ul.pt,

WUHcTtutyT MNeorpachum n TepputopranbHoro MNnaHmpoBaHus,
YHuBepcuteT Jluccaboxa,

Anamepa ge YHuBepcuaapn, 1600-214 — INlucca6oH, MopTtyranusa

MOOENUPOBAHUE NMAPO®OBHbLIX CBOUCTB NOYB
B YCNOBUAX HEOBPABATbIBAEMbIX CENbCKOXO3AWCTBEHHbLIX 3EMEJb

ludpogho6HOCMB 048 sI8/SIEMCSI €CMECMBEHHBLIM C80UICMBOM, KOMOPOe CB853aHO C 8/IUSIHUEM 3PO3UOHHBLIX MPOUECccos, UHGuUNbLMpayuu
800hbl, M08EPXHOCMHbIX U MOO3eMHbIX 2uOPO2€e0s102UYeCKUX MPOYECCOo8, ML NbHbIX 8ewjecms, eblujesiayueaHue u pocma pacmeHud.

Yenb: UccnedoeaHue npocmpaHcmeeHHO20 pacrnpedesieHusi u onpedesieHue Haubosiee MOYHbIX MeMOO08 UHMePoNsiyuu Ossi OyeHKU 2udpo-
g¢po6HOCMU noye e npedesiax HeobpabambieaeMbIX Ce/lIbCKOX0351icMEEeHHbIX 3eMeJlb.

Memoduka: Bbin uzbpaH yyacmok nnouwjadsto 21 m? (7x3 mM). BHympu amozo yyacmka 2udpogho6Hocme noye onpedensnack ¢ wazom 50 cm. C
yesnbro onpedenieHusi Haubosee HadexXHOU Kapmbl Gbislu MPOMecMuUpPo8aHbl HECKOJILKO Memodo8 UHMepnosisiyuu — o6bIYHbIU KpU2uHe, obpamHae
paccmosiHue k eecy c¢ cunoli 1, 2, 3, 4 u 5, PaduanbHas: 6a3ucHasi ¢pyHkyusi (O6pamHasi, Mysnbmukeadpamuyeckasl, MyJibmusio2apugmuyeckasl,
HamypanbHbIl Ky6u4yeckul cnnaliH U MOHKOU niacmuHsbl, cnnaliH), JlokanbHbil nonuHom ¢ cunol 1 u 2.

Pe3ynbmamei: lMonyyeHHble pe3ysibmamabl Noka3biearom, 4Ymo 2uépogob6Hocmb nNo4ye o4yeHb HeOOHOPOOHa, Oaxe Ha He6OoIbWUX PacCMOsIHU-
sx. lNocnedHee ceudemenbcmeyem, 4Ymo audposiozudeckue ceolicmea no4ebl Mo2ym MeHsIMbCs1 04eHb 6bicmpo e npocmpaHcmee. Cehepuyeckas
modesnib cmana nay4wum npedeecmHukom 2udpogobHocmu no4e. Kpome mozo, Hau6onee mo4yHbiM Memodom uHmepnonsiyuu cman Mynbmuirio-
2apugmudeckuli Memod, a Haubosiee 060CHoB8aHHbIlU Memod — Kybuyeckozo crnnaliHa .

HoeusHa: UccnedoeaHue HecKonbKux Memodoe UHMepnossAyuUu NpocmpaHcmeeHHo20 pacnpedenieHusi 2udpoghob6HOCMU MoyYe u3y4asnoch
paHee, a criedoeamesibHO npueedeHHble Mamepuasbi Hecym Hosyto uHghopmayuro 8 daHHoU cghepe uccredosaHull.

lMpakmuyeckoe 3HayeHue: Bonee moyHasi uHmepnonayusi 2uépoghobHocmu noyve u Apyaux nokasamerseii MTOMoxem 2sy6xxe MOHSIMb MOHKUE
npoyeccbl 8 pamkax 6onbwux nnouwjadeli. KapmupoeaHue ¢ 8bICOKOU MOYHOCMbIO ynyHuwium mModenu u clenaem eecombil 8knad 8 NPo2HO3UpPo-
eaHue 3po3uu rno4s.
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MODELLING OF STRESS-STRAIN STATE OF CRUSTAL SYSTEMS
IN CONTEXT OF SPACE PROBLEM DURING THE GRANITE FORMATION

(Reviewed by the editorial board member V. Shevchuk)

The problem of granites holds a special place in geology. Research of the granite formation problem leads to a number of partial
problems, among those the question of depth of the granite generation and mechanisms of provision of space for large granitoid solids
are distinguished. In the problem of space the geomechanical constituent is of primary importance. The major factors forming the
stress-strain state in the system of the granite formation are permanently acting mass gravitation forces, tectonic forces of inter-slabs
interaction, pseudo-mass forces, forces of volumetric thermoelastic effects, phase transitions in processes of metamorphism,
metasomatism, partial and complete fusion. In existing investigations of stress-strain state of crust systems the geological mediums are
supposed to be quasi-homogeneous. The objective of this work is to develop the general approach to computer modeling of the
behavior of geological and mechanical systems of mega-blocks range, in context of space problem during the granite formation, taking
into account structure anisotropy of the system.

While the possibilities of full-size modeling of complex multifactorial magmatogene systems are limited, the possibilities of
mathematical modeling are more appropriate, especially in view of the mechanical systems modeling. Verification of geological
hypotheses and empirical data by constructing simple models with its further complication by means of transition to more and more
complex combinations of force factors, rheological states, boundary conditions, and other factors is the most optimal. In the article the
problem of stress-strain assessment of geological and mechanical system of mega-blocks range is analyzed. Assuming that the
temperature of medium is known, there were obtained governing relations describing the behavior of geological and mechanical system
at combined action of the gravity, non-homogeneous temperature field and power and kinematic influences imposed on the boundaries
of considered system. The algorithm for solving of elastic problem is developed by means of the modified boundary element method.

The governing relations of the considered problem are obtained as well as the numerical and analytical algorithm of stress-
strain assessment of the considered geological and mechanical system is developed.

Mathematical model and corresponding algorithm of the numerical calculation of stress-strain state of the considered system
allow analyzing the stress-strain state of geological and mechanical system at combined action of gravity, non-homogeneous
temperature field and imposed on the boundaries of considered system power and kinematic influences, taking into account
structure anisotropy of the system.

Thus the method proposed herein allows investigating the nature of stresses fields, and hence to forecast geometry of potential
zones of relative decompression and tension, which are the most auspicious for granite formation.

The problem of granites holds a special place in geology.
From question of origin of rock of certain composition it
transformed into complex problem wherein the petrological
aspect is connected with structural and tectonic (dynamic and
kinematic, geomechanical) and other aspects [1, 3].

Research of the granite formation problem leads to a
number of partial problems, among those the question of depth
of the granite formation and mechanisms of provision of space
for large granitoid solids are distinguished. The question of
space, occupied by the large granitoid rocks, in its tumn, is
connected with the tectonic position of granitoid complexes and
geodynamic conditions of mass granite formation [5, 12].

In the problem of space the geomechanical constituent is
of primary importance. Dimensional parameters of large
granitoid solids, direct connection of the granite formation
with orogeny of crystallization and deformation processes,
as well as the character of structural anisotropy of granitoids
indicate the complex hierarchical pattern of stress-strain
state and the influence of many power factors of different
origin on the cumulative stress-strain states.

Modeling of magmatogene processes and structures is
a powerful tool of studies. While the possibilities of full-size
modeling of complex multifactorial magmatogene systems
are limited, the possibilities of mathematical modeling are

© Lavrenyuk M., 2013
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more appropriate, especially in view of the mechanical
systems modeling. The mathematical modeling techniques
can be different, but the most optimal one is the verification
of geological hypotheses and empirical data by
constructing the simple models with its further complication
by means of transition to more and more complicated
combinations of force factors, rheological states, boundary
conditions, from one-dimensional through two-dimensional
toward three-dimensional etc.

The major factors causing the stress-strain state in the
system of the granite formation are permanently acting mass
gravitation forces, tectonic forces of inter-slabs (inter-blocks)
interaction, pseudo-mass forces, forces of volumetric
thermoelastic effects, phase transitions during metamorphism,
metasomatism, partial and complete fusion.

Among the above mentioned factors that form the
stress-strain state in the system of the granite formation,
one of the most important is, undoubtfully, an anomalous
heat-mass flux with key role of fluid-convective heat-mass
transfer. It was ascertained that, first, fluid heat transfer
provides relatively fast stabilization of heat anomalies in
upper crust even without additional heat emission due to
chemical transformations in fluid [4], and, second,
progressive stage of development of heat anomalies is
necessarily accompanied by forming of inversive stress
fields (by redesignation of the principal normal stress axis)
with subvertical orientation of minimal compression
(expansion) axis facilitating the subvertical crust breaking
within thermofluid anomaly and lifting of the daylight
surface free from stresses [8, 9, 10, 11]. However, in this
research of stress-strain state of crust systems there is
generally accepted simplification that consists in
assumption of structural isotropy of geological medium that
is supposed to be quasi-homogeneous.

Let's consider more detailed physical model of
geological and mechanical system of mega-blocks rank.
While developing the model we rely upon models of
mechanics of deformable bodies.

Let's consider the problem of determination of stress-
strain state of such geological and mechanical system.
Assume the medium temperature is the known function of the
coordinates. Let's develop the governing relations those
describe the behavior of geological and mechanical system at
combined action of the gravity, non-homogeneous
temperature field and power and kinematic influences
imposed on the boundaries of considered system.

Let's consider the section of the depth rock mass,
which elastic properties depends on temperature, that is
supposed to be known function of coordinates (that can be
described analytically or numerically in every point of the
considered body). So, after solving the temperature

problem we obtain the distribution of temperature in the
considered body. Supposing that the small change of
temperature induces the small changes of elastic
properties of material, present the considered body as
zonal-homogeneous matrix with multilayered inclusion,
where the boundary of each layer is isotherm, and
temperature in every point of this layer differs slightly from
averaged value of temperature for this layer. Carrying out
the averaging over all the points of the selected layer, we

obtain avera i <C'l'7 ><ﬂp>

ged elastic parameters of layer —\™ix i/,
related to mean temperature of layer. Temperature is
changed from layer to layer according to the law that is
known from solution of the temperature problem, and
elastic parameters of every layer are constant and equal to

averaged values<cifkl>’<ﬂi/p> . Then we can pose the elastic

problem, where temperature as known function of
coordinates is contained in equilibrium equations as
volume forces and in boundary conditions on the edge of
matrix and in the conditions of mechanical contact on the
edge between adjacent layers of matrix. Duhamel-
Neumann's relations
e :Ci/'klgkl _ﬁijT ki, j=12

in case of orthotropic thermosensitive elastic material for
the general plane stress state in Oxy plane have the
following form:

(522611~ S126) L %52~ HSe
2 2 :
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where % and % - coefficients of linear expansion of
orthotropic material.
Introduce the following denotations:
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Then relations (1) can be represented as:
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Elastic equilibrium equations can be reduced to the
form:
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for every inclusion.
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Conditions of ideal mechanical contact on the edge of
matrix and every inclusion, are as follows:

o’n’ " k, ij=12 p=1..N
Multiplying both parts of each equation (2), (3) on the

p+l p+l

_ p+l
=0y N

i M |rﬂ =Uu;

correspondent fundamental solutions U[k(o) and U;km,

r=L...N and integrating over domains of considered
body, and each of its layers, integrating (5)-(8) by parts,
making use of Ostrogradskii-Gauss formulas, we obtain
Somigliano relation for matrix:
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Here g/”(&x)and g/ (&,x) — fundamental forces for

matrix and every inclusion ( p =1,..., N ). Let's divide each of
p layers on m, additional layers. Suppose, that on the

edge of each intermediate layer the temperature is con-
stant, namely for ; - th sublayer of p - th layer the follow-

ing relations hold:

Then surface integral containing temperature, taking
into account that temperature of every layer (zone with
constant mechanical characteristics) is constant, can be
written in the form

T)=T,.j=0
T/ =T, j=

P pHlre m
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p+l p+1l p+l
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2 2
pop (P P (P
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Here T, =—"—"— 2‘

sublayer of p-th layer, I', — j -th isotherm of p -th layer, and
1= [Ul®ndr,
ry, .

Let's discretize boundaries of inclusion and layers using
segments as elements of discretization and work in on these
segments local coordinates system. Using boundary
properties of potentials of single and double layer we get the
system of integral equations for defining displacements in
zonal-homogeneous body. Let's carry out passage in integral
representations, and direct (for every equation) the
observation point step-by-step to the center of every segment
of discretization. Thus we obtain the system of boundary
integral equations for matrix, for every layer, and for internal
inclusion. Further, unknown densities of potentials of double
layer on the boundaries of inclusions can be represented as
functions of two unknowns along the segments of
discretization. After solving the system of boundary integral
equations it allows defining all the components of
displacements and stresses on all the contacting boundaries.

In the case of linear approximation the components of
displacements on every segment of discretization can be
written as follows:

“1”(!)) (x’) =alx;+ahx, +aj
uy (x)=afx;+alxy+al, p=L..N,i=L..M, 4)

Using Cauchy relations and Duhamel-Neumann's law
for isotropic elastic body, we obtain correspondent relations
for stresses on every segment of discretization:
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Note that in the case of linear approximation stress
tensor components are constant on every segment of
integration. Since we consider multiply-connected domain,
we have to add conditions of contact interaction on the
edge of each of subdomains to above conditions. In the
case of ideal mechanical contact on the edge of contacting
zones, these conditions, taking into account approximation

(4), can be written down as follows:
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Thus, we obtain the system of linear algebraic
equations, which is to be made closed by adding to system

the equations of continuity of displacements on every
segment of discretization.
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Using Somigliano identity we can obtain components of
displacements in internal points of considered body from
obtained system of linear algebraic equations.
Differentiating Somigliano identity we obtain correspondent
integral representations for all the components of stress
tensor in internal points:

o, (&)= J'Ezjk (&%) py (x)dTo (x) -

(5)
Here E;(¢&,x) and T4 (&,x) — strains and stresses in an
arbitrary point x accordingly, caused by unit concentrated
force, applied in point &, and directed along k -th axis.

Expressions in the right part of (5) do not contain
unknown values, and thus, in order to obtain expressions
for displacements and stresses, it is only necessary to
calculate right parts of the above expressions.

Thereby approach that was proposed in [2] and proceeded
with [6], [7], can be extended to problems of the stress-strain
state assessment of core systems, provided that correspondent
fundamental solutions for problems of plane elasticity of
anisotropic zonal-homogeneous bodies are known.

J.Z,’k (f,x)uk (x)dFo +J.E/k (§,x)Xk (x)dS0
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MOAOENOBAHHA HAMPYXXEHO-JE®OPMOBAHOIO CTAHY KOPOBUX CUCTEM
B KOHTEKCTI NPOBJIEMUM NPOCTOPY NI YAC IrPAHITOYTBOPEHHA

B zeonoeii ocobnuee micye 3alimae npobnema epaHimie. Po32nsd 3adayi 2paHimoymeopeHHs1 npu3eodums Ao psidy yacmkoeux 3aday, ceped
SKUX 8UPI3HSIIOMbLCSI MUMaHHA 2iIU6UHHOCMI 2paHimoymeopeHHs1 ma MexaHi3mie 3abe3nevyeHHs1 MpPocmopy Onsl KPynHUX epaHimonodi6Hux min. B
npo6nemi npocmopy 2eoMexaHiyHa cksiadoea Mae nepuoyep2oey eaxsiugicmb. [0/108HI YUHHUKU, WO ¢hopMyromb HarnpyxeHo-0eghopmoeaHuli
cmaH e cucmemi 2paHimoymeopeHHs1 —nocmiliHo dito4i macoei epasimayiliHi cunu, mekmoHiyHi cunu mixxnnumHoi e3aemodii, nceedomacoei cunu
06'eMHUX mepMonpyXHux eghekmis, ghazosux nepemeopeHb 8 npoyecax opghiamy, 0 03y, YacmKoeo2o i Mo8HO20 nassieHHs. B
icHyro4ux AocnidxeHHsIX HanpyxeHo-0eghopMo8aHO20 CmMaHy Kopoeux cucmem 2eos102i4Hi cepedosuusa esaxarombcsi keazioOHopidHumu. Memoto
pobomu € nobydoea 3azasbHO20 nioxody 0o KOMM'tomepHO20 MoOeso8aHHs NoeediHKU 2e0/1020-MexaHiYHUX cucmem paHay Mme2abriokie e
KOHmMekKkcmi npobneMu npocmopy nid Yyac 2paHimoymeopeHHsl, 3 epaxyeaHHsIM CMPyKmMypHoi aHisomponii cucmemu.

OckKinbKu Mo)nueocmi HamypHo20 MOOesI08aHHS CKadHuUX 6. 1) DPHUX 02€HHUX cucmemM € obmexeHumu, 6inbw doyinsHUM
€ Mamemamu4He Modesll08aHHsl, 0CO6/IUBO 8 ceHCi Modeslro8aHHsI MexaHi4HuUx cucmem. Halibinbw onmumanbHUM € nepeegipka 2eo0s102iYHUX
2inome3s i eMnipu4yHUX OaHUX WIISIXOM CMEOPEHHS npocmux mModesell 3 NodanbWuM iX ycknaGHeHHsIM 3a paxyHokK nepexody Ao ece 6inbw cknad-
Hux Kom6iHauili cunosux ¢ghakmopie, peosio2iyHUX cmaHie, 2paHU4HUX yMoe i m.0. B cmammi po3ansidaembcs 3adavya eu3Ha4eHHs1 HarnpyxXeHo-
deghopMoeaHO20 cmaHy 2eosl020-MexaHi4HOl cucmemu paHey Mezabrokie. Beaxaro4u memnepamypy cepedosuwja eidomMoro, odepxaHoO
8U3HavanbHi cnieeiOHoweHHs Onsi onucaHHs MNoeediHKU 2e051020-MexaHiYHOI cucmemu npu cymicHil Oif Ha Hei epasimayii, HeoOHOpiOHO20 mem-
nepamypHo20 noJsi i 3adaHux Ha 2paHUysiXx cucmemu cusioeux i KiHemamuyHux ennueis. [nsi no6ydoeu anzopummy po3e'sizaHHs1 NpyxHoil 3adayi
sukopucmosyemscsi ModudpikosaHuli Memod epaHUYHUX esleMeHmis.

OdepxaHO eu3Ha4anbHi cnieeiOHoweHHs1 po3ansidyeaHol 3adayi, Mo6ydoeaHO YuceslbHO-aHaNiMuYyHuUll asl20pUMM BU3Ha4YeHHs HanpyXeHo-
deghopmosaHO20 cmaHy po3asnsidyeaHoi 2e0/1020-MexaHiYHOi cucmemu.

MamemamuyHa modesnib ma eidnoeidHull an2opumm 4YuceslbHO20 PO3PaxyHKy HamnpyxeHo-0eghopMoeaHO20 cmaHy po3assidyeaHoi cucmemu Ao3-
eos1sIIoMb aHaslizyeamu HanpyeHo-0eghopMosaHuli cmaH 2e0s1020-MexaHiYHOI cucmemu npu cymicHitl dii Ha Hei epasimauyjii, HeOOHOpPiIOHO20 memne-
pamypHo20 nosis i 3a0aHuUX Ha 2paHUUsIX cuCmeMu cusioeux i KiHeMamuyHuUX ernsueie, 3 epaxyeaHHsIM CMPYKMYypPHOI aHizomponiro cucmemu.

Takum 4uHOM, 3anpornoHosaHuli Memod do3eoJsisic OocJlidKyeamu xapakmep [oJlie HanpyXeHb, a OMXe, MPo2HOo3ysamu 2eomMempiro
nomeHuyitiHux o6nacmeli iGHocHoi dekomnpecii ma po3amszay, siki € Halibinbw cnpusimnauei 0551 2paHiMOyMeopPeHHs.

Knro4voei crioea: epaHimoymeopeHHs1, cmpykmypHa aHi3omponisi, mepMornpyxHicms.
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MOOENMPOBAHUE HANPAXEHHO-OE®OPMUPOBAHHOIO COCTOAHUA KOPOBbLIX CUCTEM
B KOHTEKCTE NMPOBJIEMbI MPOCTPAHCTBA BO BPEMA NTPAHUTOOBPA30BAHUA

B 2eonozuu oco6oe mecmo 3aHumaem npo6nema epaHumos. PaccmompeHue 3ada4yu epaHumoo6bpa3oeaHusi npueodum K psidy YacMmHbIX 3a-
0day, cpedu KOmopbIX 8bIGesSAIMCS 80MNPOChI 2/1y6UHHOCMU 2paHUMoo6pa3oeaHusi U MexaHU3Moe obecrnevyeHusi NpocmpaHcmea Onsi KpYnHbIX
2paHuUmMoudHbIx mes. B npo6rneme npocmpaHcmea 2eoMexaHuyeckasl cocmaessiroujasi umeem repeocmereHHyr eaXHocmb. [agHble ghakmopesl,
opmupyroujue HanpsixeHHo-deghopMayUOHHOE COCMOsIHUE 8 cucmemMe 2paHUMoo6pa3oeaHusi — MOCMOSIHHO delicmeyroujue Maccosble 2pasu-
MmayuoHHbIe Cuslbl, MeKMOHUYeCKUe CUsbl MEXM/IUMHo20 e3aumodelicmeusi, nceedomaccoenie cusbl 06beMHbIX 3¢hghekmoe mepmoynpyaocmu,
¢hasoebix npeobpasosaHuli 8 npoyeccax pghusma, oMamo3a, YaCmu4yHOo20 U MOJIHo20 nnasneHus. B cyuiecmeyrowux uccnedosa-
HUsIX HanpsHkeHHO-0eghopMUPOB8aHHO20 COCMOSIHUSI KOPOBbIX CUCMEM 2eosio2uveckue cpedbl cHUMaromcesi Kea3uoOHopPoOdHbIMu. Ljenb pa6ombi —
K KOMMbIOMepHOMYy MOOenupo8aHuto nosedeHuUsi 2e0/1020-MexXaHiYHUX cucmeM paHaa Me2abs/ioKkoe 8 KOHmeKcme npobrieMbl MPocmpaHcmea eo
epeMsi 2paumoo6bpa3oeaHusi, C y4emom CMpPyKmMypHoU aHU3o0mponuu cucmemal.

IMocKonbKy 803MOXHOCMU HaMypPHO20 MOOAe/TUPO8aHUSI C/IOXKHbLIX MHO20haKMOPHbLIX MazMamoz2eHHbIX cUCMeM O2paHuYeHbl, 6osee yesneco-
o6pa3HbIM npedcmassisiemcss MameMamu4eckoe ModeslupogaHue,0C06eHHO 8 CMbicsie ModenuposaHusi MexaHu4yeckux cucmem. Haubonee on-
mumasbHoU siesisiemcsi NpoeepKa 2eos102U4ecKUx a2unomes U aMnupuvyeckux 0aHHbIX nymem co3daHusi MpPocmbix Modesnel ¢ nocnedyrouumM ux
yCNoXHeHUeM 3a c4em nepexoda ko ece 6osiee ClI0KHbIM KOMGUHAUUSIM CUO8bIX (haKmopoes, Peosio2UuYecKUX COCMOSIHUL, 2paHU4YHbIX ycroaul,
u m.@. B c e pacci Jol 51 3ad0a4a onpedesieHUs1 HanpsKeHHO-0eghopMUPOBAHHO20 COCMOSIHUSI 2€0/1020-MexaHuU4ecKol cucmemabl
paHea Mez2abnokos. C4umasi memnepamypy cpedbl U3eecmHoU, Nosy4eHbl onpedensoujue COOMHOWeEHUs Ol onucaHusi NoeedeHuUsi 2e0J1020-
MexaHuU4ecKoli cucmembl NPpu CO8MeCMHOM eo3delicmeuu Ha Hee 2pasumayuu, HeOOHOPOOHO20 MeMrepPamypHoO20 Mosisi U 3adaHHbIX Ha 2paHu-
yax cucmembl cusioebIX U KUHeMamu4eckux eo3delicmeul. [ nocmpoeHus aslzopumma peuleHusi ynpyaoul 3adayu ucnosb3yemcsi Moouguyu-
poeaHHbIli Memo0 2paHUYHbIX eIeMeHMos.

IMonyyeHbl onpedensiroujue COOMHOWEeEHUsT paccMampueaemol 3adayu, MOCMpPOoeH YucrieHHO-aHanumuyeckuli Memod onpedesnieHuUsi Hanpsi-
JKeHHO-0eghopMUPOBaHHO20 COCMOSIHUS paccMampueaeMoli 2e0J1020-MeXaHU4eCKol cucmemsl.

MocmpoeHHass Mamemamuyeckasi Modesib U coomeemcmeyrouwulli an2opumm 4YUuclIeHHO20 pacyema HanpsiKeHHo-0eghopMuUpPO8aHHO20 CO-
CMosiHUsI paccMampueaeMoli cucmeMbl 10360J1siem aHa/lu3uposame HanpskeHHo-0eghopMuUpPOBaHHOE COCMOsIHUE 2€0J/1020-MeXaHU4ecKol cuc-
memblI coeMecmHoM eo3delicmeuu Ha Hee 2pasumayuu, HeOOHOPOOHO20 memMrepamypHO20 M0oJIs1 U 3a0aHHbIX Ha 2paHUyax cucmeMbl CUIo8bIX U
KuHeMamuyeckux eo3delicmeuli, ¢ y4emom cmpyKkmypHoOU aHuU30mponuu cucmemal.

Takum ob6pa3om, npednoxeHHbIU Memod no3eosisiem uccsedoeams xapakmep nosieli HanpsixeHul, a criedoeamesibHO, MPO2HO3UPO8aMb 2€0-
Mempuro nomeHuyuanbHbIX obnacmeii omHocumesnbHol OeKoMpeccuu U pacmsiXeHus:, siensiroujuecss Haubosnee 651a20MPUMHbIMU Onsl 2paHu-
moo6pa3oeaHusi.

Kntodesnbie cnosa: epaHumoo6pa3osaHue, CmpyKmypHasi aHu30mpornusi, mepmMoynpy20cma.
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