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Усиление сейсмической активности при разработке сланцевых 
месторождений нефти, США

1973-2008 24 M≥3 /год2009-2015 361 M≥3 /год 2447 M>=3 Earthquakes 2009 ï 3/22/2016

Fall	AGU	presentations	on	induced	seismicity	2009	–	2015	
391	M	≥	3/year	

William L. Ellsworth et al.
Stanford Centre for Induced and Triggered 
Seismicity

Motivation

(From Langenbruch et al., 2018)Langenburch et al, 2018

Сейсмичность в районе 
месторождений Оклахомы, США

Землетрясения Оклахомы
2008 - 2015



Добыча газа и сейсмичность
месторождения Гронинген, 
Нидерланды

Sintubin 2018 4
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Сейсмичность Ромашкинского
месторождения нефти

ØУсиление техногенной сейсмичности 
вызывается дисбалансом между объемами 
закачанной и добытой жидкостями.

ØРост техногенной сейсмической активности 
ведет к падению эффективности мер по 
увеличению нефтеотдачи
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Базельский
геотермальный проект

But our main challange: Earthquakes induced by geothermal energy

03.04.2017

Basel (2006)
(EGS)

St. Gallen (2013)
(Hydrothermal)

But what I really like to talk in the 
remaining minutes: Basel!

Detektionsschwelle ~ ML1.0

SED-Lokationen Dez 2006 – 11.Mar 2017

An (expected) long decay – and a (not so 
expected) increase again. Real? 

well closure
?
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Активируемые разломы и трещины ГРП выявляются сейсмическим 
мониторингом

events in several induced seismicity cases (e.g. Fletcher and Sykes,
1977; Rutledge et al., 2004; Maxwell et al., 2009; Vermylen and
Zoback, 2011; Zhou et al., 2013; Guest et al., 2014). However, in
several other cases, estimated b-values for the induced seismicity
are quite close to those for the tectonic seismicity (e.g. Holland,
2013; Friberg et al., 2014; Skoumal et al., 2015). This motivates fur-
ther investigation of FMD characteristics of induced earthquakes.

Human activities, especially wastewater injection into subsur-
face rocks, are thought to be the main cause of elevated seismic
activity in the central United States since !2009 raising serious
concerns regarding elevated seismic hazards in this region
(Ellsworth, 2013; Frohlich and Brunt, 2013; Kim, 2013; Keranen
et al., 2013, 2014; Barnhart et al., 2014; Rubinstein and Mahani,
2015). A well-documented case of seismic activity potentially
induced by wastewater injection was an intense sequence of earth-
quake swarms that occurred near the towns of Guy and Greenbrier,
Arkansas (Fig. 1), between August 2010 and June 2011 (Horton,
2012a,b; Llenos and Michael, 2013; Huang and Beroza, 2015;
Ogwari et al., 2016; Huang et al., 2016; Ogwari and Horton,
2016; Dempsey et al., 2016). The earthquakes started within a
few weeks after beginning of injection at nearby wells (less than
6 km away), and after a period of intense activity, gradually
stopped within a three-month period following injection
termination.

Horton (2012a,b) reported approximately 1000 events with
MD > 2.0 recorded by local and regional stations in the area. The
relocated hypocenters illuminated the previously unknown
!13 km long Guy-Greenbrier fault. Llenos and Michael (2013)
examined the seismicity rate changes in the area and based on
stochastic epidemic-type aftershock sequence (ETAS) modeling
and statistical tests showed that the earthquake rate change is
man-made. Huang and Beroza (2015) detected more than
460,000 events with Mc ! "1.0 between July 2010 and October
2011 using single-station template matching, and they analyzed
the temporal variation of b-value during the sequence. In their
study, it was observed that the earthquakes deviate from the linear
Gutenberg–Richter distribution and are characterized by low b-
values (0.85) and a convex-type distribution during the injection
period. Ogwari et al. (2016) studied the spatial and temporal evo-
lution of the seismicity during the first three and half months fol-
lowing the beginning of the injection (July 7, 2010) at nearby wells.
They detected and located more than 17,000 events with
ML > "0.67 using ten local stations deployed during this time per-
iod. They obtained a b-value of 1.1 for the entire catalog with a
range from b = 1.4 in the northern segment connecting the fault
to well #1 and b = 0.78 for earthquakes deeper than 5 km in the
southern segment. Huang et al. (2016) estimated the stress drops
of 25 events to be between 1.02 MPa to 42.50 MPa with a median

Fig. 1. Epicentral and cross-sectional distributions of seismicity in the study area (between 7 July and 20 October 2010). Marker sizes are scaled to event sizes. Seismic
stations are shown by white triangles and black diamonds are disposal wells. The Enders fault is shown by a solid black line.
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SPECIAL TOPIC: RESERVOIR MONITORING       
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and short (hydraulic fracturing) time spanning catalogues show 
that induced seismicity can be characterized by the next record 
breaking events and does not reach the upper limit to the next 
largest event.

We note in passing that the catalogues must be limited to 
the magnitude of completeness. In the Groningen field, the only 
event above ML 1.4 has been used. The calculated Next record 
breaking event slightly overestimates the recorded values up to 
October 2011. This may also be caused by the size of the Gro-
ningen field and the possibility that not all seismicity is spatially 
connected from across the field (see map scale in Figure 1). We 
also may underestimate the magnitude of completeness in some 
parts and time intervals of the field. We note that the next record 
breaking event estimates the observed magnitude of the ML 3.6 
event in 2012 very accurately, probably due to the improved 
monitoring network.

The hydraulic fracturing dataset was reduced to a limited 
event with moment magnitude greater than the completeness of 
1.1. The Next record breaking event magnitude estimate nearly 
perfectly predicts the magnitudes of the observed breaking events 
at days 3, 4.8 and 7. The next record-breaking event estimate is 
most affected by the large observed events above magnitude 2.0 
and provides very good guidance for the observed events.

We note that the Upper limit of the next largest event 
significantly overestimates the observed magnitudes in both 
datasets. This may lead to overestimation of seismic hazard from 
fluid-induced seismicity. However, we also note that we have 

caused damage to buildings resulting in the eventual decision to 
taper down the production from the largest onshore gas field in 
Europe. In addition, the local seismic monitoring network has been 
improving over time, particularly in early 1990s and after 2011, 
resulting in detection of weaker events with time. Specifically, the 
completeness of the catalogue is greater than 2.5 before 1991 and 
greater than 1.4 between 1991 and 2011.

The second case study resulted from stimulation of the shale 
oilfield in North America (Figure 2). The catalogue includes a 
few days, starting before and ending after hydraulic stimulations. 
The magnitude completeness was constant throughout the whole 
period as the surface monitoring network did not change and all 
events with moment magnitude 1.1 and greater were detected. No 
seismic activity was detected before the operations. The strongest 
events occurred either during or after the injection.

Figures 3 and 4 show the results obtained in the two datasets 
described above. The temporal evolution of the upper limit of the 
next largest event and the Next record breaking event estimates 
are nearly perfectly parallel as both estimates are most affected 
by the largest events in the current catalogues. For both cases, 
after initial fluctuations (up to 1995/03/14 in Groningen and up 
to 1.5 days in the hydraulic fracturing dataset), the characteristic 
values stabilize and change only when large events occur. The 
initial fluctuations are caused by a statistically insufficiently 
large catalogue at that point of time. Note that the values of 
the next record breaking event estimates reflect quite well the 
observed magnitude. In other words both long (Groningen) 

Figure 2 Spatiotemporal distribution of the induced events from the hydraulic fracturing dataset in North America. The left panel shows a map view of the located events, 
coloured according to their origin time from green, the oldest, to red, the youngest. The right plot shows the distribution of the event magnitudes in time (blue diamonds) 
along with the cumulative number of events.

Figure 3 The seismic catalogue of Groningen gas 
field, from December 1986 to December 2019, 
and estimates of the next record breaking event 
(red line) and upper limit of the next largest event 
(green line). The blue diamonds indicate the local 
magnitude (ML) of the events.

Ngoc-Tuyen Cao, Leo Eisner and 
Zuzana Jechumtálová, 2020 

Microseismic Events, Side View

Well D1; Stages 1 – 7 

From Mohammad and Miskimins, 2010
21

Mohammad and 
Miskimins, 2010 

relative locations. The SVD inversion indicates average relative errors of ±5 m (horizontally) and ±3 m
(vertically) for the subset of 122 high-quality events (Figure S4). Individual, less constrained events in
the DLSQR result in Figures 3 and 4 can have relative errors larger than these average values as
documented by the event of December 18th 2013 (Figures 3 and S4), which has relative horizontal
errors up to 160 m. The majority of events predominately linked through catalog picks have SVD
relative errors in the order of 10 to 40 m.

The relocated seismicity forms a narrow, NE-SW striking band, located about 400 m SE of the main fault
strand F1 of the SFZ (Figure 3). The band extends about 2 km horizontally and 0.4 km vertically (Figures 3
and 4). Its orientation agrees well with the NE-SW striking focal plane of the ML 3.5 and ML 2.1 ruptures
and with the general strike of fault strands F2 and F4, mapped at the base and the top of the Mesozoic
sediments (Figure 3). The main activity in July 2013 clusters on a 0.5 km long patch, with its northeastern
edge approximately located below the open-hole section of the borehole (Figure 4a). The profiles oriented
normal to the strike of this cluster image a seismogenic fault, steeply dipping towards the NW (Figures 4b
and 4c). This seismogenic fault is oriented opposed to the SW dipping fault F2 (Figure 3) proposed by

Figure 3. Map showing the results of the double-difference relative relocation of 347 induced earthquakes of the St. Gallen
sequence using a damped least square inversion (DLSQR). Diameter of circles corresponds to magnitude (ML

corr) and
colors indicate the origin time of events. Beach ball symbols indicate the sinistral focal mechanisms of the two largest
events of the sequence. Faults are taken from Heuberger et al. [2016]. TM: top-Mesozoic; BM: bottom-Mesozoic; NF: normal
Fault; TF: thrust Fault. The blue bold line corresponds to the surface projection of the cased section of borehole GT-1;
the red bold line shows the open-hole section. Dashed lines indicate the locations of the depth profiles of Figure 4;
earthquakes included in the solid gray boxes centered on the profiles are shown in the corresponding depth profiles in
Figure 4. F1–F4: faults discussed in the text.

Journal of Geophysical Research: Solid Earth 10.1002/2017JB014473
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Сейсмичность в районе месторождений углеводородов шельфа о-ва Сахалин. 
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3. Data and Resources

For the analysis of the seismic activity, the area

shown in Fig. 2 was selected. The boundaries of the

target area are defined so as to cover the area with

earthquake epicentres distributed in it at a distance of

up to 40 km from the injection wells. These selection

criteria are consistent with the results mentioned in

Goebel et al. (2017), where seismic responses were

recorded up to 40 km from the injection sites. Three

time periods corresponding to the existing level of

seismological observations were considered: the first

period, from January 1960 to September 2006, the

second from October 2006 to December 2017, and

the third from January 2018 to May 2020. Pilot

operation of the injection wells in the study area

began in 2008, during the second period of seismo-

logical observations.

We applied a widely used statistical model

developed by Ogata and Katsura (1993) for estimat-

ing the detection bound of local magnitude in the

studied area. The l (50% detection rate), b-value and
r can be simultaneously estimated by numerically

maximizing the likelihood function:

L M; hð Þ ¼ W Mð Þq Mð Þ
rþ1
%1 W Mð Þq Mð ÞdM

; ð1Þ

where h is a parameter vector (l; b; r), W Mð Þ ¼
e%bM with b ¼ bln 10ð Þ is the distribution based on

the Gutenberg–Richter relation, and q Mð Þ ¼

rM%1
1ffiffiffiffi
2p

p
r
exp % x%lð Þ2

2r2

n o
dx is the detection rate

function.

Figure 2
Map of earthquake epicentres (1960–2020) and injection wells in the study area. The earthquake swarms in 2013 and 2014 are associated in

this study with water injection-induced seismicity. Earthquakes located in the vicinity of the DW-1 well and recorded from 2009 to 2016 were

considered for calculation of the seismogenic index. The injection well locations are approximate and may differ from the actual locations

A. V. Konovalov et al. Pure Appl. Geophys.

2016, but in 2018–2020, seismic activity moved in a

northeastern direction along the fault. This may

reflect the diffusion of the injected fluid pore pressure

via fractures and regional faults (Fig. 2).

The magnitude of completeness changed in the

process of the instrumental development of the seis-

mic network. Therefore, limited data were used to

compare injection volumes and seismic activity. For

the period of seismological observations (1960–

2006), the magnitude of completeness is approxi-

mately mc 3.5. Later (2006–2020), mc decreased due

to the development of new instrumentation sites.

Therefore, we used catalogue entries with mc 3.5 for

the statistical tests and comparison with injection

rates. Diagrams of the seismic activity and the

injection rate versus time broken down by year are

shown in Fig. 4. An increase in the number of

earthquakes in 2013–2014 can be noted, which cor-

relates with an increase in the fluid injection rate. A

few more earthquakes with M * 3.5 occurred in the

study area in 2018, but they are not presented in

Fig. 4, as fluid injection volume is not available for

that time.

The increase in seismic activity can be clearly

seen on the earthquake recurrence graph shown in

Fig. 5. Magnitude–frequency distributions are nor-

malized to 1 year for each time interval. For the

Figure 3
The observed (‘?’ symbol) and calculated (black line) probability density functions of the magnitude for two catalogue subsets: from January
1960 to September 2006 (left panel) and from October 2006 to May 2020 (right panel). The best estimates of the model parameters are shown

in the top-left corner of the panels

Figure 4
Annual distribution of seismic activity from 1960 to 2020

(M 3.5?) and volumes of injected fluid from 2008 to 2016

A. V. Konovalov et al. Pure Appl. Geophys.

of the pilot operation of the well. By this time, just

over 5.5 9 105 m3 had been injected.

To determine the constants R and b, the cumula-

tive number of events and the accumulated volume of

fluid were calculated for several time periods:

2009–2013, 2009–2014, 2009–2015 and 2009–2016

(Fig. 6). For each time period, all events with mag-

nitudes M C 1.5, M C 1.6,…, M C 2.5 were

counted. The best approximation gave the following

values: R = -3.98 ± 0.06, b = 0.43 ± 0.03. The

approximation of the cumulative frequency-magni-

tude distribution with the given seismological

constants and total volume of the injected volume

[see Eq. (3)] is shown in Fig. 7.

In general, fluid injection into shallow sedimen-

tary rocks is characterized by a lower seismogenic

index (-3 C R C -10) than injection into a crys-

talline basement (1 C R C -3) (see, for example,

Walsh & Zoback, 2015). According to geological

data, DW-1 is located in a sedimentary cover. This

can explain the relatively low values of the seismo-

genic index R = -3.98 ± 0.06. Recent studies (see,

for example, Goebel & Brodsky, 2018) show that

injection into a sedimentary cover triggers more

distant and larger earthquakes than those induced by

fluid injection into crystalline basement rock for a

given injection volume. These results are consistent

with near-well seismic activity registered in 2013 and

subsequent relatively distant swarm activity in 2014

(Fig. 2).

To estimate the minimum volume of the injected

fluid VC leading to a seismic response with a mag-

nitude of M 2, a probabilistic representation was used

(Shapiro et al., 2010):

VC ¼ " ln 1" PEð Þ % 10"R % 10b%M ð4Þ

Substituting the values of R and b into Eq. (4) and

assuming that PE = 0.95 is the probability of at least

one event with a magnitude M 2 being recorded by a

seismic network, an estimate of VC = 0.9 9 105 m3

was obtained. Similar estimates (104–105 m3) were

obtained, for example, for injection wells in the area

of Fox Creek in northwestern Alberta (Canada)

(Schultz et al., 2018).

We have analysed the scattering of the seismo-

genic index considering the set of the fixed b-values
ranging from 0.1 to 0.8. As seen from Fig. 8 the

seismogenic index varies as a function of a presumed

variation of the slope of the cumulative GR plot. The

99% confidence interval of the b-value (0.43 ± 0.08)

corresponds to the scattering of the seismogenic

index from R = -4.03 to R = -3.73.

The total volume of drilling waste and co-pro-

duced water injected in wells LA-519 and LA-515

from 2017 to 2041 (see Data and Resources) will

exceed 107 m3, and the planned annual injection rate

will increase to 4 9 105 m3/year. The maximum

magnitude of the induced earthquake reaches M 5.5

with such injection volumes; the estimates are based

on the correlations of the maximum recorded mag-

nitude and the accumulated volume of the disposed

Figure 6
Relationship of the cumulative number of events with the
accumulated volume of injected fluid in the area of the DW-1 well

Figure 7
Cumulative frequency-magnitude distribution of seismic events

within the area of the DW-1 well for 2009–2016

A. V. Konovalov et al. Pure Appl. Geophys.

Konovalov, A.V., Stepnov, A.A. & Turuntaev, S.B. Pure Appl. 
Geophys. (2022). hMps://doi.org/10.1007/s00024-022-
03006-y 8



Активация естественных разломов и трещин при изменении пластового давления
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Fluid-induced fault reactivationBasic concept
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Закон трения rate-and-state

Переменная состояния 
шероховатостей

10

При стабильном скольжении (со скоростью слайдера)

Слагаемое a отвечает за упрочнение с возрастанием скорости,
b – за разупрочнение

Условие возникновения нестабильного скольжения



Модель сейсмичности при изменении порового давления

(Talwani and Acree, 1985, Shapiro et al., 2006, Dinske et al., 2012, McClure, 2012, Willis-Richards et al., 1996; Rahman et al., 2002; 
Ghassemi and Tarasovs, 2006; Kohl and Mégel, 2007; Bruel, 2007; Baisch et al., 2010; Rachez and Gentier, 2010; Deng et al., 2011) 11

𝐹!" = (𝜏#+𝜇(𝜎$ − 𝑝) + 𝐴 ln
𝑣
𝑣∗ + 𝜃& + 𝜃')𝑆 + 𝜂𝑣

̇𝜃( = −
𝑣
𝐿(

𝜃( + 𝐵(ln( 5𝑣 𝑣∗)



Наблюдаемая сейсмичность, как и скольжение в лабораторных условиях, носит хаотический характер. 
Однопараметрический закон трения не позволяет описывать апериодическое движение, в отличие от 
двухпараметрического

12

По вертикальной оси - карта безразмерных координат блока 
точек отображения Пуанкаре; по горизонтальной – значение 
величины ε = )*+

+
. Показаны случаи для различных 

соотношений величины L2/L1



Применение модели для случая Базеля

Турунтаев С.Б., Рига В.Ю. // Триггерные эффекты в геосистемах (ред. Адушкин, Кочарян), 2017, 29-39. 13



Fault activation Seismic activityBo
re

ho
le

Depth: 280 m

Sismogramme

Bo
re

ho
le

Bo
re

ho
le

Aseismic slip before the seismicity starts

Guglielmi, Cappa et al., Science, 2015
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Injection
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Влияние параметров закачки и свойств разлома на процесс 
скольжения

15

Рассматривались различные конфигурации расположения 
закачивающей скважины и области разупрочнения на 
разломе, различные темпы закачки жидкости, 
варьировалась проницаемость породы, нормальная 
жесткость разлома, параметры закона трения

Зона разупрочнения Зона упрочнения

Забойное давление в скважине

Проницаемый разлом (начальная ширина ~10 мкм,
проницаемость 8 Д) находится в малопроницаемой породе (2
мкД). В результате закачки происходит асейсмическое
скольжение трещины. Характерное смещение в центральной
части 600 мкм.

Нормальное напряжение: 4.25 МПа 
Касательное напряжение: 1.65-2 Мпа
G = 9•109 м Па
kn = 2•1011 Па/м (базовый вариант)



Влияние параметров закачки и свойств разлома 
на процесс скольжения

Примеры динамики скорости скольжения и 
изменения касательного напряжения, вызванного 
деформацией разлома, вдоль длины разлома для 
разных случаев

Профили вдоль полудлины для касательного 
напряжения и порового давления в конце расчета для 
различных значений нормальной жесткости и поровой 
проницаемости породы (τ!= 1.8 МПа): 
a - непроницаемая порода, b - малопроницаемая порода. 

В. Ю. Рига, С. Б. Турунтаев. Моделирование индуцированной сейсмичности 
на основе двухпараметрического закона rate-and-state. // Физика Земли, 2021
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Скорость

Смещение

Касательные напряжения

Давление

Скорость

Смещение

Касательные напряжения

Давление



Хаотизация при переходе к 
сейсмогенерирующему режиму 
скольжения
Показано, что определяющими параметрами, влияющими 
на параметры подвижки по разлому, являются величина 
расхода жидкости, расположение зоны разупрочнения на 
разломе по отношению к скважине, параметры закона 
трения. Последние играют ключевую роль в вопросе 
возможности возникновения сейсмического события.
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90 мм/с

Образец насыщен водой, закачивается масло

Давление

Пример акустического импульса

Распространение акустических импульсов

Turuntaev, SB; Zenchenko, EV; 
Zenchenko, PE; Triminova, MA; 
Baryshnikov, NA and Aigozhieva, 
AK. An influence of pore pressure 
gradient on hydraulic fracture 
propagazon [online]. In: 9th 
Australasian Congress on Applied 
Mechanics (ACAM9). Sydney: 
Engineers Australia, 2017: [712]-
[723].



Время (сек)

Давление (МПа)

Акустические импульсы (усл.ед)

Фото образца 
после ГРП

Эпицентры акустических импульсов
Цвет соответствует времени импульса

Образец насыщен маслом, закачивается масло
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Использование анализа микросейсмических событий для 
оценки проницаемости пласта

Уравнение пороупругости:

Одномерное уравнение пороупругости:

Решение для МС облака (Shapiro et.al):  

V
p

Fluid Injection into Stressed Intact Sandstone

1
2

� M
πr
PvolH

Vp

H

Stanchits et al.(2011),

Tectonophysics

Z

z Pc = 50 Mpa; φ= 9 %; 

20



Оценка проницаемости по распространению АЭ

0

100

200

300

400

500

600

0 2 4 6 8 10 12 14 16 18 20
Время, с

Эксперимент№3

Расстояние от точки закачки, мм
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Заключение

• Сейсмический/микросейсмический мониторинг является 
наиболее информативным средством изучения 
глубинных процессов при воздействии на флюидные 
системы

• Интерпретация данных мониторинга должна опираться 
на геомеханические модели движений пористой 
флюидонасыщенной трещиноватой среды

• Анализ пространственно-временной эволюции 
сейсмической активности позволяет решать как прямую 
задачу прогноза развития сейсмичности, положения ГРП, 
так и задачу оценки проницаемости среды

• Сложные системы требуют усложнения моделей

• Перспективными выглядит использование методов 
машинного обучения для выделения и анализа 
микросейсмических событий
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Воздействия на недра, приводящие к индуцированной и триггерной сейсмичности

GRIGOLI ET AL. (2017) 23



СПАСИБО ЗА 
ВНИМАНИЕ!



Землетрясение M=5.4 Pohang, Южная Корея, 15.11.2017

� Pohang earthquake reactivated previously 
unknown NE-striking and NW-dipping fault

� Strike slip with reverse component

� Second largest and the most damaging event
¾ 135 casualties, 30,000 property damages, 297 million 

USD property loss

¾ Shallow hypocentral depth (~ 4.5 km) in the highly 
populated area causes large damage

Seismicity in the first 3 hours
135 потерпевших
297 млн. долларов ущерб
4.5 км глубина гипоцентра

㰖㡊㩚: 㰖㡊 㩖⮮䂋 䡫㎇(Enhanced Geothermal System)

� Identify/characterize a site

� Create a reservoir

� Operate the power plant and the 
reservoir

P U S A N  N A T I O N A L  U N I V E R S I T Y

Kwang-Hee Kim1*, Jin-Han Ree2*, YoungHee Kim3,
Sungshil Kim2, Su Young Kang1, Wooseok Seo1

1Pusan National University
2Korea University

3Seoul National University

6 March 2019

Spatial correlations among wells,  
earthquake hypocenters and faults

� Temporal correlations between fluid injections and 
earthquakes

� Micro-seismicity in November and December 2015?
¾ Mud-loss in November and December 2015

(personal communications with Peter Meier) 

Fluid injections and earthquakes
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Использование вейвлет-анализа для выделения сейсмических 
(акустических) импульсов 

Графики повторяемости для импульсов, 
выделенных пороговыми критериями и вейвлет-

анализом: 1 – вейвлет-фильтрация по 500 000 
отсчетам; 2 – вейвлет-фильтрация по 2 млн 
отсчетов; 3 – вейвлет-фильтрация по 4 млн 

отсчетам; 4 – порог 5s; 5 – порог 8s

Запись импульса АЭ двумя датчиками. Черная линия -
отфильтрованный вейвлетами импульс, зеленая – исходная 

запись.
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А.С. Мельник, С.Б. Турунтаев. Использование вейвлет-анализа для выделения 
импульсов  акустической эмиссии при закачке жидкости в пористую среду. // 
Динамические процессы в геосферах. Сб. трудов ИДГ РАН. М.: ГЕОС. 2010. с.97-106.
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Использование кросскорреляции волновых форм для восстановления 
афтершоковой последовательности землетрясения на о-ве Сахалин 

Шаблоны волновых форм 
фаз P и S от главного 

события

Относительное положение 6 
ближайших сейсмических 

станций и области афтершоковой
активности

Пример детектирования 
сигналов с помощью 

кросскорреляции

Расположение 133 событий из 
исходного каталога и 170 событий из 

кросскорреляционного каталога 

Графики повторяемости

И.О. Китов, С.Б. Турунтаев, А.В. Коновалов, А.А. 
Степнов В.В. Пупатенко. Использование кросс-
корреляции волновых форм для восстановления 
афтершоковой последовательности землетрясения 14 
августа 2016 года на о. Сахалин». // Сейсмические 
приборы, 2019. Т. 55, No 1. С.59–80. 
https://doi.org/10.21455/si2019.1-4 27
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