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Abstract
The nanoseismic monitoring combines the methods focused on the weaker seismic sources than the micro-
earthquakes. The localization of the latter is carried out on seismic records using hypocentry methods
with the preliminary picaping of the arrival times of seismic phases. An emission seismic tomography
allows to conduct the localization of extremely weak noise-like endogenous sources, signals from which
are completely buried in the noise on single records. If nanomaterials often exhibit properties that are
significantly different from the behavior of similar materials in a massive state, then nanoscale monitoring
makes it possible to investigate the fine energetics of geophysical processes that is substantially different
from the relatively higher energy manifestations. The nanoseismological methods allow not only to localize
the seismic events associated with the rock fragmentation, but also to monitor the processes of the
preparation of micro-events and the processes of the relaxation of the stressed state of the environment
after them. These methods also allow us to study the slow changes in the stress-strain state of the
geological environment, under which the dissipation occurs in the form of the noise-like continuous
emission radiation and is not accompanied by micro-earthquakes. The emission seismic tomography allows
to extract information about the structure of the rock medium and the processes occurring in it from the
spatially coherent seismic emission signals, which are a weak additive component of the seismic noise.
The activation of sources of seismic emission within the geo-environment occurs with various kinds of
the external natural and technogenic impacts. An important experimental fact of our research studies is
that the configuration of the active emission clusters in a large volume of the rock medium, up to several
kilometers, changes significantly with the local technogenic impact on the natural rock mass during the
hydraulic fracturing and is not uniform in different frequency ranges. According to the records of the seismic
background prior to the hydraulic fracturing, the stationary emission zones through which the dissipation
of the background effects (tidal, tectonic, technogenic) occurs are "highlighted". As the pressure increases
during the injection of the fracturing working fluid, the rock mass adapts to the change in the energy flux
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by increasing the number of emitters and changing the position of the clusters of emission sources. The
change in the stress-strain state of the rock media leads to the "illumination" of the new emission sources
not previously detected in the background state. A sharp change in the spatial distribution of the emission
sources can be considered as a bifurcation with the emergence of a new spatio-temporal dissipative radiating
structure. A day after the hydraulic fracturing process is over, the rock media returns to the background
distribution of the sources.

The experimental results show that the nanoseismological monitoring of the technogenic impact in the
form of the hydraulic fracturing allows to identify the dynamic areas in the field (shifts of blocks, zones
of natural fracturing, filtration of fluid into permeable zones, the position of the fronts of displacement,
temperature anomalies). The nanoseismological monitoring allows a prompt local appraisal of residual
hydrocarbon reserves in a radius of several kilometers from the area of the hydraulic fracturing.

Introduction
In the modern scientific terminology, the prefix nano means the relation to very small objects. This clearly
reflects the origin of the Greek primary source Nάνος, which is translated as "dwarf". The experimental
studies show that nanomaterials (the objects having at least one extremely small characteristic size) often
exhibit the properties that are substantially different from the behavior of similar materials in a massive state.
The experimental seismological studies have shown that the earth's natural seismic background (seismic
noise) contains the extremely weak in the energy emission signals of the endogenous origin, which, using
special methods, make it possible to extract the better information about the structure of the rock media and
the processes occurring in it than the passive seismic. The methods, oriented to the sources weaker than the
micro-earthquakes, can be called by analogy the nanoseismological methods.

The nanoseismological methods allow not only to localize the seismic micro-event, but also to track
the process of the preparation of micro-events and the process of relaxation of the stress state of the rock
medium after them. They allow us to study the slow processes of the dissipation of the formation energy,
which are not accompanied by the micro-events and are manifested in the form of weak noise-like and long-
term radiation from the energy-active zones of the rock mass. One of the methods of nano-seismological
monitoring is the emission seismic tomography. The first version of the method, later called the emission
tomography, was proposed in the framework of the experimental seismological studies conducted under
the leadership of A. V. Nikolaev. In the early 80-ies of the last century a certificate of authorship for the
invention of the USSR was issued (Nikolaev et al 1983).

The emission seismic tomography with the use of the multichannel recording of a seismic background
recorded by an area sensor group allows to localize the endogenous seismic sources, to estimate the power
and the spectral composition of their radiation. A multichannel receiving group is used as a seismic antenna,
which, taking into account the velocity model of the rock medium, is tuned to amplify the signal from
various survey points. As a result of the computer processing, a three-dimensional distribution of the
active emission sources and deterministic scatterers is obtained. To date, many algorithms for the emission
seismic tomography have been developed with the realization in the time and frequency domain, with the
algorithms of the spectral and parametric type that allow to work under conditions of the intense technogenic
interference (Nikolaev et al 1983; Tchebotareva 2000; Chebotareva et al. 2008; Chebotareva 2010, 2011,
2017, 2018; Alexandrov et al. 2003; Shmakov 2012). The choice of the specific algorithm depends on the
requirements of the experiment for the resolution, on the spatial scale of the research, on the interference
situation, and on the type of the recording sensors.

The method of the emission seismic tomography was widely used in the seismological studies to localize
the emission sources in the Earth's crust in the regions with the seismic, volcanic and geothermal activity.
In the development of oil fields, the emission tomography is still not widely used, although it has a great
potential for the monitoring of endogenous geophysical processes. In the Russian Federation, the seismic
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tomography was used to develop the technologies for the monitoring hydraulic fracturing to assess the
actual geometry and size of the fractured zone during the hydraulic fracturing, monitoring its filtration
properties from the well and the surface observations (Alexandrov et al. 2003, 2015; Shmakov 2012).
There are also developments on the application of technologies "Seismic side-view locator - SSVL",
"Seismolocation of source of emission - SSE", which are a modification of the emission tomography method
to obtain the geological information on the oil content and the fracture of the rocks using the attributes
of emission and scattered waves (Kuznetsov et al. 2016). The emission tomography for the microseismic
monitoring of the fracturing and high-active fault zones has been successfully applied by the foreign
service companies MicroSeismic, Inc. (https://www.microseismic.com) and Global Geophysical Services,
Inc. (http://www.globalgeophysical.com).

In the Soviet Union, the first hydraulic fracturing began in 1952, particularly in the "Bavlyneft" trust,
where then worked Yury Petrovich Zheltov as head of production peripheral waterflooding. In 1955 Yu. P.
Zheltov together with S. A. Khristianovich developed for the first time in the world the theoretical basis for
the formation of fractures in a massive hydraulic fracturing for the low-permeable reservoirs and a quasi-
three-dimensional model of the hydraulic fracturing in the reservoirs with the heterogeneous natural stress
state (Zheltov Yu.P., Khristianovich S. A., 1955. About the hydraulic fracturing of the oil-bearing layer.
Proceedings of the Academy of Sciences of the USSR. Department of Technical Sciences. 5: 3-41.). Yu. P.
Zheltov actively continued to deal with the issues of the acid hydraulic fracturing in the horizontal wells in
Oil and Gas Research Institute of RAS from 1987 to 2007.

The emission seismic tomography is a tool for the study of the endogenous seismic emission sources.
Experimentally, including the use of well studies, it has been found that the areas of the seismic emission
radiation are associated with open fractures, faults and natural fractures, fluid activity, thermal gradients. The
intensity of the radiation strongly depends on the stress-strain state of the natural rock mass. The emission
seismic radiation is a natural source of the big geological and field information (BigGeoData) about the
state of the environment, on the basis of which it is possible to develop the methods of exploration, control
and management of the processes of the field development, the evaluation of the efficiency of work on the
intensification of hydrocarbon production, the control of environmental and technological safety.

The study of the features of the emission response of the natural rock mass to various kinds of external
natural and technogenous refers to the fundamental scientific problems, without the study of which the
effective subsoil use is impossible. As a result of the modern seismological studies, which have been
particularly active since the 1970s, a model of the Earth's lithosphere has been formed as a hierarchically
arranged block geological environment with the nonlinearity and the energy saturation. The nonlinear
properties are most evident in the areas of the increased structural heterogeneity and fluid saturation.
According to the autosoliton concept of energy and dynamics of the Earth (Dmitrievsky 1994, 2009, 2011,
2016), the energy accumulation and transformation in various physical fields can occur in such zones. The
energy impacts associated with the changes in the deep regimes of the Earth or the powerful technogenic
and/or natural surface phenomena in energy-saturated zones with near-critical state lead to the bifurcations
and the formation of dissipative structures (according to I. R. Prigogin). The hydrocarbon field can also
be considered as a dissipative system, which exchanges with the environment matter and energy and is
characterized by a metastable state (Dmitrievsky 2011). If this state is near-critical, then with an additional
small external impact in the hydrocarbon system, the phase transitions and the chemical transformations of
the substance in sufficiently large volumes of the natural reservoir can occur.

Energy-active zones are manifested in various physical fields. The effect of the formation of the
dissipative seismic structures under the external influence on the natural mass is clearly illustrated by the
activation of the seismic emission during the hydraulic fracturing. The results of visualization of this effect
using the method of the emission seismic tomography are given below. The frequency-dependent evolution
of the seismic emission sources is observed in a large volume of geo-environment within a radius of several
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kilometers from the point of the impact on the natural rock mass. This allows us to study the state of the
rock mass and conduct additional exploration in the area of work.

Nanotecnologies monitoring, results and discussion
The hydraulic fracturing is a way to increase the productivity of wells (Economides et al. 2002; Maxwell
2010; Maxwell and Deere 2010; Eisner et al. 2010). This case the diameter and the azimuth of the
fracture propagation and the degree of its opening are important informative parameters for assessing the
effectiveness of the work. When using the microseismic monitoring, useful information is extracted by
determining the time and the coordinates of the micro-earthquakes accompanying the process of changing
the stress-strain state of the reservoir and the process of filtering the working fluid. The determination of
the time and the coordinates of micro-earthquakes is performed by the standard seismological methods
using the data from the well, surface or well-surface observations (Maxwell 2010; Eremin et al. 2016). The
absolute permeability of the bottom-hole and the reservoir zone is estimated by the space-time evolution of
the induced seismicity based on the assumption of its connection with the relaxation diffusion of the pore
pressure disturbances (Shapiro et al. 2002). The characteristics of the formed system of the fractures in the
bottom-hole zone are determined by the distribution of the critical pressure (Rothert and Shapiro 2007).

In this article we want to focus not so much on the issues of determining the parameters of the bottom-
hole zone of the wells in the hydraulic fracturing, but on the new opportunities for studying the state of the
geo-environment in the area of work. The technology of geological exploration during the development of
hydrocarbon fields in real time allows to obtain the new information directly in the process of hydraulic
fracturing, including the multi-stage one (Abukova et al. 2017; Eremin et al. 2013). If we consider the
hydraulic fracturing as one of the types of external influence on the natural rock media, then under the well
microseismic monitoring the processes of mass accommodation to the external load are analyzed only within
the radius of the first hundred meters from the perforation zone. The use of the emission seismic tomography
increases the research radius by an order of magnitude allowing to study the more subtle structure of the
stress-strain state as a natural reservoir of hydrocarbons and surrounding rocks. An important experimental
fact of our research studies is that during the hydraulic fracturing the configuration of the active emission
clusters in a large volume of the mountain environment with a radius of up to several kilometers varies
significantly in different frequency ranges.

During the field observations, the results of which are given in this article, the wave seismic field was
registered on the surface by a dense group of the seismic sensors with a random and uniform arrangement
in the area. 150 vertical sensors were used. The emission images of the medium were constructed for the
frequency sets with a lower limit of 10 Hz and an upper limit of 100 Hz. The images were built inside the
cubic volume of the medium with the 3 km cube edge. The position of the investigated volume was chosen
in such a way that the horizontal wellbore, along which multistage hydraulic fracturing was carried out,
would be located approximately in the middle of the cubic volume. When opening the shale gas fields it
is extremely important to drill a horizontal well within the productive formation and effectively perform
a multistage hydraulic fracturing (Garichev and Eremin 2013a, 2013b). In the calculation of the emission
images of the medium there were used the records of the natural seismic background of the Earth prior to
the commencement of works and after their completion, after the relaxation of the disturbed stress-strain
state. The seismic records made at the time of hydraulic fracturing were used in full.

The representative results of the field data processing by the emission seismic tomography are shown
in Fig.1. The type of the emission clusters was found to be frequency dependent. Three frequency ranges
were identified, in each of which the evolution of emission clusters occurred in different ways. The signals
from the micro-earthquakes are well seen on seismic records, after a suitable frequency filtering. On the
emission images, built on the time of existence of these signals, the sources of the micro-earthquakes are
visible in the form of strongly localized bright marks in the lowest frequency range. When visualizing in
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Fig. 1 their images are specially "smeared out" to make them more visible. The analysis of the images in the
lower frequency range shows that many micro-earthquakes occurred at a considerable distance (up to 2.5
km) from the perforation zone and are not obviously related to the position of the boundary of the diffusion
region of the pore pressure disturbances. They have a trigger nature and are initiated by the changes in the
stress-strain state of the solid skeleton of rocks. A significant distance from the perforation zone is probably
due to the strong local metastability of the geomedium state.

Figure 1—The images of the distribution of the emission sources within the geological environment before, during
and after the fracturing. The figure printed the labels slot boundaries, which correspond to: [t1-t2] and [t5-t6] –

the time registration of the natural seismic earth noise before and after the fracturing during the reduction of the
background state, respectively; [t2-t3], [t3-t4] and [t4-t5] - different stages of work at the time of the hydraulic
fracturing. The lower, middle and upper rows of images are made in different frequency bands - lower, middle
and upper, respectively. Inside the cubic volume, the position of the vertical and horizontal wellbore is shown.

In rendering the brightness distributions of the images are normalized to the maximum, the dark color showing
the selected region with values at least half of the maximum. The size of the rib of the cubic volume is 3 km.

In Fig. 1 the images of the medium, calculated from the records of the unperturbed natural seismic
background of the Earth recorded before the beginning of the work, are shown in the time interval [t1,
t2]. It is clearly seen that the images in the middle and upper frequency ranges are very similar. The most
intensive sources in the North-West part of the studied volume are located at medium depths, and in the
Eastern part - in the lower half of the cubic volume. The type of the distribution of the emission sources
is stable for a day or more. The images "highlight" the emission areas, through which the dissipation of
the total energy of such background influences as the lunar-solar tides, tectonic deformation of the pressure
variations, microseismic storms and others occurs.

Fig. 2 shows a horizontal section of the three-dimensional images at a depth of half the maximum depth
of the study. The spatial distribution of the emission bands is mainly attributed to the distribution of the
open fracturing. Attention is pai to the active radiating region in the northwestern part of the image in Fig.
2 on the time interval [t1, t2]. The subsequent analysis clarified that in this part of the studied volume an
unstable block of geo-environment is located. It was brightly illuminated in the upper frequency range at the
time of pressure increase when injecting the working fluid, as shown in Fig. 1, the time interval [t3, t4]. The
luminescence region has a characteristic almond-shaped shape with a sharp end facing the bottom. When the
block moved a double micro-earthquake occurred at its base which exceeded all the other micro-earthquakes
that accompanied the fracturing process. The sources of this micro-earthquake are clearly visible in the
image of the lower frequency range and are localized in the northwestern lower corner of the investigated
volume. This micro-earthquake was at a considerable distance from the perforation zone, more than 2 km.
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It is not the result of hydraulic fracturing of the reservoir, but the result of a tectonic shift of the unstable
block caused by the technogenic impact.

Figure 2—The horizontal sections of three-dimensional images of the distribution of emission sources within
the geo-environment at the depth of the horizontal wellbore. The images for the average frequency range are
shown. The figures indicate the position of: 1) an unstable environment block at the base of which the most

severe micro-earthquake occurred, 2 - the zone of hydraulic fracture of the rocks, formed at the previous stages
of multi-stage fracturing. The time labels correspond to Fig. 1. The size of the horizontal rib of the image is 3 km.

In the background state, a dissipative emission structure is formed in the geological environment which
identifies the most dynamic, unstable regions of the active dissipation of the energy. From the similarity
of the images in the upper frequency ranges, it follows that as a result of a long background action the
induced emission response appeared to be aligned within two upper partial ranges. This behavior of the
geological environment is energetically more advantageous in the energetics of the background state. With
the additional technogenic impact the situation changes dramatically, and in the upper and middle frequency
bands this occurs under completely different scenarios.

The time interval [t2, t3] in Fig. 1 corresponds to a temporary interruption in the operatios between the
successive hydraulic fractures of the formation. The pressure is released, but the rock medium has moved
from the background state to the excited state. In the middle frequency range in Fig. 1 and Fig. 2, the zone
of hydraulic fracture near the wellbore is clearly visible. The power of the seismic emission is provided
by the relaxation processes. In this case the uniform distribution of the intensity in the image is observed
in the upper frequency range, that is, the emitted radiation sources are completely eliminated. It can be
concluded that the transition to the dissipation in the middle frequency range turned out to be energetically
more advantageous after an external intensive impact.

When the pressure in the medium is increased when the fracturing fluid is injected during the next
fracturing, the high-frequency range "comes to life" on the interval [t3, t4]. The luminescence region
contracts to the neighborhoods of the unstable block, at the base of which there is a double micro-earthquake.
This event is described above. In the middle frequency range, a more extensive zone of fracturing is
brightly displayed than in the background radiation. The additional effect activates the emission sources
and manifests those parts of the fracture zone that were not visible in the state of the background external
action. The structure of the fracturing zone is particularly complete and clearly manifested on time [t3, t4]
in Fig. 2. After the pressure is released, the interval [t4, t5], the high-frequency sources again disappear. The
background dissipative emission structure is restored in one day, after the relaxation of the stress field. The
images of the emission sources in the middle and upper frequency ranges again show a complete similarity
on the time interval [t5, t6].
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Conclusion
The above results show that the open natural fractures and tectonically unstable structures using the method
of the emission seismic tomography are partially manifested in the background unperturbed state of the
geomedium. Different types of additional natural or technogenic impacts allow to localize such emission
structures in more detail. The activation of the environment occurs in a large volume, which allows for
additional reconnaissance and identification of tectonically screened or unencumbered zones of a productive
formation within a radius of several kilometers from the impact zone. The development of additional
exploration technology with a reliable interpretation of the manifested emission objects requires additional
theoretical and experimental studies. Not all the details of the discovered effects can be interpreted within the
existing representations, although certain advances in the understanding of the processes have been made.

Recently a mechanism for the generation of the seismic emission at the frequencies of high-frequency
oscillations of the elements of structurally inhomogeneous geologic environment, which is formed due
to self-modulation of harmonics of high-frequency acoustic emission, has been proposed (Volodin and
Chebotareva 2014). The experiments with the high-frequency acoustic influence on the rock cores confirm
the fact of the formation of the acoustic response in the coupled frequency ranges, which are significantly
spaced in the spectrum, but have similar (Chebotareva et al. 2017). The consequence of the discovered
effect is that the processes occurring at great depths at the micro level can be observed on the surface by
low-frequency radiation (units and tens of Hz), dynamically associated with the high-frequency acoustic
radiation (tens of kHz and more). This explains, in particular, why the processes accompanying the change in
the stress-strain state of the reservoir and the filtration of the working fluid which are traditionally recorded
at frequencies of hundreds and thousands of Hz at borehole observations, can be visualized by means of the
emission seismic tomography at the surface observations in the range of 10 −100 Hz.
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