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This study examines the methodology and results of earthquake forecasting based on
the assumption that the earthquake preparation process can be linked to the development
of rupture mechanisms. The analysis focuses on water fluctuations in a control monitoring
well, which provides valuable information about the earthquake's preparation period well
in advance. Studies on the territory of the Kryvyi Rih iron ore basin (Kryvbas) confirmed
that the underground waters in a deep well (815 m deep) depend on the processes of the
current lithosphere deformations evidenced by the changing elastic-deformation state
of the crust in tectonic areas. The Kryvyi Rih-Kremenchuk crust-mantle fault produces a
system of different-scale faults in the crystalline basement which determine the hydrody-
namics of the Kryvbas underground filtration. The earthquake preparation process exhibits
clear indicators of the rupture process, characterized by a periodic component of water
fluctuations superimposed on the main level-changing process during the preparatory
phase. The frequency of the periodic component increases as the date of the earthquake
approaches. With this approach, an earthquake with a magnitude of 4.1 in Kryvbas was
successfully predicted one and a half year before the event, based on monitoring water
level fluctuations for 120 days between February and June 2016. The efficacy of forecas-
ting local earthquakes was evaluated using the retro-forecast of earthquakes in Kryvbas
on July 29, 2017. The methodology was validated through testing, confirming the initial
assumptions. This technique was tested to predict the exacerbation of the seismic situa-
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tion in the iron ore mining area caused by powerful blasting activities.
Key words: amplitude trend, blue-up process, forecast model, shocks environment
criticality, Kryvyi Rih-Kremenchuk deep fault, underground waters.

Introduction. In recent years, advance-
ments in hardware infrastructure and math-
ematical tools have provided new opportu-
nities for addressing the challenges of
earthquake prediction through the study of
physical and chemical processes in ground-
water [Biagi et al., 2000; Wang, 2007; Wang,
Manga, 2010; Nagornyi, 2018]. Extensive
research conducted over the past 40—50
years has yielded significant results in this
field [Pigulevskiy, Svistun, 2011a; Kopylova,

Boldina, 2019, 2021; Hwang et al., 2020;
Nagornyi, Pigulevskiy, 2022]. These include
the creation of geodynamic polygons, the
implementation of comprehensive hydrogeo-
logical and geophysical monitoring methods,
the identification of reliable earthquake pre-
cursors, the establishment of spatio-temporal
regularities of earthquake precursors, and the
development of source models and earth-
quake preparation processes.

For an earthquake forecast to be consi-
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dered practically reliable, it must predict three
key elements of future events in advance: the
location, intensity (magnitude), and timing.
The prediction of the impact time is particu-
larly crucial. Each forecast stage relies on spe-
cific precursor indicators, primarily observed
through geophysical surveys that precede
and foreshadow earthquakes. The abundance
of earthquake precursors enables the utiliza-
tion effective earthquake prediction meth-
ods employing various algorithms for their
identification [Nagornyi, Pigulevskiy, 2022].
The abundance of earthquake precursors en-
ables the utilization of original foundations
and effective earthquake prediction meth-
ods employing various algorithms for their
identification [Nagornyi, Pigulevskiy, 2022].

The early 21% century saw novel deve-
lopments in the hydrogeology focusing on
earthquake prediction based on high-pre-
cision and continuous monitoring of the
changes in the groundwater's state in wells,
known as hydrogeoseismic variations. These
variations are influenced by the processes
of earthquake formation and passage. This
approach expands the possibilities of using
groundwater levels for earthquake prediction
in aseismic regions worldwide, including the
Ukrainian Shield within the East European
Platform [Pigulevskiy et al., 2010; Pigulevskiy;,
Svistun, 2011a,b; Nagornyi et al., 2020; Panda
etal., 2021]. This article explores one of these
methods in detail.

Research Methodology. The research
methodology employed in this study involved
presenting the earthquake's preparation as a
process evolving in the blow-up mode. In dy-
namic systems operating in blow-up mode, a
periodic process overlays the main trend of
the monitored parameter. This process is de-
scribed by a model wherein one of the coeffi-
cients corresponds in value and dimension to
the moment of system failure or a significant
alteration in its evolution pattern [Podlazov,
2009]. These modes can be described by the
following equation:

@ — x1+1/tx
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The solution of the equation increases
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without limit as we approach the peaking
moment

X0y =(t,—1) . (2)

To obtain a practical solution of (2), we
pass from the real exponent a to the complex
one o+fi. This transformation enables us to
derive an equation of the following form:

—o+kBi

x(t)zReZak(tf—t) =
k

=(t, —t) “ F(in(e, 7). 3)

The function F(-) is described by several
multiple harmonics, characterizing in the
general case the significant nonlinearity of
systems developing in the blow-up mode.
However, in practice [Urentsov, 2008], the
function F(+) is limited to one first harmonic:

x(0)=(t; 1) " x
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This expression is a smooth trend onto
which log-periodic fluctuations are superim-
posed, which serve as precursor of approach-
ing the blow-up moment Iy Taking 1=, the
oscillation frequency tends to infinity, which
meets the dynamic law requirements fol-
lowed by the blow-up mode. The continuous
increase in the frequency of log-periodic
oscillations enhances their sensitivity to the
course of catastrophically developing pro-
cesses well before the blow-up moment.

If we identify the moment of the earth-
quake (7) as the moment of the catastrophe
(tf), then the period of earthquake prepara-
tion can be classified as a blow-up process. To
enhance the accuracy of earthquake predic-
tion (predicting the moment 7)), it is crucial to
isolate and analyze the sensitive log-periodic
part of the recorded signal. This involves se-
parating the periodic component of the over-
all signal from the smooth trend and exam-
ining its behavior independently throughout
the earthquake preparation period.

The periodic component Appy plays a key
role in the technique. Periodic processes are
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one of the foundations for constructing theo-
ries in the most diverse fields. «Periodicity
— theregular repetition of something in time
and (or) space — convinces us of the cognos-
cibility of the world, of the causality of phe-
nomena. In essence, periodicity is the basis of
the worldview of determinism. Understanding
its nature allows you to predict events, say,
eclipses or the appearance of comets. And
such predictions are the main proof of the
power of science» [Shnol, Chapter, 1997].

In this regard, in forecasting, it was pre-
cisely the periodic component of Appg that
was analyzed. For this purpose, it was sepa-
rated from the original 4-oN(?) information
signal.

The periodic component model should
be subjected to direct analysis, which fully
describes the complex polyharmonic in the
structure of the actual recorded signal.

The controlled parameter A-g\(?) is the
sum of the smooth (trend) By and the perio-
dic component Apgg.

Acon(t) = Arg + Apgg - )

According to (4), at T =tf, Brg is determined
from the following expression

Brg =ay(T—-1)". (6)

The periodic component Apgp is extracted
from the information (total) signal A-qn(?)
by decomposing it into empirical modes
[Myasnikova et al., 2011]

Appr =—0.254c0N;1 +
+0.54con; —0.254c0N 41 - (7)

The model of the periodic component
Byjop: according to (4), is determined from
the following expression

T—t
J- (8)

T

Byiop = ¢ cos(Bln

For the convenience of further research,
expression (8) should be reduced to the clas-
sical form of the log-periodic function (9).

Aviop = 4y cos(u)ln(T ~1) —(p) ,

where

Ay=a(T-1)"; ©=B; 9=BIn(r). (9

Expression (9) contains four unknown pa-
rameters: T, o, ¢, 4,. The first three parame-
ters are determined by solving the system of
two nonlinear equations (10).

ln(T—tn)—ln(T—th):E,

(10)
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Equations (10) are based on the knowledge
of the time #,, which account for the extremes
Agxt of the periodic component Apgp.

To search for these extremes, the following
algorithm is used:

—at least three local extremes stand out in
the periodic component Appr. They are sepa-
rated from each other in phase by an angle
2n, and they are consecutive and identical in
sign (maximum or minimum);

— the time ¢ is marked when extremes oc-
cur (¢, t,.q byso):

—the parameter p is calculated that charac-
terizes the relationship between the extremes
occurrence time:

—t

t
—”’ p>1
t -t

n+2 n+l

(11)

Parameter p must exceed one. This indi-
cates a decrease in the period of its oscilla-
tions, characteristic of the log-periodic func-
tion, over time.

A decrease in the period leads to an in-
crease in the oscillation frequency of the log-
periodic function in the limit to infinity. This
function feature was the basis for choosing it
as a model By,gp (13) for describing systems
operating in the blowup mode [Podlazov,
2009].

The set of extremes forms an array of dis-
crete values of Apy extremes of the periodic
component Apgp.

The solution of system (11) gives the fol-
lowing expressions for the first three un-
knowns of equation (12) [Urentsov, 2008]:

2
_ Zn+l — tn+2tn

= =27/l
2ZLn+1_l‘n+2_t - TE/ n(p)'

n
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¢=n-oln(T-t,,). (12)

To check the correctness of the obtained
unknowns' values (12) and, if necessary, to
refine them, the difference between the com-
ponents of the array of extreme values Agyr
and their model By;qp (9) is minimized. In this
case, the parameter 4 is also determined:

m 2
Z(AEXTi - BMODi) = min .

i

(13)

In practice, the array of extreme values
Agpxt contains a few components, indicating
the polyharmonic nature of the oscillations
of the periodic component Apgr. Therefore,
when refining the values of parameters (12), as
a model 4y;qp (predictive model) describing
an array of extreme values Ay, one should
use a trigonometric polynomial composed of
log-periodic functions (Fourier series):

n | a,coslkoln(T —t
AMODZa_O+ ‘ ( ( )) .(14)
2 Dl +b, sin(koaln(T—t))

The coefficients of the series q,, a;, and
b, are determined from the following expres-
sions:

1™ 1
a,= Apyr—dt,
0 to_tmtj; EXTT_t
t
2 % 27 1
a, = A cos| k In(T—t) |—dt, (15
A to—tm,{ T ( ——In( )JT_t (15)
t,
2 % . 2 1
b= AEXTsm(k T ln(T—t)J—dt.

Methodology and results of studies of
the groundwater regime. In order to investi-
gate the changes in the filtration properties
of water-saturated reservoirs resulting from
local and remote strong earthquakes in the
Kryvbas region, a precision monitoring pro-
gram has been implemented since October
2007. The monitoring involves measuring the
groundwater level in a specific well within the
Kryvyi Rih-Kremenchuk deep fault zone. The
measurements were conducted in Well 14431,
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which has a depth of 815 m and an average
static water level of 106 m below the surface.

The study of the groundwater regime, spe-
cifically the hydrogeodeformational field,
was carried out using the MiniDiver autono-
mous recording sensors manufactured by
Schlumberger (as referenced in [Pihulevskyi,
Svistun, 2011a,b]). These sensors are designed
to record various parameters related to the
groundwater system.

From October 2007 to June 2023, data were
recorded with a variable frequency, and obser-
vation intervals ranged from 2 to 20 min. The
sensors used in the study are highly sensitive:
0.1 cm for measuring the water level, 1 mm
Hg for atmospheric pressure, and 0.01 °C for
temperature.

Studying the deformation mechanism in
water-saturated reservoirs is a crucial task
with both practical and theoretical signifi-
cance. It aims to qualitatively understand
and quantitatively describe the geomechani-
cal and hydrogeodynamic processes taking
place in such reservoirs. Two types of stress
models are commonly used to describe the
hydrogeological responses of fluid-saturated
reservoirs: static and dynamic.

The static deformation model deals with
irreversible changes in reservoir properties
resulting from the propagation of fractures,
faulting, and displacements caused by seis-
mic activity. These changes are observed as
coseismic step-wise and gradual alterations
in the groundwater level.

On the other hand, models of dynamic
deformation of fluid-saturated reservoirs
are based on the theory of poroelasticity, as
referenced in works by [Hsieh et al., 1987
Kopylova, Boldina, 2019]. These models con-
sider the response of pore pressure to varia-
tions in the stress-strain state of the rock's
mineral skeleton and the groundwater level
when subjected to changes.

The zone of the Kryvyi Rih-Kremenchuk
deep fault holds significance in tectonic terms.
It is widely regarded as a mantle fault, sepa-
rating the Middle Dnieper megablock from
the West Ingulets-Kryvyi Rih-Kremenchuk
suture zone to the west. This fault extends be-
yond the borders of the Ukrainian Shield and
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can be traced over a considerable distance
[Azarov, 20006; Omelchenko, Pigulevskyy,
2020].

The West-Ingulets (Kirovograd) zone, ad-
jacent to the Ingul megablock from the east,
forms part of the suture zone. The Ingulets-
Kryvyi Rih zone is located between the Kryvyi
Rih-Kremenchuk and Ingulets faults. The
Kryvyi Rih-Kremenchuk fault serves as the
western boundary of this zone [Pigulevskyy
et al.,, 2016]. The Kryvyi Rih-Kremenchuk
fault zone extends over alength of more than
275 km and has a width of 7—10 km [Gintov,
2015]. Within it, the Kryvyi Rih-Kremenchuk
structural-formation zone is found, traversing
the Ukrainian Shield in a meridional direction.
This area has been extensively studied due to
the presence of the largest Precambrian iron
ore basins in Europe, namely Kryvyi Rih and
Kremenchuk.

According to the results of seismic obser-
vations, the fault has a westerly dip [Sheremet,
2011; Tiapkin et al., 2017]. It can be traced
throughout the earth's crust with dip angles
from 75—80° (at the basement surface) to
45—55° (at the bottom). Also, younger large
tectonic faults of the sublatitudinal direction
were traced in the earth's crust. Analysis of re-
gional gravimetric and magnetometric maps
[Omelchenko, Pigulevskyy, 2020; Svistun,
Pigulevskiy, 2021] shows that in the north
direction, it can be traced through the en-
tire Dnieper-Donetsk depression, and in the
south, it goes to the Black Sea. The Kryvyi
Rih-Kremenchuk fault zone in the territory
of Kryvbas is characterized by natural weak-
ening associated with slow geodynamic pro-
cesses in the lithosphere. It is also subject to a
high variable level of technogenic load, which
is associated with significant movements in
space of huge masses of rocks from quarries
and mines to dumps and tailings. This is the
reason for their increased sensitivity to neo-
tectonic processes occurring in fault zones
[Pigulevskyi et al., 2021]. Monitoring these
zones with the help of control wells makes it
possible to identify the presence of elastic-
deformation changes in the tectonic zone
and the precursors associated with them,
which begin to behave anomalously before

strong seismic events [Nagornyi et al., 2020].

Over time, the monitoring results form
a time series describing the change in wa-
ter level over a large observation period.
When predicting an earthquake, this series
is approximated by the model (18), which de-
scribes the behavior of the controlled para-
meter as a process developing in the blow-up
mode. The model parameter T determined in
this case coincides in value with the desired
moment of seismic aggravation. At the same
time, aggravation is understood as the begin-
ning of a period of increased control over an
approaching earthquake.

The initial data (the controlled parameter
ACON(?) (9), Fig. 1.) for the analysis were re-
gistered from February 1 to April 4, 2016, in
the observation well (Kryvyi Rih).
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Fig. 1. Change in water level in the control well during
the observations (controlled parameter A-qn(?) (9).

Fig. 2 shows the change over the periods of
observation of the earthquakes of the periodic
component Apgp (11), superimposed on the
controlled parameter 4-qgn(?) (9) (see Fig. 1).
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Fig. 2. Change over the observation period of the peri-
odic component of 4pgr (11) and its models 4y;op (18).
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Fig. 3. shows the parameter (15), and Fig. 4,
the frequency (16) of oscillations of the peri-
odic component Appp (11).
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Fig. 3. Change of parameter p (15) over the observation
period.
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Fig. 4. Change frequencies o (16) over the observation
period.

The results of the short-term forecast of the
first earthquake are given in the Table.

The comparison of the actual date of the
earthquake and the statistical analysis of its
forecast are presented graphically in Fig. 5.

Below is the Forecast Protocol.
PROTOCOL

earthquake forecast
Forecast date:
1.6.2016
FORECAST:
The forecast of the most probable date of the
earthquake is:
22.7.2017
and changes with confidence probability
P=0.95
within the following limits:
from 21.7.2017 to 23.7.2017

PROTOCOL
earthquake forecast
Forecast date:
2.6.2016
FORECAST:
The forecast of the most probable date of the
earthquake is:
22.3.2017
and changes with confidence probability
P=0.95
within the following limits:
from 21.3.2017 to 23.3.2017

2020
2019,5 —L

m  Actual date T, = 29.07.2017

T, '
|----- 1o, = 20.07.2017 (2017.579)|

2019f-+--l=== Actual time — 2017.579
2018,5

2018

2017,5

T T NPV —
ARRAVA A N

2017

L —
A M

~ ¥ Y

Forecast T, years

2016,5
2016

2015,5

2016 2016,5 2017

Observation period T, years

2017,5

2016,15 2016,25 2016,35
Observation period T, years

Fig. 5. Forecasting time of the earthquake: a — visualization of the relationship in time between the actual date of
the earthquake and its forecast; b — statistical analysis of the forecast (the forecast of the date of the earthquake
changes from 9.03. 2017 to 15.01. 2018; average forecast value T, ,=6.07.2017; skz=0.233 year.

Earthquake forecast (actual date of the earthquake was 29.7.2017)

Data forecast 28.5.2016 1.6.2016 2.6.2016 46.2016
Forecast data of the 21.6.2017 22.7.2017 22.3.2017 28.7.2017
earthquake
Deviation of the forecast _0.8% _0.03% 17 % _0.02%
from the actual data
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PROTOCOL
earthquake forecast
Forecast date:
4.6.2016

FORECAST:
The forecast of the most probable date of the
earthquake is:
28.7.2017
and changes with confidence probability

P=0.95

within the following limits:

from 27.7.2017 to 29.7.2017

Conclusion. The analysis of water fluctua-
tions in the control well reveals that they pro-
vide information about the preparatory period
of an earthquake well in advance. The pre-
sence of a periodic component in the water
fluctuations, as shown in Fig. 2, indicates the
blow-up process during the earthquake pre-
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IIporHo3zyBaHHS 3eMAETPYCiB Ha MiACTaBl aHaAi3y KOAMBAHb
PiBHSI BOA B KOHTPOABHIN CBEPAAOBUHI

II.L HiryAeBCLKI/II/”II, B.B. Haropfmifz, 2023

TacruryT reodizuxu im. C.I. Cy66orina HAH Ykpainu, Kuis, Ykpaiza
ZCYMCBKI/Iﬁ AepyKaBHUU yHiBepcuTeT, Cymu, YKpaiHa

Po3rasHYyTO METOAWKY Ta pe3yAbTaTH IIPOTHO3YBAHHA 3eMAeTpyciB. MeToamnKa 3a-
CHOBaHa Ha NIPUIYIIeHHi, 1110 MIATOTOBKY 3€MAETPYCY MOJKHA BiAHECTU AO IIPOIIEeCiB, 9Ki
PO3BHUBAIOTHCI B PEXXKUMIi pO3pUBY. AOCAIAKEHHS Ha TepuTopil KpuBopi3pKOro 3anizo-
pyaHoro 6acerny (Kpusbacy) mATBEPAUAY, IIIO KOAMBAHHS PiBHA ITiA3EMHUX BOA Y TAU-
OOKil1 CBEpPANOBUHI (3aBrAUOIIKY 815 M) 3aareskaTh Bip IPOIleciB cydacHOI aAedpopMarril
AiTocdepn 3eMAi, TPOIBOM IKHX € 3MiHa IPY>KHO-AeopMalliliHOTo CTaHy 3€eMHOI KOPU B
TeKTOHIYHUX 30HaxX. KpuBopi3zbko-KpeMeHUyIIbKIM PO3AOM KOPOMAHTIMHOTO 3aKAAAQHHS
dopMye B KpUCTaAITHOMY (pyHAAMEHTI Pi3HOPAHTOBY CUCTEMY PO3AOMIB, IKi BU3HA4YalOTh
riApoAMHaMIiKy mip3eMHOI iabTpariii Teputopii Kpusbacy.

HaBepeHi y cTaTTi pe3yAbTaTH aHaAi3y KOAMBaHb BOAU B KOHTPOABHIN MOHITOPUHTOBIM
CBEPAMNOBHHI 3aCBIAUYIOTH HAgBHICTB iH(OpMaIllil PO MATOTOBUMN II€pioa 3aA0BIO AO
3eMAeTpycy. KpiMm TOTO, Ipoliec MATOTOBKA 3€MAETPYCY Ma€ BHI 03HAKU IIPOIIeCy PO3-
puBy. Ha 11e BKa3ye HasgBHICTh IIePiOAMYHOI CKAQAOBOI KOAMBAHBb BOAY, IKA HAKAAAAETHCS
Ha OCHOBHMY IIpOIleC 3MiHU PiBHS BOAM B CBEPAAOBUHI y MATOTOBUMM Ilepioa. HacToTa
IIePiOAMYHOI CKAGAOBOI KOAMBAHb BOAU 30IABIITYETHCSA B Mipy HAaOAMDKEeHHS AQTU 3eMAe-
Tpycy. BiAlOBiAHO AO OCOOAMBOCTEMN IIPOILECiB, 110 BiAOYBAIOTHECS B PEKUMI PO3IINpPEH-
H¢, TapaMeTp, SKNU XapaKTepu3ye 3MeHIIIeHHd 3 YaCOM IIepioAy KOAUBAHb IIePiOANYHOL
CKA@AOBOI BOAU, 3MEHIITYETHCS, @ YaCTOTa KOAMBAHb I1i€1 CKAGAOBOI BIAITOBIAHO 3POCTAE.
Lle Aano MOKAUBICTE TepepOaumnTy 3eMAeTpycC Y Kpusodaci 29 aunag 2017 p. 3 MarHiTyao:o
4,1 3a niBTOpa POoKy. KpiM TOTO, AAT IPOTHO3Y 3€MAETPYCY BUSBUAOCS AOCTATHBO CIO-
CTepe>XeHb 3a KOAMBAHHSAMHU PiBHA BoAU npoTaroMm 120 AHIB y AroToMy—uepBHi 2016 p.
Ha npukaaai peTpoIporHo3y 3eMAeTPYCy, IIJ0 CTaBcs Ha TepuTopil Kpusbacy 29 Aunzsa
2017 p., OyAO OIliIHEHO MO>KAUBOCTI METOAVUKM ITPOTHO3YBAHHS AOKAABHUX 3€MAETPYCIB.
Pe3yabTaTy TeCTyBaHHA METOAMKU ITATBEPAUAY IOKAQAEHI B Hel IPUMIYIeHHd. ATpo0artis
MEeTOAMKHU AaAa 3MOTy IPOTHO3YBATH YacC 3arOCTPEeHHS CeNMCMiuHOI 0OCTaHOBKU Ha TepHU-
TOpil BUAOOYBAHHS 3aAi3HOI PyAU IOTYKHUMU BUOYXOBUMU POOOTAMU.

KAaro4oBi caoBa: TDEHA aMIIAITYAU, IIPOIIeC TOTAMHAHHS, MOAEAD IPOTHO3Y, KPUTUYHICTh
cepepoBHUIa omToBxy, KpuBopi3dbko-KpeMeHUyIIBKUN TAUOMHHUM PO3AOM, ITiA3€eMHi
BOAHU.
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