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Summary. The authors created the geoinformation system "The Arctic and World Ocean"
(GIS "AWO") with a huge amount of constantly updated geospatial data, allowing a comprehen-
sive analysis of various natural and man-made phenomenon directly or indirectly related to the de-
gassing of the Earth. In the Arctic, a large amount of expeditionary work has been carried out with 
a wide range of geological and geophysical methods, which is analyzed in conjunction with remote
sensing data from space and using unmanned aerial vehicles. This made it possible to obtain fun-
damentally new information about the gas-dynamic mechanisms of dangerous processes in the 
permafrost, including catastrophic gas blowouts and explosions with the formation of giant craters,
and large mud volcanic structures. In total in the north of Western Siberia about 18.5 thousand po-
tentially dangerous objects were identified, including 4.5 thousand intensive gas blowout zones on 
the bottoms of thermokarst lakes, as a result of which underwater craters-pockmarks are formed.
This gave possibility to identify the most dangerous gas-explosive zones in the north of Western 
Siberia, mainly located in the eastern part of the Yamal peninsula. Taking into account previously 
discovered mud volcanoes on the land of Alaska, Greenland and Iceland, as well as on the bottom
of the Beaufort, Kara and Norwegian seas, it can be argued that there is a Circum-Arctic mud vol-
canic province. 
 
© 2023 Earth Science Division, Azerbaijan National Academy of Sciences. All rights reserved.  

 
Introduction 
In recent decades due to the global warming at-

tention has significantly increased to the study of 
various processes of greenhouse gas emissions into 
the atmosphere and changes in their concentration in 
the atmosphere (Jackson et al., 2020; Report…, 
2022; State…, 2023). The concentration of green-
house gases grow rapidly, which causes the intensi-
fication of greenhouse effect, melting of glaciers and 
rising of the World Ocean level up to 4.6 mm per 
year in last decade (State…, 2023). 

Among the causes of natural and anthropogenic 
emissions of greenhouse gases, where methane is 
one of the most dangerous, deep and near-surface 
processes, only a part of which appears on the Earth 
surface, including the bottom of the World Ocean, as 
widespread seeps of underground fluids, mostly 
mixtures of hydrocarbon gases, are of particular im-
portance (Hovland et al., 1984; Judd, Hovland, 
2007; Bogoyavlensky, 2012; Etiope, 2015; Guliyev 
et al., 2018; Bogoyavlensky et al., 2020b; Kerimov, 
Abdullayeva, 2022). Over the half-century history of 
studying submarine gas emission from the bottom of 

various parts of the World Ocean, hundreds of pa-
pers have been published (Hovland et al., 1984; 
Judd, Hovland, 2007; Sergienko et al., 2012; Etiope, 
2015; Paul et al., 2015; Andreassen et al., 2017; Gu-
liyev et al., 2018; Mironyuk et al., 2019; Bo-
goyavlensky et al., 2021d; Bogoyavlensky et al., 
2022a; Kerimov, Abdullayeva, 2022;Bogoyavlensky 
et al., 2022c; Kishankov et al., 2022; Bogoyavlen-
sky, Kishankov, 2023; Sokolov et al., 2023). 

Massive gas blowouts causing the formation of 
large and giant craters (tens or even hundreds of me-
ters in diameter) are widely spread both onshore and 
offshore (Hovland et al., 1984; Judd, Hovland, 2007; 
Andreassen et al, 2017; Bogoyavlensky, 2020; Bo-
goyavlensky et al., 2020b; Bogoyavlensky, 2021; 
Bogoyavlensky et al., 2021a; Bogoyavlensky et al., 
2021b; Bogoyavlensky et al., 2022a). 

Moreover some of the papers are dedicated to 
the study of active degassing from the bottoms of the 
Arctic thermokarst lakes with continuous or sporadic 
taliks (Kruglikov, Kuzin, 1973; Walter et al., 2006; 
Badu, 2018; Bogoyavlensky et al., 2018; Bogoyav-
lensky et al., 2020a; Bogoyavlensky, 2021; Bogo-
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yavlensky et al., 2021c; Bogoyavlensky et al., 
2021b). Many of these lakes have bubbles of frozen 
gas in their ice cover and numerous craters (pock-
marks) on the bottom. 

One of the most dangerous processes of the 
Earth degassing is the formation of mud volcanoes 
(MVs) (Kopf, 2002; Aliyev et al., 2015; Bogo-
yavlensky, Bogoyavlensky, 2022; Yusubov, Guli-
yev, 2022). The global research of Azerbaijani sci-
entists (Aliyev et al., 2015) gives the information 
about 2505 MVs, the most of which (1401 or 55.9%) 
were discovered on the bottom of the World Ocean. 
The presence of MVs is one of the prospecting indi-
cators for oil and gas, wherein they give significant 
information of sedimentary cover lithology. The gas 
erupted from MVs frequently explodes and self-
ignites. The height of burning flares above MVs can 
reach hundreds of meters, the measured height is up 
to 500 m (Aliyev et al., 2015; Yusubov, Guliyev, 
2022). In 1940 the height on the mud volcanic island 
Khare-Zirya (Bulla) was even 1200 m (Yusubov, 
Guliyev, 2022, p. 18). 

In the Circum-Arctic region MVs were found 
onshore, in Alaska, Greenland and Iceland, and off-
shore, in the Beaufort, Kara, Norwegian and Barents 
seas (Haakon Mosby and Borealis) (Paull et al., 
2015; Serov et al., 2015; Mironyuk et al., 2019; Bo-
goyavlensky, Bogoyavlensky, 2022). 

Oil and Gas Research Institute of the Russian 
Academy of Sciences (OGRI RAS) studies the pro-
cesses of the Earth degassing in their various geo-
logical forms and appearances for more than 30 
years, the results were reported on many confer-
ences, including (Earth degassing …, 2002). The 
studies of the authors are not limited geographically 
by the north latitudes of the Arctic regions with cry-
olithogenesis, but expand to other parts of the World 
related to different forms of natural and technogenic 
degassing, including mud volcanism, gas hydrate 
dissociation and behind-the-casing flows (Bo-
goyavlensky et al., 2018; Bogoyavlensky, 2020; Bo-
goyavlensky et al., 2020a; Bogoyavlensky et al., 
2020b; Bogoyavlensky, 2021; Bogoyavlensky et al., 
2021b; Bogoyavlensky et al., 2021c; Bogoyavlen-
sky, Bogoyavlensky, 2022; Bogoyavlensky et al., 
2022a; Bogoyavlensky et al., 2022b). 

The main goal of this work is to comprehensive-
ly analyze the insufficiently studied dangerous en-
dogenous processes of generation, accumulation and 
migration of gaseous hydrocarbons up to their dis-
charges on the Earth surface and the bottom of the 
World Ocean in the form of permanent, pulsating 
and/or periodic powerful impulse (explosive) degas-
sing of the subsoil, often leading to catastrophic 
changes in terrain, including the formation of giant 
craters and landslides. 

Methods 
Over the past decade, the authors have annually 

carried out expeditionary work in the Arctic to study 
a new dangerous phenomenon associated with the 
processes of powerful emissions, self-ignition and 
explosions of gas on land, as well as from the bot-
toms of thermokarst lakes, rivers and coastal zones 
of the Kara Sea (Bogoyavlensky et al., 2018; Bo-
goyavlensky, 2020; Bogoyavlensky et al., 2020a; 
Bogoyavlensky et al., 2020b; Bogoyavlensky, 2021; 
Bogoyavlensky et al., 2021b; Bogoyavlensky et al., 
2021c; Bogoyavlensky et al., 2021d; Bogoyavlen-
sky, Bogoyavlensky, 2022; Bogoyavlensky et al., 
2022a). Also expeditions have been carried out in 
the Azov and Black seas, Tatarstan, Tula, Nizhniy 
Novgorod and Saratov regions. Field studies in the 
Arctic involves a wide set of geological and geo-
physical methods including seismic prospecting 
(2D-4D), ground penetrating radar studies, echo 
sounding, shallow drilling, gas, water and ground 
sampling for geochemical analysis. 

In all of the studied regions the unmanned aerial 
vehicles (UAV) are used with great efficiency. They 
give possibility to receive fundamentally new data 
on unique objects. The photogrammetric processing 
of data from UAV Mavic Pro and Mavic Mini (DJI, 
China) in Agisoft Metashape («Geoscan», Russia) 
and ArcGIS (ESRI, USA) software allows building 
3D-4D models of the investigated objects available 
for additional study in virtual reality (Bogoyavlen-
sky, 2021; Bogoyavlensky et al., 2021b; Bo-
goyavlensky et al., 2021c). The scaled layouts of 
digital models using additive techno logy are also 
made on a 3D printer. 

Particular information is Earth remote sensing 
(RS) data from space, which in many cases provide 
an opportunity for a retrospective analysis of the 
features of potentially dangerous objects formation, 
as well as catastrophic events that have occurred 
since the first large-scale satellite imagery started in 
the early 1960s. The ArcticDEM digital elevation 
models are widely used allowing monitoring the 
changes of terrain, especially in places of 
catastrophic gas blowouts and explosions (Bogo-
yavlensky, 2021; Bogoyavlensky et al., 2021b; 
Bogoyavlensky et al., 2021c). 

In the study of methane concentration in the at-
mosphere we use the TROPOMI spectrometer data 
from Sentinel-5P satellite of the European Space 
Agency Copernicus program, held for the “Global 
monitoring for Environment and Security of Earth 
and its atmosphere” (GMES) (Bogoyavlensky et al., 
2020b; Bogoyavlensky et al., 2022b). 

The Arctic and World Ocean (AWO) GIS was 
created based on ArcGIS software in 2008 (Bo-
goyavlensky et al., 2018; Bogoyavlensky, 2020; Bo-



V.I.Bogoyavlensky et al. / ANAS Transactions, Earth Sciences  2 / 2023, 3‐13; DOI: 10.33677/ggianas20230200098  

 5

goyavlensky et al., 2020a; Bogoyavlensky et al., 
2020b; Bogoyavlensky, 2021; Bogoyavlensky et al., 
2021b; Bogoyavlensky et al., 2021c; Bogoyavlen-
sky, Bogoyavlensky, 2022; Bogoyavlensky et al., 
2022a). The geospatial data including the authors’ 
and other scientists’ information is uploading in it to 
form continuously developing and systematized data 
arrays (Big Data), available for complex analysis. In 
particular, the “AWO” GIS contains data on natural 
hazards like earthquakes, stratovolcanoes, MVs, me-

teorite craters, craters of gas blowouts, oil and gas 
seeps, gas hydrates, pingos and perennial heaving 
mounds (PHMs), thermokarst lakes with gas blow-
outs craters (TLGBCs) on the bottoms, sea ice, ca-
tastrophes while drilling and transportation of oil 
and gas, and others (Fig. 1). An integrated approach 
to the study of various geospatial data makes it pos-
sible to reveal hidden trigger relationships that have 
direct or indirect impact on the degassing of the 
Earth and other processes. 

 

 
 
 

Fig. 1. The cartographic scheme of oil and gas shows onshore and offshore Arctic region (version-23, 2023). Legend: 
1– MVs; 2 – stratovolcanoes; 3 – gas hydrates (proven); 4 – gas hydrates based on log data; 5 – gas hydrates based on 
BSR; 6 – gas seeps; 7 – oil seeps 
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Results and discussion 
1. Explosive degassing in the Arctic 
Since 2014 the authors study regions and ob-

jects of massive (explosive) gas blowouts with for-
mation of craters. In “AWO” GIS there are about 20 
of them analyzed in different degrees of detail (Fig. 
2). Some of them (C1, C2, C9, C17 and others, as 
mentioned in “AWO” GIS) formed near the infra-
structure of the Bovanenkovo oil and gas condensate 
field on the Yamal Peninsula. In all three eyewitness 
cases (C3, C11 and C12) there was self-ignition and 
explosion of gas (Bogoyavlensky et al., 2018; Bo-
goyavlensky, 2020; Bogoyavlensky et al., 2020a; 
Bogoyavlensky et al., 2020b; Bogoyavlensky, 2021; 
Bogoyavlensky et al., 2021b; Bogoyavlensky et al., 
2021c; Bogoyavlensky, Bogoyavlensky, 2022; Bo-
goyavlensky et al., 2022b). In our opinion, con-
firmed by a number of facts, these self-ignition and 
explosion have happened due to electrostatic dis-
charges (Bogoyavlensky, 2020; Bogoyavlensky, 
2021). We think that these processes are the main 
triggers of gas self-ignition during the MVs erup-
tions in the Azov and Black seas region and in other 
places (Bogoyavlensky, Bogoyavlensky, 2022). 

The results of the Bovanenkovo C17 object 
studies, on which in May-June 2020 a powerful gas 
blowout occurred with the formation of a giant 
crater are Of particular interest (see Fig. 2 - C). As a 
result of photogrammetric processing of pictures 

taken during the expedition from the DJI Mavic Pro 
UAV at two height levels (including the photos from 
inside the crater), a digital 3D model was built in 
Agisoft Metashape software. Based on this model, a 
high-precision 3D plastic model on a scale of 1:800 
was created using additive technology on a 3D 
printer (Fig. 3). The use of new technologies of “In-
dustry 4.0” made it possible for the first time to cre-
ate a high-precision digital twin of the underground 
cavity and gas blowout crater of the unique Bo-
vanenkovo C17 object, which allows surveying the 
underground space in virtual reality. 

As a result of the gas blowout and explosion 
study authors have no doubts that explosions in the 
Arctic were preceded by the formation of giant gas-
saturated cavities in the ground ice (real thermokarst), 
the upper parts of which, under the action of a gas-
dynamic mechanism, formed PHMs on the Earth sur-
face (Bogoyavlensky, 2020; Bogoyavlensky, 2021). 
At abnormal gas pressures in the cavities, which sig-
nificantly exceed the lithostatic pressure and the elas-
tic-strength characteristics of frozen rocks, explosive 
destruction of the tops of the PHMs occurs with the 
formation of giant craters. In particular, during the 
formation of the C1 crater the pressure of gas exceeds 
the lithostatic more than 9 times (assuming the densi-
ty of frozen rocks in the upper part of the section as 
1.7 g/cm3) (Bogoyavlensky, Garagash, 2015; Bogo-
yavlensky, 2020; Bogoyavlensky, 2021). 

 

 
 

Fig. 2. Giant cavities in ground ice after the blowouts and explosions of gas on the Yamal Peninsula. A - C1, B - C12, 
C - C17 (photos by V.I.Bogoyavlensky, 2014, 2015 and 2020) 

 

 
 

Fig. 3. Physical 3D-model of the underground cavity and gas blowout crater on the Bovanenkovo C17 object 
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With the use of RS data, including winter satel-
lite images and ArcticDEM, more than 14000 PHMs 
were detected in the north of Western Siberia. In a 
comprehensive analysis of the detected objects of 
powerful gas blowouts, it was found that the greatest 
danger is presented by PHMs, located not in 
khasyreys, like classic frost mounds - bulgunnyakhs 
(closed systems), but by PHMs with an open inflow 
of underground gas-saturated fluids (gas in free 
and/or dissolved states), usually located on the hills 
and slopes of sea terraces, as well as in the channels 
and floodplains of rivers (Bogoyavlensky, 2020; 
Bogoyavlensky, 2021). Such PHMs are formed by 
the gas-dynamic mechanism. 

 
2. Degassing from the bottoms of  
thermokarst lakes 
More than half a century ago, in the north of 

Western Siberia, near the Urengoy oil and gas conden-
sate field, thermokarst lakes with gas blowout craters 
(TLGBC) at the bottoms were discovered for the first 
time, while geochemical studies of methane in them 
showed its deep genesis (Kruglikov, Kuzin, 1973). The 
authors continued the search and study of TLGBCs in 
the last decade using RS data from space and during 
numerous helicopter flights over the Yamal Peninsula 
(Bogoyavlensky et al., 2020a; Bogoyavlensky et al., 
2020b; Bogoyavlensky et al., 2021b; Bogoyavlensky et 
al., 2021c; Bogoyavlensky et al., 2022b). 

Figure 4-A shows the WorldView-2 satellite im-
age (July 20, 2022, ultra-high resolution 30-50 cm) of 
the previously unnamed TLGBC discovered in the 
central part of Yamal 60 m north of Lake Tobato 

and named by us Tobato-Severnoye (70.697° N, 
71.0234° E). This lake has dimensions of 320x500 
m, and the diameters of the largest craters at its bot-
tom reach 19 m (not counting the sizes of the 
merged craters). Such objects have also been found 
on a number of neighboring lakes, including Tobato. 
It should be noted that the number of pockmark cra-
ters at the bottom of some of the lakes is many hun-
dreds, and possibly even thousands. The visible by 
the resolution of WorldView-2 satellite image num-
ber of craters on the bottom of Tobato-Severnoye 
lake (Fig. 4-A) is about 350. 

It should be noted that at the bottoms of the 
TLGBCs, small accumulative uplifts (parapets) are 
observed around the recently formed craters, which 
are made of bottom sediments ejected by gas (for 
example, see Fig. 4-A). Different-temporal satellite 
images show that over the course of several years, 
loose accumulative deposits of parapets are washed 
out and slide inward, while the diameters of the 
craters increase, and the depths decrease. 

As a result of the studies in the north of Western 
Siberia (the Yamal, Gydansky and Tazovsky penin-
sulas), according to RS data from space, more than 
4.4 thousands of degassing zones from TLGBCs, as 
well as rivers and coastal zones of the Kara Sea, 
were discovered and shown on Fig. 4-B. Based on a 
comprehensive analysis of the TROPOMI spectrom-
eter data (Sentinel-5P satellite), an unambiguous 
regional relationship between the identified degas-
sing zones and areas of increased methane concen-
tration in the atmosphere was established (Bo-
goyavlensky et al., 2020b). 

 

 
 

Fig. 4. WorldView-2 satellite image of the Tobato-Severnoye lake with gas blowout craters on the bottom (A) and cartographic 
scheme of TLGBC distribution in the north of Western Siberia (B)  
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3. Mud volcanism 
On a number of discovered objects of intensive 

degassing on the Yamal Peninsula, the authors sub-
stantiate the mud volcanic mechanism of eruptions. 
According to GOST R 57123-2016 (GOST…, 
2016), an MV is “a geological formation that con-
stantly or periodically erupts mud and gases”, usual-
ly confined to faults.  

Periodical eruptions of underground fluids 
were detected and explored on TLGBC Otkrytiye 
(Fig. 5-A) with size of 440x750 m, situated in the 
central part of the Yamal Peninsula (70.006° N, 
72.01° E). In 2019 there was a powerful gas blowout 
(pneumatic explosion) on a crater C (see Fig. 5-A), 
which broke the ice of 1.5 m thickness and spread 
the ice boulders on more than 50 m distance 
(Bogoyavlensky et al., 2020a). The analysis of 
satellite images from Sentinel-2 and Landsat-8 
during the melting of ice (May-June) proved that the 
blowouts had occurred from the same crater C 
during winters of 2016-2019. But in 2020-2023 
there were no witnesses of significant gas blowouts. 

According to RS data and on the basis of expe-
ditionary work at the TLGBC Otkrytiye, four neigh-
boring large craters (diameter from 30 to 40 m) were 
found, located along the predicted deep submeridio-
nal fault (azimuth 345°), as well as several craters of 
smaller diameter up to 4-6 m (Fig.5-B). Conducting 
expeditionary studies using echo sounding and 
ground penetrating radar made it possible to detect 
landslide bodies on the walls of the craters and the 
bottom of the lake, formed by presumably loamy 
rock erupted from vents. In connection with the 
foregoing, four underwater objects with large craters 
on Lake Otkrytiye can be classified as MVs with a 

high probability according to GOST R 57123-2016 
(GOST…, 2016). 

RS data also showed several thermokarst lakes on 
Yamal, at the bottom of which, with clear water, cone-
shaped volcano-like uplifts are observed (Bogoyavlen-
sky, 2023). Fig. 6-A shows the WorldView-2 summer 
satellite image, from 13th of July, 2018 with ultra-
high spatial resolution, of a large (1.6x2.1 km) ther-
mokarst lake Labvarto, located in the central part of 
the Yamal Peninsula (69.985° N, 71.9356° E), situ-
ated in 3.7 km to the south-west from Lake Ot-
krytiye., Three zones of pockmark existence (P1, P2 
and P3) and two objects (V1 and V2), which we 
identified as mud volcanic structures, were found at 
its bottom. This is confirmed by their specific coni-
cal shape and the presence of rounded/elliptical cal-
deras with vents, which are especially visible on the 
V1 volcano, together with the sinter forms on its 
surface (see Fig. 6-B1).  

Taking into account the fact that the thickness 
of lake ice can reach 1.5-2.0 m in these latitudes, we 
believe that the depth of the top of the V1 volcano is 
not less than these values. The top of the V1 object 
has dimensions of 75x80 m, and its visible base is 
150x185 m. Due to new eruptions of mud breccia, 
the top of the volcano can rise above the water level, 
but its formation is limited by erosion and annual 
shearing by melting ice moving downwind. 

According to RS data in 1985-2022 (Landsat 
and Sentinel) direct signs of winter gas eruptions 
from V1 and V2 tops were found in the form of 
annual early (May-June) thaws in ice above them, 
as well as trails of distribution of gas jets and/or 
reservoir fluids with dissolved gas in the water dur-
ing the summer ice-free period (Fig. 6-B2). 

 

 
 

Fig. 5. WV-2 satellite image (13 of July, 2018) of Otkrytiye thermokast lake (A) and two echo sounding data records (L1 and L2) 
from profiles 1-1’ and 2-2’ through the underwater craters. Legend for Fig. 5-A: 1-1’ and 2-2’ – the L1 and L2 profiles location; 
F – predicted fault strike position; C – crater of gas blowout 
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Fig. 6. Thermokarst lake on the Yamal Peninsula with degassing zones: P1, P2 and P3 – pockmarks; V1 and V2 – mud volcanoes 
 
4. Technogenic eruptions of  
hydrocarbon mixtures 
The authors analyzed the consequences of 

catastrophic blowouts (fountains) of mixtures of gas 
and oil with the formation of giant craters near the 
heads of emergency exploration wells drilled in the 
Arctic, in the southern regions of Russia and in the 
Caspian region, as well as in a number of oil and gas 
producing countries of the world (USA, Mexico, 
Canada, Indonesia, etc.) (Bogoyavlensky et al., 2017a; 
Bogoyavlensky, Bogoyavlensky, 2019). Thus, 
important information was obtained on the basis of 
RS data from space. Despite the liquidation of the 
fountains many decades ago, it has been proven that 
active emission of hydrocarbons continues at the 
present time at some of the studied objects.  

As one of the examples, let us cite one of the 
biggest disasters in the Arctic happened on 
November, 1980 during the postcompletional flow 
test of the Kumzhinskaya-9 well located near the 
mouth of the Pechora River, on the left bank of the 
Maliy Gusinets channel in the north of the 
Kumzhinskoye gas condensate field, discovered in 
1973 (Bogoyavlensky et al., 2017b). Due to the tech-
nogenic pool, formed in the upper part of the section 
with the area of around 30 km2 (gas blowouts were 
detected in the 3 km radius), the gas escaped in the 
atmosphere in a number of points, including wells 9, 
5, 10 and 134. It led to the formation of 3 giant 
craters from 70 to 130 m in diameter near the heads 
of destructed wells, flooded by river water, on the 
emergency site with the size of 260x600 m (Fig. 
7A). The hard fight with catastrophic gushing 
continued for about 6.5 years (2362 days). The fire 
on the gushing fountain was put out only on the 18th 
of May in 1987. The lake, closed with the dams, was 
created on the emergency site in the channel of the 
Pechora River (Bogoyavlensky, 2020; Bogoyav-
lensky et al., 2017b). 

On the WorldView-2 satellite image (taken from 
ESRI database) the pronounced thaws and holes in 

the ice are seen, polluted with liquid hydrocarbons 
even 36 years after the catastrophe (Fig. 7-B). Such 
ice cover breaches are visible every year from 2016 
to 2023 on the different satellite images, including 
Sentinel-2 and Landsat-8. In 2023 the emission of 
HCs was seen on images from Sentinel-2 on May 3, 
17, 20, 22, 23 and 25 (the traces of fluids were 
detected also on of March 18 and 24). 

 
Conclusion 
The authors performed a large amount of 

expeditionary work with a wide range of geological 
and geophysical methods in the Arctic, which, 
together with RS data from space, made it possible 
to obtain fundamentally new information about the 
gas-dynamic mechanisms of dangerous processes in 
the permafrost, including catastrophic gas blowouts 
and explosions with the formation of giant craters. 
There is no doubt that the studied craters were 
formed at the sites of existence of underground gas-
saturated cavities (thermokarst) formed under the 
action of endogenous mechanisms, and the explo-
sions occurred due to a gas-dynamic mechanism 
with superlithostatic gas pressure in the cavity. 

There is a widely spread Earth degassing 
happening in the Western Siberia. About 4.5 thou-
sand of intensive gas blowout zones were detected 
from the bottoms of thermokarst lakes. On the basis 
of statistical data on the distribution of perennial 
heaving mounds and thermokarst lakes with gas 
blowouts craters the most dangerous areas were 
identified in the north of the Western Siberia. 

On Yamal at the bottoms of thermokarst lakes 
with through and/or non-through taliks, a number of 
mud volcanic degassing objects, including large mud 
volcanic structures were discovered for the first 
time. Taking into account a number of previously 
discovered MVs onshore Alaska, Greenland and 
Iceland, as well as on the bottom of the Beaufort, 
Kara and Norwegian seas, it can be argued that there 
is a Circum-Arctic mud volcanic province. 
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Fig. 7. Kumzhinskoye field disaster: 3D digital elevation model of technogenic lake bottom with craters and 
surrounding land (A) and WorldView-2 satellite image from the 2nd of May 2016 (B) 
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ПРИРОДНЫЕ И ТЕХНОГЕННЫЕ КАТАСТРОФИЧЕСКИЕ ВЫБРОСЫ И ВЗРЫВЫ ГАЗА  
В АРКТИКЕ И ДРУГИХ РЕГИОНАХ МИРА (СУША И АКВАТОРИЯ) 

 
Богоявленский В.И., Богоявленский И.В., Никонов Р.А. 

Институт проблем нефти и газа Российской академии наук (ИПНГ РАН), Россия 
119333, Москва, ул.Губкина, 3: geo.ecology17@gmail.com 

 
Резюме. Авторы статьи создали геоинформационную систему «Арктика и Мировой океан» с огромным объемом посто-

янно дополняемых геопространственных данных, позволяющих проводить комплексный анализ различных природных и 
техногенных явлений, прямо или косвенно связанных с дегазацией Земли. В Арктике выполнен большой объем экспеди-
ционных работ с широким комплексом геолого-геофизических методов, которые проанализированы в комплексе с данными 
дистанционного зондирования Земли (ДЗЗ) из космоса и с применением беспилотных летательных аппаратов. Это позволи-
ло получить принципиально новую информацию о газодинамических механизмах опасных процессов в криолитозоне, 
включая катастрофические выбросы и взрывы газа с образованием гигантских кратеров и крупных грязевулканических по-
строек. Всего на севере Западной Сибири выявлено около 18.5 тысяч потенциально опасных объектов, включая 4.5 тысяч 
зон интенсивных выбросов газа со дна термокрастовых озер, в результате которых образуются подводные кратеры-
покмарки. Это позволило выделить наиболее газовзрывоопасные зоны на севере Западной Сибири, преимущественно рас-
положенные в восточной части полуострова Ямал. С учетом ранее открытых грязевых вулканов на суше Аляски, Гренлан-
дии и Исландии, а также на дне морей Бофорта, Карском и Норвежском, можно утверждать о существовании Циркумаркти-
ческой грязевулканической провинции. В Арктике, Каспийском и других регионах с помощью ДЗЗ исследованы причины и 
последствия техногенной дегазации недр на ряде аварийных скважин.  

Ключевые слова: дегазация Земли, выбросы и взрывы газа, грязевые вулканы, сипы газа, дистанционное зондирование 
Земли, беспилотные летательные аппараты  

 
ARKTİKADA VӘ DÜNYANIN DİGӘR REGİONLARINDA (QURU VӘ AKVATORİYALARDA) TӘBİİ VӘ  

TEXNOGEN FӘLAKӘTLİ TULLANTILAR VӘ QAZ PARTLAYIŞLARI 
 

Boqoyavlenskiy V.İ., Boqoyavlenskiy İ.V., Nikonov R.A. 
Rusiya Elmlәr Akademiyasının Neft vә Qaz problemlәri İnstitutu, Rusiya 

119333,Moskva, Gubkin küç., 3: geo.ecology17@gmail.com 
 
Xülasә. Yerin deqazasiya proseslәrinin öyrәnilmәsi Rusiya Elmlәr Akademiyasının Neft vә Qaz problemlәri İnstitutu tәdqiqatlarının 

әsas istiqamәtlәrindәn biridir. Müәlliflәr, geomәkani mәlumatlarla daim zәnginlәşdirәn nәhәng hәcmә malik “Arktika vә Dünya okeanı” 
(QİS “AMO”) geoinformasiya sistemi yaratmışlar ki, o Yerin deqazasiyası ilә birbaşa vә ya dolayı әlaqәdә olan müxtәlif tәbii vә texno-
gen hadisәlәrin kompleks tәhlilinә imkan verir. Arktikada geoloji-geofiziki metodların geniş kompleksi ilә böyük hәcmli ekspedisiya iş-
lәri yerinә yetirilmiş, onlar pilotsuz uçuş aparatları tәtbiq etmәklә, kosmosdan Yerin distansion zondlaşdırma mәlumatları (YDZ) komp-
leksilә birlikdә tәhlil olunmuşlar. Bu,  nәhәng kraterlәrin vә iri palçıq vulkanı qurumlarının әmәlә gәlmәklә fәlakәtli tullantılar vә qaz 
partlayışları daxil olmaqla, kriolitozonada tәhlükәli proseslәrin qaz-dinamik mexanizmlәri haqqında prinsipial olaraq yeni informasiya 
almağa imkan verdi. Tәkcә Qәrbi Sibirin şimalında  onların sayәsindә sualtı krater-pokmarkaların yarandığı termokarstlı göllәrin dibin-
dәn 4.5 qazların intensiv atılma zonaları daxil olmaqla,18.5 min potensial tәhlükәli obyektlәr aşkar edilmişdir. Bu Qәrbi Sibirin şimalın-
da, әksәriyyәti Yamal yarımadasının şәrq hissәsindә yerlәşmiş әn tәhlükәli qaz partlayışı zonalarını ayırmağa imkan verdi. Alyaska, 
Qrenlandiya vә İslandiya zonalarında, hәmçinin Bofort, Karsk vә Norveç dәnizlәrinin dibindә әvvәllәr aşkar edilmiş palçıq vulkanlarını 
nәzәrә alaraq, Sirkumartik palçıq vulkanı әyalәtinin mövcudluğunu irәli sürmәk olar. Yerin distansion zondlaşdırılmasını (YDZ) tәtbiq 
etmәklә Arktika, Xәzәr vә dünyanın digәr regionlarında  bir sıra qәzalı neft-qaz axtarış vә kәşfiyyat quyularında yer tәkinin texnogen de-
qazasiyasının sәbәblәri vә fәlakәtli nәticәlәri tәdqiq olunmuşdur. 

Açar sözlәr: Yerin deqazasiyası, qazın atılma vә partlayışları, palçıq vulkanları, qaz uğultusu, Yerin distansion zondlaşdırılması 
(YDZ), pilotsuz uçuş aparatları (PUA) 
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Summary. This paper studied the effects of Coulomb stress in understanding the proximity to
failure on the Palu-Koro fault system. An earthquake occurred on a large strike-slip fault in the 
northern part of Sulawesi Island, Indonesia, on September 28, 2018. Coulomb stress increased by
approximately 1 bar, corresponding closely to the locations of aftershocks and areas where stress 
dropped by more than 10 bars. Based on the focal mechanisms of the aftershocks and source mod-
els of the main shock, the Coulomb failure stress changes on both of the focal mechanism nodal
planes are calculated. Additionally, we calculated the changes in Coulomb stress on the focal 
sources of each aftershock. Our stress model indicates a positive correlation within the areas of the
extended Coulomb stress caused by the combination of seismic activities. We investigated the
Coulomb stress as a possible origin for the aftershocks, which are most likely to slip optimally ori-
ented for failure due to the local stress field generated by the mainshock. The Palu 7.5 earthquake
led to the distribution of surface displacements. Moreover, calculated horizontal displacement in-
creased in the NW-SW direction, ranging from 1 to 1.3 meters. The stress maps included in this
paper are crucial in predicting the expected locations of future aftershocks and mitigating the po-
tential for earthquakes. 
 
© 2023 Earth Science Division, Azerbaijan National Academy of Sciences. All rights reserved.  

 
Introduction 
Shallow earthquakes frequently exert destruc-

tive effects on nearby communities. Historically, this 
region has witnessed numerous large earthquakes 
with a magnitude of 6 and above, and extensive rup-
tures spanning over 250 km throughout the past cen-
tury. Notably, the largest earthquake took place on 
January 1996, ~ 100 km north of the earthquake that 
occurred on September 28, 2018. This 1996 earth-
quake transpired in the regional subduction zone at a 
shallow depth causing fatalities, substantial property 
damage, and numerous injuries in the surrounding 
area (Source: USGS). It's essential to acknowledge 
that central Sulawesi has been recording earthquakes 

since the 18th century. Many of these seismic events 
were catastrophic and were followed by tsunamis. 
Historically, Palu Bay witnessed a significant seis-
mic event in 1927 that released a huge tsunami with 
a height of 15 m. In a similar event nearly seven 
decades later, Donggala was struck in 1996 by a tsu-
nami with wave heights ranging between 1-3 m. 

On September 28, 2018, a moment magnitude 
7.5 earthquake struck the northern region of Palu, 
Sulawesi (Fig. 1). The mainshock occurred at a shal-
low depth on the Palu-Koro fault located within the 
interior of the Molucca microplate on the Sunda tec-
tonic plate. The earthquake's focal mechanism solu-
tion indicates that it was caused by a strike-slip on 
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faults trending both north-south and west-east. This 
seismic event took place on the Palu-Koro fault with 
an approximate rupture length of 150 km. The earth-
quake resulted in significant damage to buildings 
and infrastructure leading to thousands of fatalities 
and even more injuries. The aftermath of this event 
included ground shaking, landslides, and a tsunami, 
all contributing to the catastrophic impact. 
 

 
 
Fig. 1. Simplified topographic map of the study area. High-
lighted dots are earthquakes 𝑀௪ ൒ 4 seismicity from ISC 
(1976-2018) 
 

The concept of static Coulomb stress changes, 
induced by a primary earthquake, can potentially 
trigger subsequent earthquakes along neighbouring 
faults. Therefore, changes in earthquake stress can 
be employed in the evaluation of potential seismic 
hazards (King et al., 1994; Ahadov, Jin, 2019). The 
stress change and its effects associated with the Lo-
ma Prieta, California shock have been the subject of 
numerous studies (Lin, Stein, 2004; Reasenberg and 
Simpson, 1992). Hardebeck et al., (1998) applied the 
Coulomb stress transfer model to examine the im-
pacts of the Landers and Northridge earthquakes. 
However, comparing co-seismic stress changes with 
earthquakes represents a significant oversimplifica-
tion of the complex natural processes involved in 
earthquake triggering. Coulomb stress changes in-
duced by the main shock are evaluated by calcula-
ting the stress variations across both optimally ori-

ented and specific fault planes. The results from 
these calculations suggest that there is no clear evi-
dence that the Coulomb stress changes created by 
the main shock facilitated the occurrence of the af-
tershocks. 

We analyzed the correlation between compo-
nents of the comprehensive Coulomb failure stress 
to understand the process of earthquake triggering 
accurately. We utilized stress interaction methods to 
determine how the earthquake affected the potential 
for failure along the Palu-Koro fault. These findings 
are applied to assess the acceleration or delay of fu-
ture earthquakes in Palu, Sulawesi. 

 
Tectonic Setting  
Sulawesi Island is located among the Philippine, 

Australian, and Sunda plates and surrounds the conti-
nental convergence sections of the Sunda margin. The 
triple junction in Southeast Asia is highly seismically 
active and is characterized by active rotations of small 
blocks reported by both geological and kinematic stud-
ies (Kreemer et al., 2000; Silver, Moore, 1978; Simons 
et al., 2000; Stevens et al., 1999; Walpersdorf et al., 
1998) (Fig. 2). The main active structures in Sulawesi 
are the Palu-Koro fault and its south-eastern extension 
to Matano. The Palu-Koro fault divides the islands into 
two blocks: the North Sula Block to the northeast and 
the Makassar Block to the southwest (Fig. 2). GPS and 
block modelling data suggest a slip rate of 42 mm/year 
in the area of the Palu-Koro fault (Socquet et al., 2006). 
A significant active structure on land in the west of 
Central Sulawesi is the NW-SE trending Palu-Koro 
strike-slip fault, which forms the boundary between the 
Makassar and North Sula blocks (Kreemer et al., 
2000). The slip velocity on this fault is estimated to be 
within the range of 30-40 mm per year (Bellier et al., 
2001). Certain parallel fault strands determine the mar-
gins of a pull-apart basin in Palu. 

The Australian and Philippine plates are sub-
ducting beneath the Sunda plate at rates between 
75-90 mm/year (Socquet et al., 2006). The W-E 
trending plate boundary zone extending from the 
New Guinea Trench to East Indonesia, establishes 
the relative motion between the Pacific and Australi-
an plates via block rotations and transgression fault-
ing (Tregoning et al., 2000; Wallace et al., 2004). 
The subduction of the Australian plate beneath the 
Sunda plate occurs at the Sunda-Banda Arc. The 
Java Trench extends from the collision in Australia 
to approximately 600 km south of Sulawesi. Specifi-
cally, the southwestern part of Sulawesi rotates 
counter-clockwise in relation to the Sunda Plate, 
while the North Sula Block and the northeastern 
Manado Block rotate clockwise towards the NNW. 
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Fig. 2. Simplified topographic/bathymetric and tectonic setting 
map of the study area. Major active tectonic structures and 
faults are shown. The focal mechanism solutions are from the 
Global Centroid Moment Tensor (GCMT, black) and Interna-
tional Seismological Centre (ISC, blue) catalogs. Red balls are 
𝑀௪ ൒ 7, 1976-2019. 
 

Method 
Coulomb Failure 
While statistical seismology often provides 

probabilities for aftershock locations and timings, 
accurate prospective earthquake predictions demand 
a physical understanding of earthquake distribution. 
Comprehending how static stress accumulates over 
time through tectonic plate movement or co-seismic 
and post-seismic slip may serve as a foundation for 
determining earthquake probabilities over 
timeframes that extend beyond typical aftershock 
duration periods (Strader, 2014). 

Variations in the Coulomb failure stress due to 
the mainshock are resolved onto the fault plane of 
the affected earthquake using strike, dip, and rake 
angles in the stress calculations. Future failure areas 
have been identified by the increased effects of the 
Coulomb stress. 

∆𝜎௙ ൌ ∆𝜏 െ 𝜇ᇱ∆𝜎௡                    (1) 
 

where ∆𝜏 and ∆𝜎௡ are the change in normal and 
shear stresses on likely future fault planes.  The ef-
fective coefficient of friction denoted as µ takes into 
account the effects of changes in pore pressure and 
typically ranges from 0 to 0.8 (Roeloffs, 1988). The 

confining stress can be related to fluid pore pressure 
by Skempton's coefficient, B, which quantifies the 
ratio of the change in pore pressure in a cavity to the 
change in applied stress. The Coulomb stress is con-
tingent on the accuracy of the initial earthquake pa-
rameters. Minor variations in fault geometry and slip 
distribution can lead to significant alterations in 
Coulomb failure stress. 

We used Coulomb 3.4 software (Lin and Stein, 
2004; Toda et al., 2005) to compute the co-seismic 
static stress changes resulting from the magnitude 
7.5 Palu earthquake on optimally oriented faults. In 
our model, the Earth was presumed to be a homoge-
nous elastic half-space, and faults were treated as 
rectangular dislocations. To accommodate these as-
sumptions, we considered values for Young's modu-
lus, shear modulus, and Poisson’s ratio were consid-
ered as  8𝑥10ହ bar, 3.2𝑥10ହ bar, and 0.25, respec-
tively. We utilized an empirically value of 0.4 and 
0.6 for the effective friction coefficient (𝜇ᇱ). To es-
timate the average slip for an earthquake, we applied 
empirical relationships from Wells and Coppersmith 
(1994) which correlate event rupture length, width, 
magnitude, and surface displacement. 

 
Stress Inversion 
The stress variations have been projected onto 

the optimally oriented mainshock strike-slip, thrust, 
and normal faults using the regional stress field de-
fined in this study. The stress inversion method de-
veloped by Michael (1984) provided definitions for 
normal and shear stresses on a fault σ୬ and: 

 
𝜎௡ ൌ 𝑇௜𝑛௜ ൌ 𝜏௜௝𝑛௜𝑛௝                     (2) 

 
𝜏𝑁௜ ൌ 𝑇௜ െ 𝜎௡𝑛௜ ൌ 𝜏௜௝𝑛௝ െ 𝜏௝௞𝑛௝𝑛௞𝑛௜ ൌ 

ൌ 𝜏௞௝𝑛௝൫𝛿௝௞ െ 𝑛௜𝑛௞൯                     (3) 
 
where 𝛿௜௞ is the Kronecker delta, T is the trac-

tion along the fault, n is the fault normal and N is the 
unit direction vector of shear stress along the fault. 
Afterwards, equation (3) is revised as follows: 

 
𝜏௞௝𝑛௝ሺ𝛿௜௞ െ 𝑛௜𝑛௞ሻ ൌ 𝜏𝑁௜ .               (4) 

 
Michael (1984) employed the Wallace-Bott the-

ory and defined the shear stress direction denoted as 
𝑁 with the slip direction 𝑠 of shear movement along 
the fault. He further proposed that the shear stress 𝜏 
on active faults maintains a consistent ratio across 
all studied earthquakes. Subsequently, equation (4) 
is represented in matrix form:   

                𝐴𝑡 ൌ 𝑠                                (5) 

where 𝑡 represents the vector of stress components. 
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      𝑡 ൌ ሾ𝜏ଵଵ𝜏ଵଶ𝜏ଵଷ𝜏ଶଶ𝜏ଶଷሿ்              (6) 
 

𝐴 is the 3 × 5 matrix calculated from fault nor-
mal 𝑛, 

 

⎣
⎢
⎢
⎢
⎢
⎡

nଵሺnଶ
ଶ ൅ 2nଷ

ଶሻ nଶሺെnଵ
ଶ ൅ nଷ

ଶሻ nଷሺെ2nଵ
ଶ െ nଶ

ଶሻ
nଶሺ1 െ 2nଵ

ଶሻ
nଷሺ1 െ 2nଵ

ଶሻ
nଵሺെnଶ

ଶ ൅ nଷ
ଶሻ

െ2nଵnଶnଷ

nଵሺ1 െ 2nଶ
ଶሻ

െ2nଵnଶnଷ

nଶሺnଵ
ଶ ൅ 2nଷ

ଶሻ
nଷሺ1 െ 2nଵ

ଶሻ

െ2nଵnଶnଷ

nଵሺ1 െ 2nଷ
ଶሻ

nଷሺെnଵ
ଶ െ 2nଶ

ଶሻ
nଶሺ1 െ 2nଷ

ଶሻ ⎦
⎥
⎥
⎥
⎥
⎤

𝐓

(7) 

 
The degree of correlation hinges on several fac-

tors: the precision of source/receiver hypocentre lo-
cations and focal mechanism parameters, as well as 
physical source characteristics. Michael's algorithm 
employs both nodal planes to try to identify the ex-
act fault planes while determining the optimal stress 
tensor. A key feature of the algorithm is the calcula-
tion of the confidence limits of the principal stress 
axes directions, which is performed through a statis-
tical method known as bootstrap resampling. The 
algorithm seeks to minimize the discrepancy be-
tween the slip direction and the projected tangential 
traction while maintaining a consistent and signifi-
cant magnitude of tangential traction across various 
fault planes. Although it is somewhat conjectural, 
the use of a simple fracture criterion suggests keep-
ing the tangential traction similar from one fault 
plane to another. This fracture criterion further im-
plies that the isotropic component of the stress ten-
sor dominated the normal traction on the fault 
planes. 

 
Results and Discussion   
Local stress inversion 
Over the past 30 years, it has been widely ac-

cepted that the location and timing of recurring 
earthquakes (aftershocks) are largely influenced by 
stress changes resulting from displacement due to 
the main shock. Interest in the issue of the effect of 
stress changes on subsequent seismic activity was 
triggered following minor events 17 years before the 
1992 earthquake near Landers, California (USA) 
with M 7.4 led to a stress increase at the epicentre 
and along the majority of the future rupture line 
(Stein et al., 1992). Furthermore, the majority of af-
tershocks occurred in the area where an increase in 
stress was observed. Multiple studies have since dis-
covered a quantitative correlation between static 
voltage changes and the location of subsequent ma-

jor shocks and aftershocks (Harris, 1998; Steacy et 
al., 2005; King, 2007; Hardebeck, Okada, 2018). 

Alterations in Coulomb stress are derived from 
displacements associated with corresponding earth-
quakes. These displacements induce perturbations in 
the stress tensor within the fault, potentially leading 
to both shear and normal components. An increase 
in shear stress, contemporary with the displacement 
direction, and a decrease in normal stress collective-
ly enhance the probability of future failure. 

Numerous methods have been proposed to de-
termine tectonic stress from earthquake focal mech-
anism solutions. The most commonly used methods 
were developed by Michael (1984) and Gephart and 
Forsyth (1984). These methods typically assume that 
tectonic stress is homogeneous within the region, that 
earthquakes occur on pre-existing faults with varying 
orientations, and that the slip vector aligns with the 
shear stress direction on the fault. In this study, we 
have used Focal Mechanism Solutions (FMS) from 
Harvard CMT (Ekström et al., 2012)  and Internation-
al Seismological Centre (ISC, http://www.isc.ac.uk) 
for our region of interest (Fig. 2). 

Michael (1984) proposed determining the stress 
that minimizes the discrepancy between the resolved 
shear stress and the slip direction for each dataset. 
These algorithms outline the directions of the three 
principal stress axes, as well as the relative magni-
tudes of these stress axes. In this context, 𝜎1, 𝜎2, and 
𝜎3 indicate the maximum, intermediate, and mini-
mum principal compressive stresses, respectively.  

The defining feature of the stress field is its util-
ity in outlining deformation zones and active tecton-
ic structures at local and regional levels. We created 
two distinct datasets of focal mechanisms, one from 
GCMT and another from ISC to assess the capability 
of stress ratio R under varying stress conditions. We 
performed stress inversion on these fault planes us-
ing the same process developed by Vavryčuk 
(2014). The 𝑅-values for all zones fall within the 
range of 0.3 to 0.7 indicating that the magnitude of 
the intermediate principal stress (𝜎2) is relatively 
close to midway between the magnitudes of the 𝜎1 
and 𝜎3 axes (when 𝑅 ൌ  0.5). The inversion results 
demonstrate that the maximum principal stress (𝜎1) 
is oriented in the NW-SE direction while the mini-
mum stress axis (𝜎3) strikes in the NE-SW direction 
and is sub-vertical. The intermediate principal stress 
(𝜎2) is trending sub-horizontal for the Palu region 
(refer to Table, Fig. 3). 

 
Comparison of stress tensor inversion results for the region 

 
Region σଵ(tr) σଵ(pl) σଶ(tr) σଶ(pl) σଷ(tr) σଷ(pl) Phi (R) 

Palu 293.6 35.5 114.6 54.4 24 0.5 0.51±0.03 
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Fig. 3. The map represents the P and T axes of the focal mechanisms and dots delineate the distribution of the stress 
axis within the 95% confidence range. Azimuth (Az) and plunge (Pl) 

 
Coulomb stress 
We studied the Coulomb stress hypothesis for 

the 2018 Palu earthquake in Indonesia using focal 
mechanism solutions as receiver faults in the Cou-
lomb stress pattern. The correlation between the 
Coulomb stress and seismic activity generated by 
the Palu event and preceding incidents suggests 
regions at risk for significant future events. The 
main shock was preceded by foreshocks starting 
about three hours earlier with an event located 
south of the epicenter. The Coulomb stress patterns 
were calculated at a depth of 10 km due to the main 
shock. 

The stress model depicts four distinct lobes of 
increased Coulomb stress and four lobes of Cou-
lomb stress reduction (Fig.4). The extended lobes 
are located at the end of the fault, while the re-
gions of decreased Coulomb stress host the other 
lobes. The distribution of aftershocks aligns with 
these patterns. A Coulomb stress change of less 
than 1 bar is sufficient to trigger events, while the 
same amount can effectively suppress them (King 
et al., 1994). The largest lobe of the decreased 
Coulomb stress is centered on the epicenter of the 
rupture plane, where stresses dropped by approxi-
mately 11 bars. The stresses generated by earth-
quake slip can cause fracturing, and the resulting 
stress increases can lead to further earthquakes. 
Most of the aftershocks have occurred in areas 
where the Coulomb failure stress has increased by 
൒ 1 bar, and a significant number of aftershocks 
are located where the stress has decreased in the 
E-S direction (Fig. 4). 

Coulomb stress models are calculated on an op-
timally oriented fault plane using local stress results. 
The calculation results of the optimum orientations 
and Coulomb stress changes are presented in Figure 
4 (b, c, and d). Negative Coulomb stress changes 
dominate within the rupture area, while positive 
stress changes are observed in the northwest and 
southeast parts of the rupture. In the case of normal 
faulting orientation (Fig. 4d), most of the aftershocks 
concentrate in the area of positive stress change, ex-
cept for a few earthquakes in the rupture zone where 
negative stress changes were observed. The lobed 
models of stress variation using local stress adjust-
ments encompass large areas of negative change that 
dominate towards landward and offshore of the main 
rupture with positive stress changes occurring in the 
SW-NE direction inland and offshore in the case of 
an optimum thrust faulting (Fig. 4c). 

The vertical cross-section confirms that the fault 
plane is associated with the mainshock (Fig.5). The 
aftershocks occur in regions of negative stress 
changes and some are located in areas of positive 
stress changes. The vertical cross-sections provide 
extended data on the stress distribution in strike-slip 
faulting situations as seen in Figure 5. The study of 
the stress produced on a cross-section reveals that 
the Coulomb stress increase occurs in the areas 
where aftershocks were located at different depths. It 
can be seen that the region towards C-C’ is more 
likely to have aftershocks due to increased stress 
accumulation. There are possibilities that the after-
shocks might have propagated towards the south, 
and the most probable direction is towards the 
southeast. 
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Fig. 4. Map shows Coulomb stress changes caused by the 2018 Palu earthquake calculated over the optimally oriented (a) strike 
3480; dip 570; rake -150 (gCMT) (b) strike-slip faulting (c) thrust faulting and (d) normal faulting. The highlighted dots denote the 
epicenters of the M ≥ 4 aftershocks (USGS) 
 

The assumed value for effective friction contri-
butes to the calculated Coulomb stress changes, and 
thus the correspondence of Coulomb stress changes to 
aftershock distributions. Typically, studies aim to 
identify the effective coefficient of friction that leads 
to the best fit of aftershocks using this technique to 
infer frictional strength. King et al. (1994) found that 
adjustments to friction only had noticeable effects on 

aftershock correlations and thus preferred to use the 
value of 0.4. Moreover, Coulomb stress changes are 
calculated at different depths and friction values from 
a finite fault modelling result (USGS, us1000h3p4). 
The occurrence of several aftershocks in an area of 
the calculated Coulomb stress decrease may be due to 
the oversimplification of the fault slip, heterogeneities 
of crustal characteristics, or orientations of the fault. 
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Fig. 5. Vertical cross-sections oriented perpendicular to the 
strike of the fault modelling during the 2018 Palu earthquake 
along lines P1 (A-A’), P2 (B-B’) and P3 (C-C’) 
 

Figure 6 illustrates the effects of static stress 
when the friction coefficients are at typical values of 
0.4 and 0.6. For different values a distinct level of 
difference is observed in the number of triggered 
aftershocks when the coefficient is 0.6 at a depth of 
15 km, and 30% of the aftershocks occur in the areas 
of increased stress. The static Coulomb stress trig-
gering effect does not improve significantly with 
variations in the friction coefficient value. Co-
seismic Coulomb stress change calculations have 
effectively described aftershock distributions follow-
ing the 1995 Kobe, Japan earthquake (Toda et al., 
1998), and the 1989 M = 7.1 Loma Prieta earthquake 
(Reasenberg, Simpson, 1992). The presence of sev-
eral aftershocks in areas of the decreased Coulomb 
stress may result from oversimplifications of mod-
eled fault slip or the existence of faults with different 
orientations. The application of Coulomb stress 
changes to explain aftershock distributions challeng-
es the long-standing theory that earthquakes occur 
randomly. 

Displacement and Strain rate 
Therefore, considering all of the above men-

tioned, we calculated the average slip distribution 
from empirical relationships between average slip 
and magnitude. The earthquake struck the island of 
Sulawesi, approximately 78 km north of Palu. The 
earthquake triggered a tsunami that was 4 to 7 m 
high, which affected the coastal areas of western 
Sulawesi, including Donggala and the city of Palu. 
We created a displacement map that reveals vertical 
and horizontal surface movement across the entire 
fault. Figure 7 presents the results of calculations of 
the seismic displacement of the Earth caused by the 
earthquake. The fault extends to the southeast, and 
the most substantial horizontal displacement mainly 
occurs in the NNW and SW parts of the fault. Hori-
zontal displacement in the north-south direction is 
larger than the displacement in the southwestern di-
rection. The red color indicates positive displace-
ment (elevation), while blue represents negative dis-
placement. This map aids in understanding the type 
of faulting associated with an earthquake. Figure 8 
demonstrates that the rupture from the Palu earth-
quake has the vertical displacements are approxi-
mately 2 m offshore in the NW direction. 

The release of strain between events is what 
triggers earthquakes. In this study, we tried to under-
stand the distribution of strain caused by the Palu 
earthquake. The strain tensor is calculated concern-
ing six components: three normal and three shear 
strain components. The normal components of strain 
are oriented towards the x, y, and z directions. Figure 
8 shows that aftershocks predominantly accumulate 
negative strain in various directions. However, not 
only negative strain significant for a future shock, 
but positive strain changes can also induce future 
events. A positive change in Coulomb stress in the 
future could be substantial enough to alter the level 
of strain on the regional fault, potentially causing 
rupture. Our analysis determined that the strain maps 
of the earthquake demonstrate a response that is 
roughly similar to that of the Coulomb stress indicat-
ing the accumulation of strain along the SE direc-
tion. 

 
Conclusion 
Assessing the Coulomb stress associated with 

earthquake slip has been confirmed to be an essential 
means of understanding diverse seismic phenomena. 
Such calculations have successfully illustrated after-
shock distributions, the locations of triggered earth-
quakes, stress increases at the edges of a ruptured 
fault, and off-fault lobes of stress increase. Areas of 
Coulomb stress decrease have also been identified to 
align with regions of minimal aftershock activity.
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Fig. 6. Illustration of Coulomb stress changes based on Gavin Hayes’s finite fault model (USGS/NEIC). (a) Depth: 10 km; μ 0.4, (b) 
Depth: 15 km; μ 0.4, (c) Depth: 10 km; μ 0.6, (d) Depth: 15 km; μ 0.6 
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Fig. 7. Horizontal displacement map of the region enclosing the epicenter of the earthquake immediately after the mainshocks 
(right). Vertical cross-sectional view of the displacement of the crust (left)  

 
 

 
 
Fig. 8. Normal strain along the x-direction, y-direction, z-direction, and the shear strain in the XY, XZ, and YZ planes of the 2018 
Palu earthquake 
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In this research, we focused exclusively on static 
stress changes transmitted from the co-seismic fault 
slips of the main shock. We examined Coulomb 
stress changes associated with the 2018 Mw7.5 Palu 
earthquake. The stress model maps demonstrated a 
correspondence between the main shocks and the 
observed spatial distribution of aftershocks. These 
aftershocks were found to be influenced by their rel-
ative locations to the rupture plane and source 
mechanisms, and their dense distribution areas ex-
panded towards the southeast. The stresses transmit-
ted by the Palu earthquake to the adjacent segment 
of the Palu-Koro fault loaded 1-2 bars of stress at the 

end of the rupture plane. Stress modelling confirms 
that minor increases (a few bars) may promote the 
occurrence of earthquakes. Coulomb stress model-
ling can serve as a powerful tool for seismic hazard 
mitigation and aftershock activity prediction. Stress 
reductions from the earthquake and triggering times 
are small relative to the recurrence time of the earth-
quakes. 
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ВЛИЯНИЕ ИЗМЕНЕНИЙ КУЛОНОВСКОГО НАПРЯЖЕНИЯ ПРИ ЗЕМЛЕТРЯСЕНИИ  
СИЛОЙ MW =7.5 В ПАЛУ, ИНДОНЕЗИЯ В 2018 г.  
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Резюме. В данной статье представлены результаты изучения влияния кулоновского напряжения для выяснения процесса 

разрушения системы разломов Палу-Коро. 28 сентября 2018 г. на крупном сдвиговом разломе в северной части острова 
Сулавеси, Индонезия, произошло землетрясение. В результате кулоновское напряжение увеличилось примерно на 1 бар в 
областях афтершоков и областях, где напряжение уменьшилось более чем на 10 бар. На основе фокальных механизмов аф-
тершоков и моделей очагов главного толчка рассчитаны изменения кулоновского напряжения разрушения на обеих узловых 
плоскостях фокального механизма. Дополнительно были рассчитаны изменения кулоновского напряжения в очагах каждого 
афтершока. Представленная нами модель напряжений указывает на положительную корреляцию между расширенными 
кулоновскими полями напряжений, возникающими в результате сочетания сейсмической активности. Нами было исследо-
вано кулоновское напряжение как возможный источник афтершоков, которые имеют тенденцию оптимально смещаться 
ввиду разрушения из-за локального поля напряжений, созданного основным толчком. Землетрясение силой 7.5 баллов, про-
исшедшее в Палу, привело к распределению смещений поверхности. Кроме того, расчетное горизонтальное смещение 
варьрует от 1 до 1.3 метра в направлении СЗ-ЮЗ. Карты напряжений, включенные в эту статью, имеют большое значение 
для прогнозирования ожидаемых мест будущих толчков и снижения последствий землетрясений. Было подтверждено, что 
оценка кулоновского напряжения, связанного со смещением землетрясения, является важным средством понимания различ-
ных сейсмических явлений. 

Ключевые слова: кулоновское напряжение, инверсия напряжений, деформация, землетрясение, Палу, Индонезия 
 
 

2018 MW = 7.5 PALU, İNDONEZİYA, ZӘLZӘLӘSİNİN COULOMB STRESS DӘYİŞİKLİKLӘRİNİN TӘSİRİ 
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Xülasә. Bu mәqalәdә Palu-Koro qırılma sistemindә qırılma prosesini anlamaq üçün Coulomb gәrginliyinin tәsirlәri 
araşdırılmışdır. 2018-ci il sentyabrın 28-dә İndoneziyanın şimalındakı Sulavesi adasında böyük qırılıb-sürüşmә mexanizmli zәlzәlә 
baş vermişdir. Nәticәdә Coulomb (Kulon) gәrginliyi tәxminәn 1 bar artmış vә bu afterşokların paylandığı әrazilәr ilә eyni zamanda 
gәrginliyin 10 bardan çox aşağı düşdüyü әrazilәrә aid olmuşdur. Mәqalәdә hәr bir afterşok tәkanların fokal mexanizmlәrinә vә әsas 
tәkan mexanizm modellәrinә әsasәn, hәr bir fokal mexanizmin hәr iki nodal müstәvilәrindә Coulomb gәrginliyinin dәyişmәsi 
hesablanmışdır. Bundan әlavә afterşokların fokal mәnbәlәrindә Coulomb gәrginlik dәyişikliklәri dә hesablanmışdır. Әsas tәkanın 
yaratdığı lokal gәrginlik sahәsinә görә qırılma üçün optimal yerdәyişmәyә meyilli olan afterşok tәkanlarının mümkün mәnbәyi kimi 
Coulomb gәrginliyi araşdırılmışdır. Bizim gәrginlik modelimiz seysmik aktivliyin tәsirindәn yaranan genişlәndirilmiş Coulomb 
gәrginlik bölgәlәri ilә müsbәt korrelyasiya olduğunu göstәrir. Palu 7.5 zәlzәlәsi yer sәthindә yerdәyişmәlәrә sәbәb olmuşdur. Bundan 
başqa, hesablamalar üfüqi yerdәyişmәnin Şimal-Qәrb vә Cәnub-Qәrb istiqamәtindә olduğunu vә 1-1.3 metr arasında dәyişdiyini 
döstәrmişdir. Palu zәlzәlәsinin Palu-Koro qırılmasının bitişik seqmentinә ötürdüyü gәrginlik gәrginliyi 1-2 bara çatma istiqamәtindә 
yüklәyirdi. Gәrginliyin modellәşdirilmәsi tәsdiq edir ki, kiçik artım (bir neçә bar) zәlzәlәlәrin yaranmasına tәkan verә  bilәr. Bu 
mәqalәdә göstәrilәn gәrginlik xәritәlәri, gәlәcәkdәki afterşokların gözlәnilәn yerlәrini proqnozlaşdırmaq vә zәlzәlә riskini azaltmaq 
üçün әhәmiyyәtlidir. 

Açar sözlәr: Coulomb stres, stres inversiyası, deformasiya, zәlzәlә, Palu, Indoneziya 
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Summary. The SCB (South Caspian Basin) is considered one of the world's unique in terms of
hydrocarbon reserves. At present, the hydrocarbon potential of the basin has attracted foreign
companies to conduct large-scale research here. As a result of these surveys, 120 structures were 
discovered in the Azerbaijani part of the SCB, of which 21 structures were identified as oil and gas
and 17 fields are being developed.  

The main purpose of the study is to analize the hydrodynamic activity characteristics of the ba-
sin, to improve field models, to develop efficient development scenarios, to more accurately fore-
cast the reserves and resources of the field and, as a result, to develop a modeling of the aquifer
basin of the South Caspian Basin. The hydrodynamic activity model of the basin is especially im-
portant in the modeling of oil and gas and gascondensate fields. While modeling the hydrocarbon-
water contact and the movement mechanism (Fetkovich, Carter Tracy, inactive), for the im-
provment an effective field development plan, it is necessary to clarify pressure, direction of 
movement, etc., which is possible only as a result of the compilation and analysis of the basin ac-
tivity model.  The advantage of the study is that the used data from oil and gas fields related to the
surrounding basins, and the volumes of gas produced from the basin were calculated in reservoir
conditions.  In this regard, the research is of great theoretical and practical importance. 
 
© 2023 Earth Science Division, Azerbaijan National Academy of Sciences. All rights reserved.  

 
Introduction 
In general, the South Caspian Basin is divided 

into three parts according to its geological, structur-
al-tectonic, lithological-stratigraphic and orohydro-
graphic features, which are the Absheron, the Baku 
archipelagos and the Deep Caspian.12 of the devel-
oped fields are located in the Absheron and 5 in the 
Baku archipelagos. The depth of the sea in the basin 
is up to 1000 m. The main object of exploitation in 
the basin is the Productive Seria (PS) sediments, the 
thickness of which varies between 2800-4000 m. 
Most of the developed fields operate in active water 
flooding, gas cap and dissolved gas regimes. At the 
same time, in some fields (the Neft Dashlari, shal-
low water Guneshli, the Azeri-Chirag-Guneshli, 
etc.) development was carried out by injection. At 
present, the oil recovery factor in the SCB has 
reached 0.23 and the gas recovery factor has reached 

0.22 (Abasov et al., 1997; Salmanov et al., 2021; 
Нариманов, 1998; Велиева, 1997). 

 
Investigative methods 
As a result of large-scale seismic and explora-

tion drilling in the basin, the structural and tectonic 
form of the area was studied and three-dimensional 
structural models were created (Fig.1). The three-
dimensional model also shows that the depth in the 
Absheron archipelago is shallower than in other are-
as due to the top and bottom of the PS (1500-3000 m 
according to Pereriv series - PrS). The south-western 
part of the Baku archipelago is also more hypsomet-
rically shallower (2000-3000 m according to PrS). It 
should be noted that this factor has made it relevant 
to conduct large-scale exploration work in these are-
as. The deeper areas of the PS are the central parts of 
the SCB (5000-7000 m according to the PrS). 
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Fig. 1. 3D structural-tectonic models of the SCB 
 

Due to the characteristics of the individual 
structures in the SCB, the main complex structures 
are located in the Absheron archipelago. The Ab-
sheron uplift zone is more geologically complex. In 
the north-western part of uplift zone, the top of the 
PS is almost eroded. The thickness of the PS to-
wards the center of the SCB is also increasing. It 
requires deeper exploration and drilling in the area. 

The developed three-dimensional structural-
tectonic model of the South Caspian Basin made it 
possible to study these tectonic features in more detail. 
The model fully reflects the structural and tectonic 
structure of the top and bottom of PS sediments. The 
uplifts and structures located in the Azerbaijani sector 
of the Caspian Sea were analyzed in the general case, 
and then analyzed on regions (the Absheron Archipel-
ago, the Baku Archipelago and the deep Caspian re-
gion). These models are very important in the classifi-
cation of structures, basin modeling, and the compila-
tion of regional tectonic maps (Salmanov et al., 2021; 
Салманов и др., 2019; Rahimov et al., 2019;  Ah-
madov, Veliyev, 2019; Шыхова, 2018; Искендеров и 
др., 2017). From this point of view it would be correct 

to consider the model currently compiled as a single 
three-dimensional structural-tectonic model for the 
South Caspian Depression. It is necessary to collect, 
systematize and analyze the following geological data 
to develop a basin activity model: 

 Seismic exploration and prospecting drilling 
work on stratigraphic units (main horizons); 

 Lithofacial features of the basin; 
 Accumulated fluid volumes  on deposits and 

horizons – regional drainage maps; 
 Formation pressure on the field (initial and 

current). 
The hydrodynamic activity model of the basin 

was compiled on the basis of the mentioned geologi-
cal data with the following sequence of processes 
(Fig. 2). 

The following calculation method was used to 
calculate the produced geological and field data 
brought to the stratum conditions and produced 
fluids (oil, water, gas) in the reservoir conditions: 
 

Qtotal = (Qosc / ρo + Qwater + Vgirc) – Viw 
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where, Qtotal  – volume of the accumulated total fluid, 
m3; 

Qosc  – quantity of oil is measured under standart 
conditions, ton; 

ρo    – density of oil and condensate, kg/m3; 
Qwater  –  volume of the produced water, m3; 
Vgirc –  volume of gas produced in reservoir 

conditions, m3; 
Viw – volume of the injected water into the 

formation, m3. 

The initial formation pressure in the unexplored 
areas of the basin was predicted on the basis of 
depth dependence graphs (Fig. 3). 

Based on these graphs, the first formation pres-
sure in the unexplored areas of the basin at the cor-
responding horizons were calculated and maps of the 
field distribution of the first averaged pressures de-
rived by interpolation were compiled (Fig. 4). It can 
be seen from all the maps that the main hydrody-
namic impact on the developed deposits of the basin 
is associated with deep areas of the southern Caspi-
an. The forces of motion created by such high pres-
sure make it possible to predict the source and direc-
tion of activity. But the main mechanisms of move-
ment of the water basin, its velocity, directions can 
be determined as a result of other studies 
(Ворошилов, 2001; Ahmadov, 2013). 

In Fig. 5 regional drainage maps of the basin on 
the horizons were compiled. As noted, to increase 
the accuracy level of drainage maps, the accumulat-
ed fluid volumes were calculated in reservoir condi-
tions (Fig. 5). 

The research work shows that the main move-
ment of the water basin is directed towards the areas 

that are drained. An analytical approach has been 
applied to calculate the current formation pressure 
depending on the fluid volumes produced to investi-
gate the dynamics of water flow. To determine the 
dependence of the volume of fluid extracted in the 
basin on the current formation pressure, first of all, 
the condition was accepted that the water basin is 
inactive, and the corresponding drop in reservoir 
pressure per volume of extracted fluid in 1 million 
m3 was calculated  (Fig. 6). 

 

 
 
Fig. 2. Scheme of the creation model of hydrodynamic activity 
of the basin 
 

 

 
 

 
 

Fig. 3. Graphs of depth dependence of the initial formation pressure 
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Fig. 4. Maps of the pressure distribution of the initial formation along the horizons 
 

As we know, in accordance with the volume of 
fluid produced in the deposits, the pressure of the 
formation should also fall. This pressure drop should 
change according to a straight-line graph defined in 
the dependency graphs. But the scatter charts show 
that in most fields the decline formation pressure, 
which depends on the volume of produced fluid, is 
very low. The reason for this can only be due to the 
movement of the water basin and partial retention of 
reservoir pressure due to natural forces. For the case 

of inactivity of the basin the current formation pres-
sure in the fields was calculated by the method: 

k = (Pinitial-Pcurrent) / Qtotal 

where, k – is the pressure drop coefficient of the 
layer corresponding to the volume of the 
produced fluid in 1 mln m3; 

Pinitial – is the initial formation pressure,  atm 
Pcurrent – is the current formation pressure, atm 
Qtotal – is the volume of total fluid extracted from 
that field. 
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Fig. 5. Total fluid maps collected on horizons (regional drainage maps) 
 

If we calculate the current layer pressure (“how 
much should it be”) using the corresponding for-
mation pressure drop trend to the output fluid vol-
ume of 1 million m3, then we get the following 
mathematical expression: 

Pcurr.calc = Pinitial – ktrend ∙ Qtotal 

where,    Pcurr.calc – is the calculated current formation 
pressure, atm; 

Pinitial – is the initial formation pressure,  atm; 

ktrend – is the coefficient  calculated by the 
method of the trend of the formation pressure drop 
corresponding to the volume of the produced fluid in 
1 million m3; 

Qtotal – is the volume of total fluid extracted 
from that field. 

Thus, the distribution maps of the calculated 
current pressure of the formation are compiled 
(Fig.7). 
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Fig. 6. Graphs of the corresponding drop in formation pressure to the volume of the extracted fluid of 1 million m3 on the horizons 
 

Determination of the hydrodynamic activity of 
the water basin (direction of movement,  velocity, 
mechanism, etc.) for the study, a joint analysis of the 
current pressure maps of the layer (Fig. 8) was 
carried out compiled on the basis of actual measured 
data, cumulative maps of the remote fluid (regional 
drainage maps) and corresponding calculated maps 
of the current pressure of the remote fluid layer. 

Thus, in the VIII horizon of the Balakhani for-
mation (BS) in the direction of the Bahar, Gum-Deniz, 
Neft Dashlari, Azeri-Chirag-Guneshli deposits, the 
current formation pressure should have been less than 
50 atm. But the formation pressure was partially main-
tained (200-250 atm in the ACG field). The analysis of 
regional drainage and average distribution maps of 
actual current formation pressure shows that the main 
direction of the water basin on the VIII horizon of the 
Balakhani reservoir moved in the direction of the Neft 
Dashlari, Azeri-Chirag-Guneshli, Bahar and Gum-
Deniz deposits, and about 110-170 million m3 of water 
moved in these directions.  

This movement (dynamics) on the PrS is higher. 
Thus, about 500-570 million m3 of water were put 
into motion in the direction of the Neft Dashlari, 
Azeri-Chirag-Guneshli, Bahar,  Shah Deniz and dry 
fields located on the Absheron. 

 The results are characterized more differently 
in the lower part of the PS. The water basin of the 
Upper Kirmaki sandstone (NKP) and Lower Kir-

maki (PK) formation is more passive than the upper 
part of the PS. Thus, the water basin of the NKP res-
ervoir moved mainly in the direction of the Neft 
Dashlari, shallow water fields of the Guneshli, Gum 
Deniz and Sangachal-Duvanny-Khara-Zira, and 
about 110-150 million m3 of water moved in these 
directions. According to the PK layer, the water ba-
sin moved in the direction of the Palchig Pilpilesi, 
Neft Dashlari and shallow water Guneshli fields, and 
about 150-180 million m3 of water moved in these 
directions.  

 
Results and Discussion 
In order to determine the reliability of the results 

of large-scale research work, the obtained results were 
subjected to comparative analysis with field-geological 
and operational indicators of hydrocarbon deposits un-
der development in the basin. Thus, the oil and water 
boundaries at the Guneshli field are actively irrigated 
mainly from the southern wing. In the upper part of 
the PS at the AChG fields (VIII, IX, X horizons of the 
Balakhani layer and PrS), although active irrigation 
was carried out from the northern wing, but the 
southern wing was irrigated faster, and the water-oil 
boundaries moved more actively. The main develop-
ment horizons of the southern wing at the Sangachal-
Duvanny-Khara-Zira, Alat-Deniz,  Bulla-Deniz and  
Umid fields are water-saturated. In addition, the east-
ern periclinal of the Bulla-Sea field is irrigated faster. 
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Fig. 7. Maps of current average formation pressure calculated on horizons 
 

At the Absheron field, based on the analysis of at-
tribute maps compiled along the VIII horizon and 
the PrS of the Balakhani layer, there is a shift of hy-
drocarbon boundaries to the north and a saturation of 
hydrocarbons in the southern wing of the field. The 
analysis of hydrodynamic conditions at the marked 
fields also confirms the results of the research work, 
that is, the hydrodynamic activity of the water basin 
in the SCB from the northeast to the northwest. 

 
Conclusions and Recomendations 
Based on the conducted large-scale research 

work and comparative analysis of the compiled two-
dimensional model of hydrodynamic activity of the 

SCB water basin, the following results were obtai-
ned and useful suggestions were given: 

 Actual historical indicators of field deve-
lopment and analysis of the aquafer show that in the 
upper horizons of the PS and PrS, the aquafer is 
more active than in the southern one, about 700-900 
million m3 of water moved along these horizons in 
this direction. 

 In the lower horizons of the PT (except the 
Gala layers), it is less active than in the upper hori-
zons. This is due to the fact that the lower horizons 
of the PS are involved in development on small are-
as. About 300-400 million m3 of water moved from 
south to north along the lower horizons of the PS. 
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Fig. 8. Maps of actual current average formation pressure on horizons 
 
 The basin activity model provides serious as-

sistance in ensuring the efficiency of field develop-
ment, deployment of a network of wells, design and 
proper conduct of water treatment, accurate compila-
tion of a hydrodynamic model of deposits, forecast-
ing resources, forecasting pressure in the basin. 

 Research should be expanded, in particular, 
the lithophase model should be developed more pre-
cisely. 

 An adequate reservoir model of the hydrody-
namic activity should also be compiled for the Kura 
basin. 

 The results obtained should be transferred 
from the 2D model to the 3D model, which will en-
sure the work of the current and historical model of 
the movement of the reservoir. 
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МОДЕЛИРОВАНИЕ ГИДРОДИНАМИЧЕСКОЙ  АКТИВНОСТИ БАССЕЙНА НА УГЛЕВОДОРОДНЫХ 
МЕСТОРОЖДЕНИЯХ (НА ПРИМЕРЕ ЮЖНО-КАСПИЙСКОЙ ВПАДИНЫ) 

 
Салманов А.М.1, Гарагезов Э.Ш.2, Ахмедов Э.Г.3 
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Резюме. Исследование проводилось на примере одного из крупнейших бассейнов по запасам углеводородов в Азербай-

джане – Южно-Каспийского бассейна.  
Южно-Каспийский бассейн считается одним из уникальных бассейнов мира по запасам углеводородов. В этом бассейне 

проведены масштабные геолого-геофизические исследования и геологоразведочные работы. В настоящее время углеводо-
родный потенциал бассейна привлек иностранные компании для проведения здесь масштабных исследований. В результате 
этих изысканий в Азербайджанской части Южно-Каспийского бассейна обнаружено 120 структур, из них 21 структура 
определена как нефтегазовая и 17 месторождений разрабатываются. 

Основная цель исследования – проанализировать характеристики гидродинамической активности бассейна, усовершен-
ствовать модели месторождения, разработать эффективные сценарии разработки, более точно прогнозировать запасы и ре-
сурсы месторождения и, как следствие, разработать рабочую гидродинамическую модель аквифера. Модель гидродинами-
ческой активности бассейна особенно важна при моделировании нефтяных и газоконденсатных месторождений. При моде-
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лировании водо-углеводородных контактов и механизма движения (Феткович, Картер Трейси, неактивный) для уточнения 
эффективного плана разработки месторождения учитываются давление, скорость, направление движения и т.д. аквифера. 
Следует пояснить, что это возможно только в результате разработки и анализа гидродинамической модели активности бас-
сейна. Преимущество исследования заключается в том, что здесь использовались данные о нефтяных и газовых месторож-
дениях, относящихся к окружающим бассейнам, а объемы добытого газа рассчитывались в условиях пласта. С этой точки 
зрения данная исследовательская работа имеет важное теоретическое и практическое значение. 

Ключевые слова: аквифер, месторождение, свита, моделирование месторождений, гидродинамика, пластовое давление 
 
 

KARBOHİDROGEN YATAQLARINDA SU HÖVZӘSİNİN HİDRODİNAMİK AKTİVLİK MODELİ  
(CӘNUBİ XӘZӘR ÇÖKӘKLİYİNİN TİMSALINDA) 

 
Salmanov A.M.1, Qaragözov E.Ş.2, Әhmәdov E.H.3 
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Xülasә. Tәdqiqat işi karbohidrogen ehtiyatlarının hәcminә görә Azәrbaycanın әn böyük neftli-qazlı hövzәsinin – Cәnubi Xәzәr 

Çökәkliyinin timsalında yerinә yetirilmişdir. Cәnubi Xәzәr Çökәkliyi dünyada karbohidrogen ehtiyatlarının hәcminә görә unikal 
hövzәlәrdәn biri hesab edilir. Bu hövzәdә irimiqyaslı geoloji-geofiziki tәdqiqatlar, axtarış-kәşfiyyat işlәri aparılmışdır. Hazırda höv-
zәnin karbohidrogen potensialı xarici şirkәtlәri burada böyük hәcmdә tәdqiqat işlәri aparmaq üçün cәlb etmişdir. Bu tәdqiqatlar nәti-
cәsindә Cәnubi Xәzәr Çökәkliyinin Azәrbaycan hissәsindә 120 struktur aşkar edilmişdir ki, bunlardan da 21 strukturun neft-qazlılığı 
müәyyәnlәşdirilmiş vә 17 yataq işlәnmәyә cәlb edilmişdir. Tәdqiqatın әsas mәqsәdi hövzәnin hidrodinamik aktivlik xüsusiyyәtlәri-
nin tәdqiqi, yataqların modellәrinin tәkmillәşdirilmәsi, sәmәrәli işlәnmә ssenarilәrinin tәrtibi, sahәnin ehtiyat vә resurslarının daha 
dәqiq proqnozlaşdırılması vә nәticәdә Cәnubi Xәzәr Çökәkliyinin su hövzәsinin işlәk aktivlik modelinin tәrtib olunmasıdır. Hövzә-
nin hidrodinamik aktivlik modeli xüsusilә, neft-qaz vә qaz-kondensat yataqlarının modellәşdirilmәsindә mühüm әhәmiyyәt kәsb edir. 
Yataqların sәmәrәli işlәnmә planının tәrtibi üçün karbohidrogen-su hüdudları vә hәrәkәt mexanizimi (Fetkoviç, Karter Treysi, non-
aktiv) modellәşdirilәrkәn su hövzәsinin tәzyiqi, hәrәkәt sürәti, hәrәkәt istiqamәtlәri vә s. dәqiqlәşdirilmәlidir ki, bu da yalnız hövzә-
nin aktivlik modelinin tәrtibi vә tәhlili nәticәsindә mümkün olur. Tәdqiqatın üstünlüyü ondan ibarәtdir ki, burada әtraf hövzәlәrә aid 
olan neft vә qaz yataqlarının mәlumatlarından istifadә edilmiş vә hövzәdәn çıxarılan qaz hәcmlәri lay şәraitindә hesablanmışdır. Bu 
baxımdan qeyd olunan tәdqiqat işinin mühüm nәzәri-tәcrübi әhәmiyyәti vardır. 

Açar sözlәr: su hövzәsi, yataq, lay, yataqların modellәşdirilmәsi, hidrodinamika, lay tәzyiqi, fluid 
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IN THE SEDIMENTARY BASINS 
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Summary. A thermal tomography technology has been developed, which is recommended to 
be included in the prospecting and exploration work complex in hydrocarbon fields. The practical
value of the thermotomographic technique is to find temperature boundaries that control a particu-
lar process of generating or transforming a substance. It has been established that the oil and gas
fields localization is controlled by the temperature rise in the sedimentary layer, which are associ-
ated with "thermal domes". Heat flow refraction occurs at the boundaries of the domes with coun-
try rocks due to the contrast in thermal conductivity of evaporites and terrigenous rocks between
the domal zones. This is the main cause of heat flow variation in the lateral and vertical directions
in the sedimentary basins. Close correlation between zones of elevated temperature in the sedimen-
tary rocks and petroleum occurrences is confirmed by the results of 2D and 3D geothermal field
modeling. 3D temperature models distribution in the Western Arctic area, in the Precaspian, Pri-
pyat and North German depressions are presented. The previously noted relations of oil and gas 
fields to the deep faults in the studied basins create prerequisites for consideration of the geother-
mal field as a genetic factor controlling the tectonic features and petroleum resources of the sedi-
mentary and salt-dome basins. 
 
© 2023 Earth Science Division, Azerbaijan National Academy of Sciences. All rights reserved.  

 
High capital costs at the regional exploration 

and evaluation stages can be significantly reduced 
through the use of high-tech geological and geo-
physical technologies for processing and interpreting 
existing materials for measuring potential geophysi-
cal fields, the results of two- and three-dimensional 
seismic exploration, the results of basin and thermo-
tomographic modeling, studying the physical and 
rheological properties of core material. 

In this enumeration, a relatively new and un-
conventional method is "thermotomographic model-
ing" based on the calculation of deep temperatures 
and heat flux density in the modern section and in 
the geological past, including when the catagenesis 
of organic matter occurred in the Paleozoic basin. 

The thermotomographic modeling technology 
developed at the GIN RAS based on temperatures 
and heat flow distribution in the modern lithosphere 
and the sedimentary rocks thermophysical properties 
as well as on the results of reconstruction of sedi-
mentation. The basis for the project implementation 
is our own original geothermal data obtained by 
temperature measurements in deep wells of sedi-
mentary basins, determination of the thermal con-
ductivity of core from well sections, as well as cal-
culations of radiogenic heat generation during spon-
taneous decay of long-lived isotopes. 

The application of theoretical and methodolog-
ical geothermal aspects in geological exploration 
practice in oil and gas fields is now becoming 
ubiquitous. Suffice is to recall that no software 
product implementing basin modeling technology 
can do without setting the reduced heat flow as a 
boundary condition, and thermophysical properties 
(temperature and thermal conductivity, heat capaci-
ty) as model parameters. It follows from this that 
the accuracy and, consequently, reliability in pre-
dicting oil and gas potential using basin modeling 
depend on the correctness of setting the reduced 
heat flow as a condition at the lower boundary of 
the modeling domain. 

By reduced heat flow, we mean the heat flow 
that flows to the sole of the active radiogenic heat 
generation (RTG) layer. The thickness of this layer 
depends on the concentration of long-lived isotopes 
238U, 232Th, 40K in the Earth's crust, and in platform 
structures it usually varies from 7 to 20 km. Such a 
noticeable depth variation makes it necessary to ana-
lyze in more detail the share of radiogenic heat in 
the total heat balance and empirically investigate the 
reduction, i.e., the decrease in heat flow with depth 
as the concentration of the listed long-lived isotopes 
decreases. 
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Technique of geothermal modeling 
The use of three-dimensional geothermal mo-

deling, which we identified as a thermal tomography 
method (Khutorskoy et al., 2003), is based on volu-
metric interpolation of the geothermal field. The ap-
plication of this method opened up opportunities to 
detect anomalies of temperature and heat flow, 
which did not appear at all while analyzing the one- 
or two-dimensional distribution of these parameters. 

Especially vividly, the greater informative value 
of 3D geothermal models compared to 1D and 2D 
models is manifested in isometric structures, which 
in most cases are depressions of sedimentary basins. 

The practical significance of the thermotomo-
graphic technique is to find temperature boundaries 
that control a particular process of generation or 
transformation of a substance. 

Deep subsurface temperatures along the seismic 
lines are calculated using the THERMOGRAPHY 
software (Хуторской, 1996). The calculations are 
based on the thermal properties of crustal layers in 
compliance with the established refractor velocities. 

Temperature distribution in the sequence is de-
duced using the finite element method with a quad-
ratic approximation of the temperature function be-
tween the junctures of a rectangular grid. The pro-
gram provides for a grid of 41×41 junctures which 
solves a two-dimensional problem:  what linear di-
mensions along the X and Z- axes can be changed by 
the operator. Lateral flow is assumed to be absent at 
the lateral boundaries of the modeling domain, that 
is, T/x= 0. We assumed the temperature at the sea-
floor–water interface known from meteorological 
data (~1°C) to be the upper end value and heat flow 
to be the lower end value. Inside the modeling do-
main, contrasting media configurations and their 
thermal properties, including thermal diffusivity a 
(m2/s), thermal conductivity k (W/(mꞏ K)), and nor-
malized thermal source density (Fi=A/(c.ρ)) (K/s), 
were preset. Within the TERM program, which is 
responsible for calculations, the linear dimensions 
(Lx and Lz, km) of the modeling domains were pre-
set to determine the linear dimensions of the junc-
tures (Lx/41 and Lz/41) as well as the solution dis-
cretization interval (Ma). The time step of the itera-
tion process was selected automatically by the pro-
gram and calculated as  = 10-7ꞏ(Z2/4a), where Z is 
the thickness of the modeling domain. 

As a result of the digital solution of the thermal 
conductivity equation, temperate and heat flow dis-
tribution q(z) and q(x) for the preset thermal medium 
at the final moment of the discretization phase were 
obtained. The file of results renamed as the file of 
initial temperatures, and calculations in the next 
phase begin with the final moment of the previous 
step. Solution discretization is convenient when it is 

necessary to introduce changes into the thermal me-
dium in response to structural and material changes 
in geologic sequence, to preset the distribution of 
new thermal sources and discharge zones, and to 
revise the estimated paleothermal field parameters. 
If heat and mass transfer should be included in the 
model, it can be imitated by presetting end tempera-
ture values and/or adiabatic gradients in the depth 
interval covered by convection. 

For each profile, the end temperature value was 
taken at the upper boundary and heat flow at the 
lower boundary (qbd) in compliance with the value 
measured in the nearest well (qobs) minus heat flow 
generated in the crustal layer above the lower 
boundary of the modeling domain as a result of the 
spontaneous decay of long-lived radioactive isotopes 
(qest), that is, qbd= qobs - qest. 

The reduced heat flow varied within 30-40 mW/m2. 
A specific feature of three-dimensional model-

ing is the estimation of temperatures and conse-
quently all other geothermal parameters in the lati-
tude–longitude–depth geometry for the whole re-
gion. Using the volumetric interpolation of the 
TECPLOT program, we obtained a three-dimen-
sional temperature distribution pattern over the 
whole study interval (down to 35 km) and for the 
whole region. A similar procedure was applied to 
obtain a three-dimensional heat flow distribution 
pattern. The program enables the depth slices of 
temperature and heat flow values and isothermal 
surfaces to be plotted for any interval. 

 
Geothermal studies in the Barents Sea 
The intense exploration for oil and gas fields in 

shelf basins that commenced in the 1980s included 
offshore and deep drilling on islands accompanied 
by thermal logging. In addition, the first measure-
ments of the heat flow in wells were performed at 
that time in the southern Kara Sea. In the 1980s-
1990s the measurements of heat flow by submersible 
sounds were performed in the central and southeast-
ern Barents Sea (Verzhbitsky, 2002; Левашкевич, 
2005) and the empirical data were subsequently pro-
cessed with allowance for seasonal bottom-
temperature fluctuations (Суетнов, Никульшина, 
1988). The processing of thermal measurements 
made it possible to estimate thermal gradients, while 
thermophysical studies of drill cores resulted in 
measurement of the heat conductivity of rocks. 
These works provided the first conditional values of 
heat flow in the region under consideration. Howe-
ver, the geothermal measurements in wells were 
sparse and insufficient for adequate mapping of the 
temperature and heat flow distribution in such a 
vast-territory, especially for calculation of deep tem-
peratures in the lithosphere. 
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Nevertheless, the analysis of available data ob-
tained by measurements in wells and thermal sound-
ing revealed a tendency for an increase in heat flow 
in the northeastern and northwestern directions. For 
example, in the zone of conjugation of the Kola mi-
croplate and the Baltic Shield, the heat flow averages 
54 mW/m2 and amounts to 70 mW/m2 in the North 
Barents Basin and Central Barents Uplift. To a first 
approximation, such a trend in heat flow variations 
can be explained by approaching the North Atlantic 
spreading center, where the thermal activity of the 
asthenosphere increases. At the same time, our data 
indicate that the crust of the Barents Plate is subject-
ed to secondary processes, which become younger in 
the northern direction. 

On the basis of interpretation of geothermal da-
ta, it was suggested that the secondary thermal pro-
cesses are related to rifting (Khutorskoy et al., 
2003). Modeling of the nonstationary thermal field 
in order to calculate deep temperatures and heat 
flows was performed along each of the profiles 
shown in Fig. 1. 

The geotraverses extend via the wells, where the 
conditional heat flow measurements were conducted. 
Such measurements made it possible to correctly set 
the Neumann (second-type) boundary conditions at 
the lower margin of each profile. 

Initial conditions for temperature calculation were 
set for 60 Ma ago. As follows from paleotectonic re-
constructions for the Barents Sea (Верба, Шаров, 
1988; Устрицкий, Храмов, 1984), the present-day 
structure of the crust was already formed by that time. 
Therefore, the evolution of the thermal field, if it oc-
curred, was related to relaxation of initial thermal het-
erogeneities rather than to the reorganization of struc-
tural and thermophysical elements. Under such bound-
ary and initial conditions, the temperature within the 
modeling region is rapidly coming to a steady state, 
which was a priori accepted as a criterion of calcula-
tion correctness. The duration of time steps was 10 Ma. 
Thus, six control stages were taken over the time inter-
val of 60 Ma to verify the stationary state. The model-
ing has shown that, since the third step, i.e., 30 Ma af-
ter the onset of calculation, all the profiles are charac-
terized by a steady-state thermal field. 
 

 
 
Fig. 1. Map of the heat flow density in the Barents Sea region and adjacent areas. (1) Border of Russia and median line (according to 
the proposal of Norway of 1970); (2) shelf edge; (3) deep well; (4) station of heat-flow measurements and its value, mW/m2; (5) pe-
troleum fields in the Russian sector; (6) the same in the Norwegian sector; (7) line of seismic and geological profile and its number; 
(8) boundaries of regional tectonic elements; (9) contour line of heat flow, mW/m2. Tectonic elements (letters in figure): (A) Svalbard 
Plate, (B) East Barents Megatrough, (C) Pai-Khoi–Novaya Zemlya Fold System, (D) Pechora Plate, (E) Kola Homocline. Fluid type: 
(G) gas, (GC) gas condensate, (OGC) oil–gas condensate, (O) oil 
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The technique of computing 3D models was de-
scribed above. Here, we note only that the procedure 
consists of two stages. 

At the first stage, the temperature sections along 
geotraverses are placed into a three-dimensional plot 
according to coordinates of their onset, end, and 
bend points, if there are any. In addition, the model-
ing accuracy is estimated at this stage by comparison 
of calculated and measured temperatures at intersec-
tions of profiles. The least square method, which 
was applied to estimate the modeling accuracy, 
shows that discrepancy between depths of the same 
isotherms is ~100 m, i.e., 0.7% of the total modeling 
depth, which equals to 15 km. We consider this un-
certainty as admissible. 

At the second stage, with the use of 2D tem-
perature ranges as boundary conditions, the 3D vol-
umetric interpolation is carried out. If the distance 
between profiles is less, the accuracy of the interpo-
lation procedure will be higher. We used as many as 
123 geotraverses characterized by CMP and DSS 
profiling data for the Barents-Kara region in our 
previous 3D models. 

However, the modeling technique used in this 
work differs from the previous one by the detailed 
analysis of the geological situation based on drilling 
results. Therefore, we developed the model using 
only the seven above-mentioned geotraverses. It is 
particularly noteworthy to compare models of the 
first and second generations and to ascertain the fac-
tors responsible for their differences, if any exists. 

The results obtained at the first stage of 3D 
modeling – allocation of temperature ranges in the 
3D plot – are shown in Fig. 2. A special original 
computer program that takes into account the depth 
and position of each profile and transforms initial 
data of 2D modeling into the TECPLOT format was 
used to implement this procedure. 

Volumetric interpolation resulted in obtain-
ment of the model of the temperature field, which 
makes it possible to determine a temperature in any 
point of 3D space (Fig. 3). A special blanking in 
this figure shows temperature domes beneath the 
South Barents Syneclise and the Pechora–Barents 
Zone of buried uplifts. The dome extends to the 
South Kara Basin, where it looks autonomously 
because of the temperature screen beneath Novaya 
Zemlya (New Land). In fact, the formation of both 
domes has the same cause, namely, the occurrence 
of thick and low-conductivity sediments and the 
respective increase in the geothermal gradient with-
in this zone. Northward, this effect is enhanced by 
the local increase in the terrestrial heat flow in the 
Stockmann–Lunin area and the North Barents Ba-
sin. The latter factor determines the appearance of 
another temperature dome in the western part of the 
region at the edge of the Norwegian shelf, where 
the sedimentary cover is relatively thin, but the heat 
flow is slightly higher in comparison with the 
background level established for the Barents Plate. 

 

 
 

Fig. 2. Temperature sections placed on a 3D plot. See text for explanations. Numerals correspond to numbers of profiles  
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Fig. 3. A 3D model of the temperature field. Isotherms, °C 
 

Gas and gas-condensate fields discovered in 
the southeastern part of the Barents Sea and South 
Kara Basin are localized above the temperature 
dome. Previously, we pointed out that the Stock-
mann, Ludlov, Ledovy, North Murmansk, Rusanov, 
and Leningrad fields are confined to the apical part 
of the temperature dome. This character of localiza-
tion can probably be used as an additional criterion 
to forecast the petroleum resource potential.  

 
The North-Caspian Basin 
The North Caspian Basin is traditionally recog-

nized within the boundaries of the salt-dome region. 
Its north-western limit is traced along the pre-
Kungurian tectonic and sedimentary scarp, as high 
as 1500 m, which extends in the submeridional di-
rection from Kotelnikovo in the south via Volgograd 
to Saratov in the north and turns abruptly to the east 
extending at the latitude of Uralsk toward Orenburg. 
The basin is limited by the Ural Foldbelt in the east, 
the South Emba Paleozoic tectonic rise in the south-
east, and the Donbass-Tuarkyr system of inversion 
highs in the southwest (Volozh et al., 1998). 

The Caspian Basin had taken its shape within 
these boundaries as a closed structure only by the 
end of the Early Permian, when the Ural orogenic 
belt was formed at its eastern boundary and an in-
version-type uplift existed on the spot of the present-
day Donbass-Tuarkyr rift system. Before that time 
various parts of this system were related to different 
sedimentary basins. The western half of the basin 
was a part of the sedimentary basin that had been 
continuously evolving since the Late Riphean, and 
its eastern part was a fragment of a large orogenic 
region until the Early Devonian. In the Devonian 

and Early Carboniferous the entire territory of the 
basin was a vast area of sedimentation covering the 
shelf of a deep-water marginal basin in paleogeo-
graphic terms. This basin was localized in front of 
the subduction zone that separated the East Europe-
an continent from the Ural paleoocean. 

The Kungurian (Permian) evaporites, which oc-
cur as domes and stocks due to their tectonic and 
gravitational instability are a specific feature of the 
North Caspian Basin. They mainly consist of rock 
salt with scarce sulfate segregations and variably 
thick interbeds of sulfate–terrigenous rocks includ-
ing mudstone, sandstone, and anhydrite. The dip 
angles of these rocks vary from a few degrees to 75° 
because of the ductile flow of salt from the interme-
diate zones to the cores of the salt massifs. The 
domes partly or entirely intrude into Upper Permian 
sedimentary rocks. In some cases, where the domes 
ceased to grow in the Paleozoic, the overlying Mes-
ozoic rocks lie horizontally; while in other places, 
where the domes continued to grow further, these 
rocks are tilted at various angles controlled by the 
time and rate of the salt rise. In plan the domes are 
round, elliptical, elongated, or star-shaped. The 
round domes are characteristic of the central part of 
the basin while the elongated ones are characteristic 
of its margins. 

The rock salt has a high thermal conductivity 
ranging from 5.5 to 6.5 W/(m ꞏ K) and significantly 
exceeds the heat conductivity of the terrigenous rocks 
of 1.6-2.0 W/(m ꞏ K). This high conductivity contrast 
and the steep rock contacts are responsible for the 
marked redistribution of the terrestrial heat flow. Like 
other potential fields, the heat flow propagates along 
the paths of least resistance, being concentrated in the 
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salt domes and discharging in the zones between 
them. Thus, heat flow refraction is the main cause of 
the heterogeneous heat flow in the North Caspian Ba-
sin. Analyzing the empirical data, it is possible to see 
that the positive heat flow anomalies above the salt 
domes are produced mainly by structural and geolog-
ical heterogeneities as well as by the presence of rock 
salt layers as heat conductors.  

 As the structural and thermal heterogeneities in 
the North Caspian Basin produce lateral and vertical 
variations in the geothermal gradient and heat flow 
density, an estimation of their background values by 
simple averaging encounters difficulties and requires 
the detailed study of temperature distribution practi-
cally in each hole. 

The mosaic tectonic pattern of the basin, espe-
cially of its larger central part, known as the Central 
North Caspian Depression should also be taken into 
account. Here the salt domes are round, and a two-
dimensional approximation of the thermal field in-
troduces obvious error. The 2D approximation of the 
heat flow is possible only in the marginal parts of the 
basin where the salt swells and ridges are dominant 
structures. In this connection, we used 3D modeling 
and representation of the geothermal field for the 
entire territory of the North Caspian Basin. 

The 3D temperature and other geothermal pa-
rameter distributions were made on the basis of tem-
perature logging of wells and on some special-
purpose measurements. 

We began our study with a tie-in of the wells, 
the estimation of well standing after drilling opera-
tions; a digitizing of the temperature logs; and the 
compilation of a database with the appropriate 

graphic materials. As a result of this work we col-
lected data on temperature in 115 wells drilled in the 
region, including 16 deep wells drilled to a depth of 
more than 4 km (Fig. 4). 

To plot the isotherms in 3D geometry, we used 
the holes with the most reliable data on the deep 
temperature distribution; the locations of these holes 
are shown in Fig. 5. 

Figure 6a demonstrates the obvious temperature 
rise at depth from NE to SW. For example, in the 
eastern part of the basin near the boundary with the 
Mugodzhary Mountains, the temperatures at depths 
of 2 and 3 km are 40-45 and 60-65°C respectively, 
whereas in the South Emba and Mangyshlak areas 
the temperatures are 55-60 and 70-75°C at the same 
depth. At a first approximation, these data are con-
sistent with the heat flow decrease in the eastern part 
of the North Caspian Basin owing to the nonstation-
ary screening of the terrestrial heat flow in the 
southern Ural and Mugodzhary Mountains (Хутор-
ской, 1996). 

A similar pattern is observed in the geothermal 
gradient distribution within a depth interval of 0-5 
km (Fig. 6b), where its values increase southwest-
ward from 15 to 40-45 mK/m. It appears that the 
gradient is stabilized at 20-35 mK/m level at a depth 
of 3-4 km. In the eastern part of the basin, the tem-
perature is 40-45 and 60-65°C at depths of 2 and 3 
km, respectively, whereas in the South Emba district 
and Mangyshlak Peninsula the temperature is 55-60 
and 70-75°C at the same depths. It indicates that 
heat flow diminishes in the east due to screening of 
the deep heat flow in the southern Urals and 
Mugodzhary Mountains in the geological past. 

 

 
 

Fig. 4. Thermograms of some deep wells in the North Caspian Basin. 
Wells: (1) Blaksai-89p, (2) Karatyube-34, (3) Karatyube-35, (4) Kumsai-2, (5) Biikzhal-SG2, (6) Kursai-4, (7) Teresken-1p, 
(8) Teplovskaya-1p, (9) West Teplovskaya-2p, (10) Tashlinskaya-25p, (11) Aralsorskaya-SG1, (12) Khobdinskaya-1 
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Fig. 5. Tectonic setting of the North Caspian Basin. (1) Continental basement rise, (2) suture, (3) rift system 
boundary, (4) fault, (5) transcontinental shear zone, (6) profile line: (a) Chelkar-Volgograd (Ch–V) DSS 
profile, (b) well bearing temperature data 

 
Ascending westward from the longitude of the 

Mugodzhary Mountains, the isotherms form several 
domes, the apices of which are localized in the areas 
of South Emba, Mertvy Kultuk Sor, the North Man-
gyshlak Peninsula, as well as in the Astrakhan and 
Buzuluk arches (Khutorskoy et al., 2010). Thus, the 
spatial association of thermal domes and zones with 
economic petroleum resources occurs in the Pericas-
pian region as elsewhere. 

 
The Pripyat basin 
The Pripyat Basin is localized in the trough 

bearing the same name and situated between the 
Belarussian and Voronezh anteclises and the 
Zhlobin Saddle in the north and the Ukrainian Shield 
in the south, which divide them. The basin extends 
for 280 km in the W–E direction and reaches 150 
km in width, being an element of the planetary fault 
belt called the Sarmatian-Turan Lineament that 
strikes in the northwestern direction from the spurs 
of the Hissar Range in the east, extends south of the 
Pericaspian Basin to the Podlyassy-Brest Trough in 
the west. This lineament effectively connects the 
East and West European evaporite provinces. 

The Pripyat Trough is bounded in the north 
and south by mantle rooted faults. A number of 
W–E trending faults are traced within the trough, 

and some of them are of mantle origin, as well. 
(Айзберг и др., 2007). 

The trough is filled with sedimentary rocks in 
the stratigraphic range from the Middle Devonian to 
the Middle Triassic and was formed in the Late 
Paleozoic. The maximum thickness of the platform 
cover is 5.5-6.0 km. The upper and lower Upper De-
vonian salt-bearing sequences are separated by a 
carbonate-clayey intrasalt sequence. The upper salt-
bearing sequence is predominant. Its maximum 
thickness of 3 km is established near the northern 
wall of the trough (Айзберг и др., 2007), whereas in 
the central and southern parts the thickness is 0.6-2.5 
km and 0.7-2.0 km respectively. 

The thickness of the lower salt-bearing se-
quence is several times less than that of the upper 
one. In contrast to the lower sequence, the upper se-
quence is characterized by more pronounced salt 
tectonics with well-developed salt domes, plugs and 
swells. The evaporite sequences were deposited in a 
transgressing deepwater marine basin. The sedimen-
tation was accompanied by active faulting and vol-
canic activity in the northeastern part of the trough 
and the adjacent territory. Sedimentary-volcanic se-
quences and alkali basalts are coeval with evaporite 
sequences (Геология Беларуси, 2001). 



M.D.Khutorskoy / ANAS Transactions, Earth Sciences  2 / 2023, 36‐50; DOI: 10.33677/ggianas20230200101 

 43

a  
 

b  
   

Fig. 6. 3D models of deep temperature distribution in Pericaspian Basin: 
(a) temperature distribution within interval of drilling (0-50 km); (b) the same in Earth’s crust (0-5 km) 

 
The geothermal characterization of the trough is 

based on temperature measurements in more than 
200 wells. Most wells are located in the northern 
zone of the trough. Its southern part is less studied. 

The heat flow has been calculated in most wells 
(Пархомов, 1985; Tsybulya, Levashkevich, 1990). 
The thermograms measured in the northern, central, 
and southern zone are shown in Fig. 7. 

 

 
 

Fig. 7. Thermograms of deep wells in the Pripyat Basin 
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The configuration of the thermograms in the 
northern zone (Vishany, Chkalovo, Ozarichi wells) 
differs from those in other two zones indicating a 
special geothermal setting. This difference is reflec-
ted in the heat flow density, which is 45-50 mW/m2 
in the marginal southern and 60-75 mW/m2 in the 
northern zones. 

The causes of different background heat flow 
values in the northern and southern parts of the 
trough were discussed in (Tsybulya, Levashkevich, 
1990). The authors of this publication attach great 
importance to the refraction of the heat flow related 
to structural and thermophysical inhomogeneities 
and consider this factor to be crucial for interpreta-
tion of the lateral variation within the same zone. 
For example, above the apical parts and margins of 
the Rechitsa and Pervomaisky salt domes, the heat 
flow attains 124 and 106 mW/m2, respectively, 
whereas the background heat flow in the zone as a 
whole is 75 mW/m2. At the same time, a different 
contribution of radiogenic heat generation and vari-
able permeability of deep faults for the fluids pro-
vides an additional influx of heat in the zones under 
comparison. The calculated contribution of radio-
genic heat in the northern part of the trough is 29 
mW/m2 compared to 13 mW/m2 in the southern 
zone. The appreciable difference in the radiogenic 
component of the heat flow is explained firstly by 
different values of specific heat generation (0.5-1.0 
μW/m3) in the southern zone and 1.5-2.0 μW/m3 in 
the northern zone) and secondly by thickening of the 
granitic-metamorphic crustal layer, which provides 
the main contribution to radiogenic heat generation 
in the northern zone. The remainder of the back-
ground heat flow is generated by its supply from the 
mantle and the lower crust along permeable deep 
faults, which are more numerous in the northern 
zone than in the southern one. According to geo-
physical data, these deep faults drain the mantle. 

It is noteworthy that the oil fields are confined to 
the W–E-trending deep faults and are concentrated 
mainly in the positive anomalies of heat flow in the 
northern zone. Attention to the relationship between 
the petroleum resource potential of the sedimentary 
cover and temperature was first paid in (Garetsky et al., 
1990). It was pointed out that the temperature in the 
Northern Fault Zone is higher than in the marginal 
Southern Fault Zone. As it follows from temperature 
measurements in wells, the difference is 20-25°C at 
similar levels. The temperature increases from the west 
eastward in the Northernmost Fault Zone. 

Quantitative estimation of the temperature field 
in the Pripyat Basin was carried out on the basis of 
its 3D-modeling using the above mentioned techno-
logy. The initial data were data on the temperature in 
wells and on the thermal conductivity of the rocks in 

the section. The thermophysical structure was set on 
the basis of seismic CDP profiling and deep seismic 
sounding (DSS) along a series of N–S-trending lines 
(Thibo et al., 2003). 

Detailed knowledge of the heat flow and its ra-
diogenic component made it possible to specify the 
reduced heat flow at the lower edge of the modeling 
region (a depth of 6 km) in particular lithotectonic 
zones and the distribution of radiogenic heat sources 
within this region. At the upper edge coinciding with 
the neutral layer, the mean annual temperature (8°C) 
is established from measurements in wells. 

The 3D temperature model of the upper crust in 
the Pripyat Basin is shown in Fig. 8 together with 
the location of deep faults and oil fields. A north-
ward increase in temperature is clearly seen. At a 
depth of 4 km, the temperature in the southern part 
of the trough is 45-50°C and increases to 65-70°C in 
its northern part. At a depth of 6 km, the correspond-
ing values are 65-70°C and 85-90°C. It can be 
shown that the temperature conditions of catagenesis 
of oil (T =120°C) is attained in the northern part of 
the basin at a depth of 8.5-9.0 km while extrapolat-
ing the temperature to a depth. 

Thus, we reveal the same tendency of tempera-
ture distribution in the Earth’s crust as it has been 
described in the Pericaspian Basin. The oil fields are 
confined to the temperature cupola, or the zone of 
rising isotherms in the sedimentary cover (Fig. 8). In 
the Pripyat Basin, the temperature cupola is related 
to the deep faults that provide additional mass and 
heat transfer. It implies that a possible cause of the 
thermal anomalies is the supply of deep, hydrocar-
bon- bearing fluids along the permeable fault zones. 
Such a process ensures a higher background heat 
flow in the northern part of the Pripyat Basin in 
comparison with the Pericaspian Basin, where no 
indications of advective heat and mass transfer are 
established to date. 

 
The North German basin 
The North German Basin occupies the middle part 

of the Central European petroleum province (CEPP) 
and is filled with Phanerozoic sedimentary rocks up to 
12-14 km in total thickness. The Devonian terrigenous 
and carbonate rocks occur at the base of the section, 
upsection, they give way to Lower Carboniferous car-
bonate rocks. The Upper Carboniferous and Lower 
Permian (Rotliegende) rocks are composed of terri-
genous coarse–clastic rocks; often these are red beds. 
The Upper Permian rocks (Zechstein) consist of terri-
genous and carbonate rocks in the lower part of the 
section, which are replaced upward with anhydrite and 
dolomite and further with rock salt and anhydrite. Rock 
salt is the most abundant in the Strassfurt Formation 
(van Wees et al., 2000). 
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Fig. 8. 3D temperature model of the Earth’s crust in the Pripyat Basin. 
The white lines are deep faults; the white triangles are oil fields 

 
The North German Basin adjoins the North Sea 

Syneclise. Before the Cenozoic, the basin consisted of 
a number of troughs expressed in the Mesozoic sedi-
mentary cover. The large Lower Saxonian Trough, 
extending in the latitudinal direction occupies the 
western part of the basin; the small Hannover and 
Gifhorn troughs striking in the meridional and south-
western directions are situated eastward. The SW-
trending West and East Holstein troughs are outlined 
in the northwest of the North German Basin. 

The basin as a whole is characterized by the de-
velopment of salt tectonics that involves the Upper 
Permian (Zechstein) salt. Extended and exposed li-
near salt ridges are typical (Bayer et al., 1999). 

The North German Basin is distinguished by a 
complex structure dominated by the intersection of 
the Rhenish and Hercynian dislocations different in 
age and orientation, which are accompanied by va-
riations in the thickness of the Cretaceous, Jurassic, 
and Triassic sequences and sharp unconformities. 
The basin is asymmetric in cross section. The thick-
ness of the Paleozoic rocks attains 5 km and the 
Mesozoic rocks are as thick as 8 km. The Triassic 
sequence contains members of rock salt up to 100 m 
thick (Clausen, Pedersen, 1999). 

Hydrocarbon occurrences are noted within a 
wide stratigraphic interval. Hydrocarbons have been 
found in the Paleogene, Cretaceous, Jurassic, Trias-
sic, Permian, and Carboniferous rocks. The gas re-
servoirs are hosted mainly in the Permian, Triassic, 
and to a lesser extent, Carboniferous sedimentary 

rocks, determining the spatial zoning in the localiza-
tion of oil and gas pools. 

Within the state borders of Germany, a few tens 
of mainly small oil and gas fields are known. The oil 
fields are located in the northern part of the North 
German Basin (Reikenhagen, Grimmen, Lüttow), in 
its northeastern (Gubben, Lüben, Staakow), and in 
the southwestern parts (Fallstein); the gas fields are 
concentrated in the southeastern part of the basin 
(Буштар, Львов, 1979). 

The largest buried Lower Saxonian Trough is 
situated in the south of the North German Basin. The 
trough is expressed in the stratigraphic range from 
the Upper Triassic to the Lower Cretaceous and es-
pecially pronounced in the Upper Jurassic rocks. In 
the west, the Lower Saxonian Trough is closed at the 
northeastern plunging of the Central Netherland Rise 
(Emsland Slope), where the thickness of the Jurassic 
and Cretaceous rocks is markedly reduced (Mazur, 
Scheck-Wenderoth, 2005). 

The lowland portion of the North German Basin 
is located in eastern Germany, in the middle part of 
the CEPP. Carboniferous, Devonian, and Ordovician 
rocks are penetrated in this part of the basin. 

The structure of the Polish part of the basin is 
controlled by conjugation of the Precambrian plat-
form (Baltic Syneclise) in the northeast with the epi-
Hercynian platform (North German Basin) in the 
south-east. The junction zone is expressed in a bur-
ied foredeep that adjoins the Baltic Syneclise in the 
northeast and the Mid-Polish Swell exposed in the 
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Swiétokrzyskie Mountains. This part of the basin is 
filled largely with Mesozoic (up to 8 km) and Paleo-
zoic (more than 12 km) sequences. The Paleozoic 
section is characterized by a thick (2500 m) Permian 
salt-bearing sequence. Most of the hydrocarbon 
fields are localized in the Foresudeten Homocline, 
where 25 gas fields (Otyn, Senkowice, Cheklin, etc.) 
and six oil and oil-gas fields (Rybaki, Polenzko, No-
va-Söl, etc.) were discovered after 1960. 

As in the above mentioned basins, the hydro-
carbon fields are attracted to thermal anomalies. At 
the same time, the heat flow in the CEPP is higher 

than in the Pripyat and Pericaspian basins. Accord-
ing to (Majorowicz et al., 2003), the background 
heat flow is 80-85 mW/m2 here, i.e., corresponding 
to the anomalous values in other basins. 

A 3D temperature model was plotted for the 
quantitative characterization of the deep temperature 
regime in the North German Basin (Fig.9). This 
model is based on temperature in wells and the 
thermal conductivity of rocks in section, as well as 
on the data concerning the structural and geological 
setting along the DDS lines (Majorowicz et al., 
2003; Thibo et al., 2003). 

 
Comparison of deep temperatures in the Pericaspian, Pripyat, and North German basins 

 

 
 

 
 

Fig. 9. 3D temperature model of the western part of the North German Basin (Saxsonian sector). White triangles are oil fields 
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The model heat flow and temperature that ex-
tends in Poland show a notable increase in heat flow 
(up to 100 mW/m2 against the background value of 
65 mW/m2) and the appearance of thermal cupolas 
in the temperature section. These anomalies are con-
fined to the eastern (Silesian) part of the North Ger-
man Basin enriched in salt domes and related hydro-
carbon fields. A decrease in heat flow down to 
background level is noted at the longitude 20°E (Fig. 
10), where salt domes disappear. According to 
(Bayer et al., 1999), this is precisely the place where 
the crystallinicum of the East European Platform 
borders on the eastern margin of the CEPP. 

The catagenetic temperature interval of organic 
matter transformation, which is favorable to the for-
mation of hydrocarbon concentrations occurs in the 
zone of the section at a depth of 3.0-4.5 km (Table). 

We cannot rule out the occurrence of hydrocar-
bons in the northeastern segment of the section be-
yond the salt dome zone, but the catagenetic interval 
is located here at a depth of 6.0-6.5 km. The 3D 
model of deep temperature in the eastern part of the 
North German Basin (Fig. 10) shows a  pronounced 
temperature cupola related to faults and salt domes, 
i.e., to the area of oil fields. A temperature cupola in 
the 3D temperature model (Fig. 9) is spatially corre-
lated with oil fields in the western part of the North 
German Basin. 

 
Conclusions 
(1) The geothermal field of such isometric re-

gions as the Barents Sea Basin can be reliably de-
picted only in 3D geometry. This technique offers an 
opportunity to estimate both lateral and vertical vari-

ations of the thermal field. (2) Temperature and heat-
flow anomalies are formed as a result of nonstation-
ary distribution of heat sources and structural and 
thermophysical heterogeneities determined by litho-
logical and tectonic factors. (3) The thermotomo-
graphic analysis of petroliferous basins has shown 
that economic accumulations of hydrocarbons are 
localized above zones of rising isotherms or thermal 
domes that were outlined for the first time by 3D 
modeling of the geothermal field in the eastern Bar-
ents Sea and the southern Kara Sea.  

Of three considered salt dome basins in northern 
Eurasia, the Pericaspian and North German basins 
may be referred to the exogonal type, whereas the 
Pripyat Basin – to the intracontinental type. All of the 
basins underwent deep and persistent sagging in the 
Late Paleozoic with accumulation of evaporites (rock 
salt and anhydrite) intercalated by terrigenous rocks. 

Under the effect of gravity and tangential com-
pression, the salt-bearing sequences were trans-
formed into salt domes, plugs, and swells, which cut 
through or deform the overlying rocks. Halogenic 
rocks have anomalously high thermal conductivity 
in comparison with terrigenous rocks. The contrast 
in thermal conductivity and the sharp structural 
boundaries between the salt domes and sedimentary 
rocks of the interdomal zones create conditions for 
perturbation of the terrestrial heat flow, which is 
concentrated in the salt bodies and brings about dis-
tinct anomalies of heat flow above the apexes of the 
salt domes and their marginal parts. These anomalies 
exceed the background values by 50-60% and 
should be considered one of the main features of the 
geothermal field in the salt dome basins. 

 

 
 

Fig. 10. 3D temperature model of the eastern part of the North German Basin (Silesian sector). White 
lines are deep faults; white triangles are oil fields 
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The spatial distribution of the salt domes and 
variation of their shapes show their close relations 
to faults. As a rule, the salt domes are localized 
along the fault zones and elongated along their 
strikes. The salt domes with isometric or star-
shaped contours in plan view are confined to the 
central, most subsided parts of the Pericaspian and 
North German basins. 

The considered salt dome basins are distin-
guished by high petroleum resource potential. Oil 
pools are penetrated at different depth levels and in 
various structural relationships with the evaporites. 
The general tendency links the oil fields to fault 
zones and zones of elevated temperature in the sed-
imentary cover. 

The term thermal cupola (Khutorskoy et al., 
2003) is introduced into the geological and geo-
physical terminology to denote the zones of elevated 
isotherms clearly expressed in the temperature sec-
tions of 2D and 3D models and spatially coinciding 
with hydrocarbon fields. Thermal cupolas reveal 
close spatial relationships to the above localized hy-
drocarbon fields in all of the studied shelf or evapo-

rite basins. It is evident that in the areas of thermal 
cupolas the temperature interval of catagenesis of 
organic matter is located nearer to the Earth’s sur-
face. The three salt dome basins considered here are 
not exceptions in this respect. These basins demon-
strate spatial combinations of fault zones, oil fields, 
areas of higher heat flow, and thermal cupolas in the 
field of deep temperature. 

According to 3D modeling, the temperature 
range at a depth of 1000-2000 m is 30-36°C in the 
Barents Basin, 28-46°C in the Pericaspian Basin, 28-
40°C in the Pripyat Basin, and 38-88°C in the North 
German Basin, so that the North-German Basin is 
the most heated.  

Calculation of depths where the catagenetic 
temperature is suitable for transformation of organic 
matter yields 6-7 km for Barents Basin, 7.0-8.5 km 
for the Pericaspian Basin, 8.5-9.5 km for the Pripyat 
Basin, and 3-7 km for the North German Basin. 
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ПРИМЕНЕНИЕ ТЕРМИЧЕСКОЙ ТОМОГРАФИИ ДЛЯ РАЗВЕДКИ В ОСАДОЧНЫХ БАССЕЙНАХ 
 

Хуторской М.Д. 
Геологический институт РАН, Россия 

119017, Москва, Пыжевский переулок, 7: mdkh1@yandex.ru  
 

Резюме. Разработана технология термической томографии, которую рекомендуется включить в комплекс поисково-
разведочных работ на месторождениях углеводородов. Практическое значение термотомографической методики заключает-
ся в нахождении температурных границ, контролирующих тот или иной процесс генерации или трансформации вещества, 
расчете глубины гидротермальных изменений рудного вещества, глубины зон фаций метаморфизма, положения изотермы 
Кюри. Для прогнозирования нефтегазоносности оценивается глубина температурного интервала, в котором происходят 
катагенетические изменения органического вещества. Численный расчет глубинных температур производился на основе 
решения двухмерного уравнения теплопроводности с неограниченным числом контрастных комплексов и с учетом радио-
генной теплогенерации в масштабах модельной области. На нижней границе области моделирования задавался тепловой 
поток при условии отсутствия радиогенной теплогенерации (редуцированный тепловой поток). Установлено, что локализа-
ция месторождений нефти и газа определяется повышением температуры в осадочном слое, которое связано с «термиче-
скими куполами». Рефракция теплового потока происходит на границах куполов с вмещающими породами из-за контраста 
теплопроводности эвапоритов и терригенных пород между купольными зонами. Это является основной причиной измене-
ния теплового потока в латеральном и вертикальном направлениях в осадочных бассейнах. Тесная корреляция между зона-
ми повышенных температур в осадочных породах и нефтегазопроявлениями подтверждается результатами 2D и 3D модели-
рования геотермического поля. Представлены результаты измерения теплового потока и трехмерные модели распределения 
температуры в Западной Арктике, в Прикаспийской, Припятской и Северо-Германской впадинах. Рассчитана глубина рас-
положения температурных условий катагенеза органического вещества, что в первом приближении позволяет прогнозиро-
вать глубину нефтематеринского комплекса. Отмеченная ранее связь месторождений нефти и газа с глубинными разломами 
в изученных бассейнах создает предпосылки для рассмотрения теплового поля как генетического фактора, контролирующе-
го тектонические особенности и нефтегазовые ресурсы осадочных и солянокупольных бассейнов. 

Ключевые слова: температура, тепловой поток, осадочный бассейн, соляной купол, моделирование 
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ÇÖKMӘ HÖVZӘLӘRİN KӘŞFİYYATINDA TERMİK TOMOQRAFİYANIN TӘTBİQİ 
 

Xutorskoy M.D. 
REA-nın Geologiya institutu, Rusiya 

119017, Moskva, Pıjevskiy döngәsi, 7: mdkh1@yandex.ru  
 

Xülasә. Karbohidrogen yataqlarında axtarış-kәşfiyyat işlәri kompleksinә daxil edilmәsi tövsiyә olunan termiki tomoqrafiyanın 
texnologiyası işlәnilmişdir. Termotomoqrafik metodikanın tәtbiqi әhәmiyyәti, maddәnin bu vә ya digәr generasiya vә yaxud transfor-
masiya prosesini nәzarәtlәndirәn, temperatur  sәrhәdlәrinin tapılmasından ibarәtdir. Neft-qazlılığın proqnozlaşdırılması üçün üzvi 
maddәnin katagenenik dәyişmәsinin baş verdiyi temperatur intervalının dәrinliyi qiymәtlәndirilir. Hәmin metodika vasitәsilә hidro-
termal dәyişmәnin, metamorfizmin fasiya zonalarının dәrinliyi, Küri izotermlәrinin mövqeyi hesablanır. Dәrinlik temperaturlarının 
әdәdi qiymәti kontrast komplekslәrin mәhdudsuz sayına malik, istilikkeçirmәnin iki ölçülü tәnliyinin hәlli әsasında vә model sahәsi 
miqyasında radiogen istilik generasiyası nәzәrә alınmaqla yerinә yetirilirdi.  Modellәşdirmә sahәnin alt sәrhәdindә radiogen istilik 
generasiyasının (reduksiya olunmuş istilik axını) olmadığı şәraitdә istilik axını verilirdi. Tәyin edilmişdir ki, neft vә qaz yataqlarının 
lokallaşması “termik gümbәz”lәrlә әlaqәdar olan çökmә qatda temperaturun yüksәlmәsi ilә müәyyәn edilir. İstilik axının refraksiyası, 
evaporitlәrin istilikkeçiriciliyinin vә terrigen süxurların gümbәz zonaları arasında kontrastlığı sәbәbindәn, gümbәzlәrin yerlәşdirici 
süxurlarla sәrhәdindә baş verir. Bu, çökmә hövzәlәrdә lateral vә şaquli istiqamәtlәrdә istilik axınının dәyişmәsinin әsas sәbәbidir. 
Çökmә süxurlarda yüksәlmiş temperatur zonaları vә neft-qaz tәzahürlәri arasındakı sıx korrelyasiya geotermik sahәnin 2D vә 3D mo-
dellәşdirmә nәticәlәri ilә tәsdiq  olunur. Qәrbi Arktikada, Xәzәryanı, Pripyat vә Şimalı Almaniya әyilmәlәrindә istilik axınları ölçmә-
lәrinin nәticәlәri tәqdim edilmişdir. Üzvi maddәnin katagenetik temperatur şәraitinin yerlәşmә dәrinliklәri hesablanmışdır ki, o ilk 
yanaşmadan neft mәnbәyi kompleksinin dәrinliyini proqnozlaşdırmağa imkan verir. Öyrәnilmiş hövzәlәrdә, әvvәl qeyd edilmiş neft 
vә qaz yataqlarının dәrinlik qırılmaları ilә әlaqәsi, çökmә vә duz gümbәzli hövzәlәrin tektonik xüsusiyyәtlәrini vә neft-qaz ehtiyatla-
rını nәzarәtlәndirәn istilik sahәsini genetik amil kimi qәbul etmәyә zәmin yaradır.   

Açar sözlәr: temperatur, istilik axını, çökmә hövzә, duz gümbәzi, modellәşdirmә   
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Summary. This paper is dedicated to analyze the Shamkir reservoir area applying different 
tools using earthquake catalogs as a source to build up a long-term seismicity rate. The study area 
surrounds the western part of the Middle Kur depression and the north-eastern part of the Lesser 
Caucasus. The area covering 4300 km2, is squeezed under seismic impact of mountainous zones 
such as the Greater Caucasus slope from the north and the northeastern part of the Lesser Caucasus
from the south. The analysis was done estimating b-value, describing the relative distribution size 
of earthquake. Two catalogs of earthquakes were used to proceed the research: until 2015 with his-
torical period (Nº1) and instrumental period between 1966-2018 (Nº2). b-value was estimated for 
each catalog defining Mc – magnitude of completeness, Mmax – maximum magnitude and bins –
magnitude steps on the Gutenberg-Richter linear relationship. For the catalogs Nº1 and Nº2, b-
value was found 0.64 and 0.52, respectively. Furthermore, this study investigates the intensity dis-
tribution on the characteristic of earthquake faults computed by means of empirical relationship
between maximum magnitude the source (faults) can generate and the length of the source (faults).
The intensity that could be used to describe earthquake shaking in the northern part of the site of 
interest was observed as VII (MSK-64) and in the southern part as VIII. 
 
© 2023 Earth Science Division, Azerbaijan National Academy of Sciences. All rights reserved.  

 
Introduction 
The study area is the Shamkir water reservoir re-

gion (Fig. 1) situated between the southern slope of 
the Greater Caucasus and the northern part of the 
Lesser Caucasus within the Eurasian plate and focus-
ing on the area with location from (45.83 E, 41.14 N) 
to (46.61 E, 40.85 N) as a northern boundary and 
from (45.53 E, 40.67 N) to (46.30 E, 40.38 N) as the 
southern boundary and with the area of 4298.8 km2 ~ 
4300 km2 (Babayev, Babayev, 2023). The core part of 
the structure is directed to the east in the form of a 
linear anticline, separates the Agjakend and Kepaz 
synclines and is interrupted by a transverse fault slide 
in the Tartar River bed (Alizadeh et al., 2016; Fig. 2). 

The boundaries and the area of study zone is de-
fined using ArcGIS 10.7 (ESRI, 2018) software. The 
purpose in this paper is to conduct the research of 
the seismicity applying empirical tools from the val-
ues in the appropriate earthquake catalogues, com-
pute and estimate intensity shaking based on the 
faulting characteristics. We analyzed the seismicity 
regarding the assessment of the b-value of Guten-
berg-Richter law and distribution of intensity 
through the study area generated by empirical ways. 

Tectonics of the area 
In the tectonic aspect, the region is categorized 

in two parts: the northern part of the site is a plain 
region being a part of the Middle Kur depression 
with the Pleistocene and Holocene sediments; the 
southern semi-zone of the site is a mountainous re-
gion containing mostly Middle Jurassic sediments. 
The northern region is included to Jeyranchol zone 
within Middle Kur mega-zone. The Middle Kur sep-
arates the southern slope of the Greater Caucasus 
and the northern part of the Lesser Caucasus (Bo-
chud, 2011). The southern region of the research 
area is in the Lok-Karabakh zone within the Lesser 
Caucasus mountain-fold zone which is relatively 
seismically active (Alizadeh et al., 2016). In terms of 
stress orientation, the area is characterized by a dom-
inant NNE-SSW-oriented compressional stress field 
which controls the overall occurrence of earthquakes 
and that most seismic events are represented by re-
verse faulting or strike-slip faulting (Tibaldi et.al., 
2020; Babayev et.al., 2020a). 

The Jeyranchol zone is located in the west of 
the Middle Kur depression (Alizadeh et al., 2016). It 
is bordered by the Lesser Caucasus zone in the south 
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along the Kur uplift. Three anticlines occur in the 
structure of the zone, the arch parts of them are dis-
turbed by fault-overlaps (Alizadeh et al., 2016). It is 
divided into three belts: the Mammadtepe-Koyruk-
keylan northern belt, the Ortagash-Quyrugenchi cen-
tral belt and the Kur southern belt (Alizadeh et al., 
2016). The Mammadtepe-Koyrukkeylan belt consists 
of Oglutepe, Mammadtepe, Saloglu, Garatepe, Gur-
zundag, Koyrukkeylan, South and North Jeyranchol 
and Tersdeller anticlines (Alizadeh et al., 2016). The 
Ortagash-Quyrugenchi belt covers Buyukkesik, 
Gushguna, western, central and eastern Ortagash, 
Quyrugenchi, Bayramli and Yenikend anticlines. 
The Kur belt contains Garayazi, Soyugbulag, Poylu, 
Zayam and Khuluf anticlines (Alizadeh et al., 2016). 

The southern area of the research including the 
Lok-Karabakh zone is called Shamkir semi-zone 
which is the oldest and most complex structural el-
ement of the Lok-Karabakh zone that has passed the 
long tectonic development stage (Alizadeh et al., 
2016). It consists of the Shamkir and Goygol uplifts 
in the west and east respectively. The Shamkir uplift 
is a huge heterogeneous and folded-block structure 
and is bounded by the Tovuzchay and Ganjachay 
transversal faults from the west and east respectively 
(Alizadeh et al., 2016). In its internal structure, the 
Central Shamkir and Lazılar-Arigdam uplifted 
blocks, which are secondary structures of the sub-
region and pan-Caucasus direction, and the Bada-
kand and Gadabey downlifts, which border them 
from the north and south, respectively, are distin-
guished. The Goygol uplift is a south-westerly dis-
placement continuation of the Shamkir uplift along 
the Ganjachay fault-slip. The core part of the struc-
ture is directed to the east in the form of a linear an-
ticline, separates the Agjakend and Kepaz synclines 

and is interrupted by a transverse fault slide in the 
Tartar River bed (Alizadeh et al., 2016; Fig. 2). The 
geology of the study area changes from Mesozoic to 
Cenozoic according to the geological basemap we 
used in this research (Fig. 1). The southern zone 
mainly consists of Middle part of the Middle Juras-
sic (J2

2). We also observe few amounts of rocks of 
the Lower Jurassic (J1), intrusive rocks of the Middle 
and Upper Jurassic and Lower Cretaceous, and the 
rocks of the Upper part of the Middle Jurassic (Cal-
lovian) and Upper Jurassic (J2

3-J3), The Upper part 
of the Lower Cretaceous – Lower Paleocene (K1

2-
P1

1) and very little section of the Pleistocene (Q1
2-

Q3) rocks laying from older to younger (Babayev, 
Babayev, 2023). According to Alizade et.al. (2016), 
these Jurassic sediments mainly contain volcanic, 
slightly less volcanic-sedimentary and sedimentary 
rocks. Alizade et.al. (2016) also proposes that in 
some places of Jurassic granites, granodiorites, dio-
rites intrusions are spread. The northern zone con-
sists of Pleistocene (Q1

2-Q3) rocks being more con-
temporary. Little sections of the Upper part of the 
Middle Jurassic (Callovian) and Upper Jurassic (J2

3-
J3), the Upper part of the Lower Cretaceous – Lower 
Paleocene (K1

2-P1
1), Paleocene and Lower Eocene 

(P1
2-P2

1), Oligocene and Lower Miocene (P3-N1
1) are 

also spread over in this zone (Fig.1). Shamkir water 
reservoir is laid on the Holocene (Q4) deposits. In 
this part of the area sediments are the “Agcagil” 
(N2

2a) and continental layers and “Agcagil” (N2
2a) 

sediments lie transgressively and under an angular 
unconformity on older rocks (Гадиров, 2012). The 
bottom of these sediments is represented by basal 
conglomerates. They do not appear on the surface. 
They consist of clays interspersed with sand and 
sandstone beds. 

 
 

 
 

Fig. 1. The study area on geological map of Azerbaijan 
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Fig. 2. Tectonics of the research area (Babayev, Babayev, 2023; Aliyev, 1961) 
 

Methodology 
Data selection criteria. To analyze the seismici-

ty of the study area we have addressed two catalogs 
of seismicity (Table 1). The first is the earthquake 
catalog of Azerbaijan which involves the events reg-
istered between the years 427 and 2016. The next 
catalog is the earthquake catalog of Mingachevir 
region which is a region with high seismicity adja-
cent to the study area. It involves 1074 events regis-
tered between 1894 and 2018 years. We have fil-
tered both catalogs with the criteria of compatibility 
to the study area. The procedure to filter the catalogs 

starts with use of ArcGIS 10.7 (ESRI, 2018) soft-
ware. The events of the catalogs were illustrated on 
the map (Fig.7) according to their spatial distribution 
inside and outside the study area.  

Thus, we worked with 1343 events in the first 
and 101 events in the second catalog. Tables 2 and 3 
show selection from the catalogs.  

As introduced in Table 1, we will name the 
catalog “EQ Catalogue_Azerbaijan 427-2016” as 
Nº1 and catalog “erqs Catalogue_Mingachevir 1894-
2018” as Nº2. 

 
Table 1  

Used catalogs for the study area 
 

Numeration of 
catalogs 

Name of Catalogs 
Number of events after 

filtration 
Time range after 

filtration 
Nº1 EQ Catalogue_Azerbaijan 427-2016 1343 427-2015 
Nº2 erqs Catalogue_Mingachevir 1894-2018 101 1966-2018 

 
 

Table 2  
A fragment from “EQ Catalogue_Azerbaijan 427-2016” 

 
Year Day Lat Lon H (km) Mlh K 

427  40.5 46.5 12 6.7 15.7 

1235  40.6 46.2 10 5.72 14.3 

1826 25 40.7 46.2 15 4.3 11.7 

1867 23 40.6 46.3 15 5.8 14.4 

1900 18 40.6 46.4 12 4.4 11.9 

1902 24 40.5 46.0 15 4.2 11.6 

1903 18 40.7 46.4 12 4.6 12.1 

1908 14 41.1 46.1 36 4.0 11.2 

1910 18 40.7 46.3 18 4.5 12.1 

1910 10 40.8 46.0 9 4.2 11.6 

1929 11 40.4 46.2 15 3.9 11.0 
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Year Day Lat Lon H (km) Mlh K 

1929 9 40.4 46.3 8 3.2 0 

1931 8 40.7 46.3 20 4.3 11.7 

1931 12 40.6 46.3 10 3.6 0 

1939 4 40.8 46.7 22 3.6 0 

1949 17 41.1 46.1 17 4.0 11.2 

1962 12 41.0 45.9 5 4.2 11.6 

1964 26 40.4 46.2 0 1.7 7.0 

1964 1 40.6 45.9 0 2.2 8.0 

1964 3 40.7 46.1 0 2.22 8.0 

1964 8 40.9 46.0 0 2.5 8.5 

1964 15 40.9 45.9 0 3.33 10.0 

1964 27 40.8 46.1 0 2.78 9.0 

1964 16 40.8 46.0 0 2.78 9.0 

           Mlh – magnitude of the earthquake; K – energy class of the earthquake 
 

Table 3  
A fragment from “erqs Catalogue_Mingachevir 1894-2018” 

 
Year mon day hours second Lat Lon H Ml 

1966 3 6 12 48 40.9 46.5 0 2.4 

1976 8 10 10 21 40.8 46.6 0 2.4 

1977 8 25 15 12 40.9 46.5 0 1.9 

1978 7 16 21 48 40.9 46.6 0 1.9 

1979 5 17 15 6 40.9 46.5 0 2.7 

1980 11 21 15 31 40.9 46.4 0 1.3 

1981 5 20 12 50 41.0 46.3 0 3.0 

1981 10 6 14 58 40.9 46.5 0 2.4 

1983 8 13 2 11 40.9 46.6 0 3.5 

1985 5 24 6 8 40.8 46.6 10 2.0 

1985 12 30 17 17 40.9 46.6 0 2.3 

1986 2 6 0 20 40.87 46.4 0 1.9 

1989 9 19 14 32 41.0 46.34 21 2.7 

1990 4 13 3 57 40.91 46.55 32 2.7 

1991 8 18 5 50 40.93 46.39 21 2.6 

1992 6 2 18 54 41.0 46.25 0 2.5 

1992 8 27 22 8 40.93 46.43 10 1.1 

1994 9 20 6 34 40.9 46.5 0 2.5 

2000 9 13 23 26 40.9 46.5 0 1.8 

2001 2 28 23 3 40.9 46.35 0 2.6 

2002 12 5 10 40 40.94 46.28 31 2.8 

2003 2 5 1 0 40.85 46.51 14 2.3 

2004 3 15 20 3 40.97 46.33 0 2.3 

2005 1 29 11 40 40.98 46.39 23 2.2 

2007 1 5 16 50 40.85 46.58 36 2.6 

 

It is seen from the tables that depth for some 
events is set at 0. This case is mostly related to the 
low value of magnitude. It can be observed that 
for M=1.0 depth could be H=0.5-0.8 km, for 
M=3.0, H=1 km and for M=3.5, H=2 km (Цхакая, 

1962; Varazanashvili, 1999). It concludes that 
those quakes occurred near- and sub-surface. Fig.3 
illustrates the spatial distribution of magnitudes of 
earthquakes from the catalogs Nº1 (3a) and Nº2 
(3b).
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(3a) (3b) 
 

Fig. 3. Spatial distribution of magnitudes of earthquakes. (3a) catalog Nº1, (3b) catalog Nº2 
 

Gutenberg-Richter Law. Richter (1935) proved 
that earthquakes are not uniformly distributed in 
time, space and magnitude. Earthquakes are distrib-
uted with respect to invariable scale of magnitudes 
being self-similar and obeying a power law or fractal 
scaling (Kulhanek, 2005). The distribution of earth-
quakes with respect to the magnitude is assessed by 
Gutenberg and Richter (1942) relation (GR law, 
briefly) – also known as Ishimoto and Iida (1939) – 
with the following empirical formula: 

 
𝑙𝑜𝑔 𝑁 ൌ 𝑎 െ 𝑏𝑀  or  𝑁 ൌ  10௔ି௕ெ,        (1) 

 
where N is the number of earthquakes greater than 
and equal to M, the magnitude of the earthquakes, a 
and b are the real constants. 

b-value estimation. “b” is the slope of the GR 
law equation. It is a parameter describing the rela-
tive size distribution of earthquakes. b-value is 
estimated by the following main techniques (El-
Isa, Eaton, 2014): 
● Linear least-square fit 
● Maximum-likelihood estimation (Utsu, 1965):  
 

𝑏 ൌ𝑙𝑜𝑔 𝑙𝑜𝑔 ௘

ெೌೡିெ೘೔೙
ൌ ଴.ସଷ

ெೌೡିெ೘೔೙
 ,        (2) 

 
where 𝑀௔௩ is the mean of the observed magni-
tudes and 𝑀௠௜௡ is the minimum magnitude – 
threshold magnitude in the events catalog. The 
relation above is defined for continuous distri-
bution (Kulhanek, 2005). 
In theory we expect similar results from these 

techniques, but empirically these methods do not 
necessarily yield the same b-values for the same 
seismicity data (El-Isa, Easton, 2014). For instance, 
El-Isa (2013) reports average differences in b-value 
about 0.1-0.2 between two methods based on analy-
sis of global catalogs. Felzer (2007) points out: “In 
general, the least-square regression method may be 
disproportionately influenced by the largest earth-
quake magnitudes, whereas the maximum-likelihood 

method weights each earthquake equally”. Some 
researchers such as Milojevic (2010), have men-
tioned that the least-square fitting to logarithmically 
binned data could be more preferable than the max-
imum likelihood method due to its instructivity (El-
Isa, Eaton, 2014). In this research we decided to ap-
ply linear least-square fitting during estimation of b-
value. The very first step in applying Gutenberg-
Richter law (Gutenberg and Richter, 1942) for a ca-
talog is to plot cumulative number of earthquakes in 
logarithmic scale respect to the magnitudes with N ≥ 
M where N – cumulative number of earthquakes and 
M – magnitudes (Fig. 4) to illustrate relation be-
tween the frequency of earthquakes and their magni-
tude. In the plot we apply linear regression method 
in order to find the slope of linearity and the inter-
section with the y-axis which are b- and a-values 
respectively due to the formula (1). 

To apply the linear regression method, we have 
to correctly define Mc – magnitude of completeness, 
Mmax – maximum magnitude till which the linear fit 
goes on (Godano et al., 2014; Godano et al., 2021), 
magnitude bin – simply the step for the magnitudes. 
For the catalog Nº1, Mc=3, Mmax=4.8, bins=0.1 Mc, 
Mmax, bins were defined as 3.0, 4.8, 0.1 respectively 
and for Nº2 as 1.0, 2.6, 0.1 respectively. 

Intensity analysis. The analysis of earthquakes 
intensity based on the faulting characteristics, using 
empirical relationship between magnitude genera-
tion, allows determining the state of intensity; there-
fore, in this study we used equations (3) and (4) 
(Шебалин, 1961; Kuliyev, 1980), which allow de-
termining the best-fit regional intensity scattering. 
Equation (3) generates the expected maximum mag-
nitude due to the fault length (Fig. 5). Equation (4) 
generates the intensity for the area due to the ex-
pected maximum magnitude and depth of quake. 

 

𝑀 ൌ2 ∗ 𝑙𝑜𝑔 ሺLሻ ൅ 2,                     (3) 
 

       𝐼଴ ൌ1.5 ∗ 𝑀 െ3.3 ∗ 𝑙𝑜𝑔 ሺHሻ ൅ 2.7,         (4)
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(4a) (4b) 
 
Fig. 4. Cumulative number of earthquakes in logarithmic scale against the magnitudes with N ≥ M with N – cumulative number of 
earthquakes and M – magnitudes (Gutenberg and Richter, 1942). (4a) Nº1, (4b) Nº2 

 

 
 

Fig. 5. Fault map of the study area 
Note: Digits on the map refers to the enumeration of the faults, see Table 6 

 
where M is maximum magnitude expected, L is the 
fault length and H is the depth of the earthquake 
with magnitude M. 

Intensity shaking at the site of study in this re-
search is determined from magnitude-fault relation-
ship. This relationship is usually derived empirically 
from the motion database of past earthquakes. These 
relationships are simple functions of earthquake 
magnitude and source-site length with some addi-
tional source parameters-constants. 

 
Results and Discussion 
b-value estimation results. B- and a-values were 

obtained for each catalog applying linear least-
square fitting (El-Isa, Eaton, 2014). B-value was at 
0.64 and 0.52 and a-value was at 3.68 and 2.55 for 
the catalogs Nº1 and Nº2, respectively. The results 
of b-value are shown in Fig. 6 for both catalogs. 

Seismicity analysis. Babayev et.al. (2020b) has 
shown that lower value of b represents higher activi-
ty of seismicity. Our results of b-value are more or 
less close to the b-values of the Shamakhi-Ismayilli 
and Zagatala regions presented by the mentioned 
study in which these zones were assessed relatively 
higher seismically active in the total area of the 
study due to the lower value of b (Babayev et al. 
2020b; Babayev, Aliyev, 2019). Fig. 7 illustrates the 
spatial distribution of the earthquakes in both cata-
logs through the study area. 

We observe relatively active seismicity in the 
northern and south-eastern parts of the study area. In 
the northern part, the activity is observed in the 
Shamkir and Yenikend water reservoirs which could 
be supposed that it is related to the seismicity of the 
Mingachevir water reservoir which is adjacent to the 
Shamkir and Yenikend water reservoirs by the Kur 
river (Telesca et.al., 2013), which are separately pre-
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sented in Fig. 8b. Therefore, considering catalog Nº2 
as a supporting argument (Fig. 8a), we could men-
tion the triggering impact of the Mingachevir water 
reservoir (Telesca et.al., 2017) to the study area (Fig. 

8b). Table 4 and 5 represent the extraction of earth-
quakes illustrated in Fig. 8b catalogs Nº1 and Nº2 
respectively.

 

(6a) (6b) 
 

Fig. 6. b-values for catalogs. (6a) Nº1, (6b) Nº2 
 

 
 

Fig. 7. Spatial distribution of the earthquakes through the study area. Dark blue frame 
borders the study area. Red hexagons represent earthquakes from catalog Nº1, green 
pentagons represent earthquakes from catalog Nº2  

 

(8a) (8b) 
 
Fig. 8. Earthquakes from catalogs occurred in the territory of the Shamkir and Yenikend water reservoirs or adjacent to them. (8a) 
All the events of Mingachevir catalog (Nº2) are distributed on the map  



T.H.Babayev et al. / ANAS Transactions, Earth Sciences  2 / 2023, 51‐63; DOI: 10.33677/ggianas20230200102 

 58

It is seen that the events are around the study 
frame that is considered as the impact of the Minga-
chevir water reservoir activity to the Shamkir water 
reservoir. Blue circles represent the earthquakes, 

(8b) red hexagons represent earthquakes from cata-
log Nº1, green pentagons represent earthquakes from 
catalog Nº2 that are in the study frame. 

 
Table 4  

 
Events from catalog Nº1 occurred in the territory of the Shamkir and Yenikend water reservoirs 

 
Year Lat Lon H (km) Mlh K 
1962 41.0 45.9 5 4.20 11.6 
1964 40.9 46.0 0 2.50 8.5 
1964 40.9 46.0 0 2.50 8.5 
1964 40.9 46.0 0 2.22 8.0 
1964 41.0 46.1 0 1.67 7.0 
1964 40.9 46.2 0 2.22 8.0 
1965 41.0 45.8 0 2.78 9.0 
1965 41.0 45.8 0 3.33 10 
1966 41.0 46.1 0 2.78 9.0 
1966 41.0 45.9 0 2.78 9.0 
1968 41.0 45.8 0 2.78 9.0 
1968 40.9 46.0 10 2.78 9.0 
1968 41.1 45.9 0 2.78 9.0 
1969 41.0 46.2 0 2.78 9.0 
1971 40.9 46.2 0 2.78 9.0 
1973 40.9 46.1 0 1.94 7.5 
1973 40.9 46.2 0 2.50 8.5 
1974 41.1 45.9 0 2.78 9.0 
1974 41.1 45.9 0 2.78 9.0 
1974 41.1 45.8 0 1.67 7.0 
1976 40.9 46.0 0 1.67 7.0 
1977 41.0 46.2 0 2.22 8.0 
1977 41.1 45.9 0 3.33 10.0 
1978 40.96 45.9 0 2.78 9.0 
1979 41.1 45.8 25 3.33 10.0 
1979 41.1 45.9 0 2.22 8.0 
1979 41.1 45.8 0 1.67 7.0 
1979 41.0 46.1 0 2.22 8.0 
1980 40.9 46.3 0 2.78 9.0 
1980 40.9 46.3 0 3.89 11.0 
1980 40.9 46.3 0 1.67 7.0 
1981 40.9 46.0 0 2.78 9.0 
1981 41.0 46.3 0 2.78 9.0 
1981 41.0 46.0 0 1.67 7.0 
1981 41.0 46.2 20 2.78 9.0 
1982 41.1 45.8 0 2.44 8.4 
1982 41.0 46.0 0 2.22 8.0 
1983 41.0 45.9 0 2.06 7.7 
1983 41.0 45.9 0 2.00 7.6 
1984 40.9 46.3 0 1.67 7.0 
1984 41.0 45.8 0 1.67 7.0 
1984 41.0 45.9 0 1.67 7.0 
1985 40.9 46.0 0 2.33 8.2 
1985 41.0 46.2 0 1.89 7.4 
1985 40.9 46.2 0 2.78 9.0 
1985 41.0 46.0 25 1.67 7.0 
1985 41.1 45.9 0 2.56 8.6 
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Year Lat Lon H (km) Mlh K 
1985 40.9 46.1 0 2.33 8.2 
1986 40.9 46.03 31 3.50 10.3 
1986 41.1 45.8 0 1.67 7.0 
1987 41.0 45.83 20 2.33 8.2 
1987 40.91 46.23 30 2.50 8.5 
1988 41.0 45.8 0 2.44 8.4 
1988 40.9 46.0 0 1.89 7.4 
1989 41.0 46.2 0 0.89 5.6 
1989 41.1 45.8 0 2.06 7.7 
1990 40.9 46.2 3 1.50 6.7 
1990 41.0 46.0 0 1.89 7.4 
1991 41.04 45.86 13 2.50 8.5 
1991 40.9 46.08 1 1.44 6.6 
1991 41.05 45.83 15 2.56 8.6 
1991 40.94 46.22 0 1.78 7.2 
1991 40.9 46.1 0 1.72 7.1 
1992 41.0 45.8 0 2.22 8.0 
1992 41.0 46.25 0 2.33 8.2 
1993 40.99 46.04 22 2.39 8.3 
1994 41.0 46.1 0 2.61 8.7 
2000 40.9 46.1 0 2.22 8.0 
2000 41.0 46.0 0 2.22 8.0 
2000 40.93 46.27 22 3.06 9.5 
2002 40.9 46.0 0 2.56 8.6 
2002 40.96 46.17 11.7 2.11 7.8 
2002 40.94 46.28 31 2.61 8.7 
2004 41.04 46.05 24 2.06 2.8 
2004 40.97 46.33 0 2.11 0 
2007 40.98 46.18 0 1.56 0 
2008 41.0 45.8 0 1.56 0 
2013 41.02 45.91 13.63 2.35 0 
2013 41.04 45.83 14.05 2.77 0 
2014 40.96 46.3 11.1 2.15 0 
2015 40.93 46.2 10.16 4.31 0 
2015 41.02 45.92 10.0 2.58 0 
2015 41.03 45.85 12 3.17 0 
2015 41.02 45.75 14 2.11 0 

 
 

Table 5  
 

Events from catalog Nº2 occurred on the areas of the Shamkir and Yenikend water reservoirs 
 

Year Mon Day Hours Second Lat Lon H (km) Ml 
2002 12 5 10 40 40.94 46.28 31 2.80 
2013 10 18 13 39 40.96 46.26 23 1.60 
2014 12 16 18 18 40.96 46.30 11 2.20 
2015 1 14 19 30 40.93 46.29 20 0.50 
2015 3 5 0 44 40.92 46.30 13 1.10 
2015 7 3 5 20 40.93 46.29 17 1.80 
2018 8 3 21 26 40.92 46.29 11 1.13 

 
As the b-value is a parameter describing seismic-

ity analysis (Babayev et al., 2020b), we decided to 
estimate b-value in the three subdivisions of the study 
frame in order to verify our uncertainty about the va-
riety of seismicity in the area. We divided the re-

search zone into 3 parts roughly: the northern (Part I) 
– the part where the Shamkir and Yenikend water 
reservoirs are of main focus and the impact of Minga-
chevir zone is considered; the middle part (Part II) – 
where impact of the seismically active Ganja zone is 
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captured; and the southern part (Part III) – where 
seismicity of the Lesser Caucasus is examined (Fig. 
9). During gridding the parts, the earthquakes were 
clustered respectively. As we clearly see that the 
events of Mingachevir catalog (Nº2) occur inside the 
Part I, we decided to merge those Mingachevir (Nº2) 
events to the events of Nº1 occurring in the same Part 
I. Thus, all the red and green quakes in Part I are clus-
tered as the same group (Fig. 9). 

After gridding of the area and clustering of the 
earthquakes, we re-estimated b-value. However, we 
changed Mc, Mmax, bins for each part, necessarily, in 
order to get the best linear fitting. Mc, Mmax, bins for 
the northern part are at 1.5, 4.5, 0.3, for the middle 
part – at 1.0, 5.0, 0.5 and for the southern part – at 
3.0, 7.0, 1.0, respectively. b-values are at 0.72 for the 
northern, 0.59 for the middle and 0.32 for the south-
ern parts accordingly. Fig. 10 illustrates the distribu-
tion map of b-values. Considering the result of Baba-
yev et al. (2020b) which was a comparative analysis 
of seismicity with correlation of b-value, PGA (Peak 

Ground Acceleration) and Intensity (MSK-64), we 
adopt that seismicity relation between three divisions 
could be averaged and defined as follows: Part I < 
Part II < Part III. 

Intensity analysis. Another goal of our study was 
to identify and to predict the intensity range of ground 
shaking that may occur from an earthquake at a par-
ticular magnitude along a fault. Consequently, an in-
tensity (MSK-64) map for the study area was plotted 
(Fig. 11) applying equation (3) and (4). The faults 
capable of causing an event throughout the study area 
were listed in Table 6. Fig. 11 illustrates that intensity 
for the study area is estimated VII – VIII (MSK-64). 
Obviously, the area coinciding to the Lesser Caucasus 
zone has higher seismicity setting at VIII. However, 
intensity of VII that observed in the area of the Mid-
dle Kur depression also remarks a significant seismic-
ity. This zone is under seismic impact of the seismi-
cally active territories such as Mingachevir from 
north-east, Ganja from south-east and Lesser Cauca-
sus from the southern part. 

 

 
 

Fig. 9. The study area segmented into three parts in order to compute b-value spatial distribution 
 

 
 

Fig. 10. Spatial distribution of b-value along the study area 
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Fig. 11. Intensity (MSK-64) distribution map based on fault length along the study area 
 

Table 6  
 

Faults used to estimate intensity along the study area 
 

N L (km) M H (km) I0 
1 39 5.2 10 7 
2 48.8 5.4 10 7 
3 73.7 5.7 10 8 
4 36.4 5.1 10 7 
5 74 5.7 10 8 

Note: Respective numeration of the faults (N) can be 
traced on the Fig. 5 
 

Conclusion 
This study was dedicated to the seismicity anal-

ysis of the Shamkir water reservoir areas and adja-
cent territories using different tools. During the 
study, Gutenberg-Richter Law – b-value analysis 
and intensity estimation with faults of the region 
were applied. In terms of intensity analysis, the 
study zone was assessed of intensity VII-VIII 
(MSK-64) from north to south and in terms of b-

value distribution, the study area is divided into 
three parts with b-values 0.72 for part I, 0.59 for part 
II and 0.32 for part III demonstrating seismically 
active character with the following regularity: part I 
< part II < part III. The intensity results indicate that, 
for engineering purposes this methodology can pro-
vide realistic ground-motion information in advance 
of an earthquake, including a model of what will 
actually happen. 
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СЕЙСМИЧЕСКИЙ АНАЛИЗ ТЕРРИТОРИИ ШАМКИРСКОГО ВОДОХРАНИЛИЩА  

ПО ДАННЫМ ДИНАМИЧЕСКИХ ХАРАКТЕРИСТИК ЗЕМЛЕТРЯСЕНИЙ 
 

Бабаев Т.Х., Алиев Я.Н., Муради И.Б., Алиев М.М. 
Министерство науки и образования Азербайджанской Республики, Институт геологии и геофизики  

 AZ1143, Баку, просп. Г.Джавида, 119 
 

Резюме. Данная статья посвящена анализу территории Шамкирского водохранилища с применением различных мето-
дов, используя каталоги землетрясений в качестве источника для долгосрочного анализа сейсмичности. Территория иссле-
дования охватывает западную часть Среднекуринской впадины и северо-восточную часть Малого Кавказа. Территория, 
занимающая 4300 км2, находится под сейсмическим воздействием горных зон, таких как склон Большого Кавказа с севера и 
северо-восточная часть Малого Кавказа с юга. Анализ был проведен путем оценки значения b, характеризующий относи-
тельную величину распределения землетрясения. Для проведения исследований использовались два каталога землетрясе-
ний: с историческим периодом до 2015 года (№1) и инструментальным периодом с 1966 по 2018 годы (№2). Значение b бы-
ло оценено путем определения Mc-уровня представительной магнитуды, Mmax – максимальной магнитуды и пошаговой маг-
нитуды по линейной зависимости Гутенберга-Рихтера. Для каталогов №1 и №2 было оценено значение b, равное 0.64 и 0.52 
соответственно. Кроме того, в данной работе исследуется распределение интенсивности по активным разломам, генериру-
ющим землетрясения, вычисленное с помощью эмпирической зависимости между максимальной магнитудой, которую мо-
жет генерировать источник (разломы), и длиной источника (разломов). Интенсивность сотрясений в северной части терри-
тории доходит до отметки VII (MSK-64), а в южной части – до VIII баллов. 

Ключевые слова: Шамкирское водохранилище, Среднекуринская впадина, значение b, закон Гутенберга-Рихтера, ин-
тенсивность, движение грунта, сейсмотектоническая модель 
 

ZӘLZӘLӘLӘRİN DİNAMİK XÜSUSİYYӘTLӘRİNİN MӘLUMATLARINA ӘSASӘN 
ŞӘMKİR SU ANBARININ ӘRAZİSİNİN SEYSMİK TӘHLİLİ 

 
Babayev T.H., Aliyev Y.N., Muradi I.B., Aliyev M.M. 

Azәrbaycan Respublikası Elm vә Tәhsil Nazirliyi, Geologiya vә Geofizika Institutu 
AZ1143, Bakı, G.Cavid prospekti, 119 

 
Xülasә. Bu mәqalә Şәmkir su anbarının әrazisinin uzunmüddәtli seysmiklik sәviyyәsinin tәyin olunması üçün mәnbә kimi 

zәlzәlә kataloqlarından istifadә etmәklә müxtәlif üsulların tәtbiqi ilә tәhlilinә hәsr edilmişdir. Tәdqiqat sahәsi Orta Kür çökәkliyinin 
qәrb hissәsini vә Kiçik Qafqazın şimal-şәrq hissәsini әhatә edir. 4300 km2 sahәni әhatә edәn әrazi şimaldan Böyük Qafqaz yamacı vә 
cәnubdan Kiçik Qafqazın şimal-şәrq hissәsi kimi dağlıq zonaların seysmik tәsiri altında sıxılır. Tәhlil zәlzәlәnin nisbi paylanma 
ölçüsünü tәsvir edәn b-qiymәtinin hesablanması aparılmışdır. Tәdqiqatın aparılması üçün iki zәlzәlә kataloqundan istifadә edilmişdir: 
2015-ci ilәdәk olan tarixi dövr (Nº1) vә 1966-2018-ci illәr arasında (Nº2) olan instrumental dövr. b-qiymәti hәr bir kataloq üçün 
Qutenberq-Rixter xәtti әlaqәsi üzrә Mc – maqnituda hәddinin yekunlanma parametri, Mmax – maksimal maqnituda vә interval – 
maqnituda intervallarını tәyin edәrәk qiymәtlәndirilmişdir. Nº1 vә Nº2 kataloqları üçün b-qiymәti müvafiq olaraq 0.64 vә 0.52 
hesablanıldı. Bundan әlavә, bu tәdqiqat maksimal maqnituda vә mәnbәnin (qırılmalar) uzunluğu arasındakı empirik әlaqә vasitәsilә 
hesablanmış, zәlzәlәlәri әmәlә gәtirәn qırılmaların xüsusiyyәtlәrinә әsasәn intensivlik paylanmalarını araşdırır. Tәdqiqat sahәsinin 
şimal hissәsindә zәlzәlәnin intensivliyi VII (MSK-64), cәnub hissәsindә isә VIII ballıq müşahidә edilmişdir. 

Açar sözlәr: Şәmkir su anbarı, Orta Kür çökәkliyi, b-qiymәti, Qutenberq-Rixter qanunu, intensivlik, yer hәrәkәti, seysmotektonik 
model 
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Summary. Non-stationary flooding of oil-saturated reservoirs has a long-standing and durable 
place as the main secondary method of oil production and maintenance of reservoir pressure in the 
development of most oil reservoirs. The water injection into the reservoir creates a delayed prob-
lem – the inevitable, often catastrophic flooding of oil production wells, provoked by a sudden and
irreversible change in water saturation. The theory of two-phase flow filtration created by Buckley 
and Leverett does not take into account the loss of stability of the displacement front, which pro-
vokes an abrupt change and a triplicity of the water saturation value. Therefore, a mathematically 
simplified approach was proposed at one time, a repeatedly differentiable approximation to ex-
clude a “jump” in water saturation. Such a simplified solution led to well-known negative conse-
quences of the waterflooding practice, which experts call the “viscous instability of the displace-
ment front”, the “fingering displacement front”. This work has presented a novel approach to for-
mulation decisive rules for the first time allowing timely detection and prevention of the conse-
quences of loss of stability of the displacement front and targeted control of the flooding system by
stopping, forcing, limiting operating modes, assigning workover solutions of producing and injec-
tion wells. It is possible to quickly solve important short-term practical tasks passing traditional la-
bor-intensive incorrect deterministic tasks and complex methods of solution mobilizing the inject-
ed water and controlling the fluid production rate, more precisely water and oil on the basis of the
discriminant criterion. 
 
© 2023 Earth Science Division, Azerbaijan National Academy of Sciences. All rights reserved.  

 
1. Introduction 
Conceptual foundations of the new paradigm. 

Several theoretical and applied problems remain out-
standing in the field of scientific research on reservoir 
management with the dominance of a deterministic 
approach to research in recent years. Water flooding 
improvement under instability of the displacement 
front is most complex and important problems, and 
therefore, it has won the recognition of specialists as 
the main secondary method of oil recovery and en-
hanced oil recovery technology. Water flooding has 
become widespread primarily because of the manu-
facturability, availability, and inexpensiveness of wa-
ter for injection into formations. However, this meth-
od does not provide the high-design planned indica-
tors of the oil field development process. 

The quality and quantity of studies related to the 
reservoir water flooding problems has increased sig-
nificantly after the widespread use of geological and 
hydrodynamic mathematical modeling and its trun-
cated modification including proxy models, sector 
and other simplified versions of model solutions but 
the shortcomings and imperfections inherent in the 
traditional approach remain. 

The multidimensional geological and hydrody-
namic models of multiphase flow solve the main 
long- and medium-term problems of oil and gas-
saturated reservoir management including water 
flooding as a secondary method of increasing oil 
recovery. At the same time, important short-term 
operational flooding tasks cannot be solved using 
models, the main purpose of which is to calculate 
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options for rational reservoir development for the 
purposes of drafting project documentation. 

There is also an unsolved scientific and metho-
dological problem of the Buckley-Leverett theory, 
which is used to mathematical formulation the flood-
ing process in all existing hydrodynamic simulation 
software, the presence of a “jump” in water satura-
tion and the triplicity of its value when oil is dis-
placed by water are not taken into account. Ignoring 
this fact significantly reduces the efficiency of the 
water flooding, results in disruption of the optimal 
reservoir pressure maintenance, premature flooding 
of production wells is provoked, stagnant and poorly 
drained oil saturated zones are formed (Brouwer, 
Jansen, 2002; Sharma et al., 2020). 

There are more than enough reasons for concern 
about the negative consequences due to the jump 
and triplicity of the water saturation value obtained 
in the Buckley-Leverett theory, some authors in their 
critical assessments regard the results as “absurd”, 
and the lack of an exhaustive solution to the problem 
is an “intellectual dead end” (Buckley, Leverett, 
1942; Rodygin, 2012). Anyway, at this stage, it is 
not possible to achieve a full-fledged unification of 
the waterflooding technology, since the two-phase 
flow theory based on the Buckley-Leverett theory 
does not enable the influence of the displacement 
front instability and, most importantly, timely pre-
venting its negative consequences, which provoke an 
abrupt change in water saturation, which is fraught 
with catastrophic water breakthroughs to production 
wells (Duan et al., 2015). 

The further fate of this «jump» in water satura-
tion caused serious collisions among specialists. As 
a means of overcoming problems, it was proposed to 
calculate phase permeability based on water satura-
tion with mathematically smooth approximations. 
However, it turned out that the simplified mathemat-
ical approximation does not correspond to an ade-
quate physical mechanism of stability loss by the 
displacement front formed under rough conditions of 
interaction of hydrodynamic, capillary, molecular, 
inertial and gravitational forces. 

Recently, there have been numerous laboratory 
and field studies, numerical experiments aimed at 
solving theoretical and practical problems of opti-
mizing the process of non-stationary waterflooding, 
in which the above problem is confirmed (Baryshni-
kov et al., 2017; Brouwer, Jansen, 2002; Dake, 
2001; Klebanov et al., 1982; Nigmatulin et al., 2014; 
Шахвердиев, Шестопалов, 2019; Shakhverdiev et 
al., 2019, 2021; Шахвердиев, Арефьев, 2021). 

In an experimental study (Rodygin, 2012) of the 
dynamics of water content in bulk oil-saturated sam-
ples using the method of filtration waves of pressure 
(FWP) in relation to the basic provisions of the 

Buckley-Leverett theory, the author concludes that 
“an increase in the amplitude of pressure waves 
leads to an increase in the water content rate of the 
sample”, that is, an increase in water saturation. 

A number of authors try to solve the problem of 
the “jump” and the triplicity of water saturation us-
ing the fractal geometry of the structure of the oil 
displacement front (Baryshnikov et al., 2017; Ding 
et al., 2020; Duan et al., 2015). An attempt is made 
to explain the mechanism of oil displacement ac-
cording to the principle of harmony of the flow 
structure (Baryshnikov et al., 2017). Based on the 
Hele-Shaw model in the experimental work (Ba-
ryshnikov et al., 2017), the development of instabil-
ity of the displacement front of a viscous fluid from 
a porous medium in the form of jets when displaced 
by a fluid having a lower viscosity was studied. A 
change in the proportion of the volume of the pore 
space involved in jets of the displacing fluid was 
shown under oil displacement. The phenomenon of 
an abrupt change in the proportion of the total vol-
ume of the displacing jet in the volume of the pore 
space of the array at the leading edge of the dis-
placement front was discovered and described at the 
viscosity ratios of liquids much smaller than one 
(Baryshnikov et al., 2017). 

The authors of the study (Udy et al., 2017) note 
under implementation of the reservoir waterflooding 
that the gained experience shows that traditional and 
generally accepted approaches to waterflooding do 
not work here. 

Nevertheless, the experience of applying new 
modifications of waterflooding technologies, which 
are usually used as the main method of reservoir 
pressure maintenance, as well as a method of en-
hanced and improved oil recovery in the develop-
ment of oil and gas fields with scientifically based 
application, contains hidden potential. 

Craig F.F. states according to the Buckley-
Leverett equations, the conclusion follows that the 
velocity should have been the same for two different 
saturations, i.e. such saturation should be at a given 
point in the reservoir at the same time. To show even 
greater absurdity of this assumption, it should be 
noted that if the initial saturation gradient arose 
ahead of the displacement front prior to water injec-
tion, then we will obtain three different saturation 
values in the reservoir area according to the calcu-
lated data. Buckley and Leverett realized the physi-
cal impossibility of such a situation. They noted that 
the real saturation curve undergoes a discontinuity. 
Due to the three-valued saturation distribution, some 
researchers hesitated to apply the frontal displace-
ment equation (Craig, 1971). 

Dake L.P. expressed the problem as follows: 
“According to literary sources, such a triple value of 
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saturation has been a certain intellectual problem for 
reservoir engineers for many years. Buckley and Lev-
erett themselves claim that the triple value could have 
been avoided if they had been able to take capillary 
effects into account in their theory. Others suggested 
that this could be avoided by using a special method 
for solving differential equations known as the meth-
od of characteristic functions” (Dake, 2001). 

Isaak Charnyi believed that “…starting from a 
certain point in time, the saturation distribution may 
turn out to be multi-valued, for example, similar to 
Riemann waves of finite amplitude, which are stud-
ied in the theory of shock waves. Obviously, the 

ambiguity of BS  (water saturation) is physically 

impossible” (Чарный, 1963). 
Robert Nigmatulin actually confirms the same 

thesis and recommends looking for a solution in the 
field of the Riemannian compression wave in gas: 
"The function 𝐹௪

'  is nonmonotonic. During the evo-
lution of the initial distribution of water saturation, 

when 
ௗమி

ௗ௫మ ൏ 0 occurs everywhere, the solution is 

obtained  transferring along the characteristics (in a 
kinematic wave) of the initial distribution of water 

saturation. If there are zones where 
ௗమி

ௗ௫మ ൐ 0, then 

there is a “tipping” of the wave, similar to the tip-
ping of the Riemann compression wave in gas, when 
large disturbances propagate at a higher velocity 
compared to weaker ones, which leads to the ambi-
guity of water saturation. The absurdity of such solu-
tions led to the need to introduce surface or disconti-
nuity (jump) of wave parameters (Klebanov et al., 
1982; Nigmatulin et al., 2014). 

Finally, there were attempts to find a numerical 
solution to the problem in hydrodynamic simulation 
of two-phase flow filtration in a porous medium. 
Aziz H., Settari E. came to the conclusion that: 
“Although both types of approximation (conductivi-
ty), as will be shown below, are second-order ap-
proximations, they lead to erroneous results. This is 
illustrated for the numerical solution of the Buckley-
Leverett problem. With insignificant 

cP  (capillary 

pressure) in the SS-method equation, we obtain an 
almost hyperbolic problem with the correct solution, 
very close to the Buckley-Leverett solution. Howev-
er, when grinding the mesh, the numerical results 
obtained by the “weighing” scheme differ from the 
real ones” (Aziz, Settari, 1986). 

Similar opinions were expressed by many well-
known scientists and specialists, and recommended 
looking for a solution to this complex problem in 
another field of mathematics (Шахвердиев, 
Шестопалов, 2019; Шахвердиев, 2004, 2017; 
Shakhverdiev et al., 2019, 2021; Шахвердиев, 
Арефьев, 2021; Wang et al., 2017).  

It should be borne in mind that the engineering 
concepts that simplify and distort both the physical 
mechanism and the mathematical approximation of 
the water flooding parameters under conditions of 
instability of the displacement front lead to well-
known theoretical solutions that differ greatly from 
the applied results. The well-known negative conse-
quences of the waterflooding practice referred to 
experts as “viscous instability of the displacement 
front”, “finger-shaped displacement front”, “prema-
ture water breakthrough”, “fractal geometry of the 
displacement front” indicate a low quality of flood-
ing due to misunderstanding of the consequences of 
a simplified representation of the mechanism of the 
displacement process and ignoring adequate mathe-
matical apparatus. Predicting and preventing the 
consequences of these catastrophic phenomena – 
surges in water saturation has become a very diffi-
cult task (Arnold et al., 2005; Skauge et al., 2009; 
Thompson, 1982). Therefore, it is extremely im-
portant to substantiate the physical mechanism of the 
formation and advancement of the displacement 
front and the early forecast of the growth or advanc-
ing rate of the water phase in the stream at certain 
sites and stages of the waterflooding (Мандрик и 
др., 2010; Мирзаджанзаде, Шахвердиев, 1997; 
Шахвердиев, Арефьев, 2021). 

 
2. Problem statement 
Let’s consider the traditional joint isothermal 

flow of a two-phase liquid in a homogeneous porous 
medium as an argument in the absence of phase 
transitions by a system of differential continuity 
equations for each of the phases: 

 
డொೢ

 ሺ௫,௧ሻ

డ௫
ൌ െ𝑚 డఙೢ

డ௧
డொ೚

 ሺ௫,௧ሻ

డ௫
ൌ െ𝑚 డఙ೚

డ௧
 

ൢ          (1) 

 

where 𝑄о
 , 𝑄௪

  – are respectively accumulated oil and 
water extraction, 𝜎௢, 𝜎௪ – are saturation of the medi-
um with oil and water, m – is porosity. 

In this case, from the ratio for the saturation 
𝜎௢ ൌ 1 െ 𝜎௪ we get 

 
డொೢ

 ሺ௫,௧ሻ

డ௫
ൌ െ𝑚 డఙೢ

డ௧
డொ೚

 ሺ௫,௧ሻ

డ௫
ൌ 𝑚 డሺଵିఙೢሻ

డ௧
 

ൢ                  (2) 

 

Adding up the equations of system (2), we get: 
 

𝜕ሾ𝑄௪
 ሺ𝑥, 𝑡ሻ൅𝑄௢

 ሺ𝑥, 𝑡ሻሿ
𝜕𝑥

ൌ 0 

or  
𝑄௪

 ሺ𝑥, 𝑡ሻ൅𝑄௢
 ሺ𝑥, 𝑡ሻ → 𝑄௙ሺ𝑡ሻ.              (3) 
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The obtained result (3) shows that the volumet-
ric flow rate 𝑄௙ሺ𝑡ሻ does not depend on the spatial 
coordinate 𝑥, but depends only on time 𝑡. This does 
not mean that each individual phase also does not 
depend on the spatial coordinate. As a dynamic sys-
tem, the dependence on time and on the spatial co-
ordinate of the volume flow rate of each of the phas-
es – oil and water – is of interest. Thus, the solution 
of system (2) does not allow estimating the dynamic 
behavior of each phase in the structure of a two-
phase flow depending on the spatial coordinate 𝑥 
and the time 𝑡. 

Having performed the known transformations of 
system (1) and solving the corresponding character-
istic equation, we obtain (Abbasi et al., 2018; 
Чарный, 2006; Craig, 1971; Dake, 2001; Duan et 
al., 2015; Rose, Rose, 2004): 

 

𝑋௪ ൌ 𝑋௪ሺ𝜎௪, 0ሻ ൅ ௏ೢ ௧

௠
𝑓ᇱሺ𝜎௪ሻ,                (4) 

 

where 𝑋௪ሺ𝜎௪, 0ሻ is the initial distribution of water 
saturation at 𝑡 ൌ 0, 𝑚 is porosity, 𝑉௪

  is the filtration 
rate of the aqueous phase, 𝑓ᇱሺ𝜎௪ሻ is the derivative of 
the Buckley-Leverett function. 

Fig. 1 shows the distribution of water saturation 
along the direction of the displacement front ad-

vance for different time points, obtained using the 
dependence (4). As can be seen from Fig. 1, there is 
a polysemy (triplicity) of the water saturation values 
at a certain point in time. Thus, attempts to obtain an 
acceptable result of solving the classical system of 
continuity equations and the filtration equation fail. 

Fig. 1 shows the initial saturation field 𝑠଴ሺ𝑥, 0ሻ 
at 𝑡 ൌ 0 and the resulting 𝑡 ൐ 0 subsequent satura-
tion field 𝑠ଵ; 𝑠ଶ; 𝑠ଷ. This is the simplest transfor-
mation of energy, consisting of merging and disap-
pearance of the minimum and maximum under the 
action of a saturation jump forming one of the ele-
mentary catastrophes presented in Fig. 1, where the 
area is indicated in yellow and represents the zone of 
instability of the displacement front. According to 
the catastrophe theory, the resulting surface of the 
“fold” should be projected onto the plane of the con-
trol parameter, which divides this plane into an un-
stable one highlighted in yellow and the rest of the 
stable component as shown in Fig. 1. From a techno-
logical point of view, the instability predicted with a 
discriminant in water below zero combined with a 
discriminant in oil above zero is of interest, since 
this condition is a negative harbinger of a cata-
strophic breakthrough of water to producing wells. 

 

 
 

Fig. 1. The instability zone formed by the “jump” and the triplicity of water saturation 
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The above mentioned argument emphasizes the 
need to create a new scientific paradigm for the 
study of a dynamic multiphase filtration system de-
signed to solve such operational tasks as an addition 
to the well-known geological and hydrodynamic 
models for the development of deposits of liquid and 
gaseous hydrocarbons. 

It is fundamentally important to formulate and 
solve the problem of predicting the rate of change of 
the oil and water phases in the structure of the fluid 
flow leading to instability of the displacement front 
established on the basis of a control parameter de-
veloped in the theory of catastrophes calculated on 
the basis of the actual field data of wells operation 
obtained promptly. In this case, it is necessary to 
transform the actual data into certain new knowledge 
– unified control parameters that allow analyzing, 
monitoring and optimizing non-stationary flooding 
systems as provided for in the theory of catastrophes 
for discontinuous functions that change by leaps 
(Ermoliev et al., 2019). 

It should be noted for the sake of objectivity 
that the mathematical apparatus known today as the 
“catastrophe theory” had not yet been developed at 
the time of the creation of the Buckley-Leverett the-
ory, although the theory of Whitney singularities, the 
theory of Poincare bifurcations, and the basics of 
topology were well known to mathematicians (Gai-
ko, 2000). But the new mathematics was not popular 
in the engineering environment and this mathemati-
cal apparatus was not widely used in applied prob-
lems of technology. 

The above mentioned theoretical prerequisites 
and argumentation indicate the need for an inde-
pendent study of the dynamic behavior of the main 
indicators of the time development process. 

 
3. Mathematical formulations 
The qualitative theory of polynomial quadratic 

dynamical systems is the key to the formation of a 
discriminant criterion as a control parameter. The 
theory of catastrophes explores dynamical systems 
that make up a wide class of nonlinear systems in-
cluding those described by quadratic polynomials. 

The time series of the dynamics of current and 
accumulated oil and water withdrawals from the 
wells during the studied time period can also be de-
scribed by a similar system of differential equations 
of growth models (Шахвердиев, Шестопалов, 
2004, 2017; Shakhverdiev et al., 2019, 2021; 
Шахвердиев, Арефьев, 2021). 

 

20
0 0 0 0 0

2w
w w w w w

dQ
a Q b Q с

dt
dQ

a Q b Q c
dt

  

  

                  (5) 

where , , , , ,o o o w w wa b c a b c  are constant coeffi-

cients characterizing the behavior of the phases, 
oQ

and 
wQ  is the accumulated selection of oil and wa-

ter, respectively. 
It is assumed that system (5) describes the evo-

lution in time at a given interval 𝑡 ∈ ሺ𝑡଴, 𝑡ଵሻ and at 
given constant values of the parameters of the prob-
lem , , , , ,o o o w w wa b c a b c , the accumulated produc-

tion of oil ( )oQ t  and water ( )wQ t . In practice, the 

accumulated and current well selections are known, 
which makes it possible to determine the coefficients 
of the polynomials of the system (5) in the first ap-
proximation as constant values for a given time in-
terval. For this purposes, it is necessary to qualita-
tively investigate the behavior of the solutions of 
system (5) using the mathematical apparatus of poly-
nomial quadratic dynamical systems (Шахвердиев, 
Шестопалов, 2019; Shakhverdiev, Mandrik, 2007). 
To this end, it is necessary to consider the properties 
of the general solution of each of the equations of 
the system on the phase plane 

oQ  of t , depending 

on the parameters of the problem. It is also neces-
sary to consider the behavior and properties of solu-
tions of the system on the phase plane 

oQ , 
wQ  based 

on all parameters of the problem. 
The creation of a qualitative theory that includes 

a description of all special and critical points of an 
autonomous symmetric polynomial dynamical sys-
tem and the construction of the entire variety of its 
phase portraits is quite a difficult task. To do this, it 
is necessary to obtain general solutions and solutions 
to Cauchy problems in all possible classes defined 
by various types of factorizations, which as will be 
shown are determined by a combination of signs and 
absolute values of discriminants of polynomials, and 
to identify their most important properties. 

 It should be noted that, in general, polynomial 
dynamical systems are not integrable and the de-
scription of each of their new integrable families is 
an important independent contribution to the theory 
of dynamical systems. In particular, even two-
dimensional systems which right-hand sides are po-
lynomials of the second degree of two variables are 
not integrable, and the theory of such systems is far 
from complete (Barenblatt et al., 2003; Gaiko, 
2000). Using the results and the integration tech-
nique (Шахвердиев, Шестопалов, 2019; Shakhver-
diev et al., 2014; Shakhverdiev et al., 2022), we 
show that system (5) is integrable into elementary 
functions. This fact is important (a) both from a the-
oretical point of view, since a new class of integra-
ble dynamical systems is fully described, and (b) 
from a practical one, since it makes it possible to 
build a complete qualitative theory and obtain – 
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without the use of numerical integration – all general 
and particular solutions of the system and the cor-
responding problems with initial conditions (Cauchy 
problem). 

Carrying out a qualitative analysis of two-
dimensional APDS in this paper, we provide a de-
scription and visualization of various scenarios of 
models of specific processes using the proven inte-
grability (5) in elementary functions. The obtained 
results are generalized for the first time in a compact 
matrix and criterion form, which allows determining 
various types of all rest points of the system (5), as 
well as its stable and unstable solutions and their 
singular points depending on the signs of the discri-
minants of the polynomials. The latter is of decisive 
importance for practical applications of the results of 
the qualitative theory constructed in the work. 

In order to conduct a complete qualitative study 
of the solutions of an autonomous system including 
the analysis of all its possible critical and singular 
points and solutions, we consider the behavior of the 
solutions of the autonomous system (5) and the cor-
responding equation on the phase plane ( , )o wQ Q  

depending on the parameters of the problem.  
We assume that the system (5) and the equa-

tions derived from it 
 
ௗொೈ

ௗொೀ
ൌ Φሺ𝑄ை, 𝑄ௐሻ,   Φሺ𝑄ை, 𝑄ௐሻ ൌ ௙ೈሺொೈሻ

௙ೀሺொೀሻ
,    (6) 

 

describe the dynamics of changes in 
wQ  depending 

on 
0Q .  This dynamics is obtained in the form of 

solutions of equation (6) under various “initial” con-
ditions 𝑄ௐ൫𝑄ை

଴൯ ൌ 𝑄ௐ
଴   and corresponding curves 

𝑄ௐ ൌ 𝑄ௐሺ𝑄ைሻ on the phase plane ሺ𝑄ை, 𝑄ௐሻ. 
In order to construct a qualitative theory of 

polynomial quadratic DS and introduce a discriminant 
criterion of qualitative theory, we concretize, following 
(Шахвердиев, Шестопалов, 2019), the definitions of 
classes , , andD D D D        as sets ሼ𝑓௢, 𝑓௪ሽ of 

pairs of polynomials 𝑓௢ሺ𝑄ைሻ ൌ 𝑎௢𝑄ை
ଶ ൅ 𝑏௢𝑄ை ൅ 𝑐଴ 

and 𝑓௪ሺ𝑄௪ሻ ൌ 𝑎௪𝑄௪
ଶ ൅ 𝑏௪𝑄௪ ൅ 𝑐௪ such that 

 

D : 𝐷௢ ൌ 𝑏௢
ଶ െ 4𝑎௢𝑐௢ ൐ 0 

and 
𝐷௪ ൌ 𝑏௪

ଶ െ 4𝑎௪𝑐௪ ൐ 0; 
 

D  : 𝐷௢ ൏ 0 и 𝐷௪ ൐ 0; 
D  : 𝐷௢ ൐ 0 и 𝐷௪ ൏ 0; 
D  :  𝐷௢ ൏ 0 и 𝐷௪ ൏ 0. 

 

Using integration methods and formulas 
(Шахвердиев, Шестопалов, 2019; Shakhverdiev, 
2019; Shakhverdiev, 2004; Шахвердиев, 2017), we 
will summarize in a table (Table) all explicit formu-
las for the general solution of equation (6) with re-
spect to phase variables ሺ𝑄ை, 𝑄ௐሻ for classes D   
with nonzero discriminants, as well as for classes 
𝐷଴േ , 𝐷േ ଴, when one of the discriminants turns to 0. 

 
 

General solutions of the equation 
ௗொೢ

 ௗொೀ
ൌ

௔ೢொೢ
మା௕ೢொೢା௖ೢ

௔೚ொೀ
మା௕೚ொೀା௖బ 

  in classes 𝐷േ,  𝐷଴േ ,  𝐷േ ଴   

 

№№ Classes Example of the equation 
General solutions 

ௗொೢ

ௗொೀ
ൌ

௔ೢொೢ
మା௕ೢொೢା௖ೢ

௔೚ொೀ
మା௕೚ொೀା௖బ

, 𝑄ை
଴ ൌ  

௕ೀ

ଶ௔ೀ
,  𝑄ௐ

଴ ൌ  
௕ೈ

ଶ௔ೈ
 

1 D
 

𝑑𝑄௪

 𝑑𝑄ை
ൌ

𝑄௪ሺ𝑄௪ െ 1ሻ
 𝑄ைሺ𝑄ை െ 1ሻ  

 

𝑄ௐሺ𝑄ை; 𝐶ሻ ൌൌ 𝑄ௐ
ଵ െ

ඥ𝐷ௐ

𝑎ௐ ቆെ1 ൅ 𝐶 ฬ
𝑄ை െ 𝑄ை

ଶ

𝑄ை െ 𝑄ை
ଵ  

ฬ
ఘ

ቇ
, 

𝜌 ൌ ඨ
𝐷ௐ

𝐷ை
൐ 0. 

2 D
 

𝑑𝑄௪

 𝑑𝑄ை
ൌ

𝑄௪
ଶ

 𝑄ைሺ𝑄ை െ 1ሻ
 

𝑄ௐሺ𝑄ை; 𝐶ሻ ൌ 𝑄ௐ
଴ ൅

1

𝑎௪

ඥ𝐷௢
ln ฬ

𝑄ை െ 𝑄ை
ଶ

𝑄ை െ 𝑄ை
ଵ  

ฬ ൅ 𝐶
 

3 D
 

𝑑𝑄௪

 𝑑𝑄ை
ൌ

𝑄௪ሺ𝑄௪ െ 1ሻ

 𝑄ை
ଶ  

 𝑄ௐሺ𝑄ை; 𝐶ሻ ൌ 𝑄ௐ
ଵ

 ൅
ඥ𝐷௪

𝑎௪

1

 1 ൅ 𝐶𝑒
ඥ஽ೢ

௔೚ሺொೀାொೀ
బ ሻ

 
 

 

4 D
 

𝑑𝑄௪

𝑑𝑄ை
ൌ

𝑄௪
ଶ

 𝑄ை
ଶ  

 𝑄ௐሺ𝑄ை; 𝐶ሻ ൌ 𝑄ௐ
଴ െ

1
𝑎௪

𝑎௢ሺ𝑄ை
଴ െ 𝑄ைሻ

൅ 𝐶
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№№ Classes Example of the equation 
General solutions 

ௗொೢ

ௗொೀ
ൌ

௔ೢொೢ
మା௕ೢொೢା௖ೢ

௔೚ொೀ
మା௕೚ொೀା௖బ

, 𝑄ை
଴ ൌ  

௕ೀ

ଶ௔ೀ
,  𝑄ௐ

଴ ൌ  
௕ೈ

ଶ௔ೈ
 

5 D
 

𝑑𝑄௪

 𝑑𝑄ை
ൌ

𝑄௪
ଶ ൅ 1

 𝑄ைሺ𝑄ை െ 1ሻ  
 

𝑄ௐሺ𝑄ை; 𝐶ሻ ൌ െ𝑄ௐ
଴ ൅ 𝑃 tan ቆ

𝜌
2

ln ቤ
𝑄ை െ 𝑄ை

ଵ

𝑄ை െ 𝑄ை
ଶ 

ቤ ൅ 𝐶ቇ, 

𝜌 ൌ ඨെ
𝐷௪

𝐷௢
൐ 0, 𝑃 ൌ

ඥെ𝐷௪

2𝑎௪
 

6 D
 

𝑑𝑄௪

 𝑑𝑄ை
ൌ

𝑄௪ሺ𝑄௪ െ 1ሻ

 𝑄ை
ଶ ൅ 1  

 

𝑄ௐሺ𝑄ை; 𝐶ሻ ൌ 𝑄ௐ
ଵ െ

ඥ𝐷௪

𝑃
1

െ1 ൅ 𝐶𝑒
ିଶఘ୲ୟ୬షభቆ

ொೀ
బ ାொೀ

௉ ቇ

, 

𝜌 ൌ ටെ
஽ೢ

஽೚
൐ 0, 𝑃 ൌ ඥି஽೚

ଶ௔೚
 

7 D
 

𝑑𝑄௪

 𝑑𝑄ை
ൌ

𝑄௪
ଶ ൅ 1

 𝑄ை
ଶ ൅ 1  

 

𝑄ௐሺ𝑄ை; 𝐶ሻ ൌൌ െ𝑄ௐ
଴ ൅ 𝑃ଶ tan ቆ𝜌 tanିଵ ቆ

𝑄ை
଴ ൅ 𝑄ை

𝑃ଵ
ቇ ൅ 𝐶ቇ, 

𝜌 ൌ ට
஽ೢ

஽೚
൐ 0, 𝑃ଵ ൌ ඥି஽೚

ଶ௔೚
 ,  𝑃ଶ ൌ ඥି஽ೢ

ଶ௔ೢ
 

8 D
 

𝑑𝑄௪

 𝑑𝑄ை
ൌ

𝑄௪
ଶ ൅ 1

 𝑄ை
ଶ  

 𝑄ௐሺ𝑄ை; 𝐶ሻ ൌ 𝑄ௐ
଴ ൅ 𝑃 tan ቆඥି஽ೢ

ଶ
൬

ଵ

௔೚൫ொೀ
బ ିொೀ൯

൅ 𝐶൰ቇ  𝑃 ൌ ඥି஽ೢ

ଶ௔ೢ
 

9 D
 

𝑑𝑄௪

 𝑑𝑄ை
ൌ

𝑄௪
ଶ

 𝑄ை
ଶ ൅ 1  

 

𝑄ௐሺ𝑄ை; 𝐶ሻ ൌ 𝑄ௐ
଴ െ

1

2𝑎௪

ඥെ𝐷௢
tanିଵ ൬

𝑄ை
଴ ൅ 𝑄ை

𝑃 ൰ ൅ 𝐶
, 

𝑃 ൌ
ඥെ𝐷௢

2𝑎௢
 

 
4. Solutions analysis and visualization of 
phase portraits  
The main property of a Dynamic System (DS) is 

its stability, which is used to assess how the system 
reacts to external influences when it is assumed that 
its current state remains unchanged. If disturbances 
increase over time, this leads to a loss of stability 
accompanied by a sharp (catastrophic) transition to a 
qualitatively new state. 

A systematic study of the properties of solutions 
of DS (5) or Equation (6) allows drawing the follow-
ing conclusions: the formation of catastrophic 
changes in solutions within various scenarios of the 
development of disasters occurs when the sign of 
one of the discriminants of square trinomials chang-
es, that is, while moving from one class 𝐷േ to an-
other. The latter corresponds to the transition of the 
system described by DS from one state to a qualita-
tively different one. At the same time, each class 
corresponds to a special structure of decision curves. 
A change in this structure including a catastrophic 
one accompanied by the appearance of new types of 
partial solutions that are absent in the “previous” 
class occurs when one parameter is varied – the dis-

criminant 𝐷௢  or 𝐷௪ of one of the three terms. The 
𝐷ାା class plays a special role as the ‘source’ of such 
changes, since, as it was shown, solutions have the 
largest number of critical points (four). 

Transitions 𝐷ାା → 𝐷଴ା or 𝐷ାା → 𝐷ା଴ from 
class D  to class 0D or 0D  take place when the 
discriminants of the square trinomials of equation 
(5) 𝐷௢ ൌ 𝑏௢

ଶ െ 4𝑎௢𝑐௢ ൌ 𝑎௢
ଶሺ𝑄௢

ଵ െ 𝑄௢
ଶሻଶ ൐ 0 or 

𝐷௪ ൌ 𝑏௪
ଶ െ 4𝑎௪𝑐௪ ൌ 𝑎௪

ଶሺ𝑄௪
ଵ െ 𝑄௪

ଶ ሻଶ ൐ 0 (for 
𝑎௢, 𝑎௪ ് 0) in class 𝐷ାା tends to 0, which is equiva-
lent to the limit transition 𝑄௢

ଶ െ 𝑄௢
ଵ → 0 ൅ ሺ𝑄௢

ଶ ൐ 𝑄௢
ଵሻ 

or 𝑄௪
ଶ െ 𝑄௪

ଵ → 0 ൅ ሺ𝑄௪
ଶ ൐ 𝑄௪

ଵ ሻ. The latter means 
that the distance between the 𝑄௢

  or 𝑄௪
  – coordinates 

of the critical points tends to 0, that is, the critical 
points converge and merge along one of the sides of 
the rectangle at the vertices of which they are locat-
ed (in the D  class). 

Below are fragments of a series of phase por-
traits that characterize all the most important transi-
tions between classes and scenarios for the devel-
opment of disasters as a result of variation of one of 
the discriminants. 
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Transition from class D  to class D  through classes 0D , 00D , 0D   
A. Transition from class D  to class 0D  

 

 

 
 

Fig. 2. Phase portraits during the transition from class D  to class 0D  
 

The approach to the transition from class D  
to class 00D  through 0D  class, that is, the conver-
gence and merging of nodal and saddle singular 
points, which are located on the left and right sides 

of the rectangle in Fig. 2a-2d occurs with a decrease 
and a tendency to 0 of the discriminant 

wD  (
wD  = 1, 

0.64, 0.36, 0.16, 0.04 in Fig. 2a-2d, respectively), so, 
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that the distance between the 
wQ  coordinates of the 

singular points tends to 0. When the = 0, in 0D  
class there is a merger (a) of two singular nodal and 
saddle points 1 and 3 (the left two in Fig. 2a-2d) as a 
result of which one point 1 is formed (in Fig. 2e) is a 
stable “one-sided” node, and (b) two nodal and sad-
dle singular points 2 and 4 (the right two in Fig. 2a-
2d), resulting in one point 2 – an unstable “one-
sided” node (Fig. 2e). A gap is also formed at 

wD  =0 

and a discontinuous “fold” characteristic of class 
0.D  

 
5. Visualization and analysis of solutions 
 curves to Cauchy problems 
Solutions of the Cauchy problems are particular 

solutions, that is, solutions obtained from the general 
solution formula for a specific value of an arbitrary 
constant that corresponds to the initial conditions 
set. Such solutions pass through a given point 
൫𝑄௢

଴, 𝑄௪
଴

 ൯ of the phase plane ሺ𝑄ை, 𝑄௪ሻ and the local 
uniqueness theorem of the solution is fulfilled. 

Class D  if 𝑎௢ ൌ 1, 𝑏௢ ൌ 0, 𝑐௢ ൌ െ0.25,
𝐷୭ ൌ 1; 𝑎௪ ൌ 1, 𝑏௪ ൌ 2, 𝑐௪ ൌ 1.25, 𝐷୵ ൌ െ1  
for each point of the plane ൫𝑄௢

଴, 𝑄௪
଴

 ൯ with 𝑄௢
଴ ്

േ0.5, 𝑄ை ് േ0.5 and 
 

     𝐶 ൌ 𝐶଴ ൌ 𝐶ሺ𝑄௢
଴, 𝑄௪

଴ ሻ ൌ tanିଵሺ2𝑄௪
଴ ൅ 2ሻ െ    

െ ଵ

ଶ
ln ቚொ೚

బା଴.ହ

ொ೚
బି଴.ହ

ቚ ,     𝑄௢
଴ ് േ0.5                      (8) 

Function 
 

      𝑄௪ሺ𝑄ை, 𝐶଴ሻ ൌ െ1 ൅ ଵ

ଶ
tan ቀ ଵ

ଶ
ln ቚொೀା଴.ହ

ொೀି଴.ହ
ቚ ൅

        ൅tanିଵሺ2𝑄௪
଴ ൅ 2ሻ െ ଵ

ଶ
ln ቚொ೚

బା଴.ହ

ொ೚
బି଴.ହ

ቚቁ                 (9) 

 
is a solution to the Cauchy problem 
 

𝑑𝑄௪

 𝑑𝑄ை
ൌ

𝑄௪
ଶ ൅ 2𝑄௪ ൅ 1.25

 𝑄ை
ଶ െ 0.25   

, 𝑄௪ሺ𝑄௢
଴ሻ ൌ  𝑄௪

଴ . 

 
At least two scenarios of the behavior of solu-

tions to the Cauchy problem are possible:  
(a) at െ0.5 ൏ 𝑄௢

଴ ൏ 0.5 and any 𝑄௪
଴  are mono-

tonically increasing functions that lie in the band 
between two special stationary solutions 

 
𝑄ை ൌ െ0.5, 𝑄ை ൌ 0.5; 

 
(b) at 𝑄௢

଴ ൐ 0.5 or 𝑄௢
଴ ൏ െ0.5 and any 𝑄௪

଴   are 
monotonically decreasing unbounded functions that 
lie outside the band between two stationary solu-
tions. In this case, the entire phase plane is filled 
with solution curves (Fig. 3).  

 
 
Fig. 3. Graph of curves of solutions of the Cauchy-function 
problem (9) for D+-.  Black and blue lines at C= from -1.4652 to 
-0.4388, brown lines at C=from 1.1611 to 1.5823, dark yellow 
and orange lines at C=from 0.0689 to 1.4652, red lines at 
C=from-1.43 to 0.05, purple lines at C= from 1.1866 to 1.97, 
green lines at C= from 0.129 to 1.026 

 
For D  сlass function 
 

𝑄௪ሺ𝑄ைሻ ൌ
1

 1 ൅ 𝐶଴𝑒୲ୟ୬షభொೀ
ൌ

ൌ
1

 1 ൅ ൬1 െ 1
 𝑄௪

଴ ൰ 𝑒୲ୟ୬షభொೀ ି ୲ୟ୬షభ ொ೚
బ
 

 

is for 𝑄௪
଴ ് 0  the solution of the Cauchy problem 

 
ௗொೢ

 ௗொೀ
ൌ ொೢሺொೢିଵሻ

 ொೀ
మାଵ

, 𝑄௪ሺ𝑄௢
଴ሻ ൌ 𝑄௪

଴ . 
 

Thus,  𝐶଴ ൏ 0 is performed for 0 ൏ 𝑄௪
଴ ൏ 1, and 

therefore, the curves of solutions to the Cauchy 
problems are, for any values of 𝑄௢

଴, graphs of 
bounded monotone functions that all lie in the band 
between two stationary solutions 𝑄௪ ൌ 0, 𝑄௪ ൌ 1. If 
𝑄௪

଴ ൐  1, then the curves of solutions to the Cauchy 
problems are, for any values of 𝑄௢

଴, graphs of the 
unlimited monotone functions that lie outside the 
band between two stationary solutions as it is seen in 
Fig. 4 and 5. We can conclude about at least two 
possible scenarios of the behavior of the curves of 
solutions to the Cauchy problems: 
(a) for 0 ൏ 𝑄௪

଴ ൏ 1 and any 𝑄௢
଴: monotonically de-

creasing functions that lie in the band between two 
stationary solutions 𝑄௪ ൌ 0, 𝑄௪ ൌ 1;  
(b) for 𝑄௪

଴ ൐ 1 or 𝑄௪
଴ ൏ 0 and any 𝑥଴: monotonical-

ly increasing unbounded functions that lie outside 
the band between the lines 𝑄௪ ൌ 0, 𝑄௪ ൌ 1.  
In this case, the entire phase plane is filled with solu-
tion curves. 
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Fig. 4. General solution of D  class 𝑄௪ሺ𝑄ை; 𝐶ሻ ൌ
ଵ

ଵି஼௘౪౗౤షభೂೀ
, 

𝐶 ൌ െ0.02, െ0.04, … , െ1  (blue curves), െ2, െ3, … , െ79 
(green curves), 0.02, 0.04, … ,0.2 (black curves), 5,6, … , 24 
(purple curves) 

 

 
 

Fig. 5. General solution of D class 𝑄௪ሺ𝑄ை; 𝐶ሻ ൌ
ଵ

ଵି஼௘౪౗౤షభೂೀ
, 

𝐶 ൌ െ0.02, െ0.04, … , െ1  (blue curves),   െ2, െ3, … , െ79  
(green curves), 0.02, 0.04, … ,0.2 (black curves), 
  5,6, … , 24 (purple curves), 0.4, 0.425, … ,1.4 (red curves of 
solutions with movable singular points) 

 
The study of the properties of the general solu-

tions of system (5) or equation (6) in all discriminant 
classes allows concluding about the exceptional 
richness of the qualitative diversity of these solu-
tions. They include, in particular, all logistics-type 
scenarios (as a subset of D  class solutions), as 
well as many other previously undescribed scenarios 
and types of transient disasters. This work is the first 
introductory study that provides the scientific com-
munity with a comprehensive study and application 
of this new class of integrable DS. 

 
 

6. Application of results of qualitative  
analysis to solve the inverse problem 
The practice of using a discriminant criterion to 

predict a water breakthrough is the following. It is 
necessary to determine the relationship between the 
rate of change of the measured values and these val-
ues themselves. The possibility of the above men-
tioned classification and qualitative analysis of solu-
tions of equations in the time domain and autono-
mous equations is based on the known relationships 
between the rate of change of the measured quanti-
ties and these quantities themselves. These relations 
have the form of ordinary differential equations (6) 
and (7) resolved with respect to the derivative. 

Using the Least Squares Method (LSM), it is 
possible to approximate by a quadratic polynomial 
the right part of the system (6) – the magnitude of the 
change in the measured value per unit of time (velo-

city) 𝑣௢௜ ൌ ொ೚೔శభିொ೚೔

௧೚೔శభି௧೚೔
, 𝑣௪௜ ൌ ொೢ೔శభିொೢ೔

௧ೢ೔శభି௧ೢ೔
, 𝑣௢௜ ൎ ௗொ೚

ௗ௧
,

𝑣௪௜ ൎ ௗொೢ

ௗ௧
,  to get the ratio (6), more precisely, to 

solve the inverse problem – to determine the coeffi-
cients aO, bO, cO, aW, bW, cW using LSM, provided 
that the values of 𝑄௢௜ and 𝑄௪௜ i=1, 2 𝑖 ൌ 1,2, … 𝑛 are 
known. 

The above mentioned leads to the conclusion 
that the set of catastrophes of the growth equation is 
determined by the set of solutions obtained when the 
discriminants for oil and water are equal to zero. The 
resulting conclusion for the problem of hydrody-
namic effect will take the following form: 

 
𝐷ை ൌ 𝑏ை

ଶ െ 4𝑎ை𝑐ை ൌ 0 
𝐷ௐ ൌ 𝑏ௐ

ଶ െ 4𝑎ௐ𝑐ௐ ൌ 0, 
 
where the coefficients aO, bO, cO, aW, bW, cW for each 
oil or water phase are determined from equation (6) 
by the well-known least squares method (LSM), and 
the resulting system of algebraic equations is solved 
by the Gauss method. 

The discriminant criterion and the correspond-
ing strategies for choosing the operating mode of the 
well can be formulated as follows:  

• when DO < 0 and DW > 0 (the family of solu-
tions D   from Table), the selection of oil has a 
trend to increase, and water – to decrease, it is rec-
ommended to increase the selection of liquid from 
the well while studying the potential of pumping 
equipment; 

• when DO > 0 and DW < 0 (the family of solu-
tions D  from Table), the extraction of oil has a 
downward trend, and water – to increase, while a wa-
ter breakthrough is possible, it is recommended to 
limit the extraction of liquid from the well or taking 
geological and technical operations on water shut-off; 
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• when DO < 0 and DW < 0 (the family of solu-
tions D  from Table), the oil and water withdraw-
als have an upward trend, it is recommended not to 
change the operating mode of the well and to per-
form geological and technical operations on water 
shut-off; 

• when DO > 0 and DW > 0 (the D  family of so-
lutions in Table), oil and water withdrawals have a 
downward trend, it is recommended to carry out geo-
logical and technical operations on well stimulation. 

An example of using a discriminant criterion for 
the development data of a specific object with the 
possibility of predicting the instability of the dis-
placement front at a specific well is given below. 
According to the proposed methodology, the red line 
in Fig. 6(b) corresponds to the zero value of the dis-
criminant, and this line determines the trend on the 
positive or negative side of the discriminant for wa-
ter and oil, which occurs while the oil displacement 
front is unstable with water.  Depending on the 
combination of the absolute value and the sign of the 

discriminant, the unstable state of the displacement 
front and the expected water breakthrough to the 
producing well are predicted in advance for three 
months, April 04.2019. 

As it can be seen in Fig. 6, a water breakthrough 
has occurred since 04.2019 according to the discrimi-
nant criterion, this is confirmed by Do >0 Dw<0 and is 
predicted three months before the water breakthrough 
while crossing the red line. At the same time, it is not 
possible to determine the instability of the displace-
ment front and predict the water breakthrough in ad-
vance based on the dynamics of oil and water extrac-
tion in Fig. 6(a) on April 4, 2019. In this case, it is 
recommended to reduce the selection of fluid through 
the well, determine the cause of a possible water 
breakthrough, and take appropriate geological and 
technical measures, in particular, repair and insulation 
work to limit the growth of the water content of the 
well products. It is recommended to reduce the injec-
tion of water through the surrounding interacting in-
jection wells for this period. 

 

 
a) 

 
b) 
 

Fig. 6. Dynamics of oil and water production (a) and dynamics of discriminants (b) for well #3166G 
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It should be noted that the zone of instability of 
the displacement front on the discriminant plane cor-
responds to the state of instability in Fig. 6(b) start-
ing from point 10-21, where Dw passes into the re-
gion of positive values (decrease), and Dw into the 
region of negative values (growth). As new data be-
come available, further calculations are carried out 
in interactive mode according to the methodology 
for the subsequent specification of recommendations 
to optimize the operating modes of the wells. 

 
7. Conclusions  
The proposed new solutions to the direct and 

inverse problems of the catastrophe theory allow 
considering the consequences of instability of the 
displacement front in a timely manner and predicting 
the consequences of abrupt change and triplicity 
arising from the Buckley-Leverett theory. 

A complete qualitative theory of such dynam-
ical systems is constructed including an exhaustive 
analysis of all their singular points and features of 
solutions. The properties of solutions in the phase 
planes of parameters and in time are studied. It is 
shown that the discriminants of polynomials are the 
control parameters controlling the essential proper-
ties of solutions, a classification of solutions is pro-
posed depending on the values and signs of the dis-
criminants and belonging to a specific family D , 
D , D  or D  . 

Decisive rules were formulated for the first time 
on the basis of the proposed criteria, allowing timely 
detection and prevention of the consequences of loss 
of stability of the displacement front and targeted 
regulation of the flooding system  stopping, forcing, 
limiting operating modes, assigning well interven-
tions to producing and injection wells. It is possible 
to quickly solve important short-term practical tasks 

passing traditional labor-intensive incorrect deter-
ministic tasks and complex methods of solving them 
mobilizing the injected water and regulating the se-
lection of liquid, more precisely water and oil, on the 
basis of the discriminant criterion.  

It should be noted that the proposed methodolo-
gy is sufficiently mobile and accurate for monitoring 
and controlling both the state of the flooding process 
and the well stock, and in general for the develop-
ment of deposits in the “on-line” mode. There is a 
potential opportunity to replenish the database on a 
monthly basis based on the proposed criteria and 
decisive rules to make specific clarifications to the 
work program and geological and technical mea-
sures including while optimizing the reservoir pres-
sure maintenance system by regulating the operating 
modes of producing and injection wells.  

The proposed solutions are an integral part of 
the new concept of nonstationary flooding, which 
provides for an early forecast and taking measures in 
case of instability of the displacement front and, as a 
result, water breakthrough in producing wells. 

The system optimization of flooding of oil 
fields is designed for a certain technological and 
economic effect of resource conservation and energy 
efficiency. 

This opens up the possibility of system optimi-
zation of non-stationary flooding and the prospect of 
increased oil recovery and intensification of oil pro-
duction, as well as effective mobilization of injected 
and extracted water and gas. 
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Резюме. Нестационарное заводнение нефтенасыщенных пластов давно и прочно занимает место основного вторичного 

метода добычи нефти и поддержания пластового давления при разработке большинства нефтяных залежей. Закачка воды в 
пласт создает отложенную проблему – неизбежное, часто катастрофическое обводнение нефтедобывающих скважин, спро-
воцированное резким и необратимым изменением водонасыщенности. Созданная Бакли и Левереттом теория фильтрации 
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двухфазных потоков не учитывает потерю устойчивости фронта вытеснения, что провоцирует резкое изменение и утроен-
ные значения водонасыщенности. Поэтому в свое время был предложен математически упрощенный подход – многократно 
дифференцируемая аппроксимация, исключающая "скачок" водонасыщенности. Такое упрощенное решение привело к хо-
рошо известным негативным последствиям практики заводнения, которые специалисты называют "вязкостной неустойчи-
востью Фронта вытеснения", "пальцеообразным вытеснением". По результатам исследований предлагается полная каче-
ственная теория подобных квадратичных полиномиальных динамических систем, включающая исчерпывающий анализ всех 
их сингулярных точек и особенностей решения. Свойства решений изучались на фазовых плоскостях самих параметров и 
времени. Показано, что полиномиальные дискриминанты представляют собой управляющие параметры, определяющие 
существенные свойства решений. Предложена классификация решений в зависимости от знаков дискриминантов и от се-
мейства, к которому принадлежит решение. В данной работе впервые представлен новый подход к формулированию ре-
шающих правил, позволяющих своевременно обнаружить и предотвратить последствия потери устойчивости фронта вы-
теснения и целенаправленно управлять системой заводнения путем остановки, форсирования, ограничения режимов рабо-
ты, назначения ремонтных режимов добывающих и нагнетательных скважин. Появляется возможность оперативно решать 
важные краткосрочные практические задачи, минуя традиционные трудоемкие некорректные детерминированные задачи и 
сложные методы решения, мобилизуя нагнетаемую воду и управляя дебитом жидкости, точнее воды и нефти на основе дис-
криминантного критерия. 

Ключевые слова: заводнение, неустойчивость фронта вытеснения, оптимизация, «пальцеообразование», теория ката-
строф, фазовая плоскость 
 

 
QEYRİ-SABİT SIXIŞDIRMA CӘBHӘSİ İLӘ SU LAYLARIN SUVURMANIN OPTİMALLAŞDIRILMASI 
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Xülasә. Neft yataqlarının işlәnmә zamanı hasilatını vә lay tәzyiqini sabit saxlaması üçün neftlә doymuş laylara qeyri-stasionar 
suvurma texnologiyası çoxdan әsas ikinci üsul kimi qәbul olunur. Laya suyun vurulması su ilә doyma әmsalın kәskin vә geri dönmәz 
dәyişmәsi sәbәbindәn quyuların qaçılmaz vә katastrofik sulaşması tәxirә salınmış bir problem yaradır. Buckley vә Leverett tәrәfin-
dәn yaradılan iki fazalı axınların filtrasiya nәzәriyyәsi, suyun doymasının kәskin dәyişmәsinә vә üçqat dәyәrinә sәbәb olan sıxış-
dırma cәbhәsinin sabitliyinin itirilmәsini nәzәrә almır. Buna görә, bir vaxtlar riyazi cәhәtdәn sadәlәşdirilmiş bir yanaşma tәklif edildi 
– Su doymasının "sıçrayışını" istisna edәn dәfәlәrlә fәrqlәnәn yaxınlaşma. Belә bir sadәlәşdirilmiş hәll, mütәxәssislәrin "sıxışdırma 
сәbhәsinin viskoz qeyri-sabitliyi", "barmaq şәklindә sıxışdırma" adlandırdığı suvurma tәcrübәsinin mәnfi nәticәlәrinә sәbәb oldu. 
İşdә ilk dәfә sıxışdırma cәbhәsinin dayanıqlığının itirilmәsinin nәticәlәrini vaxtında aşkar etmәyә vә qarşısını almağa vә iş rejimlәrini 
mәhdudlaşdırmaqla, sürәtlәndirmәklә, mәhdudlaşdırmaqla, hasilat vә vurucu quyularının tәmir rejimlәrini tәyin edilmәklә, suvurma 
sistemini mәqsәdyönlü şәkildә idarә etmәyә imkan verәn hәlledici qaydaların formalaşdırılmasına yeni bir yanaşma tәqdim edilir. 
Әnәnәvi vaxt aparan korrekt olmayan deterministik mәsәlәlәri vә mürәkkәb hәll üsulları keçәrәk, vurulan suyu sәfәrbәr edәrәk vә 
diskriminant meyarı әsasında mayenin, daha doğrusu su vә neftin axın sürәtini idarә edәrәk vacib qısamüddәtli praktik problemlәri 
tez bir zamanda hәll edilmәsi mümkün olur. 

Açar sözlәr: suvurma, sıxışdırma cәbhәsinin qeyri-sabitliyi, optimallaşdırma, “barmaq şәklindә sıxışdırma”, fәlakәt nәzәriyyәsi, 
faza müstәvisi 
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STUDY OF THE SURFACE TEMPERATURE OF THE CASPIAN SEA  
ACCORDING TO MERRA-2 REANALYSIS DATA FOR THE PERIOD 1980-2021 
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Summary. According to the data collected from MERRA-2 reanalysis for 1980-2021, using 
different statistical methods, the changes of the sea surface temperature in the Northern, Middle 
and Southern Caspian Sea, the reasons of their occurrence were studied, and the corresponding lin-
ear trends were estimated. It was found out that the average annual surface temperature in the peri-
od 2001-2021 increased by 0.5ºС in the Northern Caspian, by 0.9ºС in the Middle Caspian and by 
0.7ºС in the Southern Caspian compared with the period of 1980-2000. Different trends in surface 
temperature in different months and seasons have been revealed under the conditions of global
warming and lowering of the level of the Caspian Sea in different parts of the water area.  In 1980-
2021 there is a significant negative trend in surface temperature in winter in the Northern Caspian
Sea, but in other seasons, a positive trend is observed throughout the sea. All trends, except for au-
tumn in the Northern Caspian Sea, were statistically significant at 0.05 level, and in most cases
even at 0.01 level. Increase of contrasts between winter and spring surface temperatures in the
Northern Caspian Sea against the background of sea level fall can extremely negatively affect the 
ecological state, including the biodiversity of the sea. 
 
© 2023 Earth Science Division, Azerbaijan National Academy of Sciences. All rights reserved.  

 
Введение 
Как известно, Каспийское море является 

крупнейшим замкнутым водоемом в мире, и его 
уровень постоянно подвержен колебаниям. Со-
гласно современным представлениям, изменения 
уровня моря напрямую связаны с его водным 
балансом. Водный баланс, в свою очередь, опре-
деляется количеством речных стоков и атмо-
сферных осадков, выпадающих на поверхность 
моря, которые составляют его приходную часть, 
а также количеством испарения с поверхности, 
составляющим его выходную часть. Одним из 
основных факторов, влияющих на испарение с 
поверхности моря, является температура поверх-
ности моря (ТПМ). В связи с этим изучение по-

верхностного температурного режима и его из-
менений в акватории Каспийского моря имеет 
большое научное и практическое значение. 

Каспийское море по своим физико-географи-
ческим условиям и рельефу дна делится на три 
части: Северный, Средний и Южный Каспий 
(Гидрометеорология..., 1992). Кроме того, мак-
симальная глубина Северного Каспия составляет 
20 м, Среднего Каспия — 788 м, Южного Каспия 
— 1025 м (Водный баланс..., 2016). 

До недавнего времени исследования ТПМ 
Каспийского моря проводились в основном по 
данным измерений береговых наблюдательных 
пунктов, которые не могут объективно характе-
ризовать всю морскую акваторию, особенно дина-
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мику поверхностной температуры в открытом 
море. С другой стороны, хотя измерения, полу-
ченные морскими экспедициями, организованны-
ми в отдельные периоды, и измерения, проведен-
ные дрифтерами на ограниченных участках, лишь 
частично решают проблему, однако они не позво-
ляют объективно определить пространственно-
временные характеристики ТПМ (Мәmmәdov vә 
b., 2012). Упразднение ряда наблюдательных 
пунктов после распада Советского Союза и отсут-
ствие адекватного обмена гидрометеорологиче-
ской информацией между прикаспийскими стра-
нами усугубляют данную проблему (Мамедов, 
2007). В связи с этим возможность использования 
данных современных гидродинамических моде-
лей и спутниковых наблюдений (Гинзбург и др., 
2004; Ginzburg et al., 2005; Гинзбург и др., 2012; 
Костяной и др., 2014; Гинзбург и др., 2020; Гинз-
бург и др., 2021; Kazmin, 2021; Sәfәrov vә b., 2022) 
с целью исследования поверхностной темпера-
туры Каспийского моря вызывает большой инте-
рес. Одним из основных преимуществ такого 
подхода является то, что в отличие от контактных 
данных, здесь можно оценить ТПМ по всей ак-
ватории, особенно в открытом море, при текущем 
уровне разрешения. 

 
Использованные материалы и методы  
исследования 
В работе были использованы среднемесячные 

данные ТПМ MERRA-2 (The Modern-Era 
Retrospective analysis for Research and Applications) 
за период 1980-2021 гг., включенный в интернет-
портал GIOVANNI (https://giovanni.gsfc.nasa.gov/ 
giovanni/). Для определения статистических ха-
рактеристик поверхностной температуры в от-
крытом море и влияния на них климатических 
изменений и других факторов проведено осред-
нение данных реанализа по акваториям Каспий-
ского моря отдельно в пределах Северного, 
Среднего и Южного Каспия. Для более удобного 
расчета температурных характеристик морской 
поверхности, как и (Гинзбург и др., 2004; Гин-
збург и др., 2021) в качестве границы между Се-
верным и Средним Каспием использовалась ши-
рота 44°30′ с. ш. В качестве границы между 
Средним и Южным Каспием применялась обще-
принятая широта 40°15' с. ш. 

Отметим, что хотя данные реанализов 
MERRA-2 охватывают относительно больший 
период (1980-2022 гг.), из-за небольшого их 
пространственного разрешения (0.50 x 0.6250 
или 40-50 км) они не очень удобны для изуче-
ния особенностей распределения поверхност-
ной температуры по акваториям моря. Однако 
относительно длинные временные ряды поз-

воляют изучать вариации поверхностной тем-
пературы в разных районах морской акватории. 
Для определения характеристик изменений 
ТПМ во времени статистические ряды были 
разделены на два равных периода (1980-2000 и 
2001-2021 гг.), и для каждого из них были рас-
считаны среднегодовые, среднесезонные и 
среднемесячные значения ТПМ, проведено их 
сравнение и проверена статистическая значи-
мость выявленных изменений по критериям 
Стьюдента. Кроме того, для определения тен-
денций изменений ТПМ были построены соот-
ветствующие линейные тренды и проверена их 
статистическая значимость по следующему не-
равенству: 

 
R/R ≥ s,                                (1) 

 
где R – коэффициент корреляции, R – случайная 
среднеквадратичная погрешность, s – крити-
ческое значение критерия Стьюдента (Рожде-
ственский, Лобанова, 2010; Сикан, 2007).  

Случайная среднеквадратическая ошибка 
рассчитывается по следующей формуле: 
 

𝜎ோ ൌ ሺ1 െ 𝑅ଶሻ/ඥሺ𝑛 െ 1ሻ,                  (2) 
 

где n — количество членов временного ряда. 
При 5%-ном уровне значимости   n=40   s=2.02. 

Указанные процедуры проводились также 
для отдельных месяцев и сезонов. 

 
Полученные результаты и их обсуждение 
На основе данных реанализов MERRA-2 бы-

ли проанализированы месячные данные за пе-
риод 1980-2021 гг. с целью более детального 
изучения пространственно-временных измене-
ний поверхностной температуры Северного, 
Среднего и Южного Каспия. В табл. 1 представ-
лены изменения температуры поверхности всех 
трех частей Каспийского моря во втором полу-
периоде по сравнению с таковым первым. 

Как видно из табл. 1, в период 2001-2021 
гг. по сравнению с периодом 1980-2000 гг. 
среднегодовое значение ТПМ Северного Кас-
пия увеличилось на 0.5ºС Наибольшее повы-
шение температуры на 1.8ºС и 1.9ºС было за-
фиксировано в апреле и мае соответственно, а 
в январе и декабре отмечено резкое понижение 
температуры соответственно на 1.2ºС и 1.9ºС. 
Как уже было указано выше, статистическую 
значимость температурных аномалий оценива-
ли при 5% уровне значимости по критериям 
Стьюдента. Поскольку степень свободы здесь 
связана с количеством лет в рассматриваемом 
временном ряду (40-2=38), по специальной 
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таблице (Иманов, 2011; Шуленин, 2012) можно 
определить, что соответствующее критическое 
значение критерия Стьюдента равно 2.024. Как 
видно из табл. 1, за исключением февраля, ок-
тября и ноября, в остальные месяцы происхо-
дили статистически значимые изменения в 
температурном режиме поверхностных вод Се-
верного Каспия. 

Как известно, Средний Каспий занимает 
большую площадь моря, чем Северный Каспий 
(Гидрометеорология…, 1992). Как видно из табл. 
1, среднегодовое значение ТПМ за период 2001-
2021 гг. увеличилось на 0.9ºС по сравнению с пе-
риодом 1980-2000 гг. Наибольшее повышение 
было зафиксировано в августе и сентябре на 1.4 и 
1.6ºС соответственно, а наименьшее – в апреле на 
0.1ºС. Как видно из таблицы, статистически зна-
чимые повышения ТПМ Среднего Каспия проис-
ходили во все месяцы, за исключением апреля. 

Южный Каспий отличается тем, что он 
глубже Северного и Среднего Каспия. Как видно 
из табл. 1, среднегодовые значения ТПМ в Юж-
ном Каспии наибольшие, что в основном связано 
с географическими условиями его расположения. 

Среднегодовая температура водной поверхности 
в районе увеличивается с севера на юг (Гидроме-
теорология...,1992). Как видно из табл. 1, за пе-
риод 2001-2021 гг. среднегодовая температура 
поверхности моря увеличилась на 0.7ºС по срав-
нению с периодом 1980-2000 гг. Наибольшее по-
вышение температуры происходило в июле и 
августе на 1.1 и 1.3°С соответственно, а 
наименьшее – в апреле на 0.1°С. За исключением 
января, апреля, ноября и декабря, в остальные 
месяцы повышения ТРМ Южного Каспия оказа-
лись статистически значимыми (табл.1). 

Сравнительный анализ режима ТПМ для раз-
ных районов Каспийского моря в отдельные сезо-
ны года позволяет глубже понять процессы, проис-
ходящие в гидрологии моря. Хотя данный вопрос 
детально изучен для прибрежных районов моря по 
данным контактных наблюдений (Щербак, 1940; 
Зульфугаров, 1966; Пармузина, 1971; Потайчук, 
1978; Гидрометеорология…, 1992; Дьяконов, Иб-
раев, 2003; Мамедов, 2007; Аллахвердиев, 2016), 
для районов открытого моря он исследован недо-
статочно подробно из-за малочисленности или от-
сутствия наблюдательных пунктов. 

 
Таблица 1 

Распределение средней поверхностной температуры моря (ºC) по месяцам в периоды 
1980-2000 и 2001-2021 гг., температурные аномалии и их статистическая значимость при 0.05 

 

Периоды 

Северный Каспий 

Я
нв

ар
ь 

Ф
ев

ра
ль

 

М
ар

т 

А
пр

ел
ь 

М
ай

 

И
ю

нь
 

И
ю

ль
 

А
вг

ус
т 

С
ен

тя
бр

ь 

О
кт

яб
рь

 

Н
оя

бр
ь 

Д
ек

аб
рь

 

Год 

1980-2000 1.7 0.4 1.5 8.5 17.1 23.4 26.4 25.2 19.9 13.3 7.2 4.5 12.4 

2001-2021 0.6 0.3 2.8 10.3 19.0 24.6 27.1 26.2 20.7 13.7 7.1 2.7 12.9 

Аномалия -1.2 -0.1 1.3 1.8 1.9 1.2 0.7 1.0 0.9 0.4 -0.1 -1.9 0.5 

t-тест -4.0 -0.5 2.9 3.4 5.2 3.0 2.7 3.0 3.1 1.0 -0.3 -4.7 3.6 

Статистическая 
значимость 

+ – + + + + + + + – – + + 

Периоды Средний Каспий 

1980-2000 7.4 6.6 6.7 9.0 13.6 19.9 24.1 24.8 21.9 17.5 12.7 9.2 14.5 
2001-2021 8.1 7.2 7.4 9.1 14.7 21.1 25.1 26.2 23.5 18.7 13.7 9.9 15.4 

Аномалия 0.7 0.7 0.7 0.1 1.2 1.2 1.0 1.4 1.6 1.2 1.0 0.7 0.9 

t-тест 4.0 3.7 3.5 0.3 4.5 3.1 3.3 3.6 6.2 3.8 3.2 2.9 6.7 

Статистическая 
значимость 

+ + + – + + + + + + + + + 

Периоды                                                               Южный Каспий 

1980-2000 12.2 10.7 10.5 12.8 17.1 22.0 25.0 26.4 24.7 21.5 17.9 14.6 17.9 

2001-2021 12.5 11.3 11.2 13.0 17.9 23.0 26.1 27.7 25.7 22.2 18.3 14.8 18.6 

Аномалия 0.4 0.6 0.7 0.1 0.8 1.0 1.1 1.3 1.0 0.7 0.5 0.2 0.7 

t-тест 1.6 2.6 3.4 0.7 2.4 2.6 3.6 3.8 4.6 2.9 1.7 0.7 4.9 

Статистическая 
значимость 

– + + – + + + + + + – – + 
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Ниже показана динамика среднегодовой 
ТПМ во всех трех районах Каспийского моря 
(рис. 1). Как видно, динамика среднегодового 
повышения ТПМ наблюдается во всех трех ча-
стях Каспийского моря, но наибольшее повыше-
ние выявлено в Среднем Каспии, а наименьшее – 
в Северном Каспии. Более высокие ТПМ отме-
чаются в Южном Каспии (17.0÷19.7ºС), а самые 
низкие – в Северном (11.0÷13.7ºС). В Среднем 
Каспии ТПМ колеблется от 13.3 до 16.1ºC. Годы, 
в которые наблюдаются экстремумы, почти сов-
падают. Коэффициенты корреляции между ТПМ 
Северного Каспия и Среднего Каспия, а также 
Южного Каспия составляют 0.82 и 0.68 соответ-
ственно, а между Средним Каспием и Южным 
Каспием – 0.89. 

Для изучения характера изменения ТПМ во 
времени в различных частях Каспийского моря 
были рассчитаны соответствующие тренды   (табл. 
2). Как видно из таблицы, наибольший рост сред-
негодовой ТПМ в рассматриваемый период отме-
чен в Среднем Каспии (0.392ºС/10 лет), наимень-
ший – в Северном Каспии (0.202ºС/10 лет) и 
0.299ºC/10 лет в Южном Каспии, значения которых 
близки к полученным в (Гинзбург и др., 2021). 

Как уже было упомянуто выше, для опреде-
ления статистической значимости линейных 
трендов использовалось неравенство R/σR ≥ s. В 
табл. 3 приведены коэффициенты детерминации 
и расчетные значения R/σR для каждой части 
Каспийского моря и каждого сезона. Для 40-
летнего временного ряда значение s равно 2.02 
при уровне значимости 0.05 и 2.7 при уровне 
значимости 0.01 (Иманов, 2011). С учетом этого 
и на основании рис. 1 и табл. 3 можно отметить, 
что линейные тренды среднегодовой ТПМ для 
всей акватории Каспийского моря статистически 
значимы на уровне 0.01. 

Динамика средней зимней ТПМ Северного, 
Среднего и Южного Каспия во времени представ-
лена на рис. 2. В отличие от годовой ТПМ, в этом 
сезоне для разных районов Каспия наблюдалась 
разная динамика. Как видно из рис. 2, на фоне за-
метного повышения ТПМ в Среднем Каспии и 
умеренного ее повышения в Южном Каспии, в Се-
верном Каспии наблюдалось резкое ее снижение. 
Более высокие температуры отмечаются в Южном 
Каспии (11.0÷14.0ºС), а самые низкие – в Северном 
Каспии (0.2÷3.7ºС). В Среднем Каспии температу-
ра поверхности колеблется в пределах 6.9÷9.3ºC. 

 

 
 

Рис. 1. Временной ход среднегодовой ТПМ в различных частях Каспийского моря 

 
                                                                                                                                                 Таблица 2 
Линейные тренды (ºC/10 лет) ТПМ  Северного, Среднего и Южного Каспия  

для разных сезонов за 1980-2021 гг.  
 

Акватории 
Каспия 

Год Зима Весна Лето Осень 

Северный 0.202 -0.475 0.743 0.465 0.076 
Средний 0.392 0.279 0.263 0.544 0….481 
Южный 0.299 0.153 0.277 0.517 0.256 
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Таблица 3 
Коэффициенты детерминации (R2) и отношения R/σR трендов TPM для разных сезонов года  

в акватории Каспийского моря за 1980-2021 гг. 
 

Акватории 
Каспия 

Год Зима Весна Лето Осень 

R2 R/σR R2 R/σR R2 R/σR R2 R/σR R2 R/σR 

Северный 0.244 3.50 0.461 5.70 0.417 5.21 0.395 4.98 0.013 0.73 

Средний 0.539 6.67 0.297 4.01 0.244 3.50 0.401 5.04 0.380 4.83 

Южный 0.399 5.03 0.106 2.12 0.261 3.66 0.375 4.77 0.195 3.04 

     
Xотя годы, в которые наблюдаются экстре-

мумы, несколько перекрываются для Среднего 
и Южного Каспия, они существенно различают-
ся для Северного Каспия. Об этом также свиде-
тельствуют соответствующие значения коэффи-
циентов корреляции. Так, коэффициент корре-
ляции между TPM Северного и Среднего Кас-
пия составляет -0.30, Северного и Южного Кас-
пия – -0.38, а между Средним Каспием и Юж-
ным Каспием – 0.72. 

В табл. 2 приведены значения линейных 
трендов средних зимних ТПМ, рассчитанные по 
рис. 2 для разных районов Каспийского моря. 
Как видно, в зимний период произошло резкое 
понижение ТПМ Северного Каспия c отрица-
тельным трендом -0.475 ºС/10 лет. Как уже ука-
зывалось выше, в последние годы происходит 
резкое падение уровня моря (Сафаров и др., 
2017; Chen еt al., 2017; Arpe et al., 2020; Выру-
чалкина и др., 2020). Температура водной по-
верхности Северного Каспия, мелеющей с по-
нижением уровня моря, становится более чув-
ствительной к температурным изменениям 
окружающего воздуха из-за ухудшения верти-
кального теплообмена (Потайчук, 1978). В 
дальнейшем, в связи с ожидаемым продолже-
нием падения уровня моря, данная тенденция 
может усилиться. Как видно из табл. 2, тренды 

температуры в Среднем и Южном Каспии по-
ложительные и составляют 0.279 и 0.153ºС/10 
лет соответственно. По табл. 3 можно отметить, 
что для Северного и Среднего Каспия тренды 
средней зимней ТРМ статистически значимы на 
уровне 0.01 и для Южного Каспия – на уровне 
0.05. 

Веснoй характер изменения средней ТПМ 
от года к году в различных частях Каспийского 
моря также отличается своеобразием (рис. 3). 
Как видно из рисунка, более высокие темпера-
туры наблюдаются в Южном Каспии и имеют 
возрастающую динамику, колеблются в преде-
лах 12.0÷15.2ºС. Динамика изменения (повыше-
ния) температуры Среднего Каспия соответ-
ствует Южному Каспию и колеблется в преде-
лах 8.5÷11.3ºС. 

Как видно из рис. 3 и табл. 2, динамика по-
вышения ТПМ Северного Каспия стала более 
резкой и изменялась в диапазоне 6.2÷11.9ºС. В 
результате этого в период после 2005 г. весен-
няя ТПМ Северного Каспия быстро повышалась 
и превышала температуру Среднего Каспия. 
Основная причина этого в том, что из-за мелко-
водья Северного Каспия его поверхностные во-
ды нагреваются быстрее. В последнее время в 
связи с понижением уровня моря влияние дан-
ного фактора становится все более острым.

 

 
 

Рис. 2. Временной ход среднезимней ТПМ  в различных частях Каспийского моря 
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Годы экстремальных температур в основном 
совпадают. Это также находит отражение в зна-
чениях коэффициентов взаимной корреляции. 
Так, коэффициенты корреляции между поверх-
ностными температурами Северного Каспия и 
Среднего и Южного Каспия составили 0.86 и 
0.83 соответственно, а между Средним Каспием 
и Южным Каспием – 0.84. 

На основании рис. 3 рассчитаны линейные 
тренды ТПМ для каждой части Каспийского мо-
ря (табл. 2) и определено, что ее значение для 
Северного Каспия (0.743ºС/10 лет) значительно 
больше, чем для Среднего и Южного Каспия 
(0.263 и 0.267ºC/10 лет соответственно). Более 
резкое повышение температуры поверхности Се-
верного Каспия связано с глобальным потепле-
нием и резким падением уровня моря. 

Как видно из табл. 3, линейные тренды ТПМ 
для всей акватории Каспийского моря в весенний 
период статистически значимы на уровне 0.01. 

В летний сезон в рассматриваемых частях 
Каспийского моря характеристики изменений 
средней ТПМ от года к году отличаются своими 
особенностями и имеют возрастающую дина-
мику (рис. 4). Как видно из рисунка, летом бо-
лее высокие ТПМ наблюдаются не в Среднем и 
Южном Каспии, а в Северном Каспии и колеб-
лются в пределах 23.9÷27.5ºС. Линейный тренд 
для Южного Каспия проходит примерно на 
0.5ºC ниже, чем для Северного Каспия (рис. 4). 
Годы, в которые наблюдаются экстремумы, в 
основном совпадают для всех трех областей. 
Коэффициент корреляции между средними лет-
ними ТПМ Северного и Среднего Каспия, а 
также Северного и Южного Каспия составляет 
0.93 и 0.87 соответственно. Между ТПМ Сред-

него и Южного Каспия также существует доста-
точно тесная связь (0.2). 

Как видно из рис. 4 и табл. 2, летом во всех 
трех частях Каспийского моря наблюдаются зна-
чительные тренды ТПМ (0.465-0.544ºC/10 лет), 
которые статистически значимы на уровне 0.01. 

Осенью характер распределения ТПМ по 
акватории в основном адекватен географическим 
широтам. Так, самая высокая температура за-
фиксирована в Южном Каспии, а самая низкая – 
в Северном (рис. 5). 

Как видно из рис. 5 и табл. 2, средняя осен-
няя ТПМ Северного Каспия колеблется в преде-
лах 12.1÷15.2ºС и практически не имеет заметно-
го тренда. ТПМ Среднего Каспия колеблется в 
пределах 15.8÷19.8ºС, а линейный тренд соответ-
ствует значительному росту. ТПМ в Южном 
Каспии колеблется в пределах 19.6÷22.9ºС, а ли-
нейный тренд соответствует умеренному росту. 

Коэффициент корреляции между средними 
осенними ТПМ Северного и Среднего Каспия, а 
также Севернего и Южного Каспия составляет 
0.73 и 0.76 соответственно. Между ТПМ Средне-
го и Южного Каспия также существует доста-
точно тесная связь (0.93). 

Как видно из рис. 5 и табл. 2, в Среднем 
Каспии наблюдается резкий (0.481ºС/10 лет), а в 
Южном Каспии значительный положительный 
(0.256ºС/10 лет) тренд ТПМ. В Северном Каспии 
заметного тренда ТПМ не наблюдается 
(0076ºC/10 лет). Как видно из табл. 3, в Среднем 
и Южном Каспии тренды средне-осенней ТПМ 
статистически значимы при уровне 0.01, а в Се-
верном Каспии тренд не является статистически 
значимым даже при уровне 0.05. 
 

 
 

 
 

Рис. 3. Временной ход средневесенней ТПМ  в различных частях Каспийского моря 
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Рис. 4. Временной ход среднелетней ТПМ в различных частях Каспийского моря 

 

                                 
 

Рис. 5. Временной ход средней осенней ТПМ в различных частях Каспийского моря 

 
Выводы 
На основе анализа данных реанализа 

MERRA-2 по поверхностной температуре Кас-
пийского моря за 1980-2021 гг. были получены 
следующие результаты: 

1. В целом среднегодовая температура поверх-
ности моря уменьшается с юга Каспийского 
моря на север. Однако весной и особенно в 
летние месяцы эта закономерность нарушает-
ся, так как температура поверхности Север-
ного Каспия весной приближается к темпера-
туре Среднего Каспия и даже превосходит ее 
после 2005 г. Летом самые низкие сезонные 
температуры наблюдаются в Среднем Кас-
пии, тогда как температура Северного Каспия 
почти равна температуре Южного Каспия. 

2. На фоне глобального потепления и климати-
ческих изменений, наблюдается статистиче-
ски значимые повышения среднегодовой 
температуры поверхности Северного, Сред-
него и Южного Каспия, так что в период 
2001-2021 гг. по сравнению с периодом 1980-
2000 гг. это увеличение составляет 0.4ºC, 
0.9ºC и 0.7ºC соответственно.   

3. Трендовый анализ показал, что во все сезоны 
температура поверхности моря в той или 
иной степени повышается, однако в зимний 
сезон температура поверхности моря в Се-
верном Каспии имеет тенденцию к значи-
тельному снижению, что с большей вероят-
ностью может быть объяснено его обмеле-
нием в результате падения уровня моря. 
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4. В летнем сезоне наибольшие значения темпе-
ратуры поверхности моря наблюдаются в Се-
верном Каспии, что может быть объяснено 
его мелководьем и постепенным обмелением 
в связи с падением уровня моря. 

5. В условиях глобального потепления и пони-
жения уровня Каспийского моря в разных ча-
стях акватории выявлены разные тренды из-
менения температуры поверхности моря в 
разные месяцы и сезоны года. Так, в 2001-
2021 гг. по сравнению с 1980-2000 гг. в де-
кабре и январе месяцах средняя температура 
поверхности Северного Каспия снизилась на 

-1.9ºС и -1.2ºС соответственно, а в апреле и 
мае повысилась на 1.8ºС и 1.9ºС соответ-
ственно, что в основном связано с ускоре-
нием обмеления. 
Таким образом, на фоне падения уровня моря 

увеличение контрастов между зимними и весен-
ними поверхностными температурами в Север-
ном Каспии может нарушить традиционные цир-
куляционные процессы и крайне отрицательно 
повлиять на экологическое состояние моря, в том 
числе на его биоразнообразие. 
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Резюме. В статье по данным реанализа MERRA-2 за 1980-2021 гг. с применением различных статистических методов 

изучены изменения поверхностной температуры Северного, Среднего и Южного Каспия и их причины, а также оценены 
соответствующие линейные тренды. Установлено, что среднегодовая поверхностная температура за период 2001-2021 гг. 
увеличилась на 0.5ºС в Северном Каспии, на 0.9ºС в Среднем Каспии и на 0.7ºС в Южном Каспии по сравнению с периодом 
1980-2000 гг. В условиях глобального потепления и понижения уровня Каспийского моря в разных частях акватории 
выявлены разные тренды изменения температуры поверхности в разные месяцы и сезоны года. Так, во втором периоде по 
сравнению с первым, средняя температура поверхности Северного Каспия снизилась соответственно на -1.9ºС и -1.2ºС в 
декабре и январе и  на  1.8ºС и 1.9ºС повысилась в апреле и мае, что в основном связано с ускорением обмеления. Хотя в 
Среднем и Южном Каспии повышение поверхностной температуры регистрируется во все месяцы, более значительное 
повышение происходит в более теплые периоды года. В 1980-2021 гг. зимой в Северном Каспии отмечен значительный 
отрицательный тренд поверхностной температуры, однако в остальные сезоны по всей акватории моря наблюдается поло-
жительный тренд. Все тренды, за исключением осеннего в Северном Каспии, оказались статистически значимыми на 
уровне 0.05, а в большинстве случаев даже на уровне 0.01. Увеличение контрастов между зимними и весенними поверх-
ностными температурами в Северном Каспии на фоне падения уровня моря может крайне отрицательно повлиять на эколо-
гическое состояние, в том числе на биоразнообразие моря. 

Ключевые слова: Каспийское море, изменения климата, температура поверхности моря, линейный тренд, изменения 
уровня моря 
 

 
MERRA-2 REANALİZ MӘLUMATLARINA ӘSASӘN 1980-2021 DÖVRÜ ÜÇÜN  

XӘZӘR DӘNİZİNİN SӘTH TEMPERATURUNUN TӘDQİQİ 
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Xülasә. Mәqalәdә 1980-2021-ci illәr MERRA-2 reanaliz mәlumatlarına әsasәn vә müxtәlif statistik metodların tәtbiqi ilә Şimali, 
Orta vә Cәnubi Xәzәrin sәth temperaturunda baş verәn dәyişikliklәr vә onları yaradan sәbәblәr tәdqiq edilmiş, hәmçinin müvafiq 
xәtti trendlәr statistik üsullarla qiymәtlәndirilmişdir.  Müәyyәn edilmişdir ki, 1980-2000 dövrünә nisbәtәn 2001-2021 dövründә orta 
illik sәth temperaturu Şimali Xәzәrdә 0.5 ºC, Orta Xәzәrdә 0.9 ºC, Cәnubi Xәzәrdә isә 0.7 ºC artmışdır. Qlobal istilәşmә vә Xәzәr 
dәnizi sәviyyәsinin azalması şәraitindә akvatoriyanın müxtәlif hissәlәrindә  sәth temperaturunun ilin  müxtәlif ay vә fәsillәri üzrә 
fәrqli dәyişmә tendensiyaları aşkara çıxarılmışdır. Belә ki, 2-ci dövrdә 1-ci dövrә nisbәtәn Şimali Xәzәrdә orta sәth temperaturu 
dekabr vә yanvar aylarında müvafiq olaraq -1.9 ºC  vә -1.2 ºC aşağı düşmüş, aprel vә may aylarında isә  müvafiq olaraq 1.8 ºC vә 1.9 
ºC artmışdır ki, bu da dayazlaşmanın sürәtlәnmәsi ilә әlaqәdardır. Orta vә Cәnubi Xәzәr üzrә bütün aylarda sәth temperaturunun 
artımı qeydә alınsa da, daha böyük artımlar ilin daha isti dövrlәrini әhatә edir.  1980-2021-ci illәrdә qışda Şimali Xәzәrin sәth 
temperaturunda әhәmiyyәtli mәnfi tendensiya qeyd edilsә dә, digәr mövsümlәrdә bütün dәniz akvatoriyası üzrә müsbәt tendensiya 
müşahidә olunur. Şimali Xәzәrdә payız fәsli istisna olmaqla, bütün digәr temperatur trendlәri 0.05oC, әksәr hallarda isә hәtta 0.01oC 
sәviyyәsindә statistik әhәmiyyәtli olmuşdur. Dәniz sәviyyәsinin aşağı düşmәsi fonunda Şimali Xәzәrdә qış vә yaz sәth temperaturları 
arasındakı tәzadların artması ekoloji vәziyyәtә, o cümlәdәn dәnizin biomüxtәlifliyinә son dәrәcә mәnfi tәsir göstәrә bilәr. 

Açar sözlәr: Xәzәr dәnizi, iqlim dәyişmәlәri, dәnizin sәth temperaturu, xәtti trend, dәniz sәviyyә dәyişmәlәri. 
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Summary. The activity of industrial facilities of the fuel and energy complex is associated with
ensuring the reliability, and safety of technological processes and technical diagnostics is one of 
the effective tools for solving this problem. Of particular importance in this case is the early pre-
diction of an emergency situation for objects with a high accident price. At the same time, two as-
pects are important. Firstly, it is impossible to miss the signal about the beginning of the develop-
ment of abnormal operation of the equipment, which inevitably leads to an accident; secondly, it is
necessary to clearly filter out false signals, since they can lead to an unmotivated shutdown of the 
equipment and economic losses. The way out of this situation is possible in the integration of vari-
ous methods, so that various hindrances, fundamental for one method, have a weak effect on the
results given by another method. 

The paper considers three diagnostic methods: brittle strain-sensitive coatings, acoustic emis-
sion and generation of aerosol particles. The research presented in the paper is aimed at studying
the method of early diagnosis of dangerous conditions of objects by combining the methods dis-
cussed above. The paper presents the results of experiments in assessing the loading of test sam-
ples before plastic deformation and destruction are achieved, which allow us to conclude that a
multi-level diagnostic method is possible for early warning of the occurrence of a pre-emergency 
condition of the object. 
 
© 2023 Earth Science Division, Azerbaijan National Academy of Sciences. All rights reserved.  

 
1. Актуальность  
Осуществление деятельности предприятий в 

современных условиях сопряжено с большим 
количеством факторов риска, среди которых 
важную роль играют угрозы безопасности и 
надежности функционирования хозяйствующих 
субъектов. Еще в начале XXI века промышленно 
развитые страны, в первую очередь Россия и 
США, в качестве одного из основных элементов 
государственной политики в области националь-
ной безопасности выдвинули задачу защиты 
критически важных объектов от угроз и чрезвы-
чайных ситуаций техногенного, природного ха-
рактера, а также от террористических действий. 
Большинство предприятий нефтегазового ком-
плекса – это сложно построенные технологиче-

ские объекты, деятельность которых связана с 
повышенным риском, поэтому они относятся к 
категории опасных производственных объектов 
(ОПО). Более того объекты нефтегазовой отрас-
ли относятся к потенциально опасным и крити-
чески важным для национальной безопасности 
объектам, одним из действенных инструментов 
эффективного управления которыми является 
формирование стратегии совершенствования 
технологий мониторинга безопасности и надёж-
ности с учетом требований действующих дирек-
тивных документов федерального и отраслевого 
уровня (Земенкова, 2018; Zemenkova et al.,2020, 
2021). Обеспечение соблюдения требований фе-
дерального законодательства, международных 
соглашений, отраслевых стандартов и норм, ре-



V.M.Spasibov et al. / ANAS Transactions, Earth Sciences  2 / 2023, 89‐98; DOI: 10.33677/ggianas20230200105 

 90

гламентирующих деятельность в области про-
мышленной безопасности, является обязанно-
стью как нефтегазовых компаний, так и контро-
лирующих органов, общественных организаций. 
Несмотря на повышенное внимание компаний 
вопросы создания информационной базы дан-
ных, упреждающего мониторинга надежности, 
безопасности, экологичности промышленных 
объектов, действующих в режиме реального 
времени, остаются открытыми и актуальными. 

По материалам документа «Основы про-
мышленной политики РФ в области промышлен-
ной безопасности (ПБ) до 2025 года и дальней-
шую перспективу» (Указ Президента №198) в 
РФ зарегистрировано более 170 тыс. опасных 
производственных объектов, причем 60-70% 
оборудования отработало нормативные сроки 
службы, а социально-экономический ущерб от 
аварий может оцениваться в 600-700 млрд. руб-
лей (Zemenkova et al., 2021). Объективно раннее 
предсказание аварийной ситуации имеет боль-
шое значение, особенно для объектов с высокой 
ценой последствий аварии. Это связано с тем, 
что по сигналам ранней диагностики становится 
возможным остановить процесс развития ава-
рийной ситуации до перехода её в необратимую 
фазу, когда уже приходится разбираться с по-
следствиями аварии – человеческими жертвами и 
огромными экономическими потерями.  В этой 
деятельности крайне важны два аспекта. Во-
первых, никак нельзя пропустить сигнал о нача-
ле развития нештатной ситуации в работе обору-
дования, неминуемо приводящей к аварии; во-
вторых, необходимо чётко отфильтровывать 
ложные сигналы, так как они могут привести к 
немотивированной остановке оборудования и 
экономическим потерям. 

Для решения задачи диагностирования и 
раннего предупреждения о возникновении пре-
даварийного состояния объекта исследования 
применяют различные средства технической ди-
агностики и неразрушающего контроля (ТД и 
НК): локальные, интегральные и расчётные. К 
локальным средствам относят тензометрический, 
визуальный, ультразвуковой, магнитный, радиа-
ционный и вихревой контроль (Клюев, 2003). 
Они, как правило, могут дать точечную инфор-
мацию о напряжённо-деформированном состоя-
нии конструкции на месте их установки (тензо-
резисторы, ультразвуковые преобразователи и 
радиационные устройства) или зарегистрировать 
факт начала разрушения конструкции (системы 
видеонаблюдения). К интегральным средствам 
диагностирования относятся акустико-эмиссион-
ный метод, термоэмиссионный, рентгенографи-
ческий, а также метод фотоупругих и хрупких 

покрытий (Kobayashi, 1987; Махутов и др., 2011). 
Другим направлением НК можно считать метод 
счётной концентрации аэрозолей в контролируе-
мом пространстве (Райст, 1987), активно разви-
ваемый в настоящее время для диагностики со-
стояния технически сложных и опасных систем. 
Принцип регистрации отдельных микрочастиц 
представляет возможности обнаружения аварий-
ных ситуаций различной природы. Это связано с 
тем, что практически любое значительное изме-
нение режима работы систем или нарушение хо-
да технологических процессов сопровождается 
резким увеличением выбросов микрочастиц в 
сопредельном пространстве. В процессе испыта-
ния и эксплуатации диагностируемых объектов 
эти методы позволяют получать интегральную 
картину напряжённо-деформированного состоя-
ния в зоне исследования, своевременно обнару-
живать развивающиеся напряжения, определять 
пространственные координаты разрушения, 
устанавливать их характер и степень опасности. 

Применение существующих методов НК для 
диагностирования объектов не является доста-
точной мерой, которая обеспечивает предупреж-
дение и предотвращение разрушений. Целесооб-
разно проводить мониторинг, сочетая различные 
методы диагностики, что обусловлено необхо-
димостью, во-первых, учета факторов, влияю-
щих на повреждаемость конструкций, а во-
вторых, повышения вероятности выявления по-
тенциально опасных и сложно идентифицируе-
мых дефектов с применением других методов 
контроля. Комплексное использование методов 
диагностики, наряду с повышением вероятности 
обнаружения мест повреждения объектов, позво-
лит более достоверно определять напряжённо-
деформированное состояние элементов кон-
струкций, контролировать усадки, регистриро-
вать смещения и нарастание деформаций в не-
сущих элементах конструкции, оценивать их те-
кущее состояние и выделять зоны, наиболее под-
верженные опасности разрушения.  

При одновременном применении различных 
методов важно учитывать, чтобы различные по-
мехи, принципиальные для одного метода, ока-
зывали слабое влияние на результаты, получае-
мые с использованием другого. Такой подход в 
совокупности с адекватной обработкой результа-
тов позволит выдавать надёжные данные в нача-
ле аварийного развития процесса. Например, для 
нефтегазовой отрасли – области, где цена аварии 
действительно очень высока, в целях предотвра-
щения разрыва магистрального трубопровода 
высокого давления предпочтительным является 
иметь методы диагностики, основанные на раз-
ных физических принципах. Речь идёт о методах, 
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перспективной целью которых является опреде-
ление времени безопасной работы оборудования 
при обнаружении сигнала о начале аварийного 
процесса. Это даёт возможность при наличии 
модели развития аварийной ситуации принять 
обоснованное решение – немедленно останавли-
вать работу либо без серьёзной опасности про-
должать работу оборудования до следующего 
планового ремонта. Такой подход сулит суще-
ственные экономические выгоды, но требует со-
здания моделей аварии и методов ранней диа-
гностики комплексного вида. 

Работа направлена на исследование способа 
многоуровневой диагностики штатных и опас-
ных состояний технических объектов, включаю-
щего совместное применение трёх методов диа-
гностики: акустическая эмиссия, генерация аэро-
зольных частиц и хрупкие тензочувствительные 
покрытия. Известна высокая чувствительность 
первых двух методов к механическим напряже-
ниям металлов. Для ещё большего повышения 
чувствительности к напряжениям используется 
хрупкое покрытие основного металла, в котором 
трещины появляются значительно раньше, чем в 
собственно металле. Появление трещин сопро-
вождается акустической эмиссией и генерацией 
аэрозольных частиц. Таким образом, применяет-
ся три различных метода ранней диагностики в 
реальном времени. Результаты исследований 
первого этапа их совместного применения про-
демонстрированы в данной статье. 

 
2. Методы исследования 

Экспериментальные исследования, с целью 
оценки возможности реализации способа много-
уровневой диагностики состояний технических 
объектов, осуществлялись посредством нагруже-
ния двух образцов (№3 и №4) с хрупким тензо-
чувствительным покрытием и двух образцов (№1 
и №2) без покрытия до уровня достижения пла-
стической деформации и разрушения опытных 
образцов, регистрации сигналов акустической 

эмиссии (АЭ) и концентрации аэрозольных ча-
стиц. Исследования проводились на эксперимен-
тальной базе Федерального государственного 
бюджетного учреждения «Институт машинове-
дения им. А.А.Благонравова Российской акаде-
мии наук».  В качестве образцов использовались 
плоские пластины толщиной 2 мм из высоко-
прочного алюминиевого сплава В95. Согласно 
справочным данным (Серенсен и др., 1975) сплав 
В95 имеет следующие механические характери-
стики: B =520 МПа, =440 МПа, Е=0.7.10-5 
МПа.  На рис.1 приведены основные размеры 
испытуемого образца, а также показаны места 
установки оксидного тензоиндикатора и широ-
кополосных преобразователей акустической 
эмиссии (ПАЭ) G 200, используемых для реги-
страции сигналов акустической эмиссии в про-
цессе нагружения образцов. 

Следует отметить, что ПАЭ устанавливались 
на противоположной относительно оксидного 
тензоиндикатора стороне образца. На самом же 
тензоиндикаторе в средней его части герметично 
крепилась приёмная камера, позволяющая реги-
стрировать выбросы микрочастиц в процессе об-
разования трещин в оксидной плёнке тензоинди-
катора с применением лазерного аэрозольного 
счетчика Lighthouse Handheld 3106. В качестве 
хрупких покрытий использовались оксидные тен-
зоиндикаторы, разработанные ИМАШ и предна-
значенные для проведения исследований в обла-
сти упругих и упругопластических деформаций 
(от 400 до 4000 мкм/м) при температурах от -200 
до +2000С в различных средах (вода, масло, жид-
кий азот) в течение длительного времени эксплу-
атации (не менее 5 лет). Хрупкий оксидный тен-
зоиндикатор (Пригоровский, Панских, 1978; 
Пригоровский, 1983) представляет собой тонкую 
алюминиевую фольгу, подвергнутую электрохи-
мическому анодированию для получения оксид-
ной пленки Al2O3 (толщиной 10–40 мкм) и накле-
енную на исследуемый элемент конструкции. 

 

 
 

Рис. 1. Схема расположения ПАЭ на испытательном образце (а); 
сечение образца и хрупкого покрытия (б); схема образования и распространения трещины в хрупком покрытии (в) 

 
 

02
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При возникновении в подложке алюминиевой 
фольги деформаций 1

 , превышающих величину 

пороговой деформации о  (для образца №3 – 

1000 мкм/м и 1500 мкм/м для образца №4), в ок-
сидной пленке тензоиндикатора образуются кар-
тины трещин, отражающие поле наибольших де-
формаций на поверхности конструкции. Исполь-
зуя характеристики тензочувствительности тензо-
индикаторов ( , о ) и график изменения чис-

ленности трещин в оксидной пленке ( ) от уров-
ня деформаций в подложке, представляется воз-
можным произвести оценку значений наиболь-
ших деформаций (напряжений) на поверхности 
исследуемой конструкции в области распростра-
нения трещин с погрешностью не большей 20%. 

Нагружение образцов при испытаниях про-
изводилось на электрогидравлической установке 
MTS, позволяющей создавать усилие до 50 т, и 
проводить испытания как в ручном, так и авто-
матическом режиме нагружения с заданной ско-
ростью приложения нагрузки. При этом диа-
грамма нагружения может быть построена в ко-
ординатах нагрузка – время, либо нагрузка – 
удлинение.  

С целью настройки применяемой аппаратуры, 
определения уровня нагрузок, требуемых для пла-
стического деформирования и разрушения объек-
тов исследования, отработки оптимальных режи-
мов нагружения были проведены тестовые испы-
тания образцов (№1 и №2) без тензопокрытий. 

Образец устанавливался в захваты верхней и 
нижней траверсы испытательного стенда, после 
чего к нему через слой смазки крепились широ-
кополосные преобразователи акустической эмис-
сии G 200 (рис. 2).   

При проведении экспериментов для исследова-
ния метода АЭ применялась многоканальная мно-
гопараметрическая акустико-эмиссионная система 
A-Line 32D и широкополосные акустико-эмис-
сионные преобразователи (ПАЭ) G-200 c резо-
нансной частотой 150 кГц. Предварительные усили-
тели имели полосу пропускания 30-500 кГц, а ко-
эффициент усиления 26 дБ. При испытаниях образ-
цов использовались два ПАЭ, устанавливаемые на 
расстоянии 110 мм, как показано на рис.1. Скорость 
ультразвуковых волн при вычислении координат 
источников АЭ принималась равной 3000 м/с. 

Перед проведением испытаний исследуемых 
образцов была выполнена калибровка ПАЭ и ка-
налов аппаратуры АЭ. При калибровке исполь-
зовались: 

– имитатор АЭ – источник Су-Нильсена; 
– электронный калибратор AECAL-2 (фирма 

РАС (США). 

 
 
Рис. 2. Вид образца с тензопокрытием и преобразователями 
сигналов АЭ на стенде МТS 

 
Используемая в процессе испытаний много-

канальная многопараметрическая акустико-
эмиссионная система, регистрируя и обрабаты-
вая импульсы АЭ, формирует блок информации, 
характеризующий поступившее в канал событие: 

  время регистрации сигнала – момент време-
ни первого превышения порога дискриминации; 

  время нарастания импульса – интервал 
между началом импульса и моментом, когда ам-
плитуда достигнет максимальной величины; 

  длительность импульса – интервал между 
началом импульса и моментом, когда амплитуда 
сигнала станет ниже порога дискриминации; 

  количество выбросов импульсов – число 
пересечений установленного порогового уровня 
амплитуды внутри сигнала; 

  амплитуду импульса – максимальное зна-
чение амплитуды сигнала; 

  энергию импульса. 
 
3. Результаты и обсуждение   
Согласно принятому в Механике и Физике 

Разрушения положению «Акустическая эмиссия 
(АЭ) – испускание объектом контроля (испыта-
ний) акустических волн» (Иванов и др., 2005), 
данное определение охватывает весьма широкий 
круг явлений. В данной работе с целью диагно-
стики процессов разрушения оксидных тензоин-
дикаторов и подложки при испытаниях образцов 
на разрыв регистрировалась акустическая эмиссия 
материалов. Данный метод АЭ позволяет класси-

о
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фицировать дефекты не по размерам, а по степени 
их влияния на прочность объекта. В такой клас-
сификации может оказаться, что большие по раз-
мерам дефекты попадут в класс неопасных, не 
требующих ремонта элементов конструкции.  

Как при пластической деформации, так и 
при образовании и росте трещин, которые явля-
ются импульсными процессами, основным эле-
ментом сигнала АЭ является единичный им-
пульс, образующийся за счёт разрыва атомной 
связи. Разрыв носит скачкообразный характер, 
он сопровождается релаксацией других атомных 
связей и излучением импульса упругих колеба-
ний от места разрыва. Этот элементарный им-
пульс АЭ, который можно описать в терминах 
квантовой механики, был назван фрактоном 
(Иванов и др., 2005). Энергия такого элементар-
ного импульса составляет единицы эВ. При пла-
стической деформации, являющейся процессом 
массового образования и движения дислокаций, 
генерируется последовательность импульсов, 
которая после прохождения акустико-электрон-
ного канала, включающего Источник АЭ  Кон-
тролируемый объект  Преобразователь АЭ  
Система АЭ, трансформируется в акустический 
сигнал, представленный на рис. 3. 

Регистрация сигналов АЭ представляет со-
бой импульсный стохастический процесс, со-
ставляющий поток импульсов, которые можно 

принять раздельно, либо слившимися в непре-
рывный поток, как это видно из записи сигналов 
на рис. 3. В параметрах этого процесса и зависи-
мостях от времени и нагрузки содержится ин-
формация о состоянии деформирования и разру-
шения диагностируемого объекта. При этом ос-
новными наиболее информативными параметра-
ми и зависимостями процесса АЭ являются: за-
висимость суммы импульсов АЭ, активности АЭ, 
амплитуды импульсов АЭ, энергии АЭ от време-
ни и нагрузки. 

На рис. 4 показаны этапы нагружения и за-
висимости параметров АЭ при упругой и пла-
стической деформации гладких образцов на рас-
тяжение. 

Этапы от 0 деформации до Δl = 1мм соответ-
ствуют упругому участку деформирования. Сиг-
налы АЭ, зарегистрированные на этом участке, 
возникают в результате релаксации напряжений 
на неоднородностях структуры образцов. Актив-
ная АЭ возникает при начале пластической де-
формации материала. Для реального объекта гло-
бальная пластическая деформация не допускается. 
Поэтому необходим индикатор, свидетельствую-
щий, что деформации не достигли критического 
уровня. Таким индикатором и служит хрупкое 
тензопокрытие с величиной пороговой деформа-
ции значительно меньшей предела текучести ма-
териала диагностируемой конструкции. 

 

 
 

Рис. 3. Запись процесса АЭ, полученная при натурных испытаниях 
 
 

          
 
Рис. 4. Зависимости среднеквадратического значения АЭ ū и механического напряжения σ от удлинения Δl при растяжении 
гладких образцов из стали 10ГН2МФА (а) и стали 10 (б) 
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Результаты выполненных исследований по 
диагностике процесса разрушения оксидных тен-
зоиндикаторов и материала подложки при испы-
таниях образцов №1-4 на разрыв приведены на 
рис. 5-8. При этом на всех графиках параметров 
акустической эмиссии отражено изменение 
уровня растягивающего усилия на образце. 

Диагностика процесса разрушения образ-
ца №1 при испытании на разрыв. На рис. 5 
приведены графики изменения суммы импуль-
сов АЭ (N) и уровня нагрузки (Р) от времени ( ). 

Активность АЭ пропорциональна нагрузке, 
она возрастает при приближении к области пла-

стической деформации и уменьшается после 
начала пластической деформации (рис. 5a, 5б). 

Амплитуда сигналов АЭ (рис. 5в) максималь-
на при уровне нагрузки, соответствующей началу 
пластической деформации материала, и достигает 
75 дБ. Энергия АЭ сигналов при этом составляет 
105 дБ (рис. 5г). Затем амплитуда и энергия сиг-
налов АЭ заметно падает и составляет перед раз-
рушением образца 55 и 90 дБ соответственно. 

Диагностика процесса разрушения образ-
ца №2 при испытании на разрыв. На рис. 6 
приведены графики изменения суммы импуль-
сов АЭ (N) и уровня нагрузки (Р) от времени ( ).

                             

  

  
Рис. 5. Параметры сигналов АЭ, регистрируемые при испытании образца №1 

 

  

  

Рис. 6.  Параметры сигналов АЭ, регистрируемые при испытании образца № 2 
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Активность АЭ (рис. 6а и 6б) возрастает в 
начале области пластической деформации при 
Р=27 кН. Затем активность АЭ резко возраста-
ет при нагружении свыше Р=36 кН. Амплитуда 
единичных АЭ сигналов (рис. 6в) максимальна в 
области упругой деформации и достигает 60 дБ. 
Энергия АЭ сигналов – 95 дБ (рис. 6г). С ростом 
активности амплитуда и энергия сигналов АЭ 
заметно падает до 52 и 80 дБ соответственно. 
При повторном нагружении и перед разруше-
нием амплитуда сигналов АЭ не превышает 50 
дБ, энергия – 90 дБ.  

Диагностика процесса разрушения образ-
ца №3 (с тензопокрытием) при испытании на 
разрыв. На рис. 7 приведены графики изменения 
суммы импульсов АЭ (N) и уровня нагрузки (Р) 
от времени ( ). 

Активная регистрация сигналов АЭ (рис. 7а 
и 7б) начиналась при Р=5.8 кН (в области упру-
гих деформаций) и продолжается до 25.0 кН.  
Дальнейшее увеличение нагрузки сопровожда-
лось новым ростом активности АЭ, что наблю-
далось на всех циклах нагружения образца. 
Наибольшая активность АЭ имела место при 
повышении нагрузки от 40 до 42.5 кН. При вы-
держке на этом уровне активность сигналов 
АЭ заметно уменьшилась, а на этапе разгрузки 
образца не наблюдалась. АЭ вновь была зареги-
стрирована после подъема нагрузки до 42.50 кН 

и резко возросла по истечении 60 секундной 
выдержки при 42.5 кН, что свидетельствовало о 
высоком уровне пластических деформаций в 
зоне разрушения образца, когда её рост проис-
ходил без увеличения нагрузки. На этапе раз-
грузки образца активность АЭ упала до нуля. В 
следующем цикле нагружения активность АЭ 
наблюдалась уже при малых значениях нагруз-
ки и постоянно возрастала вплоть до момента 
разрушения. 

Амплитуда сигналов АЭ достигает макси-
мума уже на первых циклах испытания при по-
вышении нагрузки от 15 до 30 кН (рис. 7в) и со-
ставляет 90-95 дБ, а максимальная энергия дости-
гает 130 дБ (рис. 7г). В последующих циклах, 
несмотря на повышение нагрузки и активности 
АЭ, амплитуда и энергия АЭ сигналов заметно 
падает (до 50 и 80 дБ соответственно). Усред-
ненные значения амплитуды и энергии сигналов 
АЭ в дальнейшем заметно падают, несмотря на 
рост нагрузки. В момент разрушения амплитуда 
и энергия сигналов АЭ составляют 50 и 90 дБ 
соответственно. 

Диагностика процесса разрушения образ-
ца №4 (с тензопокрытием) при испытании на 
разрыв. На рис. 8 приведены графики изменения 
суммы импульсов АЭ (N) и уровня нагрузки (Р) 
от времени ( ). 

 

  

  

Рис. 7. Параметры сигналов АЭ, регистрируемые при испытании образца №3 
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Рис. 8. Параметры сигналов АЭ, регистрируемые при испытании образца №4 
 
Активность сигналов АЭ (рис. 8а, 8б) за-

метна уже в начале области упругой деформации 
при Р=7.5 кН и постепенно возрастает с ростом 
нагрузки до уровня Р=34.5 кН, соответствующей 
началу перехода материала образца в область 
пластической деформации. Затем активность 
сигналов АЭ резко повышается и достигает свое-
го максимума при Р=38.25 кН, после чего актив-
ность АЭ заметно снижается и вновь возрастает 
лишь перед разрушением образца. 

Амплитуда сигналов АЭ достигает 90 дБ уже 
в начале нагружения и повышается до 95 дБ при 
Р= 34.50 кН (рис. 8в). При этом энергия сигналов 
АЭ достигает 125 дБ (рис. 8г). С ростом активно-
сти сигналов АЭ амплитуда и энергия сигналов 
заметно падает до 60 и 105 дБ соответственно. 
Перед разрушением образца амплитуда АЭ сиг-
налов не превышает 60 дБ, а энергия – 90 дБ. 

Сравнительный анализ результатов диа-
гностики образцов №2 и №4. Так как диаграм-
мы нагружения этих образцов были близки, то 
представляется интересным сопоставить резуль-
таты акустико-эмиссионной диагностики образца 
№2 (без тензоиндикатора) и образца №4 (с тен-
зоиндикатором). 

Активность АЭ. Образец №4 – актив-
ность АЭ наблюдается уже при нагрузке 8 кН и 
постепенно возрастает до уровня, соответствую-
щего области пластической деформации. Затем 
резко возрастает в начальный момент структур-
ной перестройки, потом падает и вновь возраста-
ет перед разрушением образца (рис. 8б). 

Образец №2 – активность АЭ резко возрас-
тает в области пластической деформации и рас-
тет вплоть до разрушения (рис. 6б). 

Общее число зарегистрированных сигналов 
АЭ в образце №4 оказалось в полтора раза боль-
шим, чем в образце № 2 (рис. 8а и 6а). 

Вывод: Активность АЭ в образце №4 в об-
ласти упругих деформаций вызвана образова-
нием трещин в тензоиндикаторе. В области пла-
стической деформаций активность АЭ вызвана 
структурной перестройкой материала подложки 
и его разрушением. 

Амплитуда АЭ сигналов 
Образец №4 – максимальная амплитуда до 

85 дБ наблюдается в области упругих деформа-
ций, затем снижение уровня до 55 дБ перед раз-
рушением образца (рис. 8в). 

Образец №2 – максимальная амплитуда до 
50 дБ в начале области пластической деформа-
ции, затем снижение до 45 дБ перед разруше-
нием образца (рис. 6в). 

Вывод: сигналы АЭ с большой амплитудой 
в образце №4 вызваны образованием трещин в 
тензопокрытии, сигналы АЭ с малой амплиту-
дой вызваны структурной перестройкой и раз-
рушением материала подложки. 

 
Энергия сигналов АЭ 
Образец №4 – максимальная энергия до 125 

дБ наблюдается в области упругой и малых упру-
го-пластических деформаций, затем снижение до 
100 дБ перед разрушением образца (рис. 8г). 
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Образец №2 – максимальная энергия до 90 
дБ в начале области пластической деформации, 
затем снижение до 75 дБ перед разрушением об-
разца (рис. 6г). 

Вывод: сигналы АЭ с большой энергией в 
образце №4 вызваны образованием трещин в 
тензопокрытии, сигналы АЭ с малой энергией в 
области пластических деформаций вызваны 
структурной перестройкой и разрушением мате-
риала подложки. 

 
4. Заключение 
1. Акустико-эмиссионная диагностика со-

стояния оксидных тензоиндикаторов и материала 
подложки, проведенная при испытаниях образ-
цов на разрыв, показала высокую эффективность 
предложенного метода неразрушающего кон-
троля. Экспериментально полученные основные 
параметры сигналов АЭ в процессе разрушения 
оксидных тензоиндикаторов и материала под-
ложки могут быть использованы в системах мно-
гоуровневой диагностики и раннего предупреж-
дения о возникновении и развитии опасных сос-
тояний в контролируемых объектах. 

2. Совместное использование оксидных тен-
зоиндикаторов и акустико-эмиссионной системы 
A-Line 32D позволило с высокой степенью 
надежности контролировать весь процесс нагру-
жения образцов, начиная от упругих деформаций 
порядка 0.05% и до значительных пластических 
деформаций 5-7%, при которых происходило их 
разрушение. При этом по уровню активности 
сигналов АЭ, их амплитуде и энергии можно 

контролировать динамику изменения напряжен-
ного состояния, возникновение зон пластических 
деформаций, их рост, предельное состояние об-
разцов перед разрушением. 

3. Сигналы АЭ, вызываемые образованием 
трещин в тензоиндикаторах и возникающие при 
структурных изменениях и разрушении материа-
ла подложки, достаточно хорошо различаются по 
таким параметрам, как амплитуда, энергия и 
активность АЭ. 

4. Разрабатываемый многоуровневый метод 
комплексной диагностики, наряду с повышением 
вероятности обнаружения мест накопления повре-
ждений, позволяет с высокой степенью надежности 
контролировать нагруженность диагностируемого 
объекта, сигнализируя о возникновении потен-
циальных угроз (по скорости и уровню роста де-
формаций) задолго до возникновения необратимых 
структурных изменений в материале конструкции. 

5. Использование многоуровневого метода 
комплексной диагностики позволит обеспечить 
решение важнейшей задачи управления совре-
менным предприятием – обеспечения устойчиво-
го, безопасного и надежного функционирования 
за счет раннего предупреждения и предотвраще-
ния аварийных ситуаций и ущербов, в том числе 
в условиях опасных производственных объектов. 

Авторы благодарят за поддержку данного 
исследования национальный проект «Наука и 
университеты» Министерства науки и выс-
шего образования Российской Федерации 
(FEWN-2021-0012). 
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МНОГОУРОВНЕВАЯ ТЕХНИЧЕСКАЯ ДИАГНОСТИКА КАК ИНСТРУМЕНТ УПРАВЛЕНИЯ 

БЕЗОПАСНОСТЬЮ И НАДЁЖНОСТЬЮ ОБЪЕКТОВ НЕФТЕГАЗОВОЙ ОТРАСЛИ 
 

Спасибов В.М., Земенков Ю.Д., Бастриков С.Н., Земенкова М.Ю., Чижевская Е.Л. 
Тюменский индустриальный университет, Россия 

625000, г.Тюмень, ул. Володарского, 38: spasibovvm@tyuiu.ru 
 

Резюме. Деятельность промышленных объектов топливно-энергетического комплекса сопряжена с обеспечением 
надежности и безопасности осуществления технологических процессов, и техническая диагностика является одним из дей-
ственных инструментов решения этой задачи. Особо важное значение при этом имеет раннее предсказание аварийной ситу-
ации для объектов с большой ценой аварии. Это связано с тем, что по сигналам ранней диагностики оказывается возмож-
ным прекратить процесс развития аварийной ситуации до перехода её в необратимую фазу, когда уже придётся разбираться 
с последствиями аварии – человеческими жертвами и огромными экономическими потерями. При этом важны два аспекта. 
Во-первых, нельзя пропустить сигнал о начале развития нештатной работы оборудования, неминуемо приводящей к аварии; 
во-вторых, необходимо чётко отфильтровывать ложные сигналы, так как они могут привести к немотивированной останов-
ке оборудования и к экономическим потерям. Выход из этой ситуации возможен в комплексировании различных методов с 
тем, чтобы различные помехи, принципиальные для одного метода, оказывали слабое влияние на результаты, даваемые 
другим методом. В работе рассмотрены три метода диагностики: хрупкие тензочувствительные покрытия, акустическая 
эмиссия и генерация аэрозольных частиц. Для ещё большего повышения чувствительности к механическим напряжениям 
основного металла используется хрупкое покрытие основного металла, в котором трещины появляются значительно рань-
ше, чем в собственно металле. Появление трещин сопровождается акустической эмиссией и генерацией аэрозольных ча-
стиц.  Исследования, представленные в работе, направлены на изучение способа ранней диагностики опасных состояний 
объектов, посредством совмещения рассмотренных выше методов. В статье представлены результаты экспериментов при 
оценке нагружения испытательных образцов до достижения пластической деформации и разрушения, позволяющие сделать 
вывод о возможности способа многоуровневой диагностики осуществления раннего предупреждения о возникновении пре-
даварийного состояния объекта. 

Ключевые слова: многоуровневая диагностика, управление надежностью, опасные состояния, безопасность техноло-
гических объектов 
 

NEFT-QAZ SAHӘSİ OBYEKTLӘRİNİN TӘHLÜKӘSİZLİYİ VӘ ETİBARLILIĞININ İDARӘEDİLMӘSİ  
VASİTӘSİ KİMİ ÇOXSӘVİYYӘLİ TEXNİKİ DİAQNOSTİKA 

 
Spasibov V.M., Zemenkov Yu.D., Bastrikov S.N., Zemenkova M.Yu., Çijevskaya E.L. 

Tümen Sәnaye Universiteti, Rusiya 
625000, Tümen şәhәri, Volodarski küçәsi, 38: spasibovvm@tyuiu.ru 

 
Xülasә. Yanacaq-energetika kompleksinin sәnaye istehsalı obyektlәrinin fәaliyyәti texnoloji proseslәrin hәyata keçirilmәsinin 

etibarlılığının vә tәhlükәsizliyinin tәmin edilmәsi ilә bağlıdır. Qәza dәrәcәsinin yüksәk olduğu obyektlәr üçün qәza vәziyyәtinin 
әvvәllәr proqnozlaşdırılması xüsusi әhәmiyyәtә malikdir. Bu onunla әlaqәdardır ki, erkәn diaqnostika siqnallarına görә qәzanın 
nәticәlәri – insan qurbanları vә böyük iqtisadi itkilәr ilә mәşğul olmaq mәcburiyyәtindә qaldıqdan әvvәl qәza vәziyyәtinin inkişaf 
prosesini dayandırmaq mümkündür. Bu baxımdan diaqnostika fövqәladә halların qarşısını almaq vә istehsalın stabil fәaliyyәtini 
tәmin etmәk üçün qeyd edilәn mühüm problemin hәllindә vә istehsal obyektinin vәziyyәtinin idarә edilmәsindә әn tәsirli vasitәlәrdәn 
biridir. Aparılan tәdqiqat üç diaqnostik metodun: akustik emissiya, aerozol hissәciklәrinin әmәlә gәlmәsi vә kövrәk gәrginliyә hәssas 
örtüklәrin birlәşmәsini nәzәrdә tutan texniki obyektlәrin müntәzәm vә tәhlükәli vәziyyәtlәrinin çoxsәviyyәli diaqnostikası metodu-
nun öyrәnilmәsinә yönәlib. Bu metodların әsas metalın mexaniki gәrginliyinә qarşı yüksәk hәssaslığı mәlumdur. Gәrginliyә qarşı 
hәssaslığı daha da artırmaq üçün әsas metalın kövrәk örtüyündәn istifadә olunur,burada metalın özündәn әvvәl onun çatları meydana 
çıxır.Çatların yaranması akustik emissiya vә aerozol hissәciklәrinin generasiyası ilә müşayiәt olunur. Mәqalәdә plastik deforma-
siyaya vә dağıntıya çatana qәdәr sınaq nümunәlәrinin artmasının qiymәtlәndirilmәsindә bu üsulların birgә istifadәsi ilә bağlı tәc-
rübәlәrin nәticәlәri tәqdim olunur vә bu, çoxsәviyyәli diaqnostika metodunun obyektin fövqәladә haldan әvvәl vәziyyәtin baş 
vermәsi barәdә xәbәrdarlığı qabaqcadan hәyata keçirmәk üçün mümkün olduğu qәnaәtinә gәlmәyә imkan verir.  

Açar sözlәr: çoxsәviyyәli diaqnostika, etibarlılığın idarә edilmәsi, tәhlükәli vәziyyәtlәr, texnoloji obyektlәrin tәhlükәsizliyi 
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