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Abstract. In the paper, the changes in microdeformations of the Earth’s crust have been
studied using methods of the fractal and multifractal analyses. Most attention was concentrated
on revealing the regularities of the changes in the fractal dimension and singularity power
exponents of the data obtained experimentally using laser strainmeters during periods preceding
earthquakes. The fractal dimension was found to increase before seismic events, especially
according to the data from the laser strainmeter located on a bedrock base. Our analysis
exhibited a decrease in the amplitude and singularity power exponents during active periods.
The results obtained confirm the considerable promise of applying the fractal methods for
monitoring the microdeformations of the Earth’s crust and predicting earthquakes.

Keywords: microdeformation of the Earth’s crust, self-organized criticality, fractal analysis,
laser strainmeter

Funding: The research was supported by state budget theme “Study of the nature of linear
and nonlinear interactions of geospheric fields of transition zones of the World Ocean and their
consequences” (No. 124022100074-9) of V. 1. Il'ichev Pacific Oceanological Institute, Far
Eastern Branch of the Russian Academy of Sciences (Vladivostok, Russia).

Citation: Lisovitsky A. S., Chupin V. A., Moskovchenko L. G., Application of fractal
methods for analyzing the microdeformation data of the Earth’s crust, St. Petersburg State
Polytechnical University Journal. Physics and Mathematics. 18 (4) (2025) 101—113. DOI:
https://doi.org/10.18721/JPM.18407

This is an open access article under the CC BY-NC 4.0 license (https://creativecommons.
org/licenses/by-nc/4.0/)

HayyHasa cTaTbs
YK 550.343
DOI: https://doi.org/10.18721/IPM.18407

MPUMEHEHUE ®PAKTAJIbHbIX METQAOB ILI,J'I‘},‘I AHAJIU3A
AAHHbIX MUKPOAEDPOPMALIUN SEMHOU KOPbDI
A. C. JlucoBuukuii’®, B. A. YynuH', J1. . MockoBueHKO?

I TUXOOKEAHCKNN OKEaHOMOrMYECKMM MHCTUTYT M. B. U. Unbuuésa
[anbHeBocTo4HOro otaenexHns PAH, r. Bnaamsoctok, Poccus;

2 lanbHEBOCTOUHbIV (hefiepalnbHbIN YHUBEPCUTET, . BnagnsocTok, Poccus
® lisovitckii.as@poi.dvo.ru
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M CTEIEeHHBIX I10Ka3aTejeid CHUHTYJSIPHOCTUM [OaHHBIX, MOJYYEHHBIX SKCIEPUMEHTAJIbHO, C
MOMOIIBIO JIa3epHBbIX AedopMorpadoB, B IEepHONAbI, MPEAIIECTBYIOIINE 3EMJICTPSICEHUSIM.
YcraHoBIeHO, 4YTO (pakTajlbHas pa3MEepHOCTb BO3pacTaeT Iepel CeUCMUUYECKUMU
COOBITUSIMU, OCOOEHHO COIJIaCHO NaHHBIM C Ja3epHoro aedopmorpada, pacrnoyioKeHHOTO
Ha CKaJJbHOM OCHOBaHWHU. AHAJIU3 MPOJEMOHCTPUPOBAJI CHUXKEHUE aMIUIUTYAblI U CTEMEHHBIX
nokasaTejieil CUHTYJSIPHOCTU B aKTUBHbBIE Tiepuobl. [ToaydyeHHble pe3ysibTaThl MTOATBEPKIAIOT
MEePCIIEKTUBHOCTD IPUMEHEHUS (DpaKTaIbHBIX METOIOB JUISI MOHUTOPUHTA MUKpOAe(hopMaIiuit
36MHOI KOPbI U MPEACKA3AHUS 3EMJICTPSICEHUN.

KioueBbie cioBa: MukpoaedopMaiys 3eMHONW KOPbI, CaMOOPTaHM30BaHHAsI KPUTUYHOCTD,
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Introduction

Low-frequency microseismic oscillations serve as a valuable source of data on geodynamic
processes in the Earth’s crust. Such wave-like motions are continuous low-amplitude oscillations
of the Earth’s surface, which are caused by atmospheric and oceanic processes. These include
so-called silent earthquakes and slow motions of the crust’s upper layers, as well as significant
fluctuations in atmospheric pressure, cyclones, hurricanes, and the impact of oceanic waves on
the coastline and shelf.

The Earth’s crust serves as a medium through which seismic waves propagate. The character-
istics of the signals propagating in the Earth’s crust vary depending on its state. Statistical param-
eters of the microseismic field may reflect changes in the crust’s properties, including processes
preceding strong earthquakes.

One of the most promising approaches to analysis of such systems is offered by fractal meth-
ods, which make it possible to study the structure of time series, assess their complexity, and
identify hidden patterns that may precede catastrophic events. Fractal characteristics, such as
fractal dimension and multifractal spectra, reflect changes in the dynamics of the system and are
sensitive to perturbations of its equilibrium.

This paper applies fractal and multifractal analysis methods for processing laser strainmeter
readings to study microdeformations of the Earth’s crust.

The main focus is on identifying patterns in the dynamics of fractal characteristics, developing
criteria for their predictive capability, and evaluating their applicability to earthquake prediction.

The key point of this approach is to use data from microdeformations of the Earth’s crust,
unlike most previous studies based on analysis of traditional seismograms or GPS observations.

The combination of multifractal detrended fluctuation analysis (MF-DFA) and the Higuchi
method for estimating the fractal dimension made it possible to comprehensively analyze the
structure of time series and identify the patterns preceding earthquakes.

Self-organized criticality and fractality of the Earth’s crust

The lithosphere, consisting of many blocks, is subjected to elastic stresses, absorbing addi-
tional energy from the external environment and transferring it between the blocks. When the
level of accumulated elastic energy in a lithospheric block reaches a critical value, this block
becomes unstable, which can lead to its displacement or fracture. This instability is characterized

© JlucoBuukuit A. C., YUynun B. A., MockoBuenko JI. I'., 2025. Uznarenn: Cankr-IleTepOyprckuili moJUTEXHUUECKUI
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by a state where small external perturbations can induce significant changes, while the sys-
tem continues to evolve without reaching equilibrium, remaining in a state close to critical.
The described behavior is characteristic of systems with self-organized criticality: such a system
reaches a state in which large-scale processes occur at various levels, independent of external
triggers. Interactions between system elements become sensitive to small changes, which leads to
complex and unpredictable events.

To explain these phenomena, Bak, Tang and Wiesenfeld [1] proposed the concept of self-or-
ganized criticality. This concept describes a system that, in the course of its evolution, arrives
at a self-organized critical state where its behavior is characterized by fractal structure, minimal
stability, and spatial scaling at different levels [1].

For further discussion, let us define seismic periods.

A seismically active period is a time interval that includes earthquakes with magnitude 7 or
higher (on the Richter scale), as well as several months of pre-seismic crustal deformation pre-
ceding the event.

A seismically quiet period is a time interval during which no earthquakes with a magnitude
higher than 6 occur (taking into account the geographical region).

Fractal methods of time series analysis

One of the main methods for fractal analysis of geophysical data series uses the fractal length L.
There are several implementations of the algorithm for calculating L(#n), where n is the number
of iterations.

In particular, the Higuchi method involves, for a series

Y(j), wherej=1,2, ..., N,

performing # iterations for each L(n).
The length of the curve is calculated from the points corresponding to the moments

m,m~+n,m+2n,

where m = 1, 2, ..., n (m is the initial shift);
N-m
Lm=| £ Ym+i-n)—Y(m+G-1)-n ||~ 1
O N_m.n ) (1)
n

where (N — 1)/{[(N — m)/n]n} is the normalizing factor; [(N — m)/n] is the largest integer value
not exceeding the (N — m)/n.

Finally, the length of the curve is defined as the arithmetic mean over # values, each of which
is L, (n).

Next, the average value <L(n)> over all m is calculated and the dependence of log <L(n)>
on log(n) is plotted. This dependence is then approximated by a straight line using the least
squares method.

The resulting straight line is described by the equation

y=—D-x+b, 2)

where D is the required fractal dimension.

We obtain Eq. (2) after linear approximation of the graph [2].

Time series analysis is also performed using the MF-DFA method, which includes several
stages [3].

Stage 1. A fluctuation profile of the following form is calculated:

V(=3 (=0)-2), 3)

where z(i) is the initial time series.
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Stage 11. The profile Y(k) should be divided into non-overlapping segments s of equal length.
A similar procedure is repeated from the opposite end to account for the entire fluctuation profile.

Stage I11. The local trend is calculated for each of the 2N segments using the least squares
method. Then the variance F*(v,s)

F?*(v,s)= Y V- 1 -S+1 i 4
(v,5)= S”{[ -0} 4)
is determined for each segment v (v =1, 2, ..., N) and
Fv.s)=1% {Y[N V=N, )-s+i]- yv(l)} 5)
S i=1

forv=N +1, N +2,..,2 N, where y (i) is the approximating polynomial in the segment v.
Stage iv. All segments are averaged to obtain the gth order of the fluctuation functions

2

Fo={ 3 [Fas] ©®

where ¢ is the moment order of the fluctuation function (which can take only real values).

The value of the generalized Hurst exponent 4(0) corresponds to the logarithmic average of
the fluctuation function and cannot be calculated directly due to the singularity in Eq. (6). In this
case, a logarithmic averaging procedure is used:

2N
F,(s)=exp ﬁ g] In F*(v,s)

Stage V. The scaling behavior of the fluctuation functions is determined by analyzing the
graphs of each of the ¢ values plotted along the axes F (s) and s on a logarithmic scale. The main
multifractal characteristics are determined: the generalized Hurst exponent /(q), reflecting the
degree of long-term correlation of the signal, and the singularity power exponent a(g), character-
izing the degree of signal singularity.

F (s) ~5"9,1(q) = h(q)"q — 1, a(q) = dr(q)/dq.

Experimental setup

Laser strainmeters based on the Michelson interferometer were used for the study.

The operating principle is as follows. The laser beam enters the interference unit, where it is
split by a semi-transparent plate into two beams: the reflected beam and the transmitted beam.
Both beams reflect off flat mirrors, return to the semi-transparent plate and form an interference
pattern, recorded by the detector.

The work uses single-axis laser strainmeters based on the unequal-arm principle.

We used experimental data obtained during four major earthquakes to study their fractal
characteristics, which could indicate impending seismic events. These data were collected from
strainmeters measuring the microdeformations of the Earth’s crust throughout four seismically
active periods during which one or more earthquakes occurred.

The quiet seismic period when no earthquakes with a magnitude above 6 occurred was the time
interval from April 1 to June 30, 2017. The geographical location of the earthquakes and their key
characteristics are given in Table (see also Fig. 1).

The Cape Schultz Marine Experimental Station (see Fig. 1) is part of the V.I. Il’ichev
Pacific Oceanological Institute of the Far Eastern Branch of the Russian Academy of Sciences
(Vladivostok, Russia). The station houses a hardware and software system comprising the follow-
ing main structural elements.
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Fig. 1. Location, year of event, and magnitude of earthquakes considered
The red marker indicates the position of Cape Shultz Marine Experimental Station equipped
with laser strainmeters recording data on microdeformations of the Earth’s crust during earthquakes

Table

Earthquakes observed during seismically active periods

Period Date Location Magrptude, Depth,

points km

20.03.2021 |30 km from Ishinomaki (Japan) 7.0 43

01.10.2020-31.03.2021 13.02.2021 34 km from Namie (Japan) 7.1 44
21.01.2022 | 27 km from Namie (Japan) 6.3 39

15.01-16.03.2022 16.03.2022 | 57 km from Namie (Japan) 7.3 41
06.02.2023 Pazarcik (Turkey) 7.8 10

01.12.2022-15.02.2023 16.01.2023 Hokkaido Island (Japan) 6.0 55

Peter the Great Gulf

01.12.2023-29.02.2024 27.12.2023 (Russia, Primorsky Krai) 32 410
01.01.2024 Noto Peninsula (Japan) 7.5 10

I. Classical laser strainmeter with unequal-arm configuration, designed to record displace-
ment variations for a crustal section with the length equal to that of the strainmeter’s measuring
arm (52.5 m) in the frequency range from 10~ Hz to 1 kHz with an accuracy of 0.01 nm.

II. Classical laser strainmeter with unequal-arm configuration and measuring arm length of 17.5 m.

III. Pendulum-type strainmeter with unequal-arm configuration and measuring arm
length of 52.5 m.

Other hardware elements of the measuring systems are not described here, as they are second-
ary to this study.

Strainmeters I and III are oriented approximately north—south, at an 18° angle to the merid-
ian, but are installed on different parallel sites: I is on sandy soil, while III is on bedrock.
Strainmeter II is oriented perpendicular to I and III and is installed on heavy loam.

Experimental data (digital and analog) are transmitted to the laboratory for processing and
storage, building a data bank. All systems, equipped with four computers, are connected into
a single network and use a precision clock synchronizing the data with an accuracy ranging
from 100 to 10 ns [4].
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The obtained data were analyzed in the MatLab environment. Graphs reflecting the dynamics
of fractal characteristics during the studied periods were plotted as output data. Analysis of the
relationship between the required fractal dimension D and the function a(g) characterizing the
degree of signal singularity is beyond the scope of this work, therefore it was not carried out and
will be the subject of future research.

Results of fractal analysis

Analyzing the processed experimental data obtained from Strainmeters I—III, we can formu-
late the following conclusions.

Results for fractal variables. Firstly, the values of the fractal dimension D increase before earth-
quakes; this is especially pronounced in the data from Strainmeter 111 (Fig. 2).

Secondly, we should consider the behavior of the quantity Ac, the difference between the
maximum and minimum values of the singularity exponent. A decrease in the spread of this
quantity and a decrease in its amplitude are observed during seismically active periods, compared
to quiet periods, which makes the graphs smoother. Significant amplitude variations and high
values of the quantities obtained from Strainmeters II and III were recorded in the period from
December 1, 2022 to February 15, 2023 (Fig. 3).
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Fig. 2. Comparison of variation in fractal dimension D and earthquake energy (right axes)
based on the data from Strainmeter I1I The plots on the left correspond to the quiet period,
plots on the right correspond to the active period.

The red curves correspond to the data averaged by the sliding window method
(window size: 5 measurements)
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Fig. 3. Variations in width of multifractal spectrum Aa for all selected periods (see Table) \
and based on the data from Strainmeters I (a, c), 11 (b, e) and 111 (d, f)
The graphs of quiet periods are shown side by side for ease of comparison

Analyzing the relationship between the fractal dimension D and the width of the multifractal
spectrum Ao based on the experimental data, we found only a weak linear correlation between
these parameters (Fig. 4). Approximating the dependence D(Aa) by the least squares method,
we could estimate the determination coefficient R? = 0.30, which indicates that the linear model
accounts for only about 30% of the variance of the fractal dimension due to variations in the
width of the multifractal spectrum. This observation suggests that changes in these parameters
reflect different aspects of the multifractal structure of the microdeformation time series; the
changes do not always occur synchronously.

Thirdly, the minimum value of the singularity exponent a_. shows a decrease in the periods
from December 1, 2022 to February 15, 2023, and from December 1, 2023 to February 29, 2024
The o, values obtalned from the three stralnmeters exhibit different behav10r for the period from
January 1 to March 16, 2022, similar to the period from October 1, 2020 to March 31, 2021,
although this difference is less pronounced.
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Strainmeter III: significant variations are observed, especially in the period from
December 1, 2022 to February 15, 2023 (Fig. 5).

Results for selected periods. Two closely located earthquakes of significant magnitude occurred
during the seismically active periods from October 1, 2020 to March 31, 2021 and from January
15 to March 16, 2022 (see Table). It is worth noting that both periods are characterized by similar
values of the fractal dimension D and similar values of the multifractal spectrum width Aa (Fig. 6).

The function a(g) was calculated in the range of ¢ values from -5 to +5, in increments of 0.5.
This range was chosen to account for both strong and weak fluctuations and detect the character-
istics of the multifractal structure of the time series.
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The period from December 1, 2022 to February 15, 2023 is characterized by significant vari-
ation in the values of fractal characteristics, compared with the quiet period and other active
periods. This fact is difficult to explain by the earthquakes occurring in this period (see Table). It
is assumed that the data from the strainmeters were influenced by other seismic events (Fig. 7).

The seismically active period from December 1, 2023 to February 29, 2024 is interesting
because two earthquakes occurred in close proximity to the strainmeters. Notably, the data
obtained from all strainmeters during this period exhibit the same patterns of behavior.

In conclusion, let us focus in more detail on the behavior of the fractal dimension D. In gen-
eral, an increase in the fractal dimension D is observed during earthquake preparation periods.
However, the accuracy with which D is determined depends on the degree of scatter of the points
on the log—log plots, which was not explicitly assessed in this study.

The variations in D are more pronounced for Strainmeter I1I (installed on bedrock): its values
lie in the range 1.0 < D < 1.7 in active periods, and in the range 1.0 < D < 1.4 in quiet peri-
ods. Peaks on the curves of the time series for D, reaching values up to D = 1.6 and above, may
indicate nonlinear behavior and the system’s impending transition to a critical state Values of D
close to unity may indicate the end of the current trend, although this interpretation requires
additional verification.

Fig. 8 shows the dependence of D on the month of the given period in chronological order.
It can be seen that the value of D exhibits a spread within the confidence interval. The presented
results confirm the stability of the variations in D in different seismic periods.
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Fig. 8. Estimated confidence intervals for monthly mean values of parameter D
obtained from Strainmeter I11
Black horizontal lines mark the boundaries of the 95% confidence interval for the estimate of D.
Red dashed line corresponds to the nominal (expected) value of D = 1.51

Conclusion

Analyzing the obtained results, we can draw the following conclusions.

1. Strainmeter 111, located on a bedrock foundation, showed more pronounced changes in fractal
parameters than strainmeters on sandy soil, since damping reduces sensitivity to small oscillations.

2. A decrease in singularity exponents Ao(g) and their spread during seismically active periods
was observed for all strainmeters. This result may suggest a reorganization in the structure of the
Earth’s crust, however, the accuracy of determining the parameter Aa(g) also depends on the
spread of the initial data, which was not analyzed in detail here.

3. All strainmeters showed similar changes in fractal characteristics in the periods from
October 1, 2020 to March 31, 2021 and from January 15 to March 16, 2022, when the earth-
quakes occurred in Namie, Japan. These changes can serve as indicators of impending seismic
events, but their qualitative interpretation requires further study.

110



4 Experimental Technique and Devices

4. The data from all strainmeters show abnormal behavior of fractal characteristics for the
period from December 1, 2022 to February 15, 2023, suggesting the influence of an earthquake
that occurred at the same time in Turkey or another seismic event. This period should be further
analyzed to identify possible correlations and to clarify the nature of the detected anomalies.

Constant seismic activity does not subside in the area where the strainmeters are located, mak-
ing it difficult to identify completely quiet periods, additionally affecting the strainmeter readings
and subsequent interpretation of the results.

The conclusions presented in this paper indicate the potential predictive significance of such
quantities as the fractal dimension D and the multifractal spectrum width Aa(g). However, these
conclusions are preliminary and require additional confirmation.
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