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SUBSIDENCE AND FAILURES WITHIN THE TERRITORY
OF PRECARPATHIAN SALT FIELDS AND THE POSSIBILITY
OF THEIR PREDICTION

Purpose. To show the effectiveness of application of method of natural pulsed electromagnetic field of the Earth (NPEMFE)
in issues of spatial prediction of the earth’s surface deformation, for assessing the karst hazard within territories with exhausted salt
deposits. Improvement of existing methods of interpretation of data obtained as a result of applying of NPEMFE by involving

geodetic information.

Methodology. Processing the information obtained as a result of measurements of the NPEMFE with the help of GIS-tech-
nologies. Spatial combination of data interpretation results obtained through the NPEMFE method with results of geodetic obser-

vations.

Findings. The image of the spatial combining of NPEMFE intensity maps and the earth surface subsidence is constructed. The
hypothesis that the anomalies of NPEMFE are a direct indicator of displacement of the earth’s surface is proved.

Originality. For the first time, on the example of the territory of the Stebnyk potassium salt mining field, the results of topogeo-
detic survey and those of the geophysical method of NPEMFE have been compared. Connection of geodetic and geophysical data
and a significant level of their correlation is proved. This gives grounds for considering the NPEMFE method as a predictive in
terms of forecasting the development of deformation processes of the earth’s surface.

Practical value. The improvement of the method for interpreting the NPEMFE data by involving geodetic information is pro-

posed.
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Introduction. Natural-manmade subsidence and failures
of the earth’s surface within salt deposits areas are a conse-
quence of activities of the mining enterprises that have extract-
ed the rock and potassium salt. As a result, significant volumes
of voids are formed, which leads to disturbances in the balance
of rock massifs and the development of dangerous geological
processes within the mining areas of enterprises and adjoining
areas, which are accompanied by failures and subsidence of
the earth’s surface.

For the Carpathian region this refers to the Solotvyn rock
salt deposit (Transcarpathia), Kalush-Holyn and Stebnyk de-
posits of potassium salt (Precarpathians). These deposits have
been intensively exploited during the 19"—21% centuries. The
facts of significant sediments and numerous collapses are evi-
dent at all of these deposits. In particular, 25 karst failures oc-
curred in the Carpathian region on the Kalush-Holyn mining
field, and the biggest of the subsidence was 07.06.87, the size
200 x 180 x 8.5 m, the volume of 306 000 m*

29 failures were documented within Stebnyk deposit. The
last significant event in this regard was recorded on September
30, 2017, when a sinkhole with a diameter of 220—230 m and a
depth of 45—47 m was formed. The failures and surface subsid-
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ence are observed visually or with the help of geodetic mea-
surements and indicate the fact that has already happened.
The problem, however, is the development of a methodology
for forecasting geological-nature emergencies, which are as-
sociated with natural and technogenic deformation processes
on the surface of the earth’s crust in the specific geological and
hydrological conditions inherent to the territories with salt de-
posits mining.

Literature review. Failure phenomena on the territories of
salt deposits mining have been and are still observed in differ-
ent countries of the world. Examples can be given for Germa-
ny, Russia, Poland, and Ukraine. A comprehensive overview
of these territories is given in the monograph [1]. Results of
geodetic observations of the earth’s surface deformation are
usually stored at mining enterprises or scientific institutions. In
particular, for Precarpathian salt deposits, this information is
highlighted in separate publications [2, 3].

Recently, the results of vertical displacements monitoring
with the use of satellite interferometric radar measurements
|4] have appeared. As for the prediction of subsidence and fail-
ures it is expedient to consider two main directions, which to
some extent complement each other. The first direction is the
creation of calculation models with the involvement of geo-
logical, hydrogeological information, direct observations on
the situation on mining areas and physical modeling data. This

ISSN 2071-2227, E-ISSN 2223-2362, Naukovyi Visnyk Natsionalnoho Hirnychoho Universytetu, 2020, N2 2 5


https://doi.org/10.33271/nvngu/2020-2/005
tetti.chepurna@gmail.com

is demonstrated, first of all, in the works by specialists of LLC
“Hirkhimprom” (Lviv) [1, 3, 5]. At the same time, we should
note publications with detailed coverage of certain aspects of
the problem, such as hydrogeological one [5]. The paper [6]
states that this approach allowed predicting the failure (that
occurred in 2017) in 2007, the forecast was finally clarified in
2014. It should be noted that this failure was the cause of the
technogenic earthquake with a magnitude M = 2.9 on the
Richter scale [7].

Therefore, as the second direction we should consider a
complex of geophysical methods. Geophysical investigations
at different times were carried out by the West-Ukrainian
Geophysical Exploration Expedition (Lviv), State Enterprise
Spetsheolohorozvidka (Ivano-Frankivsk), State Enterprise
“Ukrainian Geological Company” (Kyiv), Carpathian region
Department of the Institute of Geophysics of the National
Academy of Sciences of Ukraine (Lviv), Ivano-Frankivsk Na-
tional Technical University of Oil and Gas (Ivano-Frankivsk).
The results are concentrated in reports and are highlighted in
next publications [8, 9].

The proposed complex of geophysical methods is quite
limited in their number: gravimetry, sounding by the method
of electromagnetic induction logging, vertical electrical
sounding, the method of the natural pulsed electromagnetic
field of the Earth (NPEMFE).

The first three methods are common in the practice of
geological exploration and have a thoroughly developed tech-
nical, methodological and interferential background [10]. Re-
garding the NPEMFE, strangely enough, this method is still
limited in spreading and has not been used outside of Russia,
Ukraine, and China [11, 12]. Scope of its application involves
solving engineering and geological problems.

Purpose. The purpose of this article is to prove the effec-
tiveness of the NPEMFE method with the plane prediction of
the deformation of the earth’s surface and to assess the karst
hazard in exhausted salt deposits as well as to improve the
method for interpreting data by involving geodetic measure-
ments in the analysis.

As a research object, Stebnyk potassium salt deposit,
which is located in Lviv region, is considered. The research site
is located in the Inner zone of the Precarpathian Deflection.
The deposits forming the geological structure of the territory
belong to the lower Neogene.

Methods. The basis of the NPEMFE method is the rela-
tion of the intensity of the natural pulsed electromagnetic field
to changes in the stress-strain state of rocks. The geological
preconditions of the method are given forth in the writings of
Vorobyov and Solomatin.

In the Stebnyk mine area, the rocks are represented by
flush-like alternating of sandstones, siltstones, argillites and
clays. These deposits contain industrial deposits of explored
potassium salts, which lie at depths from hundred to five hun-
dred meters. Above the salted rocks the gypsum clay weather-
ing crust was formed.

Extraction of salt was carried out by the chamber method.
The chambers were located on four horizons — at different
depths — from 100 to 400 m (depending on the geological sec-
tion).

During operation in mines there were repeated break-
throughs of formation water in the extraction chambers. This
led to a misbalance of the natural hydrogeological balance,
the intensification of the filtration of surface water into salt
layers, the breakage of salt fractions and the weakening of the
stability of the rock massif. According to various estimates,
2.5—3 million m? of technogenic voids were formed due to
the dissolution of salt, that is, in the process of karst forma-
tion.

Along with the presence of mining chambers and their de-
struction, as a result of the erosion of protective pillars, the
formation of karst cavities has led to significant depressions
and drops on the surface. It is obvious that the territory of

mine No. 2, where there is a self-flooding or artificial flooding
with undersaturated brines, has bigger karst hazard.

The research area presented in this publication is located
in the western part of mine No. 2. This territory includes a
fragment of the “Skhidnytsia-Pisochne” highway, which is the
main highway to the famous resort of Truskavets. The defor-
mation of the roadbed is the cause of the survey of this particu-
lar place. Methods of research: geodetic surveying and geo-
physical method of natural pulsed electromagnetic field of the
Earth. In contrast to the above-mentioned publications, the
presented article provides a thorough analysis of the dynamics
of subsidence over a specified period of time and a quantitative
statistical estimate of the relationship of subsidence with the
data of the NPEMFE, which allows not only stating the fact of
the hazardous situation of the geological environment, but
also making predictive conclusions about the development of
this situation.

Geodetic monitoring of the subsidence of the earth’s sur-
face is carried out within the territory of Stebnyk deposit by
24 geodetic profiles since 1987.

At present, most of the points of these profiles have been
saved. Observations were carried out by the geodetic service of
PJSC “Polimineral”.

The authors created a database of the results of observa-
tions with the aim to assess the dynamics of the earth’s surface
subsidence by the data of geodetic observations. Altogether
544 reference points were processed.

Results. Along the “Skhidnytsia-Pisochne” road, through
the survey area of the NPEMFE from the south to the north,
geodetic reference line No. 12 passes.

Output data for analyzing the size and dynamics of subsid-
ence are presented in Fig. 1. The graph of the values of altitude
of reference points for line number 12 over 1996 and 2017 is
shown in Fig. 1, a. The figure shows that the reference line 12
was installed in 1996, it contains 57 points. The graphs of in-
terval subsidence are then depicted with discretes in 5 years
(Fig. 1, b) and graphs of accumulated subsidence from 5 to
20 years (Fig. 1, ¢).

The analysis of the graphs shows the following. From
57 reference points, 20 subsided by more than 30 cm, 10
points — by more than 50 cm, and 4 points changed their loca-
tion by more than 1 meter. This is confirmed by the graphs of
accumulation of subsidence. The annual amount of subsid-
ence is best visualized by Fig. 1, d. From the figure it is clear
that activation took place in 1999, then in 2002—2004,
2007—2017. Annual activation in 1999 was insignificant in ab-
solute terms, but occurred throughout the reference line. This
is probably due to the intense precipitation of 1998—1999,
which caused the activation of all exogenous geological pro-
cesses. The next activation again throughout the reference line
occurred in the interval 2002—2004, while the subsidence in-
creased from north to south, reaching a maximum in today’s
swampy lowland.

It was in those years that the artificial reservoir, which
stretches near highway from south to north in parallel with it,
was filled and now is a water supplier in this relief lowering. As
seen from the graphs and charts, in the area of points 654—667
subsidence has been developing in subsequent years. Accord-
ing to the accumulation chart, this subsidence reached a max-
imum near point 665 at 1760 mm.

Subsided area is a place of intense infiltration with subse-
quent movement of water in the direction of the depression to
the north — north-east. Subsidence is probably associated with
the dissolution of salts and suffusion. An additional factor,
which contributes to intense infiltration, is the presence of
stratigraphic contact that is the zone of weakening of the
strength of rocks. The roadbed in front of the anomalous area
is deformed.

Subsidence along reference line No. 12 over 2007—2017
was not uniform. We described and explained one anomaly
centered near point 665 from the physical point of view. An-
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Fig. 1. Dynamics of displacement on reference line No. 12:

a — graph of absolute heights of reference points; b — graph of interval subsidence; ¢ — graph of accumulated subsidence; d — diagram of annual

subsidence

other significant subsidence was activated in 2010 and evolved
with increasing speed, especially over 2015—2017. This is an
area near 790—792 points with a total subsidence of picket 791
(for the entire observation period) — 585 mm, including that
over 2014—2017 years — 286 mm. From a geological point of
view, the area of subsidence belongs to the southern part of the

ensemble of mining chambers in salt layers. It should be noted
that the area of subsidence belongs to the place of roadbed de-
formation.

The results of topogeodetic observations allow de facto es-
tablishing zones of near-surface deformations of the earth’s
surface, related to its subsidence. The question is the follow-
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ing — will these areas continue to subside? This question
should be answered by the NPEMFE method.

The research by the NPEMFE method was performed
along the road at a distance of 150 x 1200 m, by the grid 10 x
x 20 m in the 2—50 kHz frequency range. This made it possible
to trace in a section places with tensely deformed state at a
depth of 350 m from the surface, which is the depth of laying
of the extraction chambers. The fieldwork was performed in
2016 and 2017 with the aim to track the dynamic of deforma-
tion development in a rock massif. The work was carried out
using a radio-wave indicator of stress-strain state (RWISSS) in
accordance with the instruction.

The results of the interpretation of the NPEMFE data are
maps of the intensity of the natural electromagnetic field along
the antennas X, Y, Z, as well as maps of the full field intensity
vector.

Physical side of the NPEMFE method and our experience
of the work with it in terms of the development of natural tech-
nogenic karst [1, 11], suggest that the initial and active defor-
mation stage causes an increase in the intensity of the electro-
magnetic field.

In this case, the major anomalies are inherent in the gradi-
ent zones. For the deformation damping stage, the further re-
duced field is characterized by the saving of positive values. At
these stages, the field is heterogeneous with a significant dif-
ferentiation in absolute values. This is exactly what NPEMFE
intensity field at the indicated place in 2016 looked like.

The active stage of a stress-strain state passes into a stage of
reduction or ends with a destructive stage (a stage of destruc-
tive deformations) with significant displacement of rocks,
which are reflected on the earth’s surface by a significant sub-
sidence. Such areas are zones of discharge with the special re-
action of the electromagnetic field in the form of significant
abnormalities of the decrease in the intensity of the field.

It is quite logical that on the area of the presence of such
anomalies there is a local subsidence — in this case, we should
expect the development of subsidence within the entire ano-
maly.

This is the picture observed on the maps of intensity of the
electromagnetic field according to the results of research in
2017.

For accurate assessment of the concordance of the data of
the NPEMFE geophysical method and the results of topogeo-
detic observations for reference line No. 12, a graph with the
field intensity of one of the antennas (antenna X) and the sur-
face displacement in 2017 was constructed. The anomalies of
decreasing of the intensity of the field and the subsidence of
the earth’s surface within the limits of the points 660—668 and
787—793 are expressive, with a maximum of annual subsid-
ence, respectively, of 96 mm on 664 and 89 mm on point 791.
As for the first anomaly, its dimensions by geophysics and ge-
odesy methods coincide. As for the second anomaly, the
downfall in the relief is a part of the geophysical anomaly.

The results of the geophysical analysis for all 57 points of
the reference line are presented in the form of cross-correla-
tion diagrams for the displacement of the earth’s surface and
all variants of the observations of the field.

Correlation coefficients, as it should be on the physical
content, are positive. Their values are low in absolute value
(r=10.19—0.3), but statistically significant.

This should be expected, because the area of anomalies of
the NPEMFE in this case is larger than the area of subsidence.
The fact is that using the NPEMFE method, traces of defor-
mations that occur in rock massif underground and only even-
tually will be reflected through the subsidence on the surface.

In this sense, the method is predictable. This is confirmed
by a map of results of the NPEMFE method, combined with
the results of geodetic observations, which are conventionally
depicted in the form of a broad profile (Figs. 2, 3).

From the figures it is clear that the NPEMFE method al-
lows determining geometric areas of field anomalies with a
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high degree of accuracy and considering them in the context of
development of deformation in massifs of indigenous rocks. In
this case, the NPEMFE anomalies are a direct indicator of the
displacement of the earth’s surface.
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Geodetic surveying is a compulsory component of the re-
search complex, as it allows confirming the reliability of geophys-
ical studies to establish the stage of development of deformation
processes, and thus defining an approach to the interpretation of
geophysical data, helping in determining the causes of deforma-
tion and determining the extent of their further development.

From Figs. 2, 3 it is possible to make conclusions on the
further development of deformation processes throughout the
area of mining chambers location within the territory of the
geophysical survey. The contours of the future subsidence are
clearly identified as anomalies contours of NPEMFE (blue
colour in the figure). Probably this anomaly should be traced
to south-east along the salt layers at least to a karst collapse
(failure dated 30.09.17) indicated in the figure.

Conclusions.

1. One of the most important direction of study of territo-
ries with exhausted deposits of rock and potassium salt within
the Carpathian region is the research on dangerous situations
associated with deformation processes in the pre-surface part
of rock massifs.

2. The only method of quantitative estimation of the
earth’s surface deformations within territories of mining fields
of salt deposits is the topographic geodetic work.

3. Analysis of studies, related to the diagnosis of the state
of a rock massif in the extraction zones, suggests that the reli-
able methods of non-destructive testing at the preliminary
stage of the study are geophysical methods.

4. Among the geodetic methods at the stage of expert as-
sessment of the strained-deformed state of rocks and the pre-
diction of deformation processes development, it is necessary
to distinguish the method of the natural pulsed electromag-
netic field of the Earth.

5. The projection of planar anomalies of the NPEMFE in
the analysis of their gradation by intensity allows specifying the
stage of the earth’s surface subsidence, including determining
an area, when underground deformations of the rock masses
already occur, but not yet reflected on the surface. In this
sense, the method is predictable. Reliability of the interpreta-
tion of the NPEMFE data is achieved using the results of geo-
detic observations.

6. Further development of the use of the NPEMFE meth-
odology is appropriate to link with the improvement of inter-
pretation by creating spatial geological and geophysical mod-
els under the conditions of integration with geodetic observa-
tions and other geophysical research.
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IIpocinanHs Ta mpoBaiu HA TepUTOPii
cosstnux poaosuin Ilepeakapnarrs
Ta MOXJIMBICTB iX MPOTHO3YBAHHS

FE.JI. Kyzomenko, 1. B. Yenypnuii, T. b. Yenypna,
C. M. baepiii

IBaHO-®paHKIiBCHKUIT HAlIOHATBLHUI TEXHIYHUIA YHiBepCH-
teT HadTH i rasy, M. IBaHo-PpaHKiBChK, YKpaina, email:
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Merta. ITokazatn e(heKTUBHICTb 3aCTOCYBaHHSI METOIY
BUMipIOBaHHS TIPUPOIHOTO iMITYTbCHOTO €JIEKTPOMATHITHO-
ro nosist 3emuti (ITIEMII3) y 3apayax mjiomMHHOTO MPOTrHO-
3yBaHHSI nedopMaliii 3eMHOI TOBEpXHi, IS OLiHIOBaHHS
KapCTOIPOBaJIbHOI HeOe3MeKH B MeXax TEpUTOpiii Bianpa-
LIbOBAHUX COJISTHUX POIOBUIII.

Meroauka. OrnpaioBaHHs 3a gornomoroto I'NC-texHo10-
riit indopmariii, orpumanoi B pe3yibTarti Bumipis [TIEMIT3.
ITpocTopoBe cymillleHHs pe3y/bTaTiB iHTepIpeTallii TaHuX
BUMipiB, orpuManux metonom [1IEMII3, i3 pe3synbraTamu
TeOlIe3MYHUX CIIOCTEPEKECHb.

PesyabraTn. IloOGynoBaHe 300pa’k€HHSI MPOCTOPOBOTO
cyMilieHHs KapT inteHcuBHOCTi [TTEMII3 i mpociganb 3em-
Hoi noBepxHi. JloBeaeHa rinoresa npo te, 1o aHoMatii [11-
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EMII3 € 6e3nocepenHiM iHAMKATOPOM 3MillleHb 3eMHOI M0~
BEPXHi.

Haykosa HoBu3Ha. Yriepuie Ha npukiai reputopii Cteod-
HUILIBKOTO POAOBUIIIA KaJiifHOI COJIi BAKOHAHE CITiBCTaBJIEH-
H$1 pe3yJIbTaTiB JaHUX TororeodiznyHoi 3oMKH it reodizuy-
Horo metony ITIEMII3. [JoBeneHa BiaMOBIIHICTh TeOAE3UY~
HUX i reodi3WYHUX NAHUX i CYTTEBUU PiBEHb IX KOPEJSLLii.
3a3HaueHe gae migcraBu posriasmatu Meron TTIEMII3 gk
MPOTHO3HUI y YaCTUHI TiepenoadyeHHs 30H MOIIUPEHHS Je-
dopMalLiiftHUX MPOLECiB 3eMHOT MOBEPXHI Ta X aKTUBi3allil.

IIpakTyna 3HaYMMicTh. 3aIPOIIOHOBAHO YIOCKOHAJIEH-
Hs MeTonuku iHntepnpetauii nanux [TIEMII3 noisixom 3aiy-
YeHHS Te01e3UYHOI iH(opMallii.

KmouoBi coBa: npocioanus, nposasu, eeoghizuuni docai-
Oxcenns, Kapem, consiHe pooosuiye, 3MiujeHHs.

IIpocenanusi 1 mMpoBaJibl HA TEPPUTOPUH
coJisHbIX MecTopoxaenuii IIpukapnaTbs
U BO3MOXKHOCTb MX MPOTHO3MPOBAHUS
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Henb. [Mokazats 3dHeKTMBHOCTD NPUMEHEHUS METONA
U3MEPEHUI €CTECTBEHHOTO MMITYJbCHOTO 3JIEKTPOMArHUT-
Horo mong 3emumm (EMBMII3) B 3amavax IUIOCKOCTHOTO

MMPOTHO3UPOBaHUS AehOpMalUKM 3eMHOI ITOBEPXHOCTH, TUISI
OLIEHKM KapCTOIMPOBAJIBHOI OMACHOCTU B TIpenesiaX Teppu-
TOPUI OTPAOOTAHHBIX COJISTHBIX MECTOPOXICHUIA.

Metomauka. O6padotka ¢ nomoinsio 'MC-texHonoruii
nHdopMalMu, MOJyYeHHOU B pe3yibTare usmepenuit EU-
DOMII3. [IpocTpaHCTBEHHOE COBMEILIEHUE PE3yJbTaTOB MH-
TeprpeTaluy TaHHBIX W3MEPEHUI, MOJyIeHHBIX METOIOM
ENBMII3, ¢ pe3ynbrataMm reone3nuyeckux HaOIIOaeHUIA.

Pesyabratel. [TocTpoeHO M300paxkeHre TPOCTPAHCTBEH-
HOTO coBMelleHUs KapT MHTeHcuBHOCTH EMDMII3 1 npo-
CaJoK 3eMHOI1 ITOBepXHOCTH. JloKa3aHa TMIIOTe3a O TOM, YTO
aHomanuu EVMBMII3 aBasioTcs HenocpeacTBEHHBIM MHIU-
KaTOpOM CMEIleHUIT 3eMHOI TTIOBEPXHOCTH.

Hayunas HoBu3Ha. BrepBble Ha mpumepe TeppUTOPUU
CTeOHUIIKOTO MECTOPOKICHUS KAJTMIHOMW COJIU BHITIOJTHEHO
COTIOCTAaBJIEHNE PEe3yJbTaTOB NAHHBIX TOMOreohu3nuyeckoi
creMKU U reodusnueckoro Merona EMOMII3. [HokazaHo
COOTBETCTBUE TeOAE3UYECKUX U TeOPU3NUECKUX NaHHBIX U
CYIIECTBEHHBIN YPOBEHb MX KOPPEISIIUU. YKa3aHHOE IaeT
OocHoBaHue paccMatpuBath Metoa EMOMII3 kak nmporHos-
HBII B YaCTM TpeNncKa3aHusl 30H pacrpocTpaHeHus nedop-
MaLMOHHBIX TTPOLIECCOB 36MHOI MOBEPXHOCTU U UX aKTUBU-
3a1unm.

IIpakTiyeckas 3HauuMocTb. [lpensioxeHO ycoBeplileH-
CTBOBaHME METOIMKM WHTepIipeTalun naHHbix EMMOMII3
MyTeM MPUBJIEYEHUs reoie3nyecKoit nHdopmaluu.

KimoueBslie cioBa: npocadku, nposansl, eeopusuveckue uc-
cnedoeanus, Kapcm, coNsIHoOe MecmopodcoeHue, CMeueHus
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