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EARTHQUAKE SWARMS ACTIVITY AND
THEIR THERMODYNAMIC AND
RHEOLOGICAL PARAMETERS

This study examined the swarm activity of earthquakes within the research region covering the terri-
tory between 70-85°E and 39-46°N, as well as methods for the identification of swarm seismicity. New
data on the thermodynamic and rheological parameters of swarm seismicity within the study area were
obtained. During the observation period under consideration, swarm clusters of seismic events in the
seismotectonics of the Northern Tien Shan region for 2017—early 2026 were identified and shown. As a
result of the conducted investigations, quantitative values of thermodynamic and rheological parameters
in the focal zones of earthquake swarm clusters were obtained. For the first time, quantitative results of
calculations of thermodynamic and rheological parameters in earthquake swarm sources are presented.
These calculations were performed using a universal computational methodology specifically adapted
for seismic events. The study also demonstrates the temporal variation of parameters within earthquake
swarm sources and presents the behavior of thermodynamic and rheological parameters over time,
which is consistent with the computational model of the universal methodology. The obtained results
offer scientific and practical potential for understanding the physics of seismic processes occurring in ac-
tive environments. This allows for a more detailed and in-depth study of seismic processes and swarms.

Keywords: seismicity, swarms of earthquakes, thermodynamic and rheological parameters of
swarms.
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KP T>KM CeitcMoAOrmsAbIK, GarkayAap MeH 3epTTeyAepAiH
YATTbIK FbIAbIMU OPTAAbIFbI, A/\MaTbI, Ka3aK,CTaH
*e-mail: litovira@rambler.ru

XKep ciAkiHici yiiHAiAepiHiH, OeACeHAAIr xxoHe
OAApPAbIH, TEPMOAMHAMMUKAADIK, YXOHE PEOAOTHUSIAbIK, apameTpAepi

ByA >yMbIC 3epTTeAreH animakTarbl (70-85° wwiblFbic, 39-46° COATYCTIK) >ep CiAKiHICi TOObIHbIH,
GEACEHAIAITIH >koHe YMIpAEPAIH CEMCMMKAABIK, KACMETIH TaHy SAICIH KapacTblpaabl. 3epTTeAeTiH
ayMakTaFbl YAIHAI CEACMUKACIHbIH TEPMOAMHAMMKAABIK, )KOHE PEOAOTMSIAbIK NMapaMeTPAEpi TypaAbl >kaHa
MOAIMETTep aAblHAbL. KapacTbipblAbIn oTbipraH 6akpiAay ke3eHiHae COATYCTiK TaHb-LLIaHb aimarbiHbIH
CENCMOTEKTOHUKACBIHAAFbI CEMCMMKAABIK, KYObIABICTAPAbIH LLIOFbIPAbI LLIOFBIPAAPbI AHBIKTAAABI KOHE
2017 >xbiapaH 2026 XbiAAbIH 6acbiHa AeMiHI KeseHre KepceTiaai. XKyprisiareH seprtreyaep >kep
CIAKIHICIHAET TePMOAMHAMMKAABIK, XKOHE PEOAOTMSAbIK, NMapamMeTPAEpAIH CaHAbIK, MOHAEpiH 6epAi.
AAFaLl peT Xep CiAKiIHICIHAEr TEPMOAMHAMMKAADIK, >KOHE PEOAOrMSIAbIK, MAapaMeTPAEPAI ecenTeyAiH
CaHAbIK, HOTUXKEAEPI aAblHAbI XK8He YCbIHbIAAbL. ByA ecenTeyAep ceMCMMKaAbIK, OKMFaAapFa apHarbl
GertimaeAreH ambeban ecenTtey SAICIH KOAAAHY apKblAbl OPbIHAQAAbI. 3epTTey COHbIMEH Kartap Yiip
OLIAKTapbIHAAFbI MAapaMeTPAEPAIH, yakbITlla e3repicTepiH Kepceteai >kaHe ambeban aAiCTiH ecenTey
YAriCiHe CoMKeC yakblT GOMbIHLIA TEPMOAMHAMMKAABIK, )KOHE PEOAOIMSIABIK, MApaMeTPAEPAIH dpeKeTiH
HaKTbl KepceTeAi. AAbIHFAH HaTMXeAep GEeACEHAI opTarapAd >KYPETIH CEMCMMKAAbIK, MPOLECTEPAIH
(PM3MKACBIH TYCiHY YLUiH FbIAbIMM >KOHE MPakTUKAAbIK, dAEYETTi YCbIHaAbl, CEACMMKAABIK MpoLecTep
MeH YIMiPAEPAI HEFYPABIM ErKen-TErKenAi KaHe TepeHipek 3epTTeyre MyMKIiHAIK 6epea.

Tyitin ce3aep: xep ciakiHici, CoATycTik TsHb-LLlaHb aiiMaFrblHbIH, CEMCMMKAChI, YMIHAIAEPAIH
TEPMOAMHAMMKAAbBIK, YXOHE PEOAOTUSAbIK, MapaMeTpAepi.
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Earthquake swarms activity and their thermodynamic and rheological parameters

M.H. AutoBueHko*, B.C. AloTrkoBa

HaumoHaAbHbINM HayYHbIM LLEHTP CEMCMOAOTMYECKMX HabAIOAEHMI
n nceaepoBarmin (HHLCHWM) MYC PK, AamaTbl, KasaxcraH
*e-mail: litovira@rambler.ru

AKTUBHOCTb poeB 3EM/\ETp$ICEHMﬁ U UX TepMOAUHaAMHUYECKHUe
U peoAornvyeckue napameTpbl

B pab6oTe paccmatpmBanach poeBasi akTMBHOCTb 3EMAETPSICEHUIA B PErMOHe UCCAEAOBAHMS AAS
Tepputopmn 70-85°BA,, 39-46°CLL 1 MeToA pacrno3HaBaHWs POEBOI CEMCMMYHOCTU. [ToAyYeHbl HO-
Bble AQHHble O TEPMOAMHAMUYECKMX M PEOAOTMUYECKMX MapameTpax PpoeBon CEMCMUUYHOCTU Ha Teppu-
TOPUM MCCAEAOBaHUS. B paccmaTpuBaembiii nepuoa HabAIAEHWUI MABHTU(DMLMPOBaHbI MU MOKa3aHbl
POEBbIE CKOMAEHUSI CENCMMUECKMX COObITUIN B CeNCMOTEKTOHMKe pervoHa CeBepHoro TaHb-LLlaHs 3a
2017- Hauaro 2026. rr. B pesyAbTate npoBeAEHHbIX MCCAEAOBAHMIA BGbIAM BbIYMCAEHbBI M MPOaHaAM-
31poBaHbl 6a3bl AQHHBIX CAAOOM CEMCMUYECKOWM aKTMBHOCTM M MOAYUEHbl 3HAUYeHust (U3NUECKUX U
MeXaHMYeCKMX MapameTpoB B ovarax CKOMAEHUI cAaboi CerncMUYHOCTU. [TpUBOAMMbBIE PE3YyAbTaTbI
pacyeTa M3MUYECKMX M MEXaHMUYECKMX YCAOBMI B ouarax pPoeBblX 3eMAETPSICEHUI. Takue BblUMCAe-
HWS BbIMOAHEHbI MO YHMBEPCAAbHOM BbIYMCAUTEABHOM METOAMKE, CMeLMaAbHO aAQMTUPOBAHHOM AAS
cencMuyeckux coobituii. [okaszaHo BpeMeHHOe M3MEHeHWe MapameTpoB B ovarax POoeB, HarAsAHO
NPeACTaBAEHO MOBeAeHMEe TEPMOAMHAMMYECKMX Y PEOAOTMYECKMX MApaMeTpoB BO BPEMEHM, UTO CO-
OTBETCTBYET PACUETHOM MOAEAU YHUBEPCAALHON METOAMKU. [TOAyUeHHble pe3yAbTaTbl HECYT B cebe
Hay4YHO-NPaAKTUYECKMIA MOTEHLUMAA B MOHNMMAHMU (PU3NKM BO3HUKHOBEHMS CEMCMMUYECKMX MPOLLECCOB,
NpoTEeKAIOWMX B aKTUBHOM CPEAe, NMO3BOASET GoAee MOAPOOHO M YrAYyOAEHHO M3yuaTb CelcMUYecKme

rnpoueccbl 1 poeBble CKOMAEHNA.

KAroueBble cA0OBa: CelMCMUYHOCTb PEernmoHa, pou 3eMAeTpﬂCeHVII7I, TepMoANHaMn4veCckmne n peoAorm-

YeCkme napamMeTpbl poeB.

Introduction

The current seismic situation is currently esca-
lating daily, both globally and regionally. Powerful
and catastrophic events (earthquakes) occur regularly
across the Earth and are particularly recorded in high-
seismic hazard zones. These zones include Turkey,
Syria, Afghanistan, China, Taiwan, Japan, Indonesia,
and parts of Russia and Kazakhstan. A striking ex-
ample of such events is the January 2024 earthquake
in Aksu, China, with a magnitude of M = 7.1. The
main seismic shock was followed by a series of after-
shocks with magnitudes greater than 4.0 (Catalog...,
2025). The recent magnitude 4.7 earthquake that oc-
curred on April 3, 2024, in Almaty, Kazakhstan, once
again highlighted the importance of predicting and
mitigating the consequences of strong seismic events.
Historical catastrophic events can also be considered
in this context: the Verny earthquake of June 8, 1887
(M=7.3-7.8; 43.2°N, 76.9°E; depth =20 km), the
Kemin earthquake of January 3, 1911. (M=8.0-8.1;
42.9°N, 77.3°E; depth =20 km) and the Chilik earth-
quake of July 11, 1989 (M~7.8-8.0; 43.5°N, 78.8°E;
depth =20 km) (Kurskeyev, 2004), which confirms
the need for further scientific research in this area and
its priority importance.

In addition to the main topic of consideration,
this study includes an analysis of the dynamics of
swarm seismicity in the NTS region for the period
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from 2017 to May 2026. In our opinion, the study of
such phenomena is especially important in the con-
text of the current phase of increased tectonic activ-
ity in this region.

In this context, a “swarm” refers to a group of
weak seismic events (tremors) that appear and dis-
appear in pulses within specific, limited zones. Such
swarming clusters sometimes precede larger, more
destructive events (earthquakes). The term “swarm”
clearly reflects the visual similarity of epicenter
clusters to a “swarm” of bees, which significantly
facilitates understanding and representing the spa-
tial distribution of seismicity in a region. A graphi-
cal clustering method is used to select and automati-
cally recognize such cluster groups.

This tool is an applied method of pattern rec-
ognition in seismology. It allows for the identifica-
tion and distribution of the monitored evolution of
swarm activity. At earlier stages, this algorithm was
successfully applied to the study of other seismical-
ly hazardous regions. The combination of artificial
intelligence (Al) and pattern recognition methods
provides a statistically valid assessment of earth-
quake swarm activity parameters.

Current research on earthquake swarms and
volcano-tectonic seismicity in regions prone to this
activity has made a significant contribution to the
development of methods for detecting, localizing,
and representing short-duration seismic events.
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Literature review

This section provides a literature review and dis-
cusses key studies that highlight gaps and address
overlooked areas in the current study.

In the work of (Barajas et al., 2023), seismic
signals are analyzed and swarms are identified. The
authors propose a method based on the Network Co-
variance Matrix (NCM) for comparing continuous
seismic wavefields in tectonic and volcanic settings.
This approach significantly improves the accuracy
of identifying coherent signals in swarms and allows
for the differentiation of tectonic and magmatic pro-
cesses in the subsurface. Furthermore, in the work
of (Barajas et al., 2024), a differential phase analysis
method for detecting volcanic tremors was devel-
oped and presented, improving the accuracy of local-
izing the sources of such signals. Despite the volca-
nic orientation of these systems, this method can be
adapted to analyze tectonic swarms and small-scale
spatiotemporal structures. (Caudron et al., 2022) ex-
amined fluid-driven seismicity and stress transport,
revealing that “an increase in fluid pressure preceded
the 2014 phreatic eruption of Mount Ontake.” The
authors used NCM and interferometry techniques.
These results highlight the role of fluid migration
in “initiating swarming activity,” which may be re-
lated to tectonic processes in fault zones. In (Farge
et al., 2021), the authors modeled low-frequency
earthquakes “as rapid transients of fluid pressure
changes at subduction margins.” This suggests that
“swarm processes can reflect episodic fluid injec-
tion even in non-volcanic settings.” (Fountoulakis
and Evangelides, 2025) analyzed volcano-tectonic
interactions and monitoring of the Santorini-Amor-
gos seismic sequence (2024-2025), linking high-
resolution data to volcano-tectonic processes. This
study highlights the importance of dense observa-
tion networks for analyzing swarm dynamics. In this
study, (Druitt et al., 2019) reconstructed the Santo-
rini magmatic system, demonstrating the interaction
of magmatic intrusions with regional faults. This in-
teraction reflects the behavior of tectonic swarms, in
which stress redistribution can initiate microseismic
clusters. (Contreras-Arratia et al., 2024) addressed
the problem of a lack of seismic monitoring data in
a context of limited funding, using the example of
La Soufriere Volcano (Saint Vincent). The authors
emphasized the critical need to develop accessible
and robust algorithms for detecting swarm activ-
ity. This was partially achieved in this study using
artificial intelligence (Al) methods. (Berezhnev et
al., 2025) conducted regional studies and identified

methodological limitations in the sources of trem-
ors at Gorely Volcano, linking degassing processes
to seismic activity. Despite its volcanic nature, the
proposed approach can be adapted and applied to
tectonic systems with increased fluid content, such
as the Northern Tien Shan region. In their work,
(Hindele et al., 2024) demonstrated that wind mi-
croseisms at Taupo Volcano can mimic tectonic sig-
nals. This underscores the urgent need to separate
extraneous environmental noise from actual swarm
activity. This study achieves this using multiparam-
eter criteria—magnitude, distance, and time.

Despite significant progress in ongoing research,
key gaps remain. Most studies focus on volcanic sys-
tems to understand the differences between tectonic
and volcanic swarms, while the tectonic clusters of
NTS swarms remain poorly understood. Currently,
physical and mechanical parameterization is either
lacking, or the available research is significantly
limited in data availability. Some quantitative val-
ues describing physical and mechanical parameters
are simply unavailable.

In this understanding, the integration of Al and
existing clustering algorithms significantly increas-
es the chances of identifying the physical nature
of swarming clusters, but they are not sufficiently
adapted to existing tectonic regimes.

This study analyzes seismic swarms in the Cen-
tral Asian region, specifically considering regional
specifics. It also develops an applied scientific ap-
proach to accounting for the relationship between
thermodynamic and rheological parameters and
tectonic stresses, further improving methods for au-
tomatically identifying and recognizing swarms in
data-poor settings.

Methodology

The methodology in this study refers to the ap-
plication of “graphical clustering to seismic events
to recognize earthquake swarms.” This pattern rec-
ognition algorithm is implemented in seismological
research and big data analysis. This allows for track-
ing the evolutionary dynamics of swarm seismicity
in a region prone to seismic processes. A similar
method has previously been used to analyze seismi-
cally active zones in various regions subject to in-
creasing seismicity using graphical clustering algo-
rithms. Within the narrow confines of an intelligent
approach to earthquake swarm recognition methods,
this approach provides a sufficiently clear statistical
basis for specifying numerical parameters for swarm
clusters. Thus, the steps involved in “recognition”
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are as follows: Events are identified as “swarms” in
the following cases:

- number of events N_sw>3 in a group of earth-
quakes;

- distance L_sw<10"" between event epicenters
in a group;

- time interval 0<T_sw<15"-" 26 days between
consecutive events in a given group.

Only if the above conditions are met can an
event be classified as a “SWARM.” All events fall-
ing into this group are considered earthquake swarm
activity. Thus, research has revealed that earthquake
swarms predominantly form near tectonic faults.
After swarm groups form in such zones, strong
events with magnitudes greater than 6-7 are pos-
sible within 10-15 years A similar method for rep-
resenting swarms of weak seismicity was applied
to the seismotectonically active region of the TSS.
The evolution of swarms of weak seismicity showed
an increase in the number of swarms. It should be
noted that a swarm illustrates a specific type of seis-
motectonic activity. It can be described as a process
occurring within a limited area with a relatively
short lifetime (max 26 days), but this process re-
cords a large number of weak events, which is typi-
cal of “background” seismicity. In this regard, the
main difference from aftershock sequences is that
swarms are not always associated with a primary
high-magnitude event and, as a rule, do not exhibit a
pronounced attenuation of activity over time.

The temporal dynamics of swarms for the pe-
riod 2017-2026.05 is presented in Figure 1. In the
seismically active region of the TSS under consider-
ation, a strong earthquake with a magnitude of M =
7.1 and a focal depth of 65 km was recorded on Jan-
uary 23, 2024, in Aksu County, China, as well as an
event with a magnitude of 5.0 in the Almaty region
(see Figs. 2—4). The considered period of continu-
ous swarming activity from 2017 to 2026.05 was ap-
proximately 9 years. The analysis of the recognition
results obtained to date allows us to qualitatively
characterize the recognition process itself, although
the physical nature of swarms remains poorly un-
derstood. Swarms are observed both in continental
seismic zones (e.g., the Caucasus) and in thrust sub-
duction zones (e.g., the Kuril-Kamchatka zone).

Results and discussion
An analysis of physical and mechanical data in

zones of weak seismicity (M > 1.6) demonstrates
a deeper understanding of the nature of the swarm
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phenomenon. In this study, swarm-type events
meeting the above criteria were identified using spe-
cialized algorithms and recognition methods based
on the current earthquake database. After success-
fully sampling events, their key parameters were
calculated and discussed below. All calculations
in this study were performed using a universal ap-
proach, yielding numerical values for the thermo-
dynamic and rheological characteristics of earth-
quake swarms for the period from 2017 to 2026. All
events, processes, and phenomena occurring in the
deep layers of the Earth confirm the importance and
necessity of studying sources of information on the
analysis of the physical and mechanical properties
of the earth’s crust and its layered structure. The
magnitude and energy class of an event serve as the
basic parameters for determining thermodynamic
characteristics. Selected numerical values for the
studied swarms are presented in Table 1, given in
the publication (Litovchenko and Lyutikova, 2025).

Illustrations

The analyzed characteristics include param-
eters such as energy, temperature, stress, strain,
energy density, potential energy, tensile strength,
and others (see Table 1. Lyutikova and Litovchen-
ko, 2025). Interpreting the physical and mechani-
cal conditions of swarm formation is an impor-
tant scientific and practical result. The calculated
characteristics demonstrate a direct dependence of
the following parameters: E, V, U, Ek G, av, tcr,
and Ign on magnitude. In this case, for each event
(earthquake) with a magnitude greater than 1.6,
all the above parameters were calculated using the
corresponding formulas from the works of Tuliani
L. The obtained parameters for all characteristics
in the source of the “swarm” event were analyzed,
and it was noted that such earthquakes obey the fol-
lowing hypothesis: firstly, it is based on changes in
thermodynamic stresses and elastic deformations
in the upper layers of the Earth (Somsikov, 2021,
2025). Secondly, it shows how the number of iden-
tified swarm events in the TSS changed from 2017
to early 2026. Thirdly, the diagram shows the size
of each swarm event as directly proportional to its
magnitude (see Figure 1).

Figures 2-4 analyze the spatial and temporal dis-
tribution of identified swarm events in the region.
This allowed us to more accurately determine their
clustering and concentration, as well as their geo-
graphic location.
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Figure 1

Timeline of seismic events recorded in the seismic activity zone of the territory 70-85°E and 39-46°N from

2017 to May 2026
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Figure 2
Distribution of seismicity in the area 70-85°F and 39—-46°N and
for the period 2017-2026
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Figure 3
Distribution of earthquakes (black), swarms (green), and strong
events (red) in the area 70-85°E and 39-46°N for 2017-2026
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Figure 4

Distribution of earthquake swarms in the seismic zone between
70-85°E and 39—46°N from 2017 to May 2026 (the swarm radius
is shown as a function of magnitude; the strong earthquake of
April 3, 2024, with a magnitude of M=7.1 is shown in red)
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Based on the obtained results, several impor-
tant conclusions can be formulated. According to
the authors, the accumulation of tectonic stresses
is related to the heterogeneous distribution of tem-
perature and variations in the physical properties
of the geological medium. The release of these ac-
cumulated stresses is expressed through seismic
activity, particularly earthquakes. The relationship
between earthquake energy and source temperature
at the moment of elastic stress release within seis-
mic swarms (Tuliani, 1999) is described by the fol-
lowing equation:

T(K) = 1968 (lg E,,, —lg E)

where 196.8 K represents a constant corresponding
to a one-order variation in seismic energy (erg), and
1gE denotes the logarithm of seismic-wave energy.
Subsequent analysis of the thermodynamic char-
acteristics of swarm sources revealed a pronounced
inverse relationship between seismic-wave energy
and source temperature, as well as between earth-
quake magnitude and temperature. In other words,
increasing temperature within the swarm source is
accompanied by decreasing earthquake magnitudes
and lower seismic-wave energy values.
Comparison of the calculated thermoelastic
coefficient av with experimental observations also
demonstrates that av increases with rising tempera-
ture. Changes in temperature and pressure within
the medium are partially compensated, resulting in
av characterizing the average thermoelastic change
in volume. The deformation parameter € and the
shear modulus G, along with the normal stress ¢
for the swarm, were estimated according to (Tuliani
1999). Then, the values of the listed parameters &
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and o increase with increasing T. The shear modulus
G decreases. In this case, the relationships between
magnitude M, energy E, and shear modulus with
temperature T and effective stress are inverse. This,
in turn, suggests that high temperatures and effec-
tive stresses correspond to lower event magnitudes,
which corresponds to a decrease in the rigidity of the
geological environment.

The established correlations between thermo-
dynamic and rheological parameters within seismi-
cally active orogenic regions reflect specific geo-
dynamic conditions associated with neotectonic
deformation processes and localized partial melting
of crustal material. In addition, the spatial distribu-
tion of earthquake swarms across the study region is
distinctly nonuniform.

As a result, it can be concluded that the analysis
of physical and mechanical parameters in the foci
of swarm-type events allowed us to determine not
only quantitatively the thermodynamic and rheolog-
ical characteristics for a series of weak swarm-type
seismic events, but also to construct schematic maps
of the distribution of these clusters in the Northern
Tien Shan and adjacent territories during the obser-
vation period.

Conclusion

Based on the obtained results, swarm-type
events were identified, their characteristics were de-
scribed, and numerical values of the physical and
mechanical parameters at the source of each event
were calculated. These parameters characterize the
physical conditions under which swarm earthquakes
occur. This allowed for a more accurate interpreta-
tion of the nature of swarm seismicity in the region.
The obtained results demonstrate the existence of
stable patterns between the energy, thermodynamic,
and rheological characteristics of earthquake swarm
foci. Ultimately, the analysis confirms that swarm
seismicity is an important element of geodynamic
processes in seismically active regions and can be
used to further study the mechanisms of seismic ac-
tivity preparation and development in tectonic fault
zones.
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