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Summary. Numerous attempts have been made to understand the rules of Earth’s tectono-
geodynamic processes over the past centuries. While no paradigm has offered comprehensive an-
swers to all of the questions, the present review aims to acquaint readers with the modern state of
developments in the tectonic insights of Earth's evolution. A number of very interesting and unique
processes and features took place during the evolution of early Earth. Most of these, however,
were largely erased over the course of Earth’s ensuing evolution; some leaving only traces of their
existence and remnant phenomena, especially those taking place in the Hadean and Early to Late
Archean. Among such processes and features are: the planetary accretion of Earth, formation of
unique rock complexes, initiation of the plate tectonics phenomenon, main forces driving plate tec-
tonics, significant influence of thermal parameters, role of overpressure under different physical-
geological environments, stratification of Earth's crust and lithosphere by density, and various oth-
er thermodynamic models. Nearly all of these remain enigmatic, due to considerable uncertainty in
the timing and method of their evolution, and the ambiguity of their secondary processes and tec-
tono- geophysical indicators. At the same time, these tectono-geodynamic processes and features
are also interrelated, and the simultaneous fluctuation of myriad different factors plays a signifi-
cant role in their formation. Some of these intricate questions are discussed in this paper. What is
the role of the plate tectonics phenomenon and when did this process initiate on Earth? Especial
attention is paid in the review to the sophisticated historical methods of understanding tectonic
processes over the course of various generations of geoscientists. In the conducted analyses, cer-
tain physical data derived from other planets of the Solar System were utilized as well.

© 2020 Earth Science Division, Azerbaijan National Academy of Sciences. All rights reserved.

Introduction

osphere tectonic processes could finally commence.

It is evident that solidification of the magma-
ocean and formation of the lithosphere were among
the first steps necessary to initiate different tectonic
processes on Earth (e.g., Pilchin and Eppelbaum,
2009). It is then essential to understand which tec-
tonic processes operated during early Earth evolu-
tion. At a time with only partial solidification of the
magma-ocean, any formed (or partly formed) solid
blocks could undertake strictly vertical movements,
as dictated by Newton’s law of gravity and Archi-
medes' law of buoyancy. However, it would be
premature to account such movements of solid
blocks floating within the magma-ocean as tectonic
processes. Only as the magma-ocean solidified,
with the formation and thickening of the early lith-

It is important to determine what types of tectonic
processes were operational at the time: Were they
caused mostly by vertical (isostatic) movements
(one of the fixist models) or horizontal (one of the
mobilistic models)? There are myriad differences
between these two groups of models. Fixist models
(e.g., contraction theory, theory of isostasy, gravita-
tional differentiation, expanding Earth, pulsating
Earth, geosynclinal theory, rifting, and diapir mod-
el) postulate an unchanged position of continents
over the asthenosphere, emphasizing vertical
movements and not permitting horizontal dis-
placement by greater than tens of kilometers. In
contrast, mobilist models (e.g., continental drift,
seafloor spreading, plate tectonics) postulate im-
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mense (hundreds and thousands of kilometers) hor-
izontal displacements of the lithosphere (including
continents) over the asthenosphere, with subordi-
nate vertical displacements.

The known fixist models explain tectonic evo-
lution as a consecutive change of stages: pre-
geosynclinal (formation of oceanic crust; basaltic
layer); geosynclinal (formation of continental crust;
granitic-metamorphic layer); and platform (transi-
tion from active regimes to quiet and stable ones)
(e.g., Gnibidenko and Shashkin, 1970; Xawun, 1973;
Benoycos, 1975). The geosynclinal theory stood as
the primary tectonic methodology for over a hun-
dred years (e.g., Xaun, Illefitnman, 1960), before
most scientists adopted the plate tectonics theory as
the main tectonic model of Earth evolution. In re-
cent times some scientists (for instance, private
communications with V.E.Khain in 2010) consider
it obsolete.

The geosyncline theory, the most comprehen-
sive of the fixist models, was first introduced by

J.Hall in his meeting report in 1857 (Knopf,
1960, Knopoff, 1964) and his subsequent publica-
tion (Hall, 1859), to be further elaborated by Dana
(Dana, 1873; Knopf, 1960, Knopoff, 1964). Addi-
tional improvements on this theory are attributed to
such scientists as Daly (1912), Kober (1921), Stille
(1924, 1940, 1944) and many others (Knopf, 1960,
Knopoff, 1964). This theory helped explain many
tectonic processes taking place on continents, but
from the onset of the second half of the 20th century,
a growing number of geological and geophysical
data for oceanic regions raised new problems that it
could not explain. This led to the introduction of a
new model in a number of publications at the end of
the 1960s and 1970s, plate tectonics, which took the
geosynclinal theory’s place as the foundational geo-
tectonic model.

The following is under question: can the fixist
models be used to explain the tectonic regime in the
Hadean — Early Archean. We beleive that the answer
is 'yes' — some fixist models can be applied to illus-
trate the tectonic evolution in the Hadean — Early
Archean. This period of Earth’s evolution was char-
acterized by a regime of cooling (solidification of
the magma-ocean, and formation and cooling of the
lithosphere), which means that the contracting Earth
theory (e.g., AuseitaukoB u ap., 2001; Stacey and
Davis, 2008) can at least partially be applied to tec-
tonic evolution. At the same time during most of the
Hadean — Early Archean, the upper mantle was hot
and the asthenosphere likely not yet completely so-
lidified. Logically, the early lithosphere would then
have been floating atop the remnants of the magma-
ocean in the cooling mantle, and the lithospheric
temperature would have been comparatively high,
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with surface temperatures dropping to 500-600 K
only at the very end of the Early Archean (Pilchin,
2011; Pilchin and Eppelbaum, 2012; Eppelbaum et
al., 2014). This would mean that the lithosphere was
likely dictated by vertical forces, which could be
explained by the isostatic theory (Anderson, 2007;
Stacey and Davis, 2008). However the geosynclinal
theory could not be applied to tectonic evolution in
the Hadean — Early Archean, even though regions of
the early Earth were represented by ancient shields
that were not tectonically active. The reason for this
is the fact that the water-ocean only emerged at
~3.42-3.26 Ga, at the end of the Early Archean
(Pilchin and Eppelbaum, 2012; Eppelbaum et al.,
2014), which eliminates the possibility of oceanic
crust formation (pre-geosynclinal stage) prior to that
time. Moreover, the geosynclinal stage requires the
collection of a thick sedimentary layer, while no sig-
nificant amounts of sedimentary deposits are known
in the Hadean and Early Archean before the start of
the formation of Moodies Group, Barberton GSB,
South Africa at about 3.26-3.259 Ga (Eppelbaum et
al., 2014). This means that the geosyncline theory
cannot be used for analysis of possible tectonic pro-
cesses during early Earth evolution.

The plate tectonics theory is accepted at present
by the absolute majority of geoscientists, it is im-
portant to analyze the geological-geophysical facts
(evidence) which may help facilitate further evalua-
tion of this theory.

What is the plate tectonics model?

Before delving into the plate tectonics model,
let us briefly discuss what modeling means in sci-
ence, and in geology in particular. Scientific model-
ing is the generation of a physical, conceptual or
mathematical representation of a real phenomenon
that is difficult to observe directly (Roger, 2015).
While over the past decades modeling has become a
powerful method of research, scientific models re-
main approximations of the objects and systems they
represent, rather than their exact replicas (Roger,
2015). The aim of scientific modeling is to visualize
certain events and processes for easier learning and
better understanding. The purpose of modeling is
generating new knowledge about the objects in ques-
tion (Schwarz et al., 2009). Various (sometimes spe-
cific) types of modeling are utilized in different sci-
entific disciplines (e.g., Cartwright, 1983; Hacking,
1983). A scientific model is usually based on certain
empirical facts and observations related to events,
phenomena and physical processes reflecting or rep-
resenting the reality as closely as possible. A good
model should focus on the key features to explain
and predict the scientific phenomena (Schwarz et al.,
2009). The main criteria for a model are: the ability
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to explain past observations better than other mod-
els, revealing new knowledge about the object of
modeling, and making predictions for future obser-
vations (actual testing of the model). Models that are
employed should be perpetually re- evaluated and
revised (e.g., Schwarz et al., 2009). Geologic model-
ing (geomodeling) is usually related to representa-
tions of different parts of the Earth (layers, regions,
areas, structures, blocks, slabs, domains, objects)
based on geological and geophysical data and obser-
vations (it could be computerized, 1D, 2D or 3D)
(e.g., Mallet, 2008).

One of the most complete reviews on the prob-
lems of modeling, collecting data and data interpre-
tation (analysis) in geology is given by Naimark
(Haiimapk, 2006) on the basis of discussions be-
tween followers of the fixist and mobilist models in
geotectonics. He states that one of the most urgent
problems in geoscience is the correct modeling of
different intricate geologic features and processes.
Naimark (2006) asserts that since none of the mod-
els (fixist, mobilist, or any other concept) encapsu-
late our physical-geological reality, by definition
they can neither entirely describe our reality, nor
entirely disprove our understanding of it. He indi-
cates that there are no clear facts that uniquely speak
for themselves without the necessity for interpreta-
tion, which always relies on certain methodologies.
This makes any modeling fundamentally subjective,
because any model is developed by a researcher
whose views on different matters could be vastly
different from those of others. However, any real
object could be represented by multiple different
models in a fashion that is not arbitrary, but reflects
real facts and observations. Interestingly, one of the
authors of this paper previously realized this idea in
exploration geophysics (Qnmensbaym, 1987), where
he suggested the application of a multi-model ap-
proach to these same subjects under study.

The notion of objectivity in geoscience means
that something is independent of our individual
awareness of reality (AOpamoBuy, 1978). Ivin
(UBuH,1986) states that any fact exists within the
framework of a certain theoretical construction, and
is therefore always theoretically loaded; that behind
any fact there is always some reasoning. Frolov
(®ponos, 2002) believes that objectively collected
and correctly summarized facts will lead to a correct
interpretation on their own. Yet we must ask: where
does such criteria and correct summarizing of facts
come from? Researchers themselves develop these
over a framework of their experience, where they
employ certain theoretical views (Haiimapk, 2006).
Verhoogen et al. (1970) also point out that while
field observations are an important source of infor-
mation in geology, they could only be fully inter-

preted by analytical methods. Naimark (Haiimapk,
2006) notes that if any particular concept at present
solves a great number of fundamental problems
more effectively than alternative concepts, then it is
a better reflection of reality than the others. Based
on such inquiry, Naimark (Hafimapxk, 2006) came to
the following conclusions:

(1) the direct purpose of a model is not reflect-
ing reality absolutely fully and exactly (as that is
impossible), but to be convenient for solving certain
important problems effectively; (2) preference of
specific scientific concept is justified only to the ex-
tent in which it is effective for the explanations, re-
constructions and predictions of natural processes;
(3) a model should include only those properties and
relations that are necessary for solving a specific
problem; and (4) the main purpose of any research is
not to search for truth as such, but the development
of models of reality based on which it would be pos-
sible to solve problems more effectively.

Unfortunately, many geologists believe that ge-
ology is too complex to follow the classical laws of
physics (e.g., Thomas, 1932; Wilson, 1990), with
some scientists going so far as to outright challenge
physical laws as contradictory to geological process-
es (e.g., Petrini and Podladchikov, 2000; Dunlop,
2009). With respect to this, it should be stated that
regardless of the given model chosen by a researcher
in geology, the model still necessarily includes rocks
and/or rock complexes. Rock complexes are charac-
terized by their: position within geologic structures;
dimensions (length, width, height); volume; inci-
dence angle (slope angle); contacts with other rock
complexes, water bodies, and/or atmosphere; and
other properties. Certain rock complexes have cate-
gorical rock compositions, and each rock has certain
mineral compositions. In turn, every mineral has a
certain chemical composition, which is characterized
by physical and chemical properties. There are char-
acteristic features among the physical properties of
any mineral: density, melting point, liquidus and
solidus temperatures, hardness, volume thermal ex-
pansion, compressibility, tensile, shear and compres-
sive strength limits, conditions of stability at tem-
perature and pressure, and others. Among the most
important chemical properties of any mineral are:
reaction with oxygen; reaction with water; reaction
with aggressive fluids formed within the Earth lay-
ers; transformations between rocks and minerals un-
der certain conditions (e.g., transformation of ferrous
iron oxides to ferric iron oxides, transformation of
basalt to eclogite, metamorphic processes, and many
others), and certain others. Whether or not all of
these properties are discussed in a geological (geo-
physical) model, they are nevertheless always in ef-
fect and will always play a role under certain condi-
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tions. Any geologic process is dictated by certain
physical and chemical properties, and it is wrong to
say geology does not follow the proven laws of
physics.

The plate tectonics model is based on two pre-
vious mobilist models: (a) Mantle convection, and
(b) Seafloor spreading (or continental drift). Convec-
tion is a key component in the plate tectonics model,
as seafloor spreading also depends on mantle con-
vection.

Hopkins (1839, 1847) was the first to use math-
ematical analysis and mechanical principles to pro-
pose the possibility of convection below Earth’s
crust (Davies, 1999; Glen, 2005), even though he
believed the solid crust was hundreds of miles thick.
Fisher (1878, 1881) discussed a thin fluid layer just
below the crust in the Earth’s interior, proposing
mantle convection as a tectonic agent, with flow ris-
ing beneath the oceans and descending under conti-
nents to explain mountain building (Davies, 1999;
Glen, 2005). Ampferer (1906) was the first to intro-
duce the hypothesis of understreaming currents in
the mantle as the driving force for mountain build-
ing. He postulated that compression forces and the
formation of nappes were generated by mass cur-
rents beneath mountain ranges. Ampferer (1906)
also proposed the existence of downwelling mantle
convection currents (Unterstromungen) causing oro-
genic folding and shearing. Joly (1909) offered an
explanation to Ampferer’s ideas, suggesting that ra-
diogenic heat cyclically melted and solidified the
subcrust to produce convection. Schwinner (1915,
1919) used Ampferer’s ideas to develop a theory
stating that convective heat transport produces cur-
rents in the Earth’s interior. He modeled convection
currents in a tectonosphere as crustal plates posi-
tioned atop convecting flows. Lord Rayleigh (1916)
offered a correct theoretical interpretation of Bé-
nard’s (1900, 1901) experiments using thin liquid
layers. The idea of mantle convection was intro-
duced by Bull (1921) to explain continental drift
(Herndon, 2010). Jeffreys (1927) came to the con-
clusion that the viscosity of the mantle would not
disallow convection. Based on the above ideas,
Holmes (1928a,b, 1929, 1930, 1931) introduced the
model of a convection engine for seafloor spreading,
which is generally implemented in the present plate
tectonics model. His model is described in greater
detail in Holmes (1944).

Theories related to the movement of continents
were offered by a number of researchers starting
from the 16th century (Romm, 1994). Ortelius
(1596) was the first to propose the basic elements of
the continental drift theory. Among other researchers
to offer such theories, the following should be men-
tioned here: von Humboldt (1801), who can be con-
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sidered one of the founders of Geothermics (Ep-
pelbaum et al., 2014), proposed that the lands bor-
dering the Atlantic Ocean had once been joined to-
gether (see Schmeling, 2004); and later Antonio
Snider-Pellegrini (1859) proposed that the Americas
were at one time connected to Europe and Africa.
These problems were also discussed by Taylor in
1908 (as described in: Leviton et al., 1985 and Frank
B. Taylor, 2015) and in Taylor (1910), who linked
the formation of Earth’s Tertiary fold-mountain belts
to horizontal thrust movements directed inland from
the ocean, invoking the notion of continental colli-
sion to explain the formation of certain mountain
ranges (e.g., Frank B. Taylor, 2015). His model of
the “horizontal sliding of continental crust-sheets”
was subsequently published in greater detail (Taylor,
1930). However, the hypothesis that the continents
once formed a single landmass called Pangaea, be-
fore breaking apart and drifting to their present loca-
tions was first presented by Wegener (1912). He also
introduced the term ‘continental drift,” and a more
complete version of the continental drift hypothesis
was offered in Wegener (1929). The concept of ‘sea-
floor spreading’ was introduced by Holmes (1931)
(Meyerhoff and Meyerhoff, 1987), who also indicat-
ed that mantle convection is a mechanism for conti-
nental drift (seafloor spreading) and offered the first
model for such convection (see Fig. 2 in Holmes,
1931). Hess in 1960 (Meyerhoff and Meyerhoff,
1987; Hey, 2011), Dietz (1961), and Hess (1962)
offered a new vision for the concept of seafloor
spreading, which was adopted later by the plate tec-
tonics model. Hess (1962) proposed a model in
which mantle convection carried the seafloor and
continents away from seafloor spreading centers
(mid-ocean ridges), toward trenches. According to
the model offered by Dietz (1961), the lithosphere
moves on top of the plastic asthenosphere with con-
vection currents.

The subduction process plays a pivotal role in
the plate tectonics model. Ampferer and Hammer
(1911) introduced the term “Verschluckungs-Zone”
(literally, the swallowing-up zone: White et al.
(1970)). André Amstutz (1951) was the first to in-
troduce the word ‘subduction’ to replace the earlier
term, in relation to the development of tectonic
nappes in the Swiss Alps, and this was the term later
recommended by White et al. (1970) for use in the
plate tectonics model.

In 1967 and 1968 several papers (McKenzie and
Parker, 1967; Morgan, 1968; Le Pichon, 1968;
Isacks et al., 1968) offered a model which laid the
groundwork of plate tectonics (Cox, 1973; McKen-
zie, 1977; Stewart, 1990). The model assumed that
the earth’s surface was composed of a set of rigid
plates that were separated from each other by
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boundaries of different types, and that new seafloor
was formed at ridge axes and destroyed in trenches
(Stewart, 1990; Hey, 2011). Unfortunately, the mod-
el was offered as a package of highly generalized
postulates, requirements, and assumptions, primarily
of kinematic significance; yet it is still represented in
this form with minor additions to this day:

@

@

S

@

©

©

The Earth's surface consists of a number of rigid
plates (e.g., Morgan, 1968) that move relative to
one another. The rigidity of lithospheric plates is
one of the fundamental tenets of plate tectonics
(e.g., Solomon et al., 1975). These plates move
at velocities of 1-10 cm per year (Richter, 1973).
Main tectonic processes take place at plate
boundaries, of which three types exist (e.g.,
Stewart, 1990; Meissner, 2002): (1) transform
boundaries, (2) divergent boundaries (construc-
tive; seafloor spreading centers), and (3) con-
vergent boundaries (destructive; subduction).
Transform faults (or boundaries), introduced by
Wilson (1965), neither create nor destroy litho-
sphere; their relative motion is predominantly
horizontal. These are the most important type of
faults for plate tectonics (Hey, 2011).

Mantle convection with large convection cells is
the main cause of plate motion (e.g., Chapple
and Tullis, 1977; Anderson, 1989). Convection
currents are the driving force of Earth’s tectonic
system (e.g., Holmes, 1931, 1944).

Under long sustained loads, the Earth's mantle
behaves as a viscous fluid which will convect if
heated from below or within, or cooled from
above (Anderson, 1989).

Thermal convection (as a whole) in some form
is the only source of sufficient energy for tecton-
ic processes (e.g., McKenzie, 1969). The energy
for convection is provided by the decay of radi-
oactive isotopes of uranium, thorium and potas-
sium, as well as the cooling and crystallization
of Earth (Anderson, 1989).

Mantle convection could mean: whole-mantle
convection with the dimensions of major litho-
spheric plates in the order of 10° to 10* km (e.g.,
Anderson, 1989); small-scale convection (verti-
cal scale convection of 500 and 1000 km) (e.g.,
Solomatov, 2004); stratified convection (e.g.,
Gutenberg et al., 1951; Jordan et al., 1989);
within very weak upper mantle or asthenosphere
(e.g., Elsasser, 1971); and plate-sized convection
cells, or convection cell size as wide as the layer
is thick (Bercovici et al., 2000).

Mantle convection is caused by radiogenic heat
produced by the radioactive decay of isotopes in
the crust and mantle, and the primordial heat
remaining from the formation of Earth (e.g.,
Turcotte and Schubert, 2002). This role of radi-
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ogenic heat in generating of mantle convection
is greatly emphasized (e.g., Schubert et al.,
1980; Davies, 1980, 2011; Turcotte and Schu-
bert, 1982; Lyubetskaya and Korenaga, 2007;
Lee, 2014).

Mantle convection is a fundamental mechanism
for the loss of primordial and radiogenic heat
(e.g., Bercovici, 2011).

(10) Seafloor spreading (Dietz, 1961; Hess, 1962) is

related to mid-ocean ridges and the creation of
oceanic crust and upper mantle within them.
Formation of new oceanic crust/lithosphere
within mid-ocean ridges requires the destruction
of lithosphere (its consumption) in subduction
zones (for instance, within trenches and island
arcs) (e.g., McKenzie, 1969).

(1) Subduction commonly involves convergence

and underthrusting of adjacent lithospheric
plates, but may also involve downfolding within
a single plate (White et al., 1970). Initiation of
subduction is a vital phase of the plate tectonic
cycle (Gurnis et al., 2004), because it is the
method of consumption and re-working of oce-
anic lithosphere formed in spreading centers.
The lithosphere is consumed asymmetrically by
island arcs (e.g., McKenzie, 1969). The subduc-
tion process requires dense rigid plates (e.g.,
Anderson, 2007). It is also viewed as a method
of cooling Earth’s interiors (e.g., Stern, 2007)
and delivering water to deep levels within the
mantle.

(12) The subducting slab is colder than the mantle

(Elsasser, 1969; McKenzie, 1969; Chapple and
Tullis, 1977; Bina et al., 2001; Wessel and
Miiller, 2009; Kirdyashkin and Kirdyashkin,
2014) and must be denser than mantle rocks.
The cooling subducting lithosphere is heavier
than the underlying mantle and therefore drags
the attached plate (Elsasser, 1967; Cruciani et
al., 2005). The oceanic lithosphere is isostati-
cally sinking away from the mid-ocean ridge as
it cools and densifies (Wilson, 1993). Slab
buoyancy provides the primary driving force
for subduction (e.g., Forsyth and Uyeda, 1975;
Chapple and Tullis 1977). Plate tectonics is
driven by negative buoyancy of the outer shell
(Richardson, 1992; Anderson, 2001). This ne-
gative buoyancy of the slab is proportional to
the age of the oceanic lithosphere (Cruciani et
al., 2005). Buoyant slab material entering the
subduction system steepens the slab angle and
reduces the velocity of the trench (Royden and
Husson, 2009). The negative buoyancy of a
subducting oceanic slab provides a peak sub-
duction rate of 5 cm per year (Mahatsente and
Ranalli, 2004).
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(13) The sinking slab must be brittle enough to pro-
duce earthquakes by fracturing, and sufficiently
undeformable to maintain its shape at a depth of
600 km (Sykes, 1966). The concept of rigid
plates with deformations primarily concentrated
near plate boundaries provides a comprehensive
understanding of the global distribution of
earthquakes (Isacks et al., 1968). The motion of
a slab is well known from the location of deep
earthquakes (Sykes, 1966). Earthquakes are re-
stricted to those regions of the mantle which are
colder than a certain temperature (e.g., McKen-
zie, 1969). There is an apparent relationship be-
tween the depths of the deepest earthquakes and
the temperature distribution within the sinking
lithosphere (e.g., McKenzie, 1969). Plate tecton-
ics has related seafloor spreading to the focal
mechanisms of earthquakes (e.g.,, McKenzie,
1969). The relative motion between plates may
be determined from these focal mechanisms
(McKenzie and Parker 1967; Isacks et al., 1968).

(14) Plate boundary and plate body forces are re-
sponsible for the initiation of plate movements.
These primary forces are: basal drag, ridge push,
slab pull, trench suction, and collisional re-
sistance (e.g., Richardson, 1992).

(15 Plate tectonics is a far-from-equilibrium self-
organized system (Anderson, 2001, 2002, 2007;
Stern, 2007).

(16) Plate tectonics is a late-stage method for cooling
off the interior (e.g., Anderson, 2007).

Peculiarities of plate tectonic processes are de-
scribed in: McKenzie and Parker (1967), Le Pichon
(1968), Morgan (1968), McKenzie (1969), Cox
(1973), McKenzie (1977), Cox and Hart (1986),
Turcotte and Schubert (1982, 2002), Anderson
(1989, 2001, 2002, 2007), Kearey et al. (2009),
Wessel and Miiller (2009), Kirdyashkin and Kir-
dyashkin (2014).

Hey (2011) notes that a key step in building the
plate tectonics model was Wilson’s (1965) conclu-
sion that the deformation of Earth’s crust is concen-
trated in narrow mobile belts that are interconnected
in a global network. Hey (2011) calls this introduc-
tion of transform faults and other ideas presented in
Wilson (1965) as the first qualitative model of plate
tectonics. McKenzie (1969, p. 2) also believed that
“Wilson stated the basic assumptions of plate theory,
but made no further use of them.”

Among other mobilist models related to plate
tectonics here should be mentioned: the Wilson cy-
cle, formation and breakup of supercontinents, and
the Benioff zone (Benioff, 1949, 1954).

Wilson (1966) offered a tectonic model now
known as the “Wilson cycle” (e.g., Whitmeyer et al.,
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2007; Burke, 2011). According to this model, over-
all tectonic evolution follows alternating cycles of
oceanic opening and closing (e.g., Atlantic Ocean).
Wilson (1965) identified six specific stages within
each cycle (e.g., Jacobs et al., 1973): 1) embryonic
(uplifts); 2) young (spreading); 3) mature (spread-
ing); 4) declining (shrinking); 5) terminal (shrinking
and uplifts); 6) relic scar or geosuture (shrinking and
uplift). Silver (2007, p. 30) characterized this model
as follows: “This alternating ocean opening and
closing, continental breakup and continental colli-
sion — now termed the Wilson Cycle — is arguably
the single most important principle in continental
evolution, providing an elegant explanation for the
semi-periodic creation of mountain chains through-
out Earth’s history.” Subsequent researchers pro-
posed a nine-stage model of the Wilson cycle (e.g.,
Whitmeyer et al., 2007) containing the following
stages: A) stable craton; B) hot spot/rifting; C) early
divergent margin; D) full divergent margin; E) vol-
canic arc mountain building; F) island arc/continent
collision; G) cordilleran mountain building; H) con-
tinent-continent mountain building; 1) stable conti-
nental craton. This model was also used to propose a
series of supercontinents assembled and broken up
during Earth’s evolution (e.g., Santosh et al., 2009;
Nance and Morphy, 2013; Pastor-Galan et al., 2018).

Corresponding to the Wilson Cycle (1965), the
most ancient oceanic crust is usually restricted to
the Middle Jurassic (175-180 Ma); with some in-
vestigators indicating a maximum age limit dating
to the end of the Jurassic (~200 Ma) (e.g., Cogné et
al., 2006; Xawun, 2001; Xaun, Koponosckuii, 2007).
This is because the Wilson Cycle requires periodic
reworking of the oceanic crust in subduction pro-
cesses, consuming the older oceanic lithosphere.
However, a comparatively recent study in the East-
ern Mediterranean on the basis of combined mag-
netic-paleomagnetic-gravity-seismic and tectonic-
structural-petrological-radiometric  analyses has
revealed the Kiama paleomagnetic hyperzone of
inverse polarity (Figure 1) (Eppelbaum et al., 2014;
Eppelbaum, 2015; Eppelbaum and Katz, 2015a,b).
This zone covers a period between 293-242 Ma (47
million years) within the Permian epoch and its
discovery contradicts the Wilson Cycle, which as-
sumes that age of the most ancient oceanic crust
should not exist beyond 180-200 Ma. It is neces-
sary to note that the theoretical possibility of the
presence of more ancient oceanic crust (230-270
Ma) in the Mediterranean Sea was displayed earlier
in Miiller et al. (2008) and Stern and Scholl (2010).
However, practically identifying this large block of
ancient oceanic crust, the Kiama paleomagnetic
hyperzone necessitates further correction of the
Wilson Cycle.
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Fig. 1. A: Location of seismic-gravity-magnetic profiles placed on the bathymetric map, B: Results of 3D magnetic field modeling
along profile Il — 11 (similar results were received for profiles | — I and I11 — I11). 1 — granitic layer, 2 — basaltic layer, 3 — seismic ve-
locity, km/s, 4 — physical properties (numerator, density, kg/m3, denominator, magnetization, mA/m), 5 — direction of the magnetiza-
tion vector other than the geomagnetic field inclination of the region, 6 — boundary discovered between the continental and oceanic
crust within the Sinai plate, 7 — delineated contour of the Kiama paleomagnetic zone, 8 — interplate deep faults of the Eastern Medi-
terranean: SF, Sinai Fault and DST, Dead Sea Transform, 9 — deep fault separating the Alpine Belt and oceanic depression of the
Easternmost Mediterranean (after Eppelbaum and Katz (2015a), with modifications).
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A number of supercontinents have been pro-
posed to exist on Earth at different time periods
(e.g., Zhao et al., 2002, 2004 and references therein):
Vaalbara (between ~3.6 and ~2.8 Ga); Ur (at ~3 Ga);
Kenorland (between ~2.7 and ~2.1 Ga); Columbia
(between ~1.8 and ~1.5 Ga); Rodinia (between
~1.25 Ga and ~750 Ma) and Pannotia (at ~600 Ma).
Fragments of the breakup of the supercontinent Pan-
notia are believed to have ultimately collided and
formed the supercontinent Pangaea, which in turn
broke up during the opening of the Atlantic Ocean
and closing of the Greater Tethys between ~203-125
Ma (e.g., Keppie, 2015) to form Laurasia and
Gondwanaland.

Benioff (1949) introduced a method for deter-
mining planes of seismicity along a particular fault.
Such planes applied to plate tectonics were named
Benioff zones (or Wadati-Benioff zones) (e.g., Con-
die, 1987; Hasegawa and Takagi, 1987; Zhao et al.,
1997). Condie (1987) especially indicates that in
terms of plate tectonics, the Benioff zone is the site
of plate consumption and often referred to as a sub-
duction zone. This assumption allows hypocenters
and the distributions of deep earthquakes to be used
in tracing subduction zones.

Main forces operating in plate tectonics

processes

Classical mechanics, also known as Newtonian
mechanics, is composed of three main segments:
kinematics (describing the motion of material points,
objects and systems of objects without consideration
to the causes of motion); dynamics (describing the
motion of objects under the influence of forces); and
statics (describing bodies at rest and forces in equi-
librium). Since moving plates have limited veloci-
ties, their movement must satisfy the corresponding
laws of classical mechanics (Pilchin, 2016b). How-
ever, from this point of view, most of the earliest
publications on plate tectonics (e.g., McKenzie and
Parker, 1967; Morgan, 1968 and many others) were
only concerned with the kinematics of plate motion,
rather than the causes of their movement (e.g., Stew-
art, 1990). Unfortunately, the authors of most subse-
quent articles were also generally more concerned
with the kinematic part of plate motion, rather than
its dynamics. This brings us to today, where the dy-
namics of plate motion are still greatly underdevel-
oped. Pratt (2000, p. 342) states that “There is no
consensus on the thickness of the ‘plates’ and no
certainty as to the forces responsible for their sup-
posed movement.” This can be clearly seen from the
forces postulated to operate in plate tectonics, as
they are described in the most general form with
very little or no detail, and seldom actually used in
discussing plate movements.
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Alvarez (1990) also notes that even though the
plate tectonics model has been nearly universally
accepted, researchers still do not understand the
driving mechanisms in anything other than the most
general terms. In plate tectonics, where dynamics is
the fundamental element, as the motion of a plate
results from forces perpetually applied to it, it is ab-
solutely crucial for the precise forces to be explained
in detail. In the early years of developing the plate
tectonics model, McKenzie (1969, p. 3) wrote that:
“The major remaining problem in plate theory is the
driving mechanism.”

It has been yet another quarter century since
Wilson (1993) noted how earth scientists have de-
bated the nature of the forces which drive the litho-
spheric plates for more than a quarter of a century.
“Plate tectonics offers no explanation for the forces
that drive plates” (Frankel, 2012; Introduction, p.
XXI). Lyttleton and Bondi (1992; p. 195) state that
“A further difficulty with the plate-tectonic hypothe-
sis is the absence of even a notional causative force
for the plate movements” and “the absence of an
identifiable driving force and a gquantitative analysis
of the source of the alleged motions remains, in our
view, the biggest gap in the plate tectonics theory.”
The forces that were once postulated with no satisfac-
tory explanation therefore remain unchanged from the
time of their conception until now (e.g., Kirdyashkin
and Kirdyashkin, 2014), because most publications
still define these forces as they were in the very be-
ginning, lacking any viable detail. Frankel (2012; In-
troduction, p. XXI) gives his full support to this situa-
tion, stating: “Ironically, it is remarkable that plate
tectonics was accepted almost immediately even
though it is a kinematic not a dynamic theory. Once
accepted, the lack of mechanism was no longer a dif-
ficulty but an advantage, freeing the discussion of the
relentless and unnecessary burden it had carried for so
long.” Bercovici (2003, p. 108) also points out that
there has been little to no change in vision of the plate
tectonics model: “Many students of geology are
taught how mantle convection drives plate tectonics
in much the same way that Arthur Holmes envisioned
it 70 years ago, i.e. convective ‘wheels’ driving the
tectonic ‘conveyor belt.”” However, as they say, the
devil is always in the details.

There are a number of traditional driving forces
that were postulated for plate tectonics, which in-
clude: slab pull, ridge push, basal drag, trench suc-
tion, and collisional resistance (e.g., Forsyth and
Uyeda, 1975; Richardson, 1992; Wilson, 1993).
These forces are generally treated as either plate
boundary or plate body forces. For example, ridge
push is considered both: a body force caused by
cooling and thickening of the oceanic lithosphere
with age (e.g., McKenzie, 1969; Richardson, 1992);
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and a boundary force caused by the ‘gravity wedg-
ing’ effect (Bott, 1993).

Slab pull forces are believed to originate from
the negative buoyancy of the cold subducting litho-
sphere (e.g., Chapple and Tullis, 1977), and is con-
sidered a boundary force (e.g., Wilson, 1993). In
slab pull, it is assumed that the slab is mechanically
attached to the subducting plate, and its weight will
pull on the subducting plate, drawing it toward the
subduction zone (e.g., Conrad and Lithgow-
Bertelloni, 2002). Slab pull is usually considered one
of the dominant acting forces, and may account for
roughly half of the total driving force exerted in
plate movement (Anderson, 2007).

Basal drag (or basal shear traction) is associated
with the interface between the upper mantle and the
lithosphere and is caused by mantle convection
(Wilson, 1993).

Trench suction forces are usually observed in
the overriding plate at subduction zones as a net
trenchward pull (Forsyth and Uyeda, 1975; Chase,
1978). In the slab suction mechanism, it is usually
assumed that slabs are detached from their surface
plates and sink within the upper mantle (e.g., Conrad
and Lithgow-Bertelloni, 2002).

Collisional resistance force directly opposes the
slab pull force (e.g., Richardson, 1992). This occurs
because the mantle resists subduction to some extent
due to friction and when continental plates collide
(e.g., Cloetingh and Wortel, 1986). Such forces are
considered to be only locally significant (e.g., Cloe-
tingh and Wortel, 1986).

There is no consensus among researchers about
the importance of one main force compared to the oth-
ers (e.g., Wilson, 1993), and in the case of the basal
drag force even any indication of it operating at all is
uncertain (e.g., Richardson, 1983; Anderson, 2007).

Some researchers consider basal drag as a pas-
sive force, either driving or resisting plate motion,
but not dominating it (e.g., Chapple and Tullis,
1977; Richardson, 1992), while drag due to classical
Rayleigh-Bénard convection in the upper mantle is
not an adequate driving force (Richter, 1973; Solo-
mon et al., 1975). However, Chapple and Tullis
(1977) state that motion of lithospheric plates is a
manifestation of convection, while other researchers
believe that mantle forces related to large convection
cells dominate the driving forces (e.g., Jacoby,
1980). Ziegler (1993) also believes that the basal
drag (shear-traction) force exerted by the convecting
asthenosphere on the base of the lithosphere plays an
important and sometimes even dominant role as a
plate-moving mechanism.

Ziegler (1992) states that in the Western Hemi-
sphere frictional forces exerted on the base of the
lithosphere by the slowly convecting sub-litho-

spheric upper mantle play a key role as the driving
mechanism of plate movements, and such forces as
slab-pull and ridge-push can be considered second-
ary. At the same time, in a formula for determining
plate velocity Carlson (1981) marks basal drag force
as negative (opposing plate movement). Forsyth and
Uyeda (1975) also indicate that drag on the bottom
of plates resists motion, and would be stronger under
continents than under oceans. Richardson (1983)
guestions whether the drag force is negative or posi-
tive as well. Bercovici (2003, p. 108) openly accuses
some researchers (e.g., Jurdy and Stefanick, 1991;
Anderson, 2001) of stepping back from the main
postulates of the plate tectonics model, stating that:
“... there are several fundamental aspects of it that are
misleading at best; in particular, it portrays the plates
and convection as separate entities, with convection
currents prying open mid-ocean ridges and dragging
down subducting slabs. The other limit of plate mod-
els disregard convection, referring instead to pre-
existing plates moved by forces such as slab pull and
ridge push ... that are somehow unrelated to the con-
vective energy source that fuels these forces ...”. If
mantle convection with large convection cells is the
main cause of plate motion (e.g., Chapple and Tullis,
1977; Anderson, 1989), and convection currents are
the driving force behind the Earth’s tectonic system
(e.g., Holmes, 1931, 1944), how could it be that the
drag force generated by mantle convection would
not be the most significant force?

Certain researchers presume that plate motions
are mostly dictated by ridge push and subduction
pull forces (e.g., Dewey, 1988; Anderson et al.,
1992; Lithgow-Bertelloni and Richards, 1995; An-
derson, 2001; Buiter et al., 2001; Conrad and Lith-
gow-Bertelloni, 2002). Cruciani et al. (2005, p. 298)
states that: “During the last years has become quite
popular the idea that the slab pull is primarily driv-
ing plate tectonics.” Bott (1993, p. 949) comes to the
conclusion that “It has been tacitly assumed by the
author that the plates are essentially driven by edge
forces such as ridge push and subduction pull, rather
than by underside frictional drag exerted by mantle
convection.”

Chapple and Tullis (1977) consider the ridge
push force as very minor. They believe in the im-
portance of the different forces acting on plates, due
to the fact that each of them has an unknown sign
and magnitude. Wilson (1993) states that the relative
importance of the different forces involved may vary
both in the space and time, and they may either rein-
force or counterbalance each other depending upon
the tectonic setting.

Forsyth and Uyeda (1975) suggest that the forc-
es exerted on a downgoing slab dictate the velocity
of attached oceanic plates, being an order of magni-
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tude stronger than any other force, and causing any
oceanic plates attached to substantial amounts of
downgoing slabs to move with ‘terminal velocity.’
They assert that at such velocity, the gravitational
body force pulling the slab downward would be
nearly balanced with the resistance acting upon the
slab, regardless of other features of the trailing plate.

However, some researchers also emphasize the
importance of resisting forces. Buiter et al. (2001)
showed that plates are largely driven by slab pull
and ridge push forces, which are counteracted by
resistive forces (e.g., plate contact resistance and
viscous resistance). Forces resisting drag beneath
continents and net pull toward trenches on upper
plates are small but significant (Chapple and Tullis,
1977). Tectonic resistive forces are considered equal
and opposite in sign to the force exerted on the sub-
ducting plate, and therefore do not contribute greatly
to the net driving force of plate motion (Meijer and
Wortel, 1992). Wilson (1993) asserts that plate tec-
tonic resistive forces are exerted on the overriding
plate in a subduction zone at the interface with the
descending slab.

Other researchers believe that plate tectonics is
a far-from-equilibrium self-organized system (An-
derson, 2001, 2002, 2007; Stern, 2007). Bird (1998,
p. 115) states that “... it became natural to regard
plates of lithosphere as driving themselves and, inci-
dentally, stirring the rest of the mantle.” Hamilton
(2002) further believes that upper mantle convection
is a product, not a cause, of plate motion.

At the same time, many researchers have con-
sistently pointed out the persistent problems in un-
derstanding the processes driving lithospheric
plates. In the 1970s, Forsyth and Uyeda (1975, p.
164) noted how “...rather little is known about the
driving mechanisms of plate tectonics, although
various types of forces have been suggested.” In
the 1980s, Alvarez (1982) wrote that “the driving
mechanism of plate tectonics remains elusive.” In
the 1990s, Wilson (1993) stated that the processes
which drive the lithospheric plates were still not
fully understood, and Kerr (1995) indicated that the
next central unsolved mystery was: What drives
plates in the first place? Bokelmann (2002, p. 1027)
stated that “Although the concept of plates moving
on Earth's surface is universally accepted, it is less
clear which forces cause that motion,” while
Schellart (2004) pointed to the considerable debate
about the driving forces of tectonic plates and their
relative contribution. More recently, Van Andel
(2015) specified that: “... the lithospheric plates
move across Earth’s surface, driven by forces as
yet not fully understood ...”

Some scientists have also suggested that plate
tectonics may be triggered by the effect of tidal vari-
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ations across many hundreds of millions of years
(influence of the Moon and Sun’s gravity) (Riguzzi
et al., 2010; Eppelbaum and Isakov, 2015). Howev-
er, there is currently no theoretical or practical
methodology for testing this hypothesis.

Certain researchers (e.g., Skobelin et al. (1990);
Xawmn, (2001)) indicate that the plate tectonics model
cannot account for intraplate (platform) magmatism
(e.g., traps, platobasalts, kimberlites) and metalloge-
ny. From this point of view, the discovery of a giant
quasi-ring counterclockwise-rotating structure in the
Earth's mantle centered below the Cyprus Island
holds significant importance (Eppelbaum et al.,
2020; Eppelbaum and Katz, 2020). This deep struc-
ture helps explain the linear nature of continental
magmatism, which had not been previously given
sufficient tectonic-geophysical justification.

As a rule, any net force different from zero must
create acceleration in the direction of the net force.
At the same time, terminal velocity is achieved only
when the forces of friction are overcome by the oth-
er forces applied to the plate. Consequently, a sub-
ducting plate must either move with acceleration or
not move at all.

All of the abovementioned illustrates how there
is no clear definition of the forces operating in plate
tectonics and plate movement. In none of the cases
the role of different forces is made clear, and in
many it is not yet understood. In over fifty years
since introducing the plate tectonics model, the
question “What are the forces that drive plate
movement?” still remains unanswered, and the an-
swer is long overdue.

Did plate tectonics operate in the Hadean
and Early Archean?

Determining when plate tectonics began on
Earth is among the most important and enigmatic
problems in modern day geology. However, here it
is most important to learn whether plate tectonics
operated during the early Earth evolution (mostly the
Hadean — Early Archean).

Based on an analysis of the detrital zircons
from Jack Hills (Western Australia), Harrison et al.
(2005) concluded that a continental crust with vol-
ume similar in magnitude to the present day crust
had formed by 4.4 to 4.5 Ga, and was rapidly recy-
cled into the mantle. Many recent investigations
established the geochemistry of Hadean zircons
from the Jack Hills (Yilgarn Craton, Western Aus-
tralia) (ranging from ca. 4.4 to 3.0 Ga), showing
that their Hf isotope compositions suggest domi-
nant sourcing from the ancient felsic crust (Bell,
2013). Nebel et al. (2014) also indicate that previ-
ous researches from Jack Hills contain detrital zir-
con grains with ages as old as 4.37 Ga which are
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rare remnants of the Hadean (4.5-4.0 Ga) terrestrial
crust, and only a small proportion of detrital zir-
cons shows the Hadean age spectra. On top of this,
younger overgrowth rims on all ‘Hadean’ grains
indicate multiple recycling events. Their elemental
and isotope budget and mineral inclusions were
utilized in postulating the presence of an evolved
water-rich Hadean crust. The use of these zircons
for proposing that plate tectonics operated in the
Hadean is in many cases self-evident (e.g.,
Maruyama et al., 2016). Really, if we accept that
these zircons are remnants from a continental crust
that somehow disappeared sometime in the Hadean,
it is easy to surmise that the Hadean crust was
simply recycled into the mantle over the course of
plate tectonic processes. These zircons found in the
Jack Hills area (Yilgarn Craton of Western Austral-
ia) are held as evidence of the presence of a conti-
nental crust and oceans at the time of their for-
mation, with the oldest being nearly 4.4 Ga based
on its 5'®0 values (Peck et al., 2001; Wilde et al.,
2001).

Analysis presented in (Wilde et al., 2001)
demonstrates that this oldest zircon is zoned with
respect to rare earth elements and oxygen isotope
ratios (5'%0 values vary from 7.4%o to 5.0%o), and
that some data point to its growth from a granitic
melt. However, it is not the isotope 5'%0, but some
very specific rocks which can be formed only within
oceanic environments (e.g., carbonates, evaporites,
the presence of oceanic crust fragments (ophiolites,
peridotite layer)) that characterize the presence of a
water ocean, yet none of these rocks are known for
this period. This then places doubts on the existence
of a water ocean in the Hadean (e.g., Pilchin and
Eppelbaum, 2009; Eppelbaum et al., 2014). Differ-
ent scientists have come to conclusions that Earth’s
oceans were formed as early as: by ~4.5 Ga (Condie,
1989), in the Hadean (Morse and Mackenzie, 1998),
at ~4.4 Ga (Peck et al., 2001; Wilde et al., 2001,
Valley et al.,, 2002; Liu, 2004), ~4.3 Ga (Lowe,
1994; Moijzsis et al., 2003), by 4.2 Ga (Sleep et al.,
2001; Mojzsis et al., 2003), by 3.85 Ga (Nutman et
al., 1997), by 3.8 Ga (Lambert, 1982; Nisbet and
Sleep, 2001), by 3.6 Ga (Grotzinger and Kasting,
1993), ~3.5 Ga (Knauth and Lowe, 2003; Nunn,
1998).

Contrastingly, Pilchin and Eppelbaum (2012)
have shown that the oldest zircon of up to 4.4 Ga
found in the Jack Hills area does not prove that
oceans were necessarily present at the time of its
formation, as there could have been numerous other
causes for the elevation of §*%0 values in this zir-
con. A number of facts will be found to contradict
the presumption that 3'®0 values within the zoned
zircon of 4.4 Ga (from the Jack Hills area) indicate

the existence of oceans prior to about 4.4 Ga. Since
the zircon was grown from a granitic melt, its §'%0
content should not be compared with the standard
mantle 5'80 content, especially as granitic melts are
not usually formed in the mantle. Data of Peck et
al. (2001) and Wilde et al. (2001) show that zircons
from the Jack Hills area are characterized by §'%0
values of about: 7.4%o at 4.353 Ga, 5.7%o at 4.15
Ga, 7.2%o at 4.13 Ga, 6.8%0 at 4.01 Ga, and 6.3%o
at 3.6-3.3 Ga, which would suggest that oceans ex-
isted at some periods, but not in other periods of
the Hadean-Archean. The strong relationship be-
tween 380 values and the formation temperature of
quartz (SiOy) should indicate that there were drasti-
cally fluctuating temperatures during the Hadean-
Archean.

According to experimental data derived from
zircons discovered in the Jack Hills area and the
relationship between the 50 values and the tem-
perature of quartz formation (Clayton et al., 1972;
Spooner et al., 1974), the temperatures during the
formation of those zircons were greater than 583-
623 K. Based on the micro-inclusions of SiO; in
zircons from the Jack Hills area, Wilde et al.
(2001), Valley et al. (2006) and Harrison et al.
(2006) came to the conclusion that the zircons
formed from silica-saturated granitic or granitoid
magma. However, silica-saturated magmas are
known for the high 5'®0 content in quartz (Mariano
et al., 1990; Knight et al., 2000), which may have
been a possible cause for the elevated 3'®0 values
of some grains of these zircons. Moreover, §'%0
values are higher for quartz formed at relatively
higher temperatures (Mariano et al., 1990; Gal-
lagher et al., 1992; Knight et al., 2000). Tempera-
ture estimations indicate that Jack Hills zircons
ranging from 4.0 to 4.35 Ga yielded crystallization
temperature peaks at 943 K and 983 K (Harrison
and Watson, 2005), which would be favorable for
the elevated 50 values in quartz and some zircons
(Pilchin and Eppelbaum, 2009). Research also
shows that 80 values are high for carbonates
(Ducea and Saleeby, 2003; Sharp et al., 2003), CO;
(Sharp et al., 2003), and sulfates (Bindeman et al.,
2007). This means that the zircons of Jack Hills
could have become enriched with §'®0 through
contact with carbonate or sulfate rocks, or with CO»
itself from the early Earth atmosphere (Pilchin and
Eppelbaum, 2012). Elevated 3'°0 values for barite
from the Pilbara block of Western Australia (Rich-
ards et al., 2001) and Barberton Mountland of South
Africa (Gutzmer et al., 2006) also point to the possi-
ble involvement of sulfates and SO; in the elevated
580 values of the zircons from the Jack Hills area of
the Yilgarn Craton (Pilchin and Eppelbaum, 2009).
Conversely, data of Fehlhaber and Bird (1991) have
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shown that some minerals in gabbros that have been
in contact with supercritical water (which was wide-
ly present in the early Earth atmosphere (Pilchin and
Eppelbaum, 2012; Eppelbaum et al., 2014)) actually
have lowered values of 5'%0.

Pilchin and Eppelbaum (2012) note that taking
all of these details into account, it is more likely that
the zircons from the Jack Hills area represent the
first or one of the first attempts of Earth crust for-
mation. The only thing certain about those zircons is
the fact that after formation they were never again
heated above ~1173 K, or their age records would
have been completely erased. It is also clear that the
presence of an ocean is not necessary to form a
zoned zircon with §*80 values in some grains a little
bit higher than those of the average mantle (Pilchin
and Eppelbaum, 2009, 2012). This also means that
such zircons existing in a local isolated place (or
even several places) likewise would not indicate the
existence of plate tectonics in the Hadean. This is in
agreement with results of other researches. For in-
stance, Shirey et al. (2008) come to the conclusion
that subduction was initiated by 3.9 Ga or at least by
3.5 Ga. They also dismiss the idea that Hadean zir-
cons aged between 4.4 and 4.0 Ga were formed in
continents, stating instead that they were most likely
derived from a continent-absent, mafic to ultramafic
protocrust that was remelted multiple times between
4.4 and 4.0 Ga.

Based on an investigation of the over 4-billion-
year history of the Jack Hills zircons, Bell (2013)
interprets the Hf isotope record as evidence of sub-
duction-related recycling, mainly from the ancient
Hadean crust at ca. 3.8-3.7 Ga. Nebel et al. (2014)
also state that the Hadean detrital zircon grains
from the Jack Hills area of the Narryer Terrane
(Western Australia’s Yilgarn Craton) were formed
not within the granitic continental crust, but within
the initially homogeneous thin mafic layer. They
believe that late heavy bombardment (3.85-3.90
Ga) is related to the onset of Archean-style tecton-
ics, likely associated with subduction activity and
lasting until ~3 Ga, when modern style plate tec-
tonics emerged. On the other hand, it was shown
earlier (Pilchin and Eppelbaum, 2012; Eppelbaum
et al., 2014) that formation of oceans on Earth only
began at the end of the Early Archean, at ~3.42-
3.26 Ga (most likely at ~3.26 Ga).

Among other researches pointing to the possi-
bility of plate tectonics operating in the Hadean-
Eoarchean, the following should be mentioned here.
Based on analysis of the Hadean to Eoarchean,
Turner et al. (2014) point to the possibility of sub-
duction of Earth’s crust and modern-day plate tec-
tonics in the Hadean. De Wit (1998) presumes that
the formation of oceanic lithosphere started from
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~4.5 Ga, the hydrosphere was accumulated by about
4.0 Ga, and modern plate tectonics probably started
between 4.2 and 4.0 Ga. Ernst (2009) argues that by
~4.3 Ga shallow seas were present, so surface tem-
peratures had fallen well below the (1) ~1573 K, (2)
~1393 K, and (3) ~1223 K (temperatures which are
much greater than those of the liquefaction of at-
mospheric water from the early Earth (Pilchin and
Eppelbaum, 2012; Eppelbaum et al., 2014)) for low-
pressure solidi of (1) peridotite, (2) basalt, and (3)
granite, and he proposes there was growth of the
oceanic and continental plates during 4.4-2.7 Ga.

Based on analysis of Hadean to Eoarchean
rocks from Nuvvuagittug Greenstone Belt (Canada),
O'Neil and Carlson (2014) suggest that a process
similar to subduction, if not subduction itself, was
active as early as in the Hadean or Eoarchean. Sleep
(2010) states that the Earth began hot after the
moon-forming impact, and cooled to the point where
liquid water was present within about 10 million
years. He also believes that a warm 500 K, 100 bar
CO, greenhouse persisted until subducted oceanic
crust sequestered CO; into the mantle, mentioning as
an example carbonate subduction by 4.26 Ga in In-
dia, and indicating that mantle-derived rocks, espe-
cially kimberlites and similar CO,-rich magmas,
preserve evidence of the subducted upper oceanic
crust. Foley et al. (2014) argue that subduction was
possible in the Hadean's Earth (referring to it as pro-
to-subduction or proto-plate tectonics), and that this
proto-subduction tectonics differed from modern
plate tectonics. They state that at high mantle tem-
peratures of ~2000 K, the mode of subduction
switches to a “sluggish subduction” style. They also
indicate that a number of models of post-magma-
ocean mantle convection demonstrates that proto-
plate tectonics likely initiated within ~100 My of the
magma ocean’s solidification. Arndt and Nisbet
(2012) state that after the Moon-forming event oc-
curred at ~4.5 Ga, the ocean/atmosphere system and
uppermost few kilometers of the crust cooled within
a few million years and, if early subduction were
efficient, this could have taken as little as 10 million
years, leaving a cold lifeless Earth, its oceans white
with ice. They also suggest that from ~4.4 to 4.0 Ga,
wide areas of the planet may have been covered in
lava flows beneath a deep ice-covered ocean.

Many researchers believe that plate tectonics
started in the Archean (Bercovici, 2003; Shervais,
2006) or even in the beginning of the Early Arche-
an (probably from 3.8 Ga; Shervais, 2006). At the
same time, the initiation of recognizable plate-
tectonic processes occurred by 3.0 Ga (Shervais,
2006). Tatsumi et al. (2015) found mounting evi-
dence that both ocean formation and plate tectonics
operation took place in the Early Archean between
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3.6-3.9 Ga. Nutman et al. (2002) report horizontal
movements in the Isua supracrustal belt between
3.65-3.60 Ga, and propose that some form of plate
tectonics was operational back then. Kroner and
Layer (1992) state that rigid continental plates must
have existed since at least 3.5 Ga. Based on paleo-
magnetic, geochemical and tectonostratigraphic
data, Cawood et al. (2006) establish that plate tec-
tonics have been active since at least 3.1 Ga. Con-
die and Kréner (2008) also state that modern plate
tectonics were operational at least in some regions
on Earth since 3.0 Ga, or even earlier, and that they
became widespread since 2.7 Ga. Rapp et al. (2008)
indicate the appearance of monzodiorites and
trachyandesites of the sanukitoid suite in ~3.0-2.8
Ga, marking it the beginning of “modern-style”
plate tectonic subduction. Calvert et al. (1995) dis-
cuss the following items: (1) start of plate tectonics
at ~1.89 Ga in the Svecofennian orogen (Fen-
noscandian Shield); (2) inferred plate convergence,
subduction and accretion in the Trans-Hudson oro-
gen (Precambrian Canadian Shield and North
American Craton) at ~1.91-1.79 Ga; and (3) com-
bining seismic data with geochronology and struc-
tural mapping to identify the collision zone in the
Superior Province of Canada (involving the Abitibi
Subprovince and the Opatica belt), which repre-
sents a relict 2.69 Ga suture associated with sub-
duction, thereby arguing this is a period of active
plate tectonics.

Sizova et al. (2010) used numerical modeling to
identify a first-order transition from a “no-
subduction” tectonic regime (with upper-mantle
temperatures >250 K higher than present), through a
“pre-subduction” tectonic regime (upper-mantle
temperatures 175-250 K higher than present), to the
modern form of subduction (when upper mantle
temperatures dropped below 175-160 K higher than
present). These results suggest that the transition to
the modern plate tectonic regime may have occurred
during the Mesoarchean-Neoarchean period (~3.2-
2.5 Ga). Grove and Parman (2004) distinguish that
the decline in the abundance of komatiites from the
Archean to the Phanerozoic is evidence of secular
cooling of the mantle (up to 773 K between 3.5 Ga
and today). In another model they show hydrous
melting at shallow mantle depths in a subduction
environment within the Archean mantle to produce
komatiites at only slightly hotter temperatures than
at present (~373 K), indicating that subduction oper-
ated in the Archean.

Some researchers point out that the hotter man-
tle (~200 K hotter, e.g., Hamilton, 1998, 2007b;
~175-250 K hotter, e.g., Sizova et al., 2010) during
early periods of Earth’s evolution (such as the Ar-
chean) would produce a thick and buoyant crust that

could pose a problem for subductability of the oce-
anic lithosphere (e.g., Hamilton, 1998, 2007b; Ko-
renaga, 2008). Hamilton (2007b) shows that mantle
temperatures are likely to have been hotter than at
present by about 300 K at 3.5 Ga, 200 K at 2.5 Ga,
and 120 K at 2.0 Ga; with a secular cooling of the
upper mantle by 75 K-100 K per Ga (Anderson,
2007; Hamilton, 2007a,b). Korenaga (2008) believes
that such high mantle temperatures could present a
problem for the emergence of plate tectonics prior to
the Proterozoic.

Hamilton (2007a,b) shows that plate tectonic
processes did not operate in the Archean, with some
elements of plate tectonics beginning at ~2.1 Ga,
though they were quite distinct from the modern
form, which began to operate only from Neoprotero-
zoic or very early Paleozoic period. He links initia-
tion of the present form of plate tectonics with the
formation of ophiolites and ultra-high pressure
rocks. Sharkov and Bogatikov (2001) also indicate
that the onset of plate tectonics on Earth took place
at 2.2-2.0 Ga.

Hamilton (2011) shows that Archean, Paleopro-
terozoic and Mesoproterozoic rocks, assemblages
and structures greatly differ from each other and
from modern ones; he indicates a lack of evidence
for subduction and seafloor spreading in rocks of
Mesoproterozoic age and older, while they are wide-
spread in Phanerozoic terrains. He states that sub-
duction began at ~850 Ma, while fully modern plate-
tectonic processes only started in the Ordovician.
Stern (2005, 2007, 2008) argues that criteria for the
operation of plate tectonics includes ophiolites,
blueschists, and ultra-high-pressure metamorphic
belts, all of which predominantly appear after ~1 Ga,
which is the reason why modern style plate tectonics
began at this time or later in the Neoproterozoic.
Ophiolites are very rare before ~1 Ga, and they man-
ifest two modes of lithospheric motion expected
from subduction tectonics: seafloor spreading and
obduction. However, if the appearance of UHP rocks
was explained as processes only taking place at great
depths in subduction zones (Ernst, 1971), then the
absence of these rocks prior to ~620 Ma (Stern,
2005) would put in the question the existence of the
subduction process at earlier time periods. On the
other hand, obduction is the most well-known pro-
cess of plate tectonics (e.g., Pilchin, 2015), and al-
ways includes the presence of serpentinized perido-
tites and ophiolites.

The process of obduction with a model of the
following evolution of region is thoroughly dis-
cussed in Pilchin and Eppelbaum (2002) and two
simplified models for obduction on continental mar-
gin (1), and parts of ocean plate onto itself (2) are
presented in Figures 2 and 3, respectively.
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Fig. 2. Simplified diagram of tectonic activity of an oceanic
plate near the continental margin caused by serpentinization
within its peridotite layer: a) initial push of activated oceanic
plate against the continental margin; b) formation of decol-
lement and start of the obduction process; ¢) formation of the
decollement and start of the subduction process. CM — continen-
tal margin; OP — oceanic plate; SZ — zone of serpentinization of
peridotite layer of oceanic plate; SL — sea level; DO — possible
position of decollement for starting the obduction process; DS —
possible position of decollement for starting the subduction pro-
cess; DB — detached block of continental margin.
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Fig. 3. Simplified diagram of tectonic activity of an oceanic
plate in the oceanic areas caused by serpentinization within its
peridotite layer. The designations are the same that in Fig. 2.

The aforementioned means that the absolute
majority of ophiolites appearing only after ~1 Ga
also creates problems explaining obduction pro-
cesses at earlier time periods. Certain other rese-
archers also note the scarcity of complete ophiolites
before 1 Ga (Condie and Kroner, 2008). Additio-
nally, it is important to mention that blueschists
(usually having age <800 Ma (Stern, 2005), <I Ga
(Condie and Kroner, 2008)) are always associated
with ophiolites and serpentinite-containing thrusts
(e.g., Pilchin, 2005), which is the main reason why
they were chosen as one of the markers of the onset
of plate tectonics. Stern (2005) indicates that plate
tectonics could not have begun until the Earth
cooled sufficiently. Davies (1992) shows that the
corresponding cooling of the crust and upper mantle
necessary for the onset of plate tectonics took place
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sometime between 0.9-1.4 Ga. He also notes that
plate tectonics could have operated at earlier times,
but more slowly.

The problem of plate tectonics emerging on
Earth was thoroughly discussed at the Geological
Society of America Penrose Conference in
Lander, Wyoming, USA (June, 2006), where
among others researchers came to the conclusion
that “Earth is the only planet with plate tectonics,
and it is controversial why and when this began.
Some argue that plate tectonics already operated
in Archean time, whereas others argue for a much
later beginning... Demonstrating that plate tecton-
ics operated at any given time requires evidence
for subduction and independent plate motion and
rotation. Understanding when and why plate tec-
tonics began is one of the most important unre-
solved problems in understanding Earth...” (Stern,
2007; pp. 578-579). Reporting the discussions
from this conference, Witze (2006) states that the
65 attendees came up with 18 different definitions
of plate tectonics, with the majority voting that
plate tectonics started between 3 billion and 4 bil-
lion years ago. Most researchers at this conference
agreed on three components required for plate tec-
tonics (Witze, 2006): (1) there must be rigid plates
at the surface of the Earth; (2) those plates must
move apart through ocean spreading with new
crust being made where the sea floor pulls apart,
and (3) the plates must dive on occasion beneath
each other in subduction zones.

At the same time, researchers accepted sub-
duction as a diagnostic factor for plate tectonics.
However, the word “rigid” means “unbending,”
which as it was shown above could be a problem
for the initiation of subduction. A rigid plate also
means that it must be able to transfer applied force
(pressure) to its other parts without altering its
shape. This would require the plate to contain an
elastic layer (elastic lithosphere) of significant
thickness for the plate to operate as a single unit.
The plate therefore could not be brittle, because it
would then simply break apart before accomplish-
ing the processes required for plate tectonics. We
know that any typical lithospheric plate is com-
posed of an upper brittle layer (with temperatures
<~573 K), an intermediate elastic lithosphere
(with temperatures between 573 K and 873 K),
and a lower more plastic part of the lithosphere
(with temperatures >~873 K). It is indeed the elas-
tic lithosphere that holds the plate together and
provides necessary support for its operation as a
single unit, so naturally a plate will be stronger
when its elastic part is thicker. At the same time, a
colder plate would have a thinner lower (plastic)
part, which would also make the plate much
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stronger. This clearly indicates that thermodynam-
ic conditions (primarily temperature conditions) of
the surface and within the lithosphere are key pa-
rameters to the characteristics of lithospheric
plates and their formation.

Let us take a look at the thermodynamic con-
ditions of Earth’s surface, and conditions of for-
mation of the earliest lithosphere during the early
Earth evolution. It was shown earlier (e.g., Pilchin
and Eppelbaum, 2009; Eppelbaum et al., 2014;
Pilchin, 2015) that after accretion of the Earth and
other planets, the Moon and terrestrial planets
were covered with a magma-ocean, which for
Earth was ~1000 km deep. This means that for-
mation of the early Earth lithosphere, as well as
that of any other planet, first began with solidifi-
cation of the magma-ocean, and was strongly de-
pendent on the rate of cooling of its surface and
upper layers as it solidified (e.g., Pilchin and Ep-
pelbaum, 2012). Formation of the early litho-
sphere in the Earth first began with the solidifica-
tion of a forsterite layer at a depth of 70-100 km
in Archean cratons within the magma-ocean
(Pilchin, 2011; Pilchin and Eppelbaum, 2012).

The following features are among the best
markers of the surface temperature conditions of
early Earth: (1) drop of temperatures below 1173 K
in the Hadean-Eoarchean during formation of zir-
cons in the Jack Hills area (Yilgarn Craton, Western
Australia); (2) formation of first Algoma-type band-
ed iron formations (BIFs) as early as 3.85 Ga in
Greenland (Klein, 2005) and 3.5 Ga in Australia
(Klein, 2005), indicating a drop of surface tempera-
tures below 843 K; (3) temperatures dropping to
~600 K at the time of the start of water-ocean for-
mation at ~3.42-3.26 Ga in Barberton GSB (South
Africa) (Pilchin and Eppelbaum, 2012; Eppelbaum
etal., 2014).

These temperature values clearly show that:
formation of a brittle layer of lithosphere was not
possible in the Hadean — Early Archean; no elastic
layer of lithosphere could have been formed during
the Hadean; the thin elastic lithosphere in the Early
Archean began directly from the surface and had no
contact with the convecting mantle. All this clearly
demonstrates that the formation of strong rigid plates
was not possible in the Hadean — Early Archean. It
also means that plate tectonics did not operate on
Earth during the Hadean — Early Archean. Analysis
of conditions of the formation of granulites during
different periods of the Archean and Early Protero-
zoic (Eppelbaum et al., 2014) reveals the following
average temperatures:

This data indicates that crustal temperatures
were relatively high at depths of the lower crust dur-

ing the Early Archean — Early Proterozoic, and that
the effective elastic thickness (Te) of the continental
lithosphere within Archean cratons during these pe-
riods of granulites formation was below 9-12 km,
with a total thickness of the young lithosphere of
~100 km (e.g., Pilchin and Eppelbaum, 2012). Such
high temperatures and such low effective elastic
lithospheric thickness would force it to lose some or
even most of its strength and rigidity, and conse-
guently such lithospheric plates would not be able to
participate in plate tectonic processes at this period
(Pilchin and Eppelbaum, 2012). This is in agreement
with data of Artyushkov et al. (2000) on the loss of
lithospheric rigidity in areas with high temperatures
and low effective elastic thickness.

Table 1

Averaged relationship between the age,
temperature and depth of Earth's crustal blocks

Age Temperature, K Diﬁ:h‘
Early and Middle Archean 1059 30.3
Late Archean 1127 30.0
Early Palaeoproterozoic 1040 23
Late Palaeoproterozoic 1087 28.4

At the same time, for subduction to take
place, crustal rocks must first be converted to
dense eclogite to form the negative buoyancy
force required (Pilchin, 2015). Analysis of the
thermodynamic conditions of the formation of ec-
logites indicates that they were formed at average
depths of ~64 km (within the subcontinental litho-
spheric mantle) with average temperatures of 856
K and an average geothermal gradient of 9.1
K/km. This means that for the formation of eclo-
gites through a basalt-eclogite phase transfor-
mation or other process involving the presence of
crustal rocks, those rocks must first somehow be
delivered to a depth of ~64 km (e.g., Pilchin,
2015). It should also be stated that eclogites
formed during the solidification of basaltic magma
within magma chambers or magmatic channels
would not form layers, especially not dense ho-
mogeneous layers, but rather eclogite pockets. It is
also evident that the average temperature expected
for eclogite formation at depths of ~64 km is
much lower than temperatures at shallower depths
defined by conditions of granulite formation dur-
ing the Early Archean — Early Proterozoic. Table
2 displays an analysis of thermodynamic condi-
tions of the formation of eclogites at different
temperatures (low, intermediate, and high temper-
atures).
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Table 2

Thermodynamic conditions for the formation of eclogites with different origins
(after Pilchin (2011), with modifications)

Eclogites Formed at Temper- | Average Average Aver:ige Average Depth Average Geothermal
atures K, (n) T, K P, GPa PIT™, of Lithostatic Gradient (K/km)
' ’ ’ MPa/K Pressure, km
T <843 (n=279) 762 1.51 3.10 50 9.8
843 <T <993 (n=216) 910 2.13 3.34 70 9.1
T>993(n=61) 1075.3 2.77 3.46 90 8.7

*Average P/T values were calculated as the average of the P/T ratios

If we compare temperatures of the formation of
eclogites (Table 2) with those of the formation of
granulites at different periods of the Early Archean —
Early Proterozoic (Pilchin and Eppelbaum, 2012; Ep-
pelbaum et al., 2014), it becomes clear that only high
temperature eclogites (if any) could have been formed
at depths greater than 30 km; and the average depths
of high-temperature eclogite formation are ~90 km.
This means that crustal protoliths for the formation of
eclogites during the Early Archean — Early Proterozo-
ic would have to be delivered to an average depth of
~90 km rather than ~64 km. This makes the problem
even more complicated, because of the immensely
gigantic force that would be required to push a
plate/slab downwards to such an extent. Moreover,
even though all kimberlites within cratonic areas of
southern Africa contain eclogite (Gurney et al., 1991),
it nonetheless remains a rare type of xenolith in most
localities (Gurney et al., 1991; Pearson et al., 2003).
Schulze (1989) concluded that the amount of eclogite
in the upper 200 km of the subcontinental upper man-
tle is perhaps less than 1% by volume. Carlson et al.
(2005) show that in general, high-velocity bodies con-
sistent with large masses of eclogite are not observed
in the continental mantle, and that at present eclogite
appears to be a relatively minor component of the con-
tinental lithospheric mantle. At the same time, eclo-
gites of Hadean — Early Archean age are completely
unknown. All of the above means that during the Ar-
chean eclogite content within the subcontinental litho-
spheric mantle ranged from very low to negligible and
could not play a significant role in generating condi-
tions with negative buoyancy, and therefore the con-
ventional subduction process was not possible.

Another problem that appeared with the onset of
plate tectonics and subduction during early Earth evo-
lution is related to the fact that the iron content of
magmatic rocks in the Archean was the lowest, in-
creasing towards the present time (Pilchin and Ep-
pelbaum, 2008, 2009). Careful examination of mag-
matic rocks during most of Earth’s evolution shows
that mafic magmas in significant amounts only began
to appear in continents from the Late Archean
(Pilchin and Eppelbaum, 2008). The content of FeO
(as total iron content) in mafic magmatic rocks in
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continents was <10-11% in the Archean, 11.5-13.7%
in the Proterozoic-Mesozoic and 12.25-14% in the
Tertiary (Pilchin and Eppelbaum, 2012). Additional-
ly, the FeO-content of oceanic magmas is significant-
ly lower, at about 8.3-9.1% for mid-ocean ridge bas-
alts, 8.5-9.7% for island arc basalts, 10.2% for ocean
floor basalts and 10.6-12.6% for oceanic intraplate
volcanism. While this means that continental rocks
were less dense in the Archean, the low iron content
in oceanic rocks also creates a density problem for the
oceanic lithosphere, which would have been even
more buoyant than continental rocks. This is a fun-
damental obstacle to the start of the subduction pro-
cess for which negative buoyancy is crucial.

On other hand, the fact that water-ocean formation
began only at the end of the Early Archean (at ~ 3.26
Ga; Pilchin and Eppelbaum, 2012; Eppelbaum et al.,
2014) means that during the Hadean — Early Archean,
the oceanic lithosphere as we know did not exist, ren-
dering the present form of plate tectonics impossible
during these time periods. It also means that formation
of the oceanic lithosphere started around the boundary
between the Early and Middle Archean. It is difficult to
pinpoint when the first oceanic lithosphere emerged on
Earth, but we know that formation of obduction pro-
cesses and the appearance of remnants of an oceanic
peridotite layer on the surface started only in the Early
Proterozoic (e.g., Pilchin, 2016b). In other words, for-
mation of the oceanic lithosphere and the start of plate
tectonic processes in the Earth took place a long time
after the Early Archean.

To reiterate, the high surface temperatures, a
mostly plastic lithosphere, the presence of magma
layers at shallow depths, absence of a water-ocean
and oceanic lithosphere, absence of eclogites, ab-
sence of serpentinites and many other mentioned
above reasons made it impossible for plate tectonics
to operate on Earth in Hadean — Early Archean.

Let us take a look at the possibility of plate tecton-
ics operating on other planets of the Solar System dur-
ing their early evolution. It is generally accepted that
the Earth is the only known planet with subduction
zones and plate tectonics (e.g., Stevenson, 1994; Stern,
2005, 2008). At the same time, some researchers be-
lieve that some form of plate tectonics could have oc-
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curred in the history of Mars and Venus (Sleep, 1994;
Schubert et al., 2001; Fowler and O’Brien, 1996; Tur-
cotte et al., 1999; Solomatov, 2004).

Dohm et al. (2015) hypothesize plate tectonics
on Mars to have terminated sometime prior to the
~4.0 Ga Hellas impact events, which is referred to as
the Mars plate-tectonic-basement hypothesis and
includes the Claritas subduction zone region. The
data points to a Hadean-age-equivalent phase of
plate tectonism on Mars.

Pilchin (2016a) has shown that the region of Ve-
nus’s accretion within the solar nebula was relatively
hot (750-850K), and that the planet was most likely
able to collect more heat energy during accretion than
Earth or Mars. Venus was under heavy bombardment
during its early evolution, as any other planet, and
received much more heat energy from the Sun than
Earth or Mars, making it likely that VVenus never had
a surface temperature lower than it currently does
(~740K). This means that the Venusian surface never
cooled below the temperature of water-ocean for-
mation, and subsequently never had an oceanic litho-
sphere. It would also mean that its lithosphere never
formed an elastic layer thicker than a few kilometers,
which always ran from the surface. The plastic and
molten rocks at shallow depths would not permit any
plate to descend under such thermal conditions
(Pilchin, 2015). It is of course too early to talk about
plate tectonics on Venus, as it does not yet have thick
elastic plates, nor has it yet cooled sufficiently to form
rigid plates. However, the impossibility of a water-
ocean forming, not to mention an oceanic lithosphere,
and the impossibility for the serpentinization process
to take place makes Earth-type plate tectonics on Ve-
nus simply unimaginable in its future.

In the case of Mars, many researchers believe
that a water-ocean has existed on the planet at some
period (e.g., Carr, 1996; Clifford and Parker, 2001),
with different researches proposing various sizes for
it. Such an ocean may have contained a significant
amount of water, estimated at a global equivalent lay-
er (GEL) of ~500-1000 m in the Late Hesperian —
Early Amazonian (Carr, 1996), and alternatively at a
total GEL of ~550-1400 m (Clifford and Parker,
2001). This means that the formation of an oceanic
crust/lithosphere was possible in the past. This is in
agreement with recent discoveries of serpentine on
the Martian surface (e.g., Ehlmann et al., 2010) in
mélange terrains of the Claritas Rise and the Nili Fos-
sae, several southern highlands impact craters, and the
regional olivine-rich stratigraphic unit near the Isidis
basin. This evidence of the presence of serpentine is
very important in analyzing the possibility of the ex-
istence of a Martian water-ocean, as well as that of
plate tectonics having operated on the planet in its
past, since on Earth the formation of serpentine is in-

variably associated with the serpentinization process.
That the presence of serpentine on Mars is uncommon
(e.g., Ehlmann et al., 2010) means that serpentiniza-
tion took place at some depth, and that the process
was of a limited scale, preventing the evolution of
thrust systems. The fact that serpentine is found in
association with mélange terrains at the Claritas Rise
and the Nili Fossae is unequivocal evidence that the
serpentinization process did in fact take place on
Mars, as the formation of mélanges is also typical for
the serpentinization process on Earth (e.g., Pilchin,
2005). However, the presence of significant amounts
of olivine on Mars (e.g., Ehlmann et al., 2010) indi-
cates that serpentinization was not widely spread
across the planet. It also suggests either a quick cool-
ing of the planet’s crust to below about 473-523 K, or
a lack of water within the crust in contact with oli-
vine. Ehlmann et al. (2010) come to the conclusion
that serpentine-bearing materials appear to be restrict-
ed to Noachian-aged rocks in the Nili-Fossae olivine-
carbonate-serpentine unit. Since it is clear that water
was present on Mars in significant quantities, it is then
likely that the temperature at some depths within the
crust dropped below 473-523 K by the end of the Noa-
chian. In which case, most of the crust would have
been much colder than is required to form the elastic
portion of the lithosphere, and it is possible that plates
were then too thick to initiate plate tectonics. Moreo-
ver, the absence of SO, from the present Martian at-
mosphere (e.g., Catling, 2004) indicates the lack of any
significant volcanic activity for a long period of time.
The abovementioned shows that Mars does not have
the energy required for plate tectonics at this time, and
its ensuing cooling hinders any expectations for plate
tectonic processes in the planet’s future.

Lastly, to briefly mention conditions on our
nearest terrestrial neighbor. The presence of a 52-
km-thick (Taylor and McLennan, 2009) buoyant
anorthosite crust on the Moon and a lack of energy
sources indicate that plate tectonics was not possible
there in the past, and nor will it take place there in
the future. The enigmatic event proposed to have
taken place on the Moon between 3.4-3.9 billion
years ago (Pechersky and Eppelbaum, 2018) re-
quires further study for possible connection with
plate tectonic processes.

Conclusions

The review given here does not at all exhaust
such a complex topic as the assessment of the mutu-
al influence of plate tectonics and Earth evolution. It
is multicomponent and intricately prolonged (over
hundreds of millions of years). Due to the lack of
sufficient space in the journal, some key processes
of Earth’s development preceding the start of plate
tectonics were overlooked such as: 'Formation, evo-
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lution, and solidification of the magma-ocean’,
'Problems relating to the Earth's primordial crust',
'Formation of overpressure', 'Eclogite problems' and
others. Nevertheless, the authors hope that this study
will contribute to a deeper understanding of these
complex processes that have shaped the modern face
of the Earth.
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Pe3ziome. Ha npoTspKeHUM TOCIEAHUX CTOJCTUH NpeaNpHHUMAINCh MHOIOUHCICHHbIE HMONBITKM OCO3HATh 3aKOHOMEPHOCTH
TEKTOHO-T€OJUHAMHYECKHX IPOLECCOB, MPOUCXOIINIMX Ha 3emiie. XOTs HU OJlHA MapagurmMa He Jaja HCUEepIbIBAOIINX OTBETOB Ha
BCE BONPOCHI, HACTOSIIMI 0030p MPHU3BaH NMO3HAKOMUTH YMTATENEH C COBPEMEHHBIM COCTOSIHUEM DPa3BUTHUSI TEKTOHHUECKUX IPEa-
ctaBieHui 00 3BomonuK 3emau. Hamo oTMeTHTh, YTO 3BOMIONMS paHHEH 3eMiIM XapaKTepU30Balach PsIOM YHUKAIBHBIX MpOIEC-
COB, XapaKTePU3YIONINXCsl HEKOHBEHIIMOHAIBHBIMH MapaMeTpaMu. OqHako (QH3HKO-XHMHKO-T€OJIOTHUECKUE TapaMeTphl OONBIIIH-
CTBa U3 HUX OBUIM B 3HAYWTEIBHON CTETEHH yTPadeHHI (CTEPTHI) B XOJE MOCIEAYIOIEH 3BONIONNN 3eMIIH; HEKOTOPBIE MPOIECCHI
OCTaBHIIN JIMIIG CJIA0BIE CIIEBI CBOETO CYIIECTBOBAHMS M HEKOTOPBIE OCTATOUHBIE (P(PEKTHI (0COOEHHO Te, ITO UMEIH MECTO B Ka-
Tepxee M paHHeM-TI031HeM apxee). Cpely TaKkux MpOLECcCOB MOXXHO OTMETHTH IUIaHETapHYIO aKKpeIHio 3eMiu, oOpa3oBaHue psia
YHUKAJIBHBIX TOPHBIX KOMIUIEKCOB, HHHUITMAPOBAaHHE IIpoLiecca TEKTOHUKH IUIHT, TTOSIBIEHHE OCHOBHBIX CHJI, ABI)KYIIHX TEKTOHHKY
IUTUT, 3HAUYUTENILHOE BIMSHHUE TEIUIOBBIX MApaMeTPOB, POJIb H30BITOYHOTO AABICHUS B Pa3IHYHBIX (M3UKO-TEOIOTHYECKUX YCIOBH-
X, CTpaTH(UKALUIO 3eMHOI KOpBI U JUTOChEpBl MO INIOTHOCTH U PSR JPYTHX TEPMOAMHAMHYECKHMX TporeccoB. [loutn Bce oHH
OCTAIOTCSI HEAOCTATOYHO HCCIIEOBAaHHBIMU BBUAY 3HAUMTEIBHON HEONPEIETIEHHOCTH B CPOKAX M CHOCO0aX MX 3BOJIOLHUHM, a TAKKe
HEOJHO3HAYHOCTH HMX BTOPHYHBIX MOKa3aTellel M TEKTOHOTeO(PU3MUECKUX XapaKTePUCTHK. B To >xe BpeMss MHOTHE TEKTOHO-
re0JMHAMUYECKHE MIPOILECCHl U MapaMeTPs! OBUTH M OCTAIOTCS B3aMMOCBS3aHHBIMH, M OZHOBPEMEHHOE M3MEHEHHE MHOXKECTBA Pa3-
JIMYHBIX (PaKTOPOB Urpallo CYIIECTBEHHYIO POJIb B X BO3/CHCTBHU Ha T€OJIOTHUYECKYIO cpexy. HekoTopsle U3 3THUX CIOXKHBIX BOIIPO-
COB 00CY>KIaroTCsl B JaHHOM cTaThe. Hampumep, kakoBa poib (heHOMEHA TEKTOHHKH IUIAT M KOTJa Ha 3eMire HaqaJcs STOT mporecc?
Oco6oe BHIMaHKE B 0030pe yASICHO HETIPOCTHIM METOAaM aHaJIN3a MPUPObI TEKTOHNYECKHX IPOIECCOB, IPHMEHIEMbIM YIeHbIMH-
reojoraMy Ha NPOTSDKCHUM MHOTHX TIOKOJIEHHH. B mpoBeaeHHOM 0030pe TakKe HCIOIb30BaINCh HEKOTOPbIE (hM3NYECKHe TTapaMerT-
PBl, IOJTyYeHHBIE Ha Apyrux miaHetax CoJHEYHOH CHCTEMBI.
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Xiilasa. Son yuzilliklor arzinds Yerds bas veran tektonik-geodinamik proseslorin ganunauygunlugunun dark edilmasins ¢oxsay-
11 cohdlorlo togobbiis gostorilmisdir. Horgond heg bir paradigma biitiin mosalaloro tam cavab vermomisdir, bu icmal Yerin tokamiiliino
dair tektonik tosovviirlorin inkisafinin miasir voziyyati ilo oxucular: tanig etmoys ¢agirigdir. Qeyd etmok lazimdir ki, ilkin Yerin to-
kamiilii geyri-konvensional parametrlorlo saciyyslonan bir sira unikal proseslorlo xarakterizo edilir. Lakin onlarin oksoriyyatinin fizi-
ki-kimyovi-geoloji parametrlori Yerin sonraki tokamiiliiniin gedisindo miihiim doracado itirilmisdir (silinmisdir); bozi proseslor 6zlo-
rinin méveiidlugunun yalmz zeif izlorini vo qalhq effektlorini (xiisusilo Katerxeyds vo Ilkin-Gec Arxeyds bas veronlor) saxlamslar.
Belo proseslar igorisinds Yerin planetar akkresiyasi, bir sira dag komplekslorinin amoala galmosi, plitslor tektonikasi prosesinin 6yro-
nilmasina togobbiis, plitolar tektonikasini harokoto gotiran asas qiivvalorin tozahiiri, istilik parametrlorinin mithiim tosiri, miixtolif fi-
ziki-geoloji soraitds artiq tozyiqin rolu, yer gabig: va litosferin sixliga goro stratifikasiyasi vo bir sira digor termodinamik proseslori
geyd etmok olar. Onlarin, demoak olar ki, hamisi tokamiiliiniin miiddatlorinds vs tisullarindaki mithiim geyri-miioyyoanliys, hamginin
onlarin ikincidoracali gostaricilorinin vo tektonik-geofiziki xarakteristikalarin geyri-birmonaliligina goro, kifayot dorocods todgiq
edilmamisdir. Eyni zamanda bir ¢ox tektonik-geodinamik proseslor vo parametrlor garsiligli olagods olmuslar vo olurlar, va goxsayli
miixtolif faktorlarin eyni vaxtda doyisilmasi onlarin geoloji miihits tasirinds miihiim rol oynamisdir. Bu miirokksob masalslardan bazi-
lori hazirki mogaleds miizakirs olunur. Masalan, plitalor tektonikas: fenomeninin rolu necadir va Yerds bu proses no vaxt baglamigdir?
Bir ¢ox nasillor arzinds alim-geologlar torafindan totbiq edilon tektonik proseslorin tobistinin analizinin sads olmayan metodlarina ic-
malda asas diqgst yetirilmisdir. Aparilmis icmalda Giines sisteminin digar planetlorinds alinmis bazi fiziki parametlordon ds istifads
edilmisdir.

Agar sézlar: plitalor tektonikasi, asas harakatverici giivwalar, termodinamik modellar, sixligin rolu, darinlik qurulusunun model-
lori, ilkin Yerin tokamiilii
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Summary. Improving the efficiency and quality of well drilling largely depends on improving
the quality of information received. The quality of decisions made during drilling also substantially
depends on the quality of information. Widely used in recent years in world practice, mud logging
in the process of drilling allows us to solve a number of problems in the drilling process, when in-
formation about the section of the well being drilled is missing or is available in a limited amount.
The application of the results of the complex of geological, geophysical and technological research
allows us to study more deeply the section and thereby improve the quality of decisions.

The article discusses ways to improve the quality of information and obtain more extensive in-
formation about the drilled rock, which allows us to divide the section into homogeneous intervals.
For this purpose, an approach known from fuzzy logic was applied to find the appropriate criterion
for each of the indicators under consideration, and then their average harmonic value was calculat-
ed. The relationship between the mean harmonic value and the depth serves to define the bounda-
ries between the intervals. The above algorithm was used for calculations for four wells in the Ba-
har field, and the results were clearly demonstrated using figures.

© 2020 Earth Science Division, Azerbaijan National Academy of Sciences. All rights reserved.

1. Introduction

The efficiency and quality of well drilling large-
ly depends on the quality of the information re-
ceived. The quality of decisions made during the
drilling process also substantially depends on the
quality of information. The low quality of the infor-
mation received is one of the reasons for making
erroneous decisions, which in turn leads to compli-
cations, accidents and in general to a decrease in the
technical and economic indicators of well drilling.
The aforementioned as well as the experience of
drilling wells and numerous studies indicate the need
to use appropriate methods of data processing and
information analysis.

In recent years a large number of studies have
accumulated on the process of interaction of a rock-
cutting tool with a rock, in which methods and tools
for determining the physical-mechanical properties
and abrasiveness of rocks are proposed. These in-
clude experimental studies, studies based on the
analysis of geological and geophysical information,
as well as based on classification methods. In gen-

eral, an analysis of the work performed shows that it
is now possible to increase the level of decisions
made by using complex geological, geophysical and
technological information which forms the basis of
technological decisions. Information of this nature
can be obtained in various ways but to obtain and
use such information it is also necessary to use mod-
ern methods of data processing and information
analysis. In this regard the proposed article is devot-
ed to improving the efficiency of using the infor-
mation obtained in the process of drilling wells in
order to improve the quality of decisions.

2. The value of integrated information in
modeling the properties of rocks and the process
of drilling wells

Gained in recent years in world practice wide-
spread use of mud logging in the drilling process
allows us to solve a number of problems in the drill-
ing process, when information about the section of
the well being drilled is missing or is available in a
limited amount. The application of the results of
mud logging in combination with well logging al-
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lows a deeper study of the section and thereby im-
proves the quality of decisions.

As noted in (Pakutun, 2015), well logging-
drilling (LWD) is the most interesting and rapidly
developing area in the field of logging. When drill-
ing onshore as a rule there are quite a lot of explora-
tory wells, which allow you to build a fairly reliable
geological model. Production drilling at old fields is
mainly of a clarifying nature. When drilling at sea
and developing new fields with horizontal shafts, the
role of LWD and solving geo-navigation problems is
much more complicated. In addition, LWD is in-
creasingly used in exploratory wells. This is due to
the following circumstances:

1) obtaining technological data directly from the
bottom provides an opportunity not only to reduce
accident rate while drilling in new areas but also
suggests the possibility of developing new directions
of LWD;

2) the use of gamma-ray logging (GL) and elec-
trolytic logging (EL) data during drilling allows not
only to determine the most accurate coring intervals
but also to develop a technique for repeated EL
measurements at a higher level;

3) the most reliable data on flow rates can be
obtained during tests from the offshoot with horizon-
tal ending in promising collectors.

The limiting factor in the use of LWD on shelf
exploratory wells is the high cost of using foreign
equipment. LWD is most widely used in the con-
struction of production wells. The article (emus,
Paxurun, 2014) presents prediction of development
tendencies of mud logging and well logging on ex-
perience of well drilling at the example of "LU-
KOIL-Nizhnevolzhskneft" LLC in the north of the
Caspian Sea.

3. Methods of investigation

When analyzing geological and technological
information on well drilling in particular and data
related to measurements in general, one has to deal
with errors, uncertainty and unstable correlations
between the studied parameters. Such difficulties are
inherent in technical, technological, geological and
geophysical studies due to the difficulties associated
with the creation and use of more accurate instru-
ments for measuring drilling performance, formation
characteristics, especially with a complex geological
structure, operational parameters, etc. It becomes
very difficult to conduct a comparative analysis be-
tween values of the same parameter measured in
different ways.

For instance, when analyzing the operation of
the bits it is advisable to divide the section into ho-
mogeneous intervals and consider the patterns of
changes in drilling performance within them. For
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these purposes various classification methods have
been proposed. One of the simple methods that al-
lows this operation to be performed is the method of
D.A. Rodionov, known from geology, which was
applied in drilling (Efendiyev et al., 1991). Accord-
ing to this method the massif over the entire depth is
first assumed to be homogeneous, and then the
Rodionov criterion for each interval is calculated
according to the expression (1) proposed by the au-
thor:

n—1
n(n—K)K

m [[n_K)E?:lzij_Kz?=k+1Xij]2 (1)

V(rz) = ;
0 =1 1
J E?=1X?j—;[2?=1xij)2

According to the analysis of (Poauonos, 1968),
the values of the Rodionov criterion are distributed
obeying the law of y* Pearson. Therefore, the pro-
gram provides a comparison of each calculated value
with a table one for a given level of significance
within each interval. The intervals corresponding to
the excess of the calculated value of the criterion
over the tabular value y? of Pearson are the boundary
between two homogeneous packs that are heteroge-
neous with each other.

Many theoretical models have been developed
to predict or correlate specific physical properties of
porous rock. Most theoretical models are built on
simplified physical concepts: what are the properties
of an ideal porous media. However, in comparison
with real rocks, these models are always oversimpli-
fied. Most of these models are capable of "forward
modeling™ or predicting rock properties with one or
more arbitrary parameters. However, as is typical in
earth science, models cannot be inverted from meas-
urements to predict uniquely real rock and pore-fluid
properties. Many efforts have been made and will
continue to be made to build porous rock models but
progress is very limited. Some of the most funda-
mental questions are still unanswered.

(Taylor et al., 2015) modeled reservoir quality
evolution using the forward diagenetic model
Touchstone, which simulates porosity loss due to
compaction and quartz cementation. Quantitative
petrographic analyses and burial history data were
used to calibrate Touchstone model parameters. The
results were applied to deeper prospects for pre-drill
prediction of porosity and permeability. There was
also an attempt to model the dynamic moduli of po-
rous rocks saturated with viscous fluid at seismic
frequencies on core scale based on the strain-stress
method, aiming to provide a complement to real core
measurements in lab (Wang et al., 2016). First the
authors build 2D geometrical models containing the
pore structure information of porous rocks based on
the digital images (such as thin section, SEM, CT,
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etc.) of real rocks. Then they assume that the rock
frames are linearly elastic and use the standard
Maxwell’s spring-dash pot model to describe the
viscoelastic properties of pore fluids. Boundary con-
ditions are set according to the stress-strain method:;
and the displacement field is calculated using the
finite element method (FEM). They numerically test
the effects of pore structure on the viscoelastic prop-
erties of saturated rocks. The preliminary results in-
dicate that the pore structure parameters, such as
porosity, aspect ratio (AR), and pore size affect the
rock frame stiffness and results in different viscoe-
lastic behavior of the saturated rocks.

The paper (Wawrzyniak-Guz, 2019) presents an
application of rock physics templates constructed
with the use of the granular effective medium theory
and the shale model to estimate the elastic properties
of the Silurian and Ordovician shale formations from
the Baltic Basic, Poland. The author uses available
logging data from three nearby wells and their
petrophysical interpretation to distinguish various
lithological types and to determine average matrix
mineral composition of each lithology group, essen-
tial in further rock physics modelling. Anisotropy
estimation and investigation of the relation between
various petrophysical parameters precede the rock
physics modelling. The paper includes also the
proposition of the final rock physics template con-
structed for the Silurian and the Ordovician for-
mation from the Baltic Basin that can contribute to a
better understanding of the elastic properties of the
lower Paleozoic shale plays in Poland.

To date fuzzy logic has also been successfully
applied in the assessment and use of reservoir char-
acteristics. Even in the past researchers in the field
of natural sciences noticed that many, at first glance,
random events are accompanied by certain laws.
Later these regularities, or distributions, were close-
ly approximated by continuous curves called “nor-
mal distribution curves of errors” and assigned to the
laws of probability (Brown et al., 2000; Cuddy,
Glover, 2002). In general analysis shows that the
solution of problems of modeling technological pro-
cesses is significantly hampered by the presence of
uncertainty associated with the use of random and
fuzzy quantities. Random variables convey the fact
that the studied quantities can take different values
with different probabilities. Fuzzy quantities convey
approximation in determining the values of these
guantities themselves. In addition, fuzzy values may
be preferable in case of insufficient statistical data
and related information necessary for more reliable
estimates. Such estimates of the mechanical proper-
ties of rocks can be made according to their physical
properties, estimated using well logging using prob-
abilistic-statistical methods and the theory of fuzzy

sets. The study of the considered dependencies made
it possible to develop a reasonable design scheme
for assessing the characteristics of the geological
section.

4. Information analysis and results

of investigations

The optimal decision-making when drilling wells
requires an analysis of objectively existing, identified
as a result of studies during the drilling process, quali-
tative and quantitative relationships of various geologi-
cal and technological factors affecting the performance
of this process, research and identification of the rela-
tionships between geological, geophysical, mechanical
and technological characteristics of the section. Such
regularities make it possible to further study the geo-
logical section, evaluate those geological characteris-
tics that have not been previously evaluated, and also
improve the accuracy of previously estimated charac-
teristics and thereby ensure the development of a sys-
tem for calculating the characteristics of the geological
section (dxauzakoB u np., 2019; rocenos, 2008;
Efendiyev et al., 2017).

It should be noted that in the practical use of
well drilling results, it is required to take into ac-
count the presence of noise. In this regard it be-
comes necessary to study some random processes
against the background of others (pulsed interfer-
ence). One of the most effective methods is the au-
tomatic selection method, which was used in (Mup-
3ampkansaae u ap., 1973; Araes, 1989) to estimate
the useful signal in the operating parameters. The
program that we used includes noise filtering when
processing the d-exponent, and a change in the sta-
tistics L allows one to judge whether the system un-
der consideration is homogeneous, i.e. from the val-
ue of L calculated for the indicator of drilling, it is
possible to determine homogeneous intervals
(Efendiyev et al., 2019; Ddenaues u ap., 2019).

In (Brown et al., 2000; Cuddy and Glover, 2002)
according to the measured rock characteristics (hard-
ness is taken in our examples) which can be estimated
from core studies, mud logging or well logging, the
fuzzy possibility F(x7) is determined. The process is
repeated for another parameter, for example, porosity,
y. This step allows us to obtain F(ys), a fuzzy possibil-
ity that the measured porosity y belongs to the litho-
type f. This process is repeated for other features
characterizing the given rock, then for each lithotype
of the rocks to get F(z). At this stage we have five
fuzzy probabilities (F(xs), F(ys), F(z;) ....) which are
based on fuzzy possibilities available for different
rock characteristics (X, y, z ...). They indicate that
lithotype f is most likely. The indicated fuzzy possi-
bilities are then harmoniously averaged (2) to obtain
the aggregate fuzzy possibility:
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This process is repeated for each lithotype f.
The lithotype associated with the highest Cs is taken
as the most probable for a given set of features. This
approach was used in our work because it makes the
lithological forecast more reliable.

In this article, the noted theoretical prerequisites
are considered on the example of forecasting the
lithology of the rocks of a section of one of the wells
drilled in Azerbaijan by a set of attributes (hardness

Psh, abrasiveness A, lithology indicator A_, porosity

Kpor, permeability Kperm) oObtained as a result of
geological, geophysical and technological studies
during well drilling. An analysis of the distribution
showed (Fig. 1) that for each of the listed attributes,
with the exception of permeability, it obeys the
normal law (permeability obeys the lognormal law,
therefore their logarithms are taken as its values). In
all homogeneous intervals, the weighted average
values of each of the five parameters are given:
porosity, permeability, lithology index, hardness,
abrasiveness.

« [ —r—
3 § w P are roal) o1
= c E 0 ean Clx2) G028
= @ o — [
oo
§_ o % 0 Wardness P, WP (20,00 ®
a E = Ie Porasity K or (x100] 1610
4 o 023
13 N \ / ! ™~
i gl | tHH }
2 | / \ \ P
Tl \ j BESE f
2 5 AT /-,._:H §
23 5 / 3" =L
2 { b 7 - (_‘f
25 1 J 1] ihY
3 [ i — iy
E { K
2 g R I (SRR
2 =3 1 === mg ===
: J ks
0
3 k
3 | | } \
33 ~0.111 |
" ﬁf,f, 0.035 ! l { \\
4| e 0034
35 | Pu=o976.81 | | \
15 |Am63Ts l ‘ ]
|
f |

intervals

Depth (km)
| Homogeneous

T

P

ol

)
El
°
&
P EANT TN A A AP A A AN AR A AMRIAAA | f S

intervals

Homogeneous

|

Ehod M»._‘»\..J:wé\_iﬁ

intervals

Depth (km)
Homogeneous

Fig. The results of the analysis of information on drilling wells in the Bahar fields:
a) well 8, b) well 40, c) well 9, d) well 72
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The figure clearly traces the boundaries of litho-
logical differences of rocks, identified using the
harmonic average of five indicators of rock proper-
ties which correlates well with each of the noted
characteristics. The results obtained make it possible
to enlarge homogeneous packs of rocks, to combine
data on the development of bits within these packs,
providing a sufficient amount of information about
the work of the bits and, as one of the results, to
begin to build a model of penetration rate for this
rock. Weighted average values of rock characteris-
tics for individual rock differences are shown in the
figure. It should be noted that, depending on the
problem to be solved, when breaking the section into
homogeneous packs, other rock characteristics can
also be used. In this case we considered indicators of
those rock properties that are necessary for solving
well drilling problems.

5. Conclusions

As studies have shown, the main purpose of
monitoring the drilling process using complex in-
formation is the timely warning of emergency situa-
tions, improving the performance of bits, and, in
general, optimizing the drilling process. During the
implementation of any stage carried out at the drill-
ing site, all parameters are recorded and processed in
real time. The time of each operation is fixed and
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PA3JEJIEHUE 'EOJIOT'MYECKOI'O PA3PE3A HA OJHOPOJHBIE 110 BYPUMOCTH UHTEPBAJIBI
HA OCHOBE PE3YJIbTATOB MOJEJUPOBAHUS CBOUCTB I'OPHBIX IOPO/ B TIPOUHECCE BYPEHUS

IMupusepaues U.A.
Hnemumym nepmu u 2aza, Hayuonanvnas Axademus nayx Azepbatiosicana
AZ1000, Azepbatiosncan, 2. Baxy, yr. @. Amuposa, 9: igorbaku@yandex.ru

Pestome. Tlopbienne 3¢ eKTUBHOCTH M KauecTBa OypeHMs] CKBA)KHH BO MHOTOM 3aBHCHUT OT ITOBBIIIEHHS KaU4eCTBA MOTyIaeMOH
nHpopmarmu. KavecTBo pemeHuii, IpuHIMaeMbIX B Tporiecce OypeHusl, TaKXkKe CYIIECTBEHHO 3aBUCHT OT KauecTBa MH(OpMaImu.
[rpoko ucronab3yeMble B MOCIEIHUE TOJBI B MHPOBOH IPAKTHKE I'e0JOTr0-TEXHOJIOTHUECKNE HCCIEOBaHNUs B Ipoliecce OypeHus
CKBQ)KHH I03BOJISIOT PEIIUTH Psi] IPOOIEM B 9TOM IIpoLecce, Koraa HHPOopMaIys o pa3pe3e IpoOypeHHOH CKBaXKUHEI OTCYTCTBYET
WM JOCTYIIHA B OrPaHMYEHHOM KOJM4ecTBe. [IpuMeHeHne pe3ysbTaTOB KOMIUIEKCA I'e0JIOro-reoGU3MYecKuX M TEXHOJIOTHYECKHX
HCCIIEZIOBAaHUH 03BOJISIET OoJiee IIyOOKO M3y4YHWTh JAHHBIA BOIIPOC M TEM CaMbIM ITOBBICUTH Ka4eCTBO IPHHHMAEMBIX PELICHHH.
CTaTbsl OCBAIICHA aHAIM3Y M POJIM MH(POPMALIMH, MOITy4aeMoil Ipu OYPEHUH, OLICHKE ee KauecTBa M METOZO0B, CIIOCOOCTBYIOIIUX
MOBBILICHUIO KauecTBa MH(QOPMALUK NP NPUHATHU PEIICHUH HA pa3iMyuHbIX dTanax OypeHus. PaccMoTpeHsl MeTozabl 00paboTKH
JAaHHBIX U aHAIN3a WHOPMAINH, MOKA3aHO, KaK HCIIONB30BaTh CIOXKHYIO T'€0JOTHUYECKYIO, TeOMH3HIECKYI0 U TEXHOJIOTHUECKYIO
nHpopmarmio, 00BICHEHa IETECO00Pa3HOCTh UCIONB30BAHMS PA3IMIHBIX METOJOB, U3BECTHBIX N3 MAaTEMAaTHUECKOW CTATUCTHUKH U
TEOpUH HEYETKHX MHOXECTB. B cTaThe paccMOTpeHBI ITyTH IOBBINIEHHS KadecTBa MH(OpMAIMy U MONydeHUs Ooiee OOIIMPHBIX
CBEJICHUI 0 MPOOYPEHHOH MOpoJe, YTO MO3BOJISIET Pa3IeNnuTh pa3pe3 Ha OJHOPOAHbIC HHTepBaIbl. C 3TOH HENbI0 IPUMEHSUICS U3-

38


https://burneft.ru/archive/issues/2015-07-08/26
https://library.seg.org/doi/abs/10.1190/RP2016-003
https://library.seg.org/doi/abs/10.1190/RP2016-003
mailto:igorbaku@yandex.ru

I.A.Piriverdiyev | ANAS Transactions, Earth Sciences 2 /2020, 33-39; DOI: 10.33677/ggianas20200200044

BECTHBIM U3 HEUETKOH JIOTMKHU MOIXOJ [0 HAXOXKACHHIO COOTBETCTBYIOLIETO KPUTEPHs AN KaXJOro U3 PacCMaTpUBAEMBbIX IIOKa3a-
TeJei, a 3aTeM ObLIO IOJICYMTAHO UX CPEHEee rapMOHMYECKOe 3HaUeHHe. 3aBUCUMOCTb MEX/Ly CPEJHUM IapMOHHYECKUM 3HaYCHHEM
U TITyOMHOM CITy>KUT IJIs OTIPEACNIECHHs TPaHHI] MEXy HHTEpBaJlaMi. BBIIEOTMEUEHHBIN adropuT™ ObLT HCIIOJIB30BaH IJIsl PACUETOB
T10 YeThIPEM CKBaKMHAM Ha MECTOPOXKJEHHM baxap, a pe3ynbTaTsl ObUIN HArJIAAHO MPOAEMOHCTPUPOBAHBI C TIOMOIIBIO PHCYHKOB.

Knrouesvie cnosa. komniexcnas ungopmayusa, 2eono2uieckuil paspes, nopood, 0010md, OCLOHCHEHUSA, KIACCUDUKAYUS, NPUHA-
mue peuteHuil, HeOnpeoeleHHOCMb, HeuemKas 102UKa

QUYU QAZILMASI ZAMANI SUXURLARIN MODELLOSDIiRILMOSi NOTICOLORINO OSASON
GEOLOJI KOSILiSiN BiRCINS INTERVALLARA BOLUNMOSI

] Piriverdiyev |.A.
Neft va Qaz Institutu, Azarbaycan Milli Elmlor Akademiyast
AZ1000, Bak: sah., F.Omirov kiig., 9: igorbaku@yandex.ru

Xiilasa. Quyu gazilmasinin effektivliyi vo keyfiyyati oldo edilon informasiyanin keyfiyystindon asilidir. Qazma zamani gobul
edilon gorarlarin da keyfiyyasti informasiyanin keyfiyyotindon asilidir. Son zamanlar diinya tacriibasinds genis istifade olunan geoloji-
texnoloji tadgiqgatlar gazma zamani informasiya gatismazlig: soraitinds bir cox problemlarin hallini hoyata ke¢irmayo imkan yaradir.
Bununla olagadar taqdim olunan magale qazma zamani kasilis haqqinda olds edilon informasiyanin keyfiyyatinin artirilmasi, qazilan
siixurlar hagqmda dahagenis molumatin alde edilmasi, bunun asasinda kasilisin bircins intervallara ayrilmasima hasr olunur. ilkin mo-
lumat kimi burada son zamanlar genis totbigini tapmis geoloji-texnoloji todgigat sistemlarinden alinmig informasiyadan istifads olun-
mugdur.Bura kosilisin litologiyasi, siixurlarin mesamoliliyi, borkliyi vo digor xassa gostoricilori hagqinda molumat daxildir. Slda
edilmis molumatin ilkin emali, onun tohlili adston anenavi statistik tisullarin totbigi ile hayata kegirilir. Lakin onu geyd etmok lazim-
dir ki, bir ¢cox hallarda geyd olunmus tsullar kifayst deyil. Burada mévcud geyri-miioyyonlik tiziindon gararlarin gsbulu ¢atinlasir.
Buna goro son zamanlar geyri-solis ¢oxluglar nozariyyasine asaslanan iisullardan genis istifade olunur. Qeyd olunmus masalo qeyri
solis mantiq asasinda hor baxilan amil iizrs miivafig meyarin hesablanmasi, biitiin bunlarin arasinda orta harmonik giymatin toyini
vasitasilo hall olunur. Bels ki, homin orta harmonik giymatin dorinlikden asililiq ayrisindoki sigrayiglara uygun dorinlik bir siixur ilo
digar stixurun sorhadi Kimi gabul olunur. Qeyd olunmus alqoritm tizro Bahar yataginda gazilmis quyularin timsalinda hesablamalar
vo miivafiq siixur bolgiisii aparilmigdir. Toklif olunmus yanagma ilo aparilmig bolgii vasitosi ilo formalagmus bircins intervallar tizro
gazma baltalarinin is gostoricilari tohlil olunaraq onlarin isinin modellogdirilmosi vo gorarlarin gobul edilmasi iizro marhslolori hoyata
kegirmoak olar.

Acar sozlar: kompleks informasiya, geoloji kasilis, sixur, balta, mirakkablogma, tasnifat, gararlar:n gabulu, geyri miayyanlik,
qgeyri salis mantiq
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Summary. The article presents an analysis of the parameters of split shear waves from a sur-
face (h = 8 km) earthquake that occurred within the Great Caucasus in Zagatala region on May 7,
2012 with ml = 5.6. Spatial analysis of waveforms is carried out using 3-component digital signal
recordings. For selected sections of the 3-component recording in the DIMAS program, a three-
dimensional graph of the particle motion path and the projection of the motion path on the NE,
NZ, EZ planes is constructed. The birefringence effect, i.e. the shear wave is split into two (S1 and
S2), each of which has its own polarization and speed for broadband three-component records
(HHE, HHN, HHZ) of one seismic station ZKT. This made it possible to study small-scale strains
for a better understanding of the dynamic processes and properties chances of the medium with
depth. At the same time, the dependence of the parameters of split S waves on the direction of
propagation and spatial heterogeneity of the physical properties of the medium requires a more de-
tailed analysis of the data in space and time. It was established that the fast and slow S-waves are
well distinguished in the wave field, their polarization vectors are mutually orthogonal. Subsequent
waves have much smaller amplitudes, and their azimuths are close to the azimuth of the slow wave
Sa. The delay time between the first and second phases of the shear wave for the ZKT station is 3

seconds with the orientation of the polarization vectors along the azimuths 140° and 70°.

© 2020 Earth Science Division, Azerbaijan National Academy of Sciences. All rights reserved.

Introduction

The polarization properties of seismic wave-
fields recorded by triaxial (three-component) sta-
tions can be exploited for event detection, seismic
direction finding, and wavefield filtering. Develop-
ment of the method of shear and converted waves,
creation of the basics of multi-wave seismic explora-
tion make it possible to obtain more complete in-
formation about the medium, including anisotro-
py.As is known, according to the registration of lon-
gitudinal waves, it is not always possible to distin-
guish easily effects associated with heterogeneity
and anisotropy of elastic properties, and a very de-
tailed observation system is required for reliable de-
tection of anisotropy. From the data of multicompo-
nent observations, one can obtain both kinematic
and dynamic characteristics of all types of waves
associated with the anisotropy of the medium. Of the
dynamic characteristics, the polarization parameters
of transverse and converted waves are most im-
portant for determining anisotropy. In an anisotropic
medium, two shear waves with different polarization

40

and different velocities can propagate along an arbi-
trary direction. One of them is called fast (S1), and
the other — slow (S2). When an anisotropic S-wave
layer with arbitrary polarization is incident on the
boundary, S-waves split, which is a sign of the pres-
ence of anisotropy, i.e., birefringence. Polarization
analysis of shear and converted waves makes it pos-
sible to separate the waves S1 and S2 in the case of
their interference and to determine their polarization
parameters associated with the characteristics of the
anisotropic medium (T"ansniepun, 1977).

For the first time the idea of the widespread use
of wave polarization to increase the effectiveness of
seismic and seismological studies was put forward in
the 1950s by G.A. Gamburtsov. He proposed and
developed a new type of wave correlation — azi-
muthal phase correlation, based on tracking the
phases of seismic waves as a function of orientation
in space of the component oscillations at a constant
position of the observation points. The development
of these studies led to the creation of the azimuthal
method of seismic observations ("anenepun, 1977).
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Methods have been developed for processing azi-
muthal seismograms and determining the polariza-
tion parameters of seismic waves. This approach to
the study of anisotropy of shear waves has recently
been used by professor at the University of Missouri
E.Sandwoll in his studies.

Thus, the purpose of this article was to determine
the direction of particle displacement of the medium
and the parameters of elliptically polarized vibrations,
to evaluate the accuracy of determining the direction
of the particle motion vector, and to identify split
shear waves using the Zagatala earthquake which oc-
curred on May 7, 2012 with ml =5.6.

Polarization

Wave polarization is a characteristic of shear
waves that describes the behavior of a vector of an
oscillating quantity in a plane perpendicular to the
direction of wave propagation. Polarization cannot
occur in a longitudinal wave, since the direction of
oscillations in waves of this type always coincides
with the direction of propagation. A transverse wave
is characterized by two directions: the wave vector
and the amplitude vector, which are always perpen-
dicular to the wave vector up to the motion of space.
The wave vector shows the direction of wave propa-
gation, and the amplitude vector shows in which di-
rection the oscillations occur. In three-dimensional
space there is another degree of freedom — the possi-
bility of rotation of the amplitude vector around the
wave vector. The triple of vectors associated with
each point of the biregular curve forms a Frenet frame
(https://en.wikipedia.org/wiki/Polarization_waves).

There are three reasons for the polarization of
waves: 1) asymmetric generation of waves in a dis-
turbance source; 2) the anisotropy of the wave prop-
agation medium; 3) refraction and reflection at the
boundary of two media. Polarization is described by
Lissajous figures (fig.1), and corresponds to the ad-
dition of transverse vibrations of equal frequency
(with different phase shifts).

Fig. 1.The polarization described by the Lissajous figures

If the oscillation frequencies are equal, the Lis-
sajous figures are an ellipse, the two extreme forms

of which are a circle and a straight line segment. In
the general case for harmonic waves, the end of the
vector of an oscillating quantity describes an ellipse
in the plane directed transverse to the direction of
wave propagation: this is an elliptical polarization.
Important particular cases are linear polarization, in
which perturbation oscillations occur in one plane,
in this case they speak of a “plane-polarized wave”
and circular polarization, in which the end of the
amplitude vector describes a circle in the plane of
oscillation; circular polarization (like elliptical),
depending on the direction of rotation of the vector,
can be positive or right and negative or left
(https://en.wikipedia.org/wiki/Polarization_waves).

Fig. 2. The difference between circular and plane polarized waves

Particle motion

P and S waves are linearly polarized, with slight
deviations in the inhomogeneous and partially aniso-
tropic real Earth. Incontrast, surface waves may ei-
ther be linearly polarized in the horizontal plane
perpendicular to the direction of wave propagation
(transverse polarization; T direction; e.g., Love
waves) or elliptically polarized in the vertical plane
oriented in the radial (R) direction of wave propaga-
tion. P-wave particle motion is dominatingly back
and parallel to the seismic ray, whereas S-wave mo-
tion is perpendicular to the ray direction
(Erupmunum, Kaszumos, 2007). Accordingly, a P-
wave motion can be split into two main components,
one vertical (Z) andone horizontal (R) component. S
waves, on the other hand, may show purely trans-
verse motion, oscillating in the horizontal plane (SH;
i.e.,, pure T component) or motion in the vertical
propagation plane, at right angles to the ray direction
(SV), or in any other combination of SH and SV. In
the latter case S-wave particle motion has Z, Rand T
components, with SV wave split into a Z and an R
component.
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Fig. 3. Components of motion (rotation the horizontal components)

Thus, when 3-component records are available,
the particle motion of seismic waves in space can be
reconstructed and used for the identification of seis-
mic wave types. However, usually the horizontal
seismometers are oriented in geographic east (E) and
north (N) direction. Then, first the back azimuth of
the source has to be computed and then the horizon-
tal components have to be rotated into the horizontal
R direction and the perpendicular T direction, re-
spectively. This axis rotation is easily performed
when digital 3-component data and suitable analysis
software are available. It may even be carried one
step further by rotating the R component once more
into the direction of the incident seismic ray (longi-
tudinal L direction). The T component then remains
unchanged but the Z component is rotated into the Q
direction of the SV component. Such a ray-oriented
co-ordinate system separates and plots P, SH and SV
waves in 3 different components L, T and Q, respec-
tively. These axes transformations are easily made
given digital data from arbitrarily oriented orthogo-
nal 3-component sensors such as the widely used
triaxial sensors STS2.

Description of the DIMAS program

The DIMAS (Display, Interactive Manipulation
and Analysis of Seismograms) program is designed for
detailed processing and visual analysis of digital seis-
mic signals from various acquisition systems (/Ipo3-
uuH, J[posauna, 2004; 2011). This program allows the
user to both conduct complex processing and analysis
of the seismic signal and evaluate the main parameters
of earthquakes, meets the increased requirements of
real-time operation on seismometric information col-
lection systems. The “SAC” format is used as the water
file. Traditional tool channel orientation:

Z------- Dip=-90, Azimuth=0
N------- Dip=0, Azimuth=0
E------- Dip=0, Azimuth =90.

Spatial analysis of waveforms is carried out us-
ing 3-component digital signal recordings. For se-
lected sections of a 3-component recording, a three-
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dimensional graph of the particle motion path and
the projection of the motion path on the NE, NZ, EZ
plane is constructed in the program. In this case, the
effect of the volumetric trajectory is created by rota-
tion using the function keys, and projections on the
corresponding planes are obtained by turning the
volumetric figure at the corresponding angles. The
program provides for the study of the polarization
characteristics of the signal ([opmkanes u ap.,
2011), as well as a graphic display of the azimuths
and angles of exit of the axis of polarization of the
seismic wave on the Wolfe grid for a given time in-
terval. The direction of the largest axis gives the az-
imuth to the source. The statistical distribution of
polarization vectors in space (polarization ellipsoid)
is constructed in a time window based on the covari-
ance method. The size of the time window is gener-
ally determined within the dominant period of the
wave under study (Kasumosa, Kazumos, 2011).

As mentioned above, studies were conducted on
the example of one of the most powerful earthquakes
in Azerbaijan over the past 10 years — the Zagatala
earthquake on May 7, 2012 with ml=5.6. Broadband
three-component records (HHE, HHN, HHZ) of one
“ZKT” seismic station were selected (Fig. 4).

Fig. 5 shows azimuthal seismograms plotted in
a horizontal plane with an azimuth step of 2° and a
count from the north in the S-wave interval, the pro-
jection of particle motion in three-dimensional
space, and seismograms of a three-component re-
cording.

When shear waves pass through an anisotropic
layer, a birefringence effect occurs, i.e. the trans-
verse wave is split into two (S; and S;), each of
which has its own polarization and speed. The non-
linear polarization of the waves S is due to the su-
perposition of several oscillations. In the case when
the anisotropy is caused by directional fracture, the
displacement vector of the wave S1 is parallel to the
plane of the cracks, and by determining its polariza-
tion we are able to determine the direction of the
cracks (JIyuesa, 2008, 2009).

Thus, for the estimation of wave parameters in
the azimuthal seismograms, S; and S, phases and
their following characteristics are distinguished: 1)
the arrival time tsi, ts; 2) the time interval Atgp, in-
cluding both waves.

As can be seen in the figures, the fast and slow
S-waves are well distinguished in the wave field,
their polarization vectors are mutually orthogonal.
Subsequent waves have much smaller amplitudes,
and their azimuths are close to the azimuth of the
slow wave S;. The delay time between the first and
second phase of the shear wave for the ZKT station
is 3 seconds with the orientation of the polarization
vectors along the azimuths 140° and 70°.
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Fig. 5. An azimuthal seismogram plotted in a horizontal plane with an azimuth step of 2° and a reference from the north in the S-wave
interval at the Guba (QUB) station. Fast (S1) and slow (S2) waves are indicated by arrows

34 shear intervals were identified on the shear
wave seismogram and particle motion trajectories
were constructed in three-dimensional space with a
step of one second (Fig. 6). As can be seen in the fig-
ures on the 4th second, the trajectory of particle mo-
tion in three-dimensional space changes where wave
S1 appears. At the 11th second, wave S2 appears, in
which the oscillations are perpendicular to each other,

i.e. they oscillate in different planes. This type of tra-
jectory changes to elliptical one. Since the displace-
ment vector of the wave S1 is parallel to the plane of
the cracks, by determining its polarization we are
able to determine the direction of the cracks. Only
the initial part of the recording of waves S1 is less
interference, because the interfering waves, as a rule,
are offset in time relative to each other (KassimoBa,
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Kasemos, 2010, 2016). The shear wave splitting is
maximum when the wave propagates parallel to the
layering plane. At that moment, when the waves S1
and S2, propagating at different speeds, are displaced
in time relative to each other and, interfering with
each other, can form an oscillation polarized by the
ellipse. The nature and parameters of the ellipse will

vary depending on the conditions of the superposition
of the waves. This phenomenon is clearly manifested
at 25-30 time intervals where the elliptical polariza-
tion is oriented in the NE direction, and at 33-34 time
intervals the oscillations polarized along the ellipse
have the NW direction. At 35-36 time intervals polar-
ization fluctuations take the form of a circle.

\

»

A

>
B

é’
é).

s
%.
g@.

i
o
S
3105

44



S.E.Kazimova /| ANAS Transactions, Earth Sciences 2 /2020, 40-48; DOI: 10.33677/ggianas20200200045

\.
D.

Fig. 6.Particle motion diagrams for selected seismic waves

Note that a change in the velocity of elastic body
waves with direction (velocity anisotropy) leads to a
change in the refraction angles, critical angles and
amplitudes of transmitted waves. In addition, a
change in polarization in an anisotropic medium leads
to a converted particle motion for all types of body
waves: P, SV, and SH. Since the depth of this earth-

Az=140; Incid.=15

Az=155; Incid.=30

Az=161; Incid.=22

Az=143; Incid.=31

guake was 8 km, and the hypocentric distance was 15
km, we represent the waves P, SV and SH as direct
rays. Using the Wolf grid, we determined the incident
angle and azimuth of the longitudinal and transverse
seismic waves in each selected segment (Fig. 7, 8).
Three main axes of a virtual polarization ellipsoid are
displayed on the Wolf grid.

3

Az=144; Incid.=37

III
k

%

Az=137; Incid.=27

III

Fig. 7. An example of determining the incident angle of a longitudinal seismic wave and azimuth on the Wolf grid

45



Geology and geophysics

Az=344; Incid.=72

Az=130; Incid.=48

Az=314; Incid.=44

Fig. 8. An example of determining the angle of exit of a transverse seismic wave and azimuth on the Wolf grid

Discussion of the results and conclusions

Based on the obtained data, a graph of the de-
pendence of the incident angle and azimuth of the
considered seismic waves at 34 time intervals was
constructed. As can be seen in the graph at the first 4
points corresponding to the longitudinal wave, the
azimuth fluctuates in the range of 140-155°, and the
incident angle — 15-37°. For linearly polarized oscil-
lations, the recording form is preserved and the os-

Az
400

cillations are in phase, regardless of the orientation
of the components in space. The nature and polariza-
tion of the longitudinal wave are independent of the
source and the forces acting in it. Therefore, at each
individual observation point, the nature of the polar-
ization of wave P caused by the earthquake will be
the same and cannot provide information about the
source.
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Fig. 9. Graph of the incident angle and azimuth of the considered seismic waves at 34 time intervals
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In shear waves, the action of the waves on the ge-
ophone will depend on how the geophone is oriented
and in what plane, passing through the direction of
wave propagation, transverse vibration occurs. In ho-
mogeneous and isotropic media, shear waves are polar-
ized in a plane directed to the P wave front, i.e., the
particle motion vector lies in the indicated plane and is
perpendicular to the beam. Unlike a longitudinal wave,
where the polarization of the oscillations is determined
only by the direction of wave propagation, the polari-
zation of the oscillations in the transverse wave de-
pends on the type of source.

Thus, it was established that the fast and slow S-
waves are well distinguished in the wave field, their
polarization vectors are mutually orthogonal. Subse-
quent waves have much smaller amplitudes, and their
azimuths are close to the azimuth of the slow wave
S2. The delay time between the first and second phase
of the shear wave for the ZKT station is 3 seconds
with the orientation of polarization vectors along the
azimuths of 140° and 70°. As can be seen in the fig.
9, the azimuthal angle of the first shear wave (interval
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5-8) was 130-150°, and the incident angle was 22-33°,
however, in the following sections of the wave re-
cording, the azimuthal angle sharply changes to 343-
344°, and the incident angle — to 72-74°. Further, the
azimuthal angle sharply changes to130° and then
again moves to the fourth decade (314°).

Thus, the orientation of the forces acting in the
source determines the nature of the particle motion.
For a vertical axis of symmetry and sources with a
horizontally acting force in the direction perpendicu-
lar to the force action, SH shear waves polarized hori-
zontally will propagate parallel to the force. These
waves are of particular interest, since when they
propagate in the axis of symmetric media at the inter-
faces no exchange waves arise, and the wave field is
relatively simple. Therefore, the SH method is based
on the method of transverse reflected waves. It is
characteristic of these waves that the direction of mo-
tion of the particles changes with changes in the di-
rection of the forces. SV waves are polarized mainly
in the vertical plane, and they, unlike SH waves, are
excited by different types of sources.
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MOJISIPU3AIIMOHHDBIN AHAJIA3 3ATATAJILCKOT'O 3EMJIETPSICEHUS
7 MASI 2012 TOJIA 11O OJHOM CTAHIIUU

Kaseimmosa C.J.
Pecnybnuxanckuii Llenmp Ceticmonozuueckoii Cnyxcovt npu HAHA
AZ1143, 2.Baxy, npocn. I [icasuoa, 123: sabina.k@mail.ru

Pestome. B crathe 1aH aHAN3 TAPaMETPOB PACIICIUICHHBIX MOMEPEYHBIX BOJIH OT Heriay6okoro (h=8 kM) 3emuerpsiceHust, mpo-
u3omesuero B npeaenax bonbmoro KaBkasa B 3aratansckoM paiione 7 mast 2012 r. ¢ mI=5.6. IIpocTpaHCTBEHHBIH aHAIN3 BOJIHO-
BBIX ()OpPM BEIETCS C MCIOJB30BAaHUEM 3-X KOMIIOHEHTHBIX HU(POBBIX 3amucell curHaia. J[jis BBIIENeHHBIX YYacTKOB 3-X KOMIIO-
HeHTHOM 3amucu B nporpamme «DIMAS) ctpoutcs TpexMepHbIi IpadiK TPAaCKTOPHUH JBHIKEHHS YaCTHIl M MPOCKIUH TPACKTOPUH
nBwxkeHus Ha mwiockocti NE, NZ, EZ. YcranosneHn 3¢ dekt naBymydenperoMieHus, T.e. HoNepevHas BOJIHA pacuiernsieTcs Ha aBe (S1
u S2), KaXkJas U3 KOTOPbIX UMEET CBOIO TOJSAPU3ALIMIO U CKOPOCTb JUISl IMPOKOIOJIOCHBIX TPEeXKOMITOHEeHTHBIX 3anmuceid (HHE, HHN,
HHZ) onnoit ceiicmuueckoit cranimmm  «ZKT». DTo mano BO3MOXXHOCTh U3YUYHTh MeNKOMAacIITabHBIE AedopManuyl AJsl JIydIIero
MOHMMAaHUS JHHAMUYECKHUX MPOIECCOB M M3MEHEHUS CBOMCTB Cpelbl ¢ TTyOMHOU. B TO ke BpeMs 3aBHCHMOCTH HMapaMeTpoB pac-
IIETUICHHBIX S-BOJIH OT HAIIPaBJICHUS PacIIPOCTPAHCHUS M MPOCTPAHCTBEHHON HEOJHOPOAHOCTH (hM3UIECKHX CBOUCTB CpeJsl TpeOy-
eT Ooyee METANBPHOTO aHaIM3a JAHHBIX B MPOCTPAHCTBE M BO BpPeMEHH. BHIIO yCTaHOBIEHO YTO OBICTpas M MEAJIEHHAs! S-BOJHEI
XOPOLIO BBIIEISIFOTCS B BOJTHOBOM IT0JIE, MX BEKTOPBI HOJIIPU3ALUH B3aUMHO OPTOrOHANBHBI. [Tocienyomye BOJHEI UMEIOT ropasio
MCHBIINE aMIUTUTYAbL, U UX a3UMYThI OJIM3KU K a3UMYTy MEIUICHHOM BONHBI S2. BpeMsi 3aepikku MexIy NepBoii U BTopoi (a3aMu
nonepevyHoi BoaHbI i craHuu ZKT cocTaBiser 3 ceKyHIBI C OpUEHTAIME BEKTOPOB MOIApH3aLuy 1o azumyTam 140° u 70°.

Knioueswie cnosa: nonapuzayus nonepeunvix SH u SV eonn, gueyput Jluccasicy, y2on 6vixooa u asumym ceticMuieckux 80

7 MAY 2012-Ci iLDO BAS VERMIS ZAQATALA ZOLZOLOSININ
BiR STANSIYANIN MOLUMATLARI 9SASINDA POLYARIZASiYA TOHLILIi

Kazimova S.E.
AMEA nazrinda Respublika Seysmoloji Xidmat Markazi
AZ1143, Baki sah., H.Cavid prosp.123: sabina.k@mail.ru

Xiilasa. Mogalodo 7 may 2012-ci il tarixinds Boyiik Qafgazin Zagatala rayonunda bas veran, doarinliyi h=8 km, ml=5.6 olan zal-
zalonin enins dalgalarinin parametrlorinin tohlili taqdim olunur. Dalga formalarinin moakan tshlili iigkomponentli ragomsal seysmik
geydlorindan istifads etmoklo aparilir. Dalgalarin tigkomponentli ragomsal yaziliglarda ayrilmig sahalorin segilmasi tigiin « DIMAS»
programinda hissaciklarin horokatinin trayektoriyasinin ti¢olgiilii qrafiklori voa NE, NZ, EZ mustavisinds horokatin trayektoriyasini
proyeksiyast qurulmusdur. Suanin iki refraksiyasi agkar olunub, yoni enino dalgaiki dalgaya béliiniir (S1 vo S2). Hor dalga bir seys-
mik stansiya tizro 6z polyarizasiyasina veo tigkomponentli (HHE, HHN, HHZ) yaziliglarin siirotlorina malikdir. Bu, ki¢ik miqyash de-
formasiyalar1 6yronmaya vo dorin olmayan miihitin dinamiki proseslorini vo xiisusiyystlorini daha yaxsi basa diismak {i¢iin imkan
vermigdi. Eyni zamanda, boliinon S-dalgalarin parametrlorinin miihitin fiziki xiisusiyystlorinin yayilma istigamatindon vo mokan
geyri-bircinsliyindon asililigt mokan vo zaman malumatlarinin daha strafl: tahlilini talab edir. Belsliklo, siiratli birinci va ikinci enina
dalgalar1 dalga sahosindo yaxsi qeyd olunur, onlarin polyarizasiya vektorlari qarsiligh ortogonaldir. Sonrak: dalgalarin daha asagi
amplitiidalart var vo onlarin azimutlari ikinci Sz dalgasinin azimutuna yaxindir. “ZKT” stansiyasi tizro birinci vo ikinci enins dalgala-
rin arasindaki gecikma vaxti 3 san, polyarizasiya vektorlarinin istigamoti 140° vo 70° azimutlar: tizradir.

Acar sézlar: SV va SH enina dalgalarin polyarizasiyasi, Lissaju fiquralar:, seysmik dalgalarin ¢ixisbucag va azimutu
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Summary. Gedabey (Western Azerbaijan) mine province is located in the Lesser Caucasus re-
gion of Tethys metallogenic belt, which is one of the most important metallogenic provinces of the
world. Mineralization occurred in the subduction zone within the Lok-Karabakh structural-
formation zone of the Lesser Caucasus. The Gedabey ore province is one of the main producing
mining of the Gedabey ore district in Azerbaijan and is the largest porphyry-epithermal ore zone of
the country. Volcanic rocks and the Gedabey intrusive, which indurated these volcanic rocks, play
an important role in the formation of mineralizations in the region. According to previous studies
the volcanic rocks containing rhyolite and rhyodacite in the Gedabey ore region are Bajocian age,
andesite tuffs and andesite dacites are Bathonian age, diorite and granodiorite within Gedabey in-
trusive are Upper Jurassic — Lower Cretaceous age. The magmatism of the Gedabey ore region is
divided into 3 stages: Bajocian stage, Bathonian stage and Upper Jurassic stage. The Gedabey-
Bittibulag fracture is the most important deeper fault in the region, which ore-controls both the
Gedabey Au-Ag-Cu and the Gadir Au-Ag-Cu-Pb-Zn deposits within the Gedabey region.This
study aims to compare the mineralogical-petrographical features and hydrothermal alteration zones
of Gedabey Au-Ag-Cu and Gadir Au-Ag-Cu-Pb-Zn deposits by means of petrography, ore petrog-
raphy and X-ray diffraction methods. Chalcopyrite, sphalerite, galena, pyrite, gold, covellite, mal-
achite, azurite were commonly observed in these mineralizations.

© 2020 Earth Science Division, Azerbaijan National Academy of Sciences. All rights reserved.

1. INTRODUCTION

The Gedabey Au-Ag-Cu and Gadir Au-Ag-Cu-
Pb-Zn deposits are located around the axis of the

Gedabey ore district which is one of the world's
major gold and copper ore districts in the Lesser
Caucasus is located in the Tethys Metallogenic Belt
extending to Turkey from Pakistan, Iran, Azerbaijan
and Georgia (Fig. 1).The processing of copper ores
is being carried out in numerous ancient copper
mines such as Gedabey, Allahverdi, Shamlik,
Mishana, Zangazur and Shanardara regions in Azer-
baijan. The mining activities in Gedabey ore district
started 2000 years ago, and the Ottoman and Azer-
baijani Khanates handled the rich copper occurrenc-
es by changing hands after the first settlers (Singer et
al., 2008).

Shamkir anticlinorium in the western part of the
Dashkesan synclinorium in the Lok-Aghdam region
of the Lesser Caucasus (Veliyev et al., 2018; Ismayil
et al., 2018). The Gedabey Au-Ag-Cu deposit is
commonly observed in the east, northeast and south-
eastern slopes of the Misdag Mountain. The Gadir
Au-Ag-Cu-Pb-Zn deposit located in Yogundag epi-
thermal system in the south of Gedabey ore district
was discovered by Gedabey Exploration Group
(GEG) and geological consultant Allahverdi
Agakishiyev in 2012. The Gadir Au-Ag-Cu-Pb-Zn
deposit is located approximately 370 m from Geda-
bey Au-Ag-Cu deposit.
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Fig. 1. Porphyry-epithermal deposits in Tethyan Metallogenic Belt (modified from
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Yogundag Mountain is a porphyry-epithermal
zone, with known deposits in the area (e.g.Gadir,
Gedabey, Umid and Zefer) believed to represent the
upper portion of the mineralizing system. The Gadir
and Gedabey ore deposits are located within the large
Gedabey-Garadag volcanic-plutonic  system. This
volcanic-plutonic system is characterised by a com-
plex internal structure indicative of repeated tectonic
movement and multi-cyclic activity (Bayramov,
2015; Ismayil, 2019; Anglo Asian Mining PLC,
2019).The province is very complex due to the tec-
tonic structure of the Gedabey region and the Shamkir
anticline (Babazadeh et al., 2015). Gedabey Au-Ag-
Cu and Gadir Au-Ag-Cu-Pb-Zn mineralizations are
structurally controlled. The ore deposits of the Geda-
bey district are controlled by a deep-seated, ~NS ori-
ented, orogen-transverse arc-shaped fault (Baba-3ane
u 1p., 1990). The Gadir and Gedabey ore body, which
has a complex geological structure, contains intrusive
rocks of different ages and compositions. Three sets
of regional fault zones controlling mineralization
have been identified and are characterised on the ba-
sis of strike direction and morphological characteris-
tics: 1-NW-SE striking faults (e.g. Gedabey-
Bittibulag Deep Fault, Misdag Fault), 2 -NE-trending
faults (e.g. Gedabey-Ertepe Fault, Gerger-Arykhdam
Fault, Gadir ore-controlling faults), 3 — local trans-
verse faults (Bayramov, 2015; Ismayil, 2019; Anglo
Asian Mining PLC, 2019).
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The magmatic activities in the region have been
occurred in Bajocian-Bathonian (Middle Jurassic) and
Early Cretaceous (Fig. 2; Bayramov, 2015). In the
Gedabey district the plutonic rocks consist of Upper
Jurassic — Lower Cretaceous aged gabbro, gabbro-
norite, diorite, granodiorite, and quartz-diorite; volcan-
ic rocks contain Bajocian and Bathonian aged andesite,
andesite lava, andesite porphyry, rhyolite and rhy-
odacitic volcanic rocks (Kepumos, 1963; Ismayil,
2019). In addition, alluvial sediments on the Gedabey
Au-Ag-Cu deposit and silicification on the Gadir min-
eralization are observed (Veliyev et al., 2018).The de-
posits are genetically related with Gedabey intrusion
(its quartz-diorite phase; Bayramov, 2016).

Late Jurassic — Early Cretaceous was dated for
Gedabey diorite, granodiorite and subsidiary aplites
(K-Ar; from 129-142 Ma to 150 Ma; HUcmer u 1p.,
2003), and 144+1 Ma for quartz-diorite (U-Pb; Late
Jurassic-Early Cretaceous; CaapixoB u ap., 2018). The
Gedabey Au-Ag-Cu deposit is commonly observed in
the east, northeast and southeastern slopes of the Mis-
dag Mountain. The Gadir Au-Ag-Cu-Pb-Zn deposit is
in the east of Yogundag Mountain, near Gedabey Au-
Ag-Cu£Zn deposit. The mineralizations are represent-
ed by the quartz-porphyry body localized between sub-
horizontal andesite at the west and a diorite intrusion at
the east. The quartz-porphyry intrusive rocks host gold
mineralization in Gedabey and Gadir deposits (Novru-
zov et al., 2019). The Gadir mineralization was con-
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trolled by NW-SE faults. The faulting occurred in con-
tact between the andesitic tuff and quartz porphyry. Au
in the Gadir deposit is mainly hosted by intrusive bod-
ies dominated by quartz porphyry. The host rocks were
commonly altered by propylitic alteration, primarily in
andesitic tuff (Novruzov et al., 2019). The Gedabey
Au-Ag-Cu deposit occurred in the quartz porphyry
which was formed at the contact of the Middle Jurassic

andesitic rocks and the Lower Cretaceous granitoid
(granodiorite-diorite).

This study aims to investigate and compare
mineralogical-petrographical characteristics and hy-
drothermal alteration zones of Gedabey Au-Ag-Cu
and Gadir Au-Ag-Cu-Pb-Zn deposits by means of
petrography, ore petrography and X-ray diffraction
methods.
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2. MATERIAL AND METHOD

The field studies were realized, and outcrop and
drill core samples (ore, wall rock, hydrothermal al-
teration samples) were collected from Gedabey and
Gadir deposits in Gedabey ore district (Fig. 3).

Polished sections were prepared in the Seljuk
University SUKOP Gemstone Atelier for the deter-
mination of mineralogical and petrographic proper-
ties of the collected samples (Fig. 4a,b). Thin sec-
tions were prepared in the Pamukkale University
Laboratory (Fig. 4c,d). Thin sections and polished
sections were examined under Leica DM2700P mi-
croscope in Geological Engineering Department in
Konya Technical University (Fig. 3 and Fig. 4). In
order to carry out more detailed mineralogical re-
search of the samples, XRD analyzes were per-
formed in the mineralogical and petrographic re-
search laboratory of the General Directorate Mineral
Research and Exploration (MTA).

2|e9S pie!d

3. RESULT

3.1. Gedabey Au-Ag-Cu deposit

According to petrographical and mineralogical
analyses of the samples, potassic, phyllic, advance
argillic and propylitic alterations were determined in
the Gedabey Au-Ag-Cu deposit. The Gedabey Au-
Ag-Cu mineralization occurred in the quartz
porphyry which was formed at the contact of the
andesitic rocks and granitoid. The hydrothermal al-
terations associated with Gedabey Au-Ag-Cu miner-
alization are phyllic and advanced argillic altera-
tions.

3.1.1.Petrography

Plagioclase, biotite, amphibole, chlorite, quartz,
and opaque minerals were observed in diorite of the
Gedabey granitoid (Fig. 5d). Andesite is composed of
amphibole, plagioclase, chlorite, and pyrite (Fig. 5b).
Potassic alteration sample collected from drill core is
composed of K-feldspar, biotite, and quartz. Sericite,
pyrite, quartz and barite were observed in the phyllic
alteration (Fig. 5a,c). Kaolinite, alunite, pyrophyllite,
barite, quartz, sericite, pyrite were identified in ad-
vanced argillic alteration. Propylitic alteration com-
posed of chlorite, epidote, calcite, pyriteand quartz.

Fig. 3. (a) Open pit and (c) hand sample from Gedabey Au-Ag-Cu deposit, (b)Pyrite (py), chalcopyrite (cpy)
and quartz (gz) in underground mining, (d) hand sample from Gadir Au-Ag-Cu-Pb-Zn deposit
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Fig. 1. (a-b) Sericite (ser), pyrite (py), barite (bar), quartz (qz) observed in petrographic studies of phyllic
alteration, and (c) amphibole (amp) and plagioclase (plg) in andesite, and (d) amphibole (amp), plagio-
clase (plg) and quartz in diorite in Gedabey Au-Ag-Cu deposit (a,c,d: +N, b: //N)
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3.1.2. Ore petrography minerals. Covellite, chalcocite, malachite, goethite,
In the Gedabey Au-Ag-Cu mineralization chal-  limonite were identified as secondary ore minerals
copyrite, sphalerite, galena, pyrite, magnetite, hema-  (Fig. 6). The gangue minerals are quartz, calcite and
tite, bornite, molybdenite and enargite were deter- barite in Gedabey Au-Ag-Cu mineralization.
mined by ore microscopy studies as the main ore

Fig. 6.Chalcopyrite (cpy), molybdenite (mo), sphalerite (sph), galena (gn), pyrite (py), covellite (cv), quartz
(9z) in Gedabey Au-Ag-Cu deposit; a,c,e,g: //N, b,d,f,h: +N)
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3.1.3. X-Ray Diffraction

Chalcopyrite, pyrite, sphalerite, magnetite, chlo-
rite, K-feldspar, sericite, sodalite, wurtzite, plumbo-
tellurite, kaolinite, alunite, illite, siderite, phlogopite,
quartz and epidote were determined by XRD analy-

sis of samples collected from Gedabey ore deposit.
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3.2. Gadir Au-Ag-Cu-Pb-Zn deposit

The Gadir mineralization occurred in contact of
the andesitic tuff and quartz porphyry. The hydro-
thermal alterations associated with mineralization
are quartztadulariatsericite and propylitic altera-
tions.

3.2.1. Petrography

In petrography studies of andesite collected
from field studies in Gadir Au-Ag-Cu-Pb-Zn depos-
it, plagioclase, amphibole, pyroxene, muscovite,
hematite, epidote, calcite, sericite, clay minerals and
opaque minerals were observed. Amphibole, plagio-
clase, chlorite were observed in petrographic studies
of andesite and andesitic tuff in Gadir Au-Ag-Cu-
Pb-Zn deposit (Fig.8).

3.2.2. Ore petrography

In ore microscopy studies of Gadir Au-Ag-Cu-
Pb-Zn mineralization, the main ore minerals were
chalcopyrite, sphalerite, galena, arsenopyrite, pyrite,
hessite and native gold. Sphalerite and chalcopyrite
is replaced by galena in some polished sections

(Fig.9e,f). Chalcopyrite is observed as inclusion in
sphalerite and galena (Fig. 9c,d,e).

3.2.3. X-Ray diffraction

According to the XRD analyses from Gadir
Au-Ag-Cu-Pb-Zn mineralization, AuAgTes, tetrahe-
drite, cordierite, jasper, titanomagnetite, augite,
chamosite, muscovite, hematite, epidote, chlorite,
sericite, pyrite, sphalerite, galena, magnetite, barite
and wurtzite were identified (Fig. 10). Chamosite,
epidote, calcite, quartz, sericite, and hematite were
defined from propylitic alteration.

CONCLUSION

Gadir deposit located in the east of Yogundag
Mountain and Gedabey deposit located in the north-
east and southeastern slopes of the Misdag Mountain
are located in the large Gedabey-Garadag volcanic-
plutonic system characterised by a complex internal
structure indicative of repeated tectonic movement
and multi-cyclic activity. The Gedabey and Gadir
deposits are controlled by ~NS oriented regional
fault zones controlling mineralizations.

Fig. 8. (a,b) Epidote (ep), chlorite (chl), quartz (qz) in propylitic alteration, (c) adularia (ad) and sericite (ser) (d) amphibole (amp),
plagioclase (plg), and chlorite (chl) mineral observed in petrographic studies of andesite and andesitic tuff in Gadir Au-Ag-Cu-Pb-Zn

deposit (a,b: +N; b,d: //N)
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Fig. 9. Pyrite (py), chalcopyrite (cpy), galena (gn), sphalerite (sph), quartz (gz), gangue (g) in GadirAu-Ag-Cu-Pb-Zn mineralization

(a,c.e: /IN; b,d,f: +N)

The Gedabey Au-Ag-Cu deposit occurred in the
quartz porphyry formed at the contact of the andesit-
ic rocks and granitoid. The Gadir Au-Ag-Cu-Pb-Zn
deposit occurred in the contact of the andesitic tuff
and quartz porphyry. Chalcopyrite, sphalerite, gale-
na, pyrite, magnetite, hematite, bornite, molybdenite,
enargite, covellite, chalcocite, malachite, goethite,
limonite, quartz, calcite, and barite were determined
in the Gedabey Au-Ag-Cu mineralization. Also
chalcopyrite, sphalerite, galena, arsenopyrite, tetra-
hedrite and pyrite were observed in the Gadir Au-

Ag-Cu-Pb-Zn mineralization. While gold and silver
occured as native gold, electrum, petzite and hessite
associated with copper mineralization in Gedabey
deposit, native gold and hessite were observed in
Gadir deposit. The same hydrothermal alteration
zones and similar mineral assemblage were identi-
fied in both ore deposit. Potassic alteration repre-
sented by biotite, K-feldspar, quartz was observed in
drill core samples taken from deep horizons of Ged-
abey Au-Cu deposit. The phyllic alteration is repre-
sented by sericite, pyrite and quartz in the region,
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and also phyllic alteration and advanced argillic al-
teration are defined as the main ore bearing zones
for Gedabey Au-Ag-Cu deposit. The advanced argil-
lic alteration minerals were determined as kaolinite,
alunite, illite, pyrophyllite, and smectite in the Ged-
abey region. On the other hand, propylitic alteration
represented by epidote and chlorite isclearly ob-
served in the both deposits. Gadir Au-Ag-Cu-Pb-Zn
mineralization associated with propylitic alteration
and quartztadulariatsericite veins. Additionally,
silicification was observed in Gadir mineralization.
Enargite and molybdenite are observed in Gedabey
Au-Ag-Cu mineralization, although they are not ob-
served in Gadir mineralization. The main factor of
epithermal deposit for Gadir deposit is a
quartztadulariatsericite vein type mineralization
Also, the main factors of high-sulfidation epithermal
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Hcmana Tk, Apuk @2, Oszen E°
YTexnuueckuii ynusepcumem Konvu, Ouccepmanm gpaxynomema undiceHepHoii 2eono2uu
42250, Typyus, Konws, pation Cenv0oicykiy, yi.Payga Opbaii, keapman Apoviuasi: cosqun.ismayil1993@gmail.com
2Texnuueckuii ynueepcumem Kouvu, npogpeccop, 0okmop, 0exan paxyibmema uHiceHepHoti 2e0102uu
42250, Typyus, Konws, pation Cenvooicyrny, ya.Payga Opoail, keapman Apoviunvt
3Texnuueckuii ynusepcumem Koubu, 00kmop (paxynomema uniceHepHoll 2e0102uu
42250, Typyus, Konwvs, pation Cenvooicyxny, ya.Paygpa Opbail, keapman Apoviunvt

Peztome. 'enabeiickas pyaHas 30Ha (3amaaHelii AzepOaiimpkaH) pacronoxena Ha Manom Kaskaze. Pynoo6GpasoBanue mpoucxo-
0 B cyOnykunoHHOH 30He Jlok-I'apabaxckoil CTpyKTypHO-(OPMAIIMOHHON 30HBI TeTHYecKoro MeTaioreHndeckoro mosica. ['e-
nabelickast pyAHas IPOBUHIUS SBISIETCS KPYHMHEHITNM HOp(GHPOBO-3MUTEPMANBHBIM PYIHBIM palloHOM B cTpaHe. Bynkanmdeckue
noposl U ['enabelickuii MHTPY3UB, IO BIMSHHEM KOTOPOTO YIUIOTHEHBI BYJIKAHUUECKHE TIOPOMBI, UTPAIOT BAKHYIO POJIb B IIpOIIEC-
ce opyAeHeHHs JaHHOTrO pernoHa. CoracHoO MpeAbITy M HCCIIeIOBAaHNSIM ByJIKaHNIEeCKUe Mopoasl [ 'eabelickoro pyaHOro peruo-
Ha C COJCp)KaHUEM PHOJIUTA ¥ PHOJALUTA OTHOCATCS K 0all0OCCKOMY BO3pacTy, aHIAE3UTOBBIC Ty(bl U aHIE3UTOBBIC JALlUTHI — K OatT-
CKOMY, a IMOPUTHI M TPAHOIHOPUTHI [ 'enabeiickoro MHTpy3KBa MPEICTABISIOT BEPXHEIOPCKUN U HIDKHEMENOBOMH meproasl. Marma-
TH3M ['enabeiickoro py1HOrO peruoHa JeNuTCs Ha TPH cTaauu: Oaifockuii, 6aTckuil 1 BepxHeropckuid. ['egadeticko-burtudynarckuit
IyOMHHBIA Pa3yioM SIBIISIETCS CaMbIM Ba)KHBIM, a TaKXKe PyIOKOHTpONUpyromuM ¢akropoM kak ['emabetickoro Au-Ag-Cu, Tak u
Tagupckoro Au-Ag-Cu-Pb-Zn mectopoxaeHuii B JaHHOM peruoHe. 1{enbo JaHHOTO HCCIIeI0BaHUs SBISETCS CPaBHEHHE MUHEPAJIO-
ro-nerporpaduueckux ocodennocreii I'enadeiickoro Au-Ag-Cu u I'agupckoro Au-Ag-Cu-Pb-Zn MecTopoxaeHui ¢ OMOIIBIO HET-
porpadpuyeckoro, pyaHoO-TeTporpaduueckoro u peHTreH-Iu(pakTOMETPUUECKOr0 METOIOB aHann3a. B pynax oTMedaroTcst XaibKo-
TIUPHT, CHaJEPUT, TAJICHUT, TUPHT, 30JI0TO, KOBEIIMH, MATAXUT, a3ypUT U APYTUE MUHEPAJIbL.

Knwoueswie crosa: Iloppupo-snumepmanvnoiti, Au-Ag-Cu-Pb-Zn pyoa, Fadup, I'edabeii, Manvii Kaskas

GODOBOY RAYONUNDA GODOBOY VO QODIR YATAQLARININ MINERALOJI
VO FILIZ PETROQRAFIK TORKIBI (QORBI AZORBAYCAN)

Ismayil C?, Arik F2,0zen Y3.
1Konya Texniki Universiteti, Geoloji Miihandislik S6basinin talobasi
42250, Tiirkiya, Konya, Sel¢uklu rayonu, Rauf Orbay kii¢., Ardigh mahallasi: cosqun.ismayil1993@gmail.com;
2Konya Texniki Universiteti,Geoloji Miihandislik S6basinin rahbari, Professor, Doktor
42250, Tiirkiya, Konya, Sel¢uklu rayonu, Rauf Orbay kiig., Ardi¢h mahallasi;
3Konya Texniki Universiteti, Geoloji Miihondislik S6basinin Doktoru
42250, Tiirkiya, Konya, Sel¢uklu rayonu, Rauf Orbay kiig., Ardi¢h mahoallasi

Xiilasa. Godoboy (Qoarbi Azarbaycan) filizlosma zonasi Kigik Qafqaz bolgssinds yerlosir. Filizlosma Tetis metallogenik kemari-
nin Lok-Qarabag struktur-formasiya zonasi igarisinds subduksiya zonasinda smals galmisdir. Gadabay Azarbaycanin an béyiik por-
fir-epitermal filizlogsma sahasi hesab olunur. Region hagqinda bu giina godar ¢ox sayda fargli todgigatgilar torsfindon aragdirmalar
aparilmisdir. Bolgado Orta vo Ust Yura yash siixurlar genis yayilmisdir. Regiondaki filizlasmolorin amolo gelmasindo vulkanik sii-
xurlarin vo  Gadsbay intruzivinin 6namli rolu var. ©vvalki tadgiqgatlara asasen Gadsboy filiz rayonundaki riolit va riodasit torkibli
vulkanik siixurlar Bayos yasli, andezit tuflar vo andezit dasitler Bat yasli, Gedoboy intruzivindaki diorit vo granodioritlor Ust Yura-
Alt Tobasir yasli oldugu qeyd olunmusdur. Gadoboy filiz rayonunda magmatizm 3 etapa ayrilir: Bayos, Bat vo Ust Yura martobolo-
ri. Goadabay rayonunda hom Gadsbay Au-Ag-Cu yataginin, ham do Qadir Au-Ag-Cu-Pb-Zn yataginin filizonazarot faktoru Godo-
boy-Bittibulag dorinlik yarilmasidir. Bu aragdirmanin mogsadi Gadaboy Au-Ag-Cu va Qadir Au-Ag-Cu-Pb-Zn yataglarinin minera-
loji-petrografik xiisusiyatlorini va hidrotermal doyisilmo zonalarimni petrografik, filiz- petrografik vo XRD metodu ils agiglamaqdir.
Filizlorda igorisinds xalkopirit, sfalerit, galenit, pirit, qizil, kovellin, malaxit, azurit vo basga minerallar geyd edilmisdir.

Acar sézlar: Porfir-Epitermal, Au-Ag-Cu-Pb-Zn yatag:, Qadir, Gadabay, Kigik Qafyaz
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STRUCTURAL HIERARCHY OF CA- AND TR-TRIORTHOSILICATES AND THEIR DERIVATIVES

Shirinova A.F., Chiragov M.I.

Crystallography, mineralogy and geochemistry department, Baku State University
23, Acad. Zakhid Khalilov str., Baku, Azerbaijan, AZ 1148: afashf@rambler.ru

Keywords: Ca- and TR-
triorthosilicates, clusters,
structural units,
structural blocks,
formation of structures

Summary. It is known that physical and chemical properties and paragenetic peculiarities of
minerals are related to their crystalline structure. The hierarchical scheme of mineral structure re-
search shows that classification according to chemical composition does not give a complete pic-
ture of the minerals' properties. Taking into account the well-known works of M.l.Chiragov and
F.C.Hawthorne on the structural classification of minerals, the structures of Ca- and TR-
triorthosilicates and their derivatives are considered for the first time in this paper using the com-
parative crystal chemistry method and structural hierarchy. The structural hierarchy of minerals is
based on the primary polymerization of different type coordination polyhedra which results in
formation of the parent structural minals or clusters. Taking into account the symmetry of triortho-
silicates and the form of polymerisation of tetrahedrons with Ca- and TR-octahedrons, four types
of clusters with different configurations and chemical compositions have been identified:
[M(Si3010)(H20)3|, M (Si3010)2|, [M(Si3010)(H20)4| and |M(Si3O10)2(H20)2|. Depending on the
shape of clusters polymerization, a hierarchical scheme for the formation of structural types of Ca-
and TR-triorthosilicates and their derivatives is presented. This results in the formation of structur-
al blocks and mixed frames with calcium atoms in Ca-silicates and sodium or potassium atoms in
TR-silicates. According to the chemical composition and shape of silicon-oxygen radical, such
minerals as delhayelite and macdonaldite are included in one group. According to the structural
classification with the extraction of clusters, it was found out that the structures of these minerals
are formed from two different configurations of minals and, consequently, as a result of their
polymerization, different structural types are formed. The substantiation of the structural hierarchy
is reflected in the conditions of formation of the group of minerals delhayelite and macdonaldite.
The formation of dolchayelite is associated with the high-temperature stage of pegmatite formation
at the stage of entry of potassium-rich metamorphosing solutions. Hydro-delhayelite is a product
of hypergenesis and hydrothermal change of delhayelite. Under these conditions the removal of
sodium, partially potassium and all fluorine and chlorine takes place. The structural type of mac-
donaldite is associated with low temperature stage of pegmatite formation or with late hydrother-
mal stage of mineral formation. In all cases, however, the medium must be highly alkaline and cal-
cium-rich for the macdonaldite structural type or rich in rare earth cations for the monterejianite
structure. These structural features are tested indicators for mineral formation processes.

© 2020 Earth Science Division, Azerbaijan National Academy of Sciences. All rights reserved.

BBeaenne

KaTHOHOB OOJIBIION TCOpCTI/I‘{CCKI/Iﬁ U IpaKTUu4c-

B cuity HW3BECTHOM aHAJIOTHH MCXKAY XHUMHYC- CKHUH HUHTCPEC TMPCACTABIISACT CPABHUTCIIbHASA KpU-
CKUMHU 0COOCHHOCTSIMU KaJblsa U pEAKO3EMEIIBHBIX CTAINIOXUMHA UX CHIIMKATOB. HpI/IHI/IMaH BO BHHUMa-
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HUe u3BecTHBIC paboThl M.U.Uuparora, M.J.[lopd-
mana (1981) u F.C.Hawthorne (1983, 1985, 1986) o
CTPYKTYpHOH KJIacCU(MKALIMM MHHEPAJIOB, B HACTO-
AlIeld CcTaTbe paccMaTpUBArOTCA CTPYKTypsl Ca- u
TR-TpUOPTOCHIIMKATOB U UX POU3BOAHBIE.
Bnepseie B pabote (TeiimypoB u nap., 1979),
YUHTHIBAS MEPBUUHYIO IOJMMEPHU3ALUIO HOJIM3Apa
METAJUTMYECKOTO KaTHOHA C TETPadAPHUECKUM PaJu-
KaJOM, BBIICIEHBl POAOHAYAIBHBIE CTPYKTYpHBIE
muHanbel (mo Hawthorne, 1986 — kmacrep) u pac-
CMOTpEHbl  KPUCTAINIOXMMUYECKHE OCOOEHHOCTU
MpeBpalicHus] IBYruapata cyinbdaTa Kalblus —
rurica CaSO42H,O B mTONyBOAHBIA rHIC —
CaS04-0.5H,0, rae B kxauecTBe KIacTepa ¢ COCTABOM
| CaS04(H20)n | Beinenensr Ca-mommsaps (rae x.u.
Ca >7), 000011IeHHBIE C peOpamMu | SO, | -TeTpa’dpa.
C yuetom Qopmbl U cocTaBa KOHQUTYpalUU Kia-
CTEPOB U3yUYCHO MpEeBpaIlleHIEe THIICA B TTOJTYBOIHbIN
TUIC ¥ 00OCHOBAHO MOSBICHUE BSDKYIIUX CBOWCTB
nocnenuero. U3 kinactepoB ¢ cocTaBaMu | CaSiOg -
(H20), | u | TRSiO; - (H?_O)nl (bopMHPYIOTCSI CTPYK-
Typel Ca- u TR-opro- u muoprocunukaros (Yupa-
ros, 2002). Beiseneno (Yuparos, [Jopdman, 1981),
YTO U3 PA3HBIX KJIACTEPOB 00Pa3yIOTCS CTPYKTYPBI C
OJTMHAKOBBIMU KPEMHEKUCIOPOTHBIMK PajIMKaIaMH
(SigO19) THITOB JenBbXaiieTNTa B MAaKIOHAIbINTA.
Lenp HacTosimiedl paOOTHI: MOATBEPIUTH HAEH
F.C.Hawthorne n M.W.UmparoBa o CTpyKTypHOU
KjaccuuKanmu ¢ yuerom crpoenus psiga Ca- u TR-
TPUOPTOCHIIMKATOB U UX NMPOU3BOIHBIX, B KOTOPBIX
[0 JIEMEHTAaM CHMMETPHUU BBIICISIOTCS TPUOPTO-
rpynmnsl Tpex TUnoB — m, 2, 1. B crpykrypax Ca-
TPUOPTOCHIIMKATOB C CUMMETpHUeEll 2 BIepBbIe ycTa-
HoByieHbl (Yuparos, Ilymaposckuii, 1991) mommco-
MaTHYECKHE CEPUU CTPYKTYp, JJISI KAXKJOro dJieHa
ONPEJENEHBI TAPAMETPbL U CUMMETPUSL SUEHKU. BbI-
SIBIICHO, TPH KaKUX KPUCTATIOXMMHUYECKUX CHUTYya-

4 @
4 >

usAX o0pasyroTcs poMOndecKas, a mpyu Kakux — Mo-
HOKJIMHHAS! ()OPMBI MTOJIMCOMATHYECKON CEPHH.

BrnepBble B CTpyKTypax CHIIMKAaTOB C HECOM3-
MEPUMBIMH METAJUINYECKUMHU KaTHOHAMHU YCTaHOB-
JICHO HOBOE KPUCTANIOXMMUYECKOE SIBJIEHUE — CMe-
manHble cTpykTypsl (Lupunosa, 2018), koTopble
(GbopMUPYIOTCSI MUHMMYM U3 IBYX Pa3HbIX CTPYK-
TYpPHBIX MHHAJIOB WJIHM KJIACTEPOB.

Kaacrepsl

B crpykrypax Ca- u TR-TpHOpTOCHINKATOB M UX
MPOU3BOHBIX BBIJETIEHBI HaNOOJIee CTAOMIbHBIE KITa-
CTEepbl YeThIpEX THIOB, B KOTOPBIX COXpaHsIETCS
IUIOCKOCTh 3€PKaJIbHOTO OTpakeHns1 — m. Knacteps! B
JIBYX MPOEKIUAX IpeacTaBieHsl Ha puc.1A, B, C, D.

B xnacrepe mepBoro Tuma (puc.lA) KaxIbli
TeTpa’ap TPUOPTOTPYMIIbI, PACIIOIOKEHHBIH B LIHC-
KOH(pHUTypanmuu ¢ OKTadIpoM, 000OIMAeTCs OIHOM
BEPIIMHOW M UMEET COCTaB | M(Si3010)(H20)3 | . Bo
BTOopoM Ttune (puc.1B) nBe Tpuoprorpymnmsl SizOio
HaxoITCd B TPAHC-KOH(QUTYypaluyd OTHOCHTEJIBHO
OKTa3/pa W OJIHA M3 BEPUIMH KaXXIOro TeTpa’apa
o0o01maercs ¢ 0JHON BEPIIMHOM OKTa’apa, 00pa3ys
KJIACTEP C COCTaBOM | M(Si3010)2 | . B Tpethem tHITE
(puc.1C) B omHOW TPHOPTOTpPyNIE B LUC-TIONO-
JKEHUH TOJIBKO OOKOBBIC TETPad’Apbl 0000INAIOTCS C
BEPLIMHAMH OKTajJpa U CO3JAIOT KJacTep C CocTa-
BOM |M(Si3010)(H20)4 | . B derBeproM THTIE
(puc.1D) nBe TpHOPTOTPYMIIBI, PAaCIONOXEHHBIE B
TpaHC-KOH(QUTypauuu  OTHOCHUTEIBHO  OKTa’pa,
TOJIEKO BepIIMHAMH OOKOBBIX TETpa’aApoB 0000mIa-
IOTCSI C BEpIIMHAMHU OKTadzpa, o0pa3ys Kiacrep ¢
COCTaBOM | M(Si3010)2(H20)2 | .

B 3aBucumoctu OT GOpPMBI ITOJUMEPH3ALUT
KJIACTEPOB KIACCUPHUIMPYIOTCS CTPYKTYPHBIC THITBI
Ca- u TR-TpHOPTOCUIMKATOB U X MPOU3BOIHBIX.

Puc. 1 A, B, C, D. PoonauasbHble CTPYKTYpHBIE MUHAJIBI — KJIACTEPBI, XapakTepHbie 1t ctpyktyp Ca- u TR-TpropTocHinkaroB u

UX IPOU3BOTHBIX
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N3 kaacrepa nepsoro tuna (puc.1A) gpopmu-
pytorcs crpykrypbl K-, Ho-ruapocunukarta u ruf-
porpuoptocunukara, K-, Ho-cunmkara, Bosiacto-
HUTa, QOIIaruTa u T.1.

OCHOBHBIE MOTHBBI CTPYKTYPBI TOJIEMOCHIINKA-
ta (UuparoB m ap., 1979) mpencraBieHsl Ha puc.
2a,0 B OBYX NPOEKIHSIX, Ha KOTOPHIX BUIHO, YTO
TETEPOreHHBIA TOJIBMOKPEMHEKUCIOPOAHBIA  CIION
(hopmupyetcs u3 knacrepa Tumna A (puc.2a) ¢ cocra-
BOM |HOSi308(OH)2| U cUMMeTpuerl m. Mexnay
SKBHUBAJICHTHBIMH cJ0sMU paccTosHue OH— O =
2.90A (puc.2 B) HOKa3bIBAET, YTO MEXKLY HHUMHU CY-
[IECTBYET BOJOPOIHAS CBS3b. ATOMBI KaJlusl pacIio-
JararoTcs B MYCTOTaX CJOS U MEXIy ciosmu. [Ipu
580-650°C ruapooKHCHBIE PYTITIBI IPEBPAIIAIOTCS B
kuciopos (OH —0?), TonbMOKPEMHEKHCIOPO IHbIIT
CIIOW TIOJMMEpPU3YETCs M TPUOPTOTPYIIBI IIpeBpa-
LIAI0TCSl B BOJUIACTOHUTOBYIO LETOYKY C OPMHUPO-
BaHHMEM TETEPOreHHOr0 KapKaca C COCTaBOM
K3HoSi3;09 (Yuparos, Parumos, 1986).

B pesynbrare mojamMepu3aldi CO CMEIICHHEM
Ha b [OBYX pasHOOPHEHTHPOBAHHBIX KIaCTEPOB
THna A, 00pa3yloTCs OKTadJpUYEecKHe KOJIOHKU
aTOMOB KaJbIHUs, & TPHOPTOTPYIIIBI TPEBPAIAOTCS
B BOJUIACTOHHMTOBBIE LEMOYKH. Tak (opMHpyeTcs
CTPYKTypHasl €AMHHUIA BOJUIACTOHMTA, U3 KOTOpPOU
obpasyercsi CTpYKTYpHBIH OJIOK ¢ CHMMETpHEH m.
[IpucyTcTBHE B ONMMCAaHHOM MOTHBE TIOCKOCTH 3€p-
KaJbHOTO OTPaXXCHUs, NEPHEHIUKYJSIPHOH mapa-
MeTpy b, corjacyercst ¢ TaHHBIMU, MTPEICTABICHHBI-
mu B padore (Ito et al., 1969), B koTopoit ykazaHo Ha
YaCTUYHOE MPUCYTCTBHE B CTPYKTYPE BOJUIACTOHUTA
IDIOCKOCTH 3€pKaJIbHOTO OTPa)KEHUSI, CBS3bIBAIOIICH
4acTh aTOMOB CTPYKTYphl. [IOHMKEHUE CHMMETpUH
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CTPYKTYphI BOJUIACTOHUTA CBSA3aHO C PACIPEICICHH-
€M aTOMOB KallbITUsl MEX]y T'e€TepPOreHHBIMH OJI0Ka-
MU. CTpyKTYpHBIH THII BOJUTACTOHUTA KPHUCTAIIIO-
XUMHUYECKH MaJIO BEpOATeH id CcTpykryp TR-
CHJIMKATOB.

U3 xmacrepa tunma A (puc.lA) dopmmpyercs
crpykrypa domarura (Yuparos, 2002), rae pasHo-
OpPHEHTUPOBAHHBIC KJIACTEPhl CO CMEIICHueM Ha Y4b
TaK TOJMMEPHU3YIOTCS, YTO TPUOPTOTPYMIBI Ipe-
BpaIaloTCs B BOJUIACTOHUTOBYIO IEMOYKY, a OKTa-
3Pl Pa3HOOPHEHTHPOBAHHBIX KJIACTEPOB CO3JAIOT
JIBOMHBIE KOJIOHKU C MycThiMH E-monoxenusmu. B
pe3ynbTaTe o0OpasyeTrcs CTPYKTypHas enuHHUIa C
coctaBoM Ca,"Cay(Siz0¢)2(OH)s. DxBuBanmeHTHBIE
CTPYKTYpHBIC E€IMHUIIBI, 0000IIasiCh CBOOOTHBIMU
BEpIIMHAMHM OKTa’ApOB W TETPadJpOB, CO3MAIOT
CTPYKTYpHBIA OIOK ¢ cuMMerpueil m. Ilociemuui,
LEMEHTUPYSCh JIOTIOJIHUTEIIbHBIMH aTOMaMH Kallb-
s, GOPMHUPYET CTPYKTYpy (oIaruta ¢ TMOHUKE-
HUEM CHMMETPUU B KPUCTAJUIOXUMUIECKOH PopMy-
noit Cas | Ca,"Cay(Si309)2(0OH)4 | . Kpucramnnoxumu-
yecku BeposTHBI TR-thopmbr domrarura ¢ xumude-
ckuM coctaBoM CasNaz TR2(Siz0g)2(OH)a.

M3 kaacrepoB _tumna B (puc.1B) oOpa3syercs
CTPYKTypHasi €IWHUIIA, TJIe TPUOPTOTPYIIIBI Mpe-
BpAIAlOTCS B BOJUIACTOHUTOBYIO IIETIOYKY, & MEKAY
SKBHUBAJICHTHBIMH OKTa’ApaMu 00pa3yercss OKTadJ-
puueckas BakaHcusi — E-nonoxenue. B cTpykTypax
KaJIBIIUEBBIX CHIIUKATOB B E-1oJI0ckeHnU pacrosara-
eTcsi aroM Kaiplusa, B |R-cHiMKatax — aToM
HaTpUs, TaK IPOUCXOIUT TE€TEPOBAJICHTHOE 3aMellle-
nue tuna 2Ca%t <> Na'TR*. U3 onucannoit cTpyk-
TypHOW eIWHUIBI (POPMHUpYETCs CTPYKTypa Oycra-
MHTa, MaKIOHAIBINTA ¥ MOHTEPEPKUAHUTA.

Puc. 2a,b. Kpucrammueckue crpykrypsl K-ronsMocuinikara, chopMHUpOBaHHBIC U3 KIIACTEPOB TUIMA A (B ABYX MPOCKIHSX )
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B ctpykrype 6ycramuta (Aksenov et al., 2015) B
KJIacTepe pacrojiaraeTcsi OKTa’ap Mapranina, a B E-
MOJIOKEHUN CTATHCTHYECCKU PACTIPEICIISIFOTCS aTOMBI
KaJlbIUsl U MapraHia. DKBHUBAJICHTHbIC CTPYKTYpPHbIC
SIMHHUIIBI, CBSA3BIBASICH CO CBOOOTHBIMU BEpIIUHAMU
TeTpa’Apa U OKTa’Apa COCENHEH CTPYKTYpPHOH eau-
HUIIBI, 00pa3yloT OyCTaMHTOBBIN OJIOK C COCTaBOM
|CazEMn2(Si309)2(OH)4|. Mexay STuMH OJIOKaMu
pacrpesensoTcs aToMbl MapraHia M Kayblus, cie-
JOBaTeJIbHO, KpUCTAIIOXUMHUYecKas popmyna uMeer
Bua: (Ca,Mn)s | (Ca,Mn)zEan(Si309)4| . Kpucran-
noxumuuecku BepostHa TR-dpopma Oycramwmra c
cocraBoMm Cag | Na>TR2(Si309)4 | .

B pesynpTare monmumepu3anuu OyCTaMHUTOBBIX
OJIOKOB BOJIJIACTOHUTOBAS IIETIOYKA MPEBpaIIacTCs B
okeHUTOBYIO JIeHTY (SisO16) M 00pa3zyeTcs cMelan-
HbIH Kapkac ¢ E-monoxeHusiMu, B KOTOPOM paclio-
JlararoTcs JOMONHHUTENbHBIE aTOMbl Kanblus. Kpu-
CTaJUIOXUMHYECKass (opMyJia ONHCHIBAEMOW THIIO-
TEeTU4YeCKOi cTpyKTypbl — Cas | Cay(SieO1s)2 | (OH)a.

KpucrammoxuMudecknii MeXaHu3M (OpPMUAPOBAHUS
CTpyKTypbl MakgoHanpauTa (Cannillo et al., 1968)
mpencTaBieH Ha puc.3a,b, rae u3 kiactepos Tuma B(l)
(bopMHUpyeTCcsl CTPYKTypHasl €IWHUIIA C COCTAaBOM
M(Si30g)2(I). TeTpasapbl TPUOPTOTPYIIIIHI CBSI3bIBa-
I0TCS C JOTOJHUTENBHBIM TETPadApoM U 00pasyloT
CTPYKTYpPHBIH OJIOK ¢ cocTaBoM M | Si,09(OH) | 2(111).
OHaHTHOMOP(HBIE CTPYKTYpHBIE OJIOKH, TOBTOPS-
sicb Ha 0 U 4D u cBs3bIBasch CBOOOTHBIMU BEpILU-
HaMH TEeTPasApoB, GOPMHUPYIOT CMEIIAHHBIM KapKac

C

J

CTPYKTypHl THma MakmoHambauta (IV). B mectu-
YJICHHBIX KaHajaX PacrojararoTCcsl aTOMbl HATPHS, a
B BOCBMUYJICHHBIX — aTOMbI Ba U MOJEKyIIbI BOJIBI.
[TosBnenne mceBmoneproaa (TabnmIa) B CTPYKType
CBSI3aHO C pacrpeselieHueM aToMoB Ba U Mojekyn
H20 B mycToTax reTeporeHHOro Kapkaca.

Ecmu B cTpyKTYype MakJOHAIBINTA TPOUCXOIUT
samenienne Tthno: Bal*—2K*, 2H* — 2Na',
2Ca**—>Na'Y* um 4Ca?*—2Na*2Y*, to munepan
MaKAOHAJIBAUT HNPEBPAIIAETCS B MOHTEPEIKUAHHUT
(Ghose et al., 1987).

N3 kaacrepoB tuna C (puc. 1C) dpopmupyrorcs
CTPYKTYpbl ~MHHEPAJOB TpPYNNbl JeibXaienura
(Umparos, Hopdbman, 1981). Cxema mocnemoBarein-
HOCTH 00pa30BaHUs CTPYKTYPHI THIIA JieNibXaiennra
npejcTaBieHa B JByX MPOeKIMsx Ha puc.4a,b. B pe-
3yJNbTare MOJMMEPH3aluN ABYX Ppa3HOOPHUEHTHUPO-
BaHHBIX KiacTepoB (1) oOpasyercst CTpyKTypHas enu-
Hua (l1), rome Ca-okra’apbl CO3MAaIOT KOJOHKH, a
TPUOPTOTPYIIBI — BOJUIACTOHUTOBYIO 11enouky. Ilo-
CIIEIIHSASA, CBSI3BIBASICH C JIOTIOJNIHUTEIBHBIM TETpad-
pom, obpasyer ctpykrypHbiid 6ok — (I1) (puc.4) ¢
COCTaBOM | Cax(OH),Si409(0OH) | . DOHanTHOMOpP®-
HBI€ CTPYKTypHBIE OJIOKH, TIOTHMEPHU3YSCh CO CBO-
OOMHBIMH BEpIIMHAMHU TETPadAPOB, (HOPMHUPYIOT

CTpykTypy Tuma aenbxaiiemura (IV), B mycrtorax
KOTOpPOH paclpenenaioTcs aTOMbl HaTpus M Kaus.
[TooOHBI CTPYKTYPHBIM THII WMEIOT THAPOJEINb-
xaitenut (Yuparos u ap., 1980; Yuparos, Parnmos,
1986) u poxnesur (Hesse et al., 1992).

Puc. 3. DopmupoBaHue CTPYKTYPbl MAKJOHAIBANTA B IBYX MpoeKuusx (13 kiacrepa tuna B (a, b)
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Puc. 4. ®opmupoBaHne CTPYKTYPHI AeIbXAENUTA B IBYX MPOEKIUsIX u3 Kiactepa tuma C (a, b)

N3 kaactepoB tuna JI (puc.l JI) npu ux mno-
JUMEpU3aLuU C BEpIIMHAMHU OOKOBBIX TETPa’JpOB,
TPHOPTOTPYMIIBl NPEBPAIIAIOTCS B BOJIIACTOHUTO-
BYIO LIEMOYKY. MEXIy OKTa’apaMH CTPYKTYpHOH
enuHunbl B E-mosoxkeHnMu pacnosiararorcsi aTOMBI
Ca ppyroro Tuma. B cBs3aHHON mapameTpoM c¢
CTPYKTYpHOH eIWHHMIE UEHTPAJbHbIM TeTpa’ap
TPUOPTOTPYIIITBI OJHON BEPITHHOW 0000IIaeTcss co
CBOOOJIHOIM BEpIIMHOW OKTad/pa COCeIHEH OKTad-
pUYECKON KOJIOHKH, a JAPYroil CBSI3bIBA€TCA C COOT-
BETCTBYIOILIEH BEPIIMHON TeTpa’lpa COCEAHEH Ie-
OYKU. B pe3ynbrare BOJIIACTOHUTOBBIE LEMOYKH
MIPEBPAIIAIOTCA B KCOHOTIUTOBYIO JIEHTY U CO3JIAIOT
TeTepOreHHBI CTPYKTYPHBI OJIOK C COCTaBOM
| CaFCa(Sis017)(OH), | . TpuroHabHbIE TIPU3MBI aTO-
MOB KaJIbIIUs LIEMEHTUPYIOT DKBUBAJIEHTHEBIE CTPYK-
TypHBIE OJOKH ¢ (POPMHPOBAHHEM CTPYKTYpbI THUIA
KCOHOTJINTAa C KPUCTAJUIOXUMUYECKHA (POPMYIIOH:
Cau | Ca"Ca(SisO17)(OH). | (Hejny, Armbruster, 2001).

Crpykrypbl caxunura (Camara et al., 2006) u
Na-, Nd-cunukara (Yuparos, 2002) dbopMupyrorcs
U3 CTPYKTYpHBIX OJIOKOB THIa KCOHOTJIMTAa. B pe-
3yJbTaTe MOJIMMEPU3alUH JBYX SHAHTHOMOPQHBIX
KCOHOTJIUTOBBIX 0JI0KOB JIeHTHI SisO17 IpeBpararor-
csi B ro()pUpPOBaHHYIO TETPA3APUYECKYI0 CETKY C
coctaBoM SigO15. CTpyKTypa CaKMHHTA COCTOUT M3
IByX, a Na-, Nd-cunnkara — U3 4eThlpeX KCOHOTIIH-

TOBBIX OJIOKOB. B mycToTax rereporeHHoro kapkaca
pacrmonaratoTcsi aToMbl Na 1 MOJIEKYJTBI BOJBI.

OnwucaHHas CTPYKTYpHasl HepapXusi OTpaXkaeTcst
U B YCIOBHAX O0Opa3oBaHHSA MHHEPAIOB TPYIIIBI
nenpxaiienura (Ynuparos, Jopdman, 1981) u maxmo-
Hanpauta (Cannillo et al.,, 1968). OG6pa3oBanue
JeNbXaleuTa CBA3aHO C BBICOKOTEMIIEPATYPHOM
CTaaivell MerMaTUTOO0Pa30BaHUs HA ATAle MOCTYTI-
JICHUSI METaMOP(U3YIOIUX pPACTBOPOB, 0OOraThix
KaiaueM. B maparenesuce ¢ aenbpxaieaMTOM IOCTO-
STHHO HaxXojaaTcsl (peHaKCHUT, KaHACHUT, BaJICUT U T.JI.
IuaponensxaiieuT sIBIsiEeTCA MPOAYKTOM THUIlEpre-
HE3UCa U TUAPOTEPMAILHOTO U3MEHEHHsI JeNbXaie-
TUTa. B 3THX yCIOBUSAX TPOMCXOIUT BEIHOC HATPHA,
YaCTHYHO KaJusl U Bcero (ropa u XJjopa.

CTpyKTypHBIIl THUI MakKJIOHAIBIWUTA CBS3aH C
HU3KOTEMIIEpaTypHOH CTagueld NerMaruTooOpaso-
BAaHMSI WIM NO3AHEN rUApOTEepMaIbHON CTaAue Mu-
HepanooOpazoBanus. OHAKO BO BCeX ClIydasx cpe-
Ja JO/DKHA OBITH CWIIBHO MLIENIOYHOM H Oorartoi
KaJbIleM (Ui CTPYKTYPHOTO THITA MaKJIOHAJbIH-
Ta) WIH PEAKO3EMEITHLHBIMI KaTHOHAMHE (ISl CTPYK-
Typbl MOHTEpEIKHaHWUTA). DTU CTPYKTYpHBIE OCO-
OCHHOCTH SIBJISIFOTCSI alpoOWPOBaHHBIMUA HHIMKATO-
pamu s ompeseNieHns MPOIeCCOB MUHepanooopa-
30BaHHS.
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N Haspanus MuHepajia u a(Ad) b (A) c(A) IpocTpancr. ,
3 XMMHY. COCTAB o B Y rPYIbI

1| KsHoSisOs(OH): 5385 | 13552 | 13.198 Pcmn 4

2 | KsHoSizOs 14.05 13.60 5.90 Pm2:n 4

3 | BOMIACTOHHUT 7.88 1.27 7.07 p.- 2 | A
CasSizOs 90° 95.16° | 103.27° '

4 | domarut 10.32 7.36 7.04 p.- 5
Cau[Siz0](OH), 90° 106.4° 90° !

1 | 6ycramur 7.605 7.102 13.568 P 12
Mno.s7 Cag.33SiOs3 89.95° 94.39° | 102.53° !

2 MakKJIOHAIbIUT
BaHa(CasSize0ss) - 10H,0 14.081 13.109 23.560 Cmcm 4 B

3 | MOHTEpeKUAHUT 23.956
NasK2(Y,Ce):Siz0s -8.3H,0 9512 | g3g0 | 9617 P2i/n 4

1 JIebXanenuT
KoNa:CasAl,SizsOF+Cly 24.86 7.070 6.53 Pmmn 1

2 | rumpoaenbXxanennT
(Ba.K)or6CarAlSi;O1(OH), 6H;0 23.9532 7.032 6.605 Pmmn 2 C

3 | ponme3ur
HK Ca,Si50 16 SH,0 23.428 6.557 7.063 Pmam 2

1 KCOHOTJIUT 7.330 7.040 2
CasSis017(OH)z 16.530 900 P2la

2 | caxunut-(Ce) 2
Na>Ce[SisO1 (OH)s]- H,0 7.5 15.02 7.35 Pmm2 D

3 Cuukar - Na, Nd 4
NaNd[SisO14(OH)s] -H,0 30.87 7.387 7.120 Cmm2
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CTPYKTYPHAS HEPAPXUS Ca- U TR-TPHOPTOCHUJIMKATOB U UX ITPOU3BOJHBIX

Mupunosa A.®., Yuparos M.U.
Kagheopa kpucmannoepagpuu, munepanoeuu u ceoxumuu
baxunckozo I'ocyoapcmeennoco Ynuusepcumema
AZ 1148, Faxy, Asepbatioxcan, yi. akademuxa 3axuoa Xamnosa, 23:afashf@rambler.ru

Pesiome. VI3BecTHO, UTO PU3MKO-XMMHUYECKHE CBOMCTBA U MApareHETHYECKUE OCOOEHHOCTH MHHEPANIOB CBA3aHbI C MX KPHMCTAJI-
JIMYECKOi CTPYKTypoil. MepapxanbHas cxeMa MCCIEN0BAaHHUsI CTPYKTYP MHMHEPANIOB MOKAa3bIBAET, YTO KIACCH(DHMKALHUS 110 XHUMHUYe-
CKOMy COCTaBY He JaeT HOJIHOTO IIPECTABIECHHS O CBOHCTBAX MUHEPANIOB. IIpuHIMas BO BHUMAHKUE U3BECTHBIE paboThl M., Uupa-
rosa u F.C.Hawthorne o cTpykTypHoii K1accudHKaluy MUHEPAIIOB, BIEPBLIE B HACTOALIEH CTAThEe UCHOb3Ys METO CPABHUTENILHON
KPUCTAIIOXMMHM M CTPYKTYPHYIO MEpPapXMIo, paccMaTpuBaroTcsi cTpykTypbl Ca- u TR-TpHOPTOCHIMKATOB M MX IIPOM3BOIHBIX.
CTpyKTypHasi MepapXxsi MUHEPAIIOB OCHOBBIBAECTCS HA NMEPBUYHOM MOJMMEPHU3ALMHI PA3HOTUITHBIX KOOPAWHAMOHHBIX MOIUPOB, B
pe3ynbTaTe KoTopoit (OPMHUPYIOTCS POOHAYATIBHBIE CTPYKTYpPHBIE MHHAIIBI WK Ki1acTepbl. C y4eTOM CHMMETPUH TPHOPTOCHIIHNKA-
TOB U (opMBbI onUMepu3anuu TeTpadapos ¢ Ca- u TR-okTa’qpaMu, BBIIEICHBI KJIACTEPhl YETHIPEX THIIOB, OTIHYAIOIINECS MO KOH-
GurypanuaM u XMMHYECKHM COCTaBaM | M(Si3010)(H20)3 | , | M(Si3010)2 | , | M(Si3010)(H20)4 | " | M(Si3010)2(H20)2 | . B 3aBucu-
MOCTH OT (JOPMBI TIOIMMEPH3ALUN KIACTEPOB, IIPEACTABIEHA MepapXalbHas cxeMa (OPMHUpPOBaHHs CTPYKTypHEIX TunoB Ca- u TR-
TPHOPTOCIINKATOB U MX IIPOM3BOIHBIX. B pe3ysbTaTe 00pa3yroTCs CTPYKTYpHBIE OIOKH M CMEIIAHHBIE KAPKACHI, B yCTOTAX KOTO-
pbix B Ca-CHIIMKATaX PacHosaraloTcs aToMbl Kanblys, a B TR-CUIMKATax — aToMbl HATPHS MM Kanus. 110 XMMHYECKOMY COCTaBy U
(dopMe KPEMHEKHCIOPOAHOTO PauKaia MUHEPAbl AelbXaleNuT U MaKIOHAIbIUT BKJIIOUEHEI B OiHy rpymiry. COracHO CTPYKTyp-
HOM KIacCH()MKALMK C BBIIEIEHUEM KIIACTEPOB BBIABIEHO, YTO CTPYKTYPHI 3THX MUHEPANIOB (JOPMUPYIOTCS U3 ABYX PAa3HBIX 10 KOH-
(burypayu MUHAIOB H, CIICIOBATEIbHO, B Pe3yJIbTaTe UX MONMMEpU3aluy 00pa3yloTcs pa3IMdHble CTPYKTypHbIe THIBL. OO0CHOBA-
HHUE CTPYKTYPHOH MEPAPXHU OTPAKAETCS B YCIOBUSX 00PA30BaHUsS MUHEPAJIOB IPYIIbI AeIbXadenuTa U MakaoHanbauta. O6paso-
BaHHE JIENbXalenTa CBA3aHO C BEICOKOTEMIIEPATYPHOM CTajueil erMaTuToo0pa3oBaHys Ha 3TAl€e MOCTYIUIEHHS METaMOp(HU3yIo-
IIMX PacTBOPOB, OOraThIX KalveM. I mapoaenbxailenuT sBIsSETCS NPOayKTOM THIEPIeHe3a U TMAPOTEPMATLHOTO M3MEHEHHUS JIEIb-
XalienuTa. B 3THX yCIOBHAX MPOMCXOIMT BHIHOC HATPHS, YACTUYHO KallMs U BCero (ropa u xyopa. CTPYKTYPHBIN THIT MaKIOHAIIbIH-
Ta CBA3aH C HU3KOTEMIIEPATyPHOIl CTafuel IerMaTuToo0pa3oBaHus WK ¢ HO3AHEH THAPOTEpMAIbHOI CTaauell MUHEpanoo6pa3oBa-
nus. OIHAKO BO BCEX CIydasx cpe/a A0JKHA ObITh CHIIBHO IETOYHOM M 60raToll KanblueM [ CTPYKTYPHOTO THIA MAaKIOHAIIbIUTa
WM pENKO3EMETbHBIMA KaTHOHAMHU JI CTPYKTYphl MOHTEPEKHAHUTA. JTH CTPYKTYpPHBIE OCOOEHHOCTH SIBJIAIOTCS alpoOUpOBaH-
HBIMH WHAUKATOPaMH JUIS TIPOLIECCOB MUHEPANo00pa3oBaHHus.

Kniouesvie cnosa: Ca- u TR-mpuopmocunuxamel, Kiacmepol, cmpyKkmyphbie eOunuybl, Cmpykmyphvle 610K, Gopmuposanue

CmpyKmyp
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Ca- VO TR-TRIORTOSIILIKATLARI VO ONLARIN TOROMOLORININ QURULUS iYERARXIYASI

Sirinova A.F., Ciragov M.I.
Baki Doviat Universiteti, Kristallografiya, mineralogiya va geokimya kafedrasi
AZ1148, Baki, Azarbaycan, Ak.Zahid Xalilov,23: afashf@rambler.ru

Xiilasa. Malumdur ki, minerallarin fiziki-kimyavi xassslori vo paragenetik xiisusiyystlari onlarin kristal quruluslari ils slagsli-
dir. Minerallarin qurulusunun iyerarxik sxeminin tadgiqi gostorir ki, onlarin kimyavi tarkibo géro tosnifatt minerallarin xiisusiy-
yotlori barada tam malumat vermir. M.I.Ciragovun va F.S.Hautornenin minerallarin qurulus tesnifati barads elmi asarlorini nozors
alaraq, ilk dofo miiqayisali kristallokimya tisulu ilo qurulus iyerarxiyasina osaslanarag Ca- vo TR- triortosilikatlar: vo onlarin tors-
moalorinin quruluslar: 6yranilmisdir. Minerallarin qurulus iyerarxiyas: miixtolif nov koordinasiya poliedrlarinin polimerlogsmasine
asaslanir vo naticado ilkin qurulus minallar1 vo ya Klasterlori formalasir. Triortosilikatlarin simmetriyasini va tetraedrlarin Ca- vo
TR oktaedrlori ilo polimerlosmo formalarini nazaro alaraq konfiqurasiyalar: vo kimyovi torkiblari ilo forglonon doérd tip klasterlor
ayrilmisdir: | M(SisO10)(H20)3 |, | M(SisO10)2 |, | M(SizO10)(H20)a | vo | M(SisO10)2(H20)2 | . Klasterlorin polimerlosmo forma-
sindan asili olaraq Ca- vo TR triortosilikatlar: va onlarin téramalorinin qurulus névlarinin amola golmasi tigiin iyerarxik bir sxem tog-
dim olunur. Naticads, bosluglarinda kalsium atomlarinin Ca-silikatlarda, TR silikatlarinda iss natrium va ya kalium atomlarinin yer-
lasdiyi qurulus bloklar: va garigiq karkaslar formalasir. Silisium-oksigen radikalinin kimyovi torkibina vo formasina goro delxayelit
va makdonaldit minerallar1 bir qrupa daxil edilmisdir. Klasterlorin ayrilmasi ilo qurulus tosnifatina ssasen tayin edilmisdir ki, bu mi-
nerallarm quruluslar iki forgli konfiqurasiyada olan minallardan formalasir vo bunlarin polimerloasmasi naticosinds miixtalif qurulug
tiplori yaranir. Struktur iyerarxiyanin ssaslandiriimasi delxayelit vo makdonaldit gruplarinin minerallarinin smoalagalms soraitlorinds
oks olunur. Delxayelitin omalo galmasi yiiksok temperaturlu pegmatitomoalogalma morholasinds kaliumla zongin metamorfik mohlul-
larin daxil olmasi ils olagsalondirilir. Hidrodelxayelit delxayelitin hipergenezinin vo hidrotermal dsyisilmasinin mahsuludur. Bu sora-
itdoe natrium, gismen kalium vs biitiin fliior va xlor xaric olunur. Makdonaldit tip qurulus peqmatitomoalogalmonin asagi temperatur
moarholasi ilo vo ya gec hidrotermal mineralomalogslma morhaloasi ils olagadardir. Bununla birlikdo, biitiin hallarda miihit yiiksek do-
rocads golavi olmalidir vo makdonaldit qurulus novii ticiin kalsiumla, monterecianit qurulusu ticiin isa nadir-torpaq kationlar: ils zon-
gin olmalidir. Bu struktur xiisusiyyatlor mineralomalogalmo proseslori tigiin siibut olunmus indikator gostaricilordir.

Agar sézlar: Ca- va TR triortosilikatlar, klasterlor, qurulus vahidlari, qurulus bloklari, quruluslarin formalagsmas:
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NCCAEAOBAHUE I'EOAOI'MYECKOI'O CTPOEHUSI MECTOPO XX AEHWSI
HA®TAAAH U ETO OKPECTHOCTEN HA OCHOBE AHAV3A
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Summary. The paper is devoted to the application of attribute analysis of 3D seismic survey da-
ta in order to clarify the geological structure of Naftalan — Northern Naftalan area of Ganja oil and
gas province.

It gives information about Naftalan field, which is considered to be an ancient brachyanticline
type deposit in Azerbaijan. A brief history of field exploration by geological and geophysical
methods is considered. It is especially noted that there are two types of oil produced in the field:
heavy oil with curative properties and light fraction of oil of commercial (industrial) meaning.

Our goal was to study in more detail the geological structure of the field to detect intervals and
zones of light oil accumulation. Therefore, in 2012 3D seismic survey works were carried out at
the Naftalan field. With the help of geological evaluation of the data cube obtained as a result of
3D seismic data processing, the interval of deposits was selected, in which the V seismic horizon
was traced, reflecting the surface of Upper Cretaceous deposits, which were confidently traced
throughout the study area.

In this interval, several attributes were calculated and their results were analyzed. Attributes that
are similar or weakly informative in the results of the analysis were not used in subsequent studies
to avoid repetition. In order to identify and trace disjunctive dislocations of different amplitudes,
the most effective attributes, such as Chaos, Variance, Ant tracking, were identified and used to
clarify the geological structure of the study area. All results of 3D seismic data processing were
given in the form of cubes of seismic attributes. By analyzing the attributes cubes, the geological
structure of the field was studied across the surface of Upper Cretaceous deposits and the most ef-
fective attributes were selected. As a result, a structural map for V-SH (top of Upper Cretaceous)
was drawn.

© 2020 Earth Science Division, Azerbaijan National Academy of Sciences. All rights reserved.

BBenenne

ne3HonopoxkHoi ctanuuu ['opan. Ha roro-Boctoke

OnHuM U3 OpPEeBHUX MECTOPOXKIEHUN OpaxuaH-
TUKIMHAIBHOTO THNA B AsepOaifikaHe SBISETCS
Mectopoxaenne Hadraman. Ilnomans wmccnenopa-
HUS pacmoioxkeHa B mpearopse Manoro Kaskasa, Ha
Tepputopuu ['epanOoiickoro palioHa, K 10Ty OT Ke-

nporekatroT Teprepckuil kanan, p.JIHmxnyail, a Ha
ceBepo-3anane p.l'opanuaii (puc.1).

I'eonoruyeckoe CTpOEHUE IUIOLIAAN OBUIO H3Y-
9YeHO Teo(U3UIECKUMH METOAAMH, CTPYKTYPHBIM
KapTHUPOBaHMEM Ha OCHOBE pa3BEAOYHBIX JaHHBIX U
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JMaHHBIX TyouHHOTrO Oypenms. Ctpykrypa Hadra-
JaH SBJSETCS aCUMMETPUYHOW OpaxmaHTHUKIMHA-
JbI0, XapaKTepU3YIOLIeHcs CyOMepHIHMOHAIbHBIM
[IPOCTUPAHUEM 10 OTJIOKEHHUSM MalKoIa, ¢ KPyThIM
(40-45°) 3amagHBIM U OTHOCHUTENBHO mosorumM (15-
25°) BOCTOUHBIM KpbUIbsiMH. Ha MecTopoxaeHuu
Hadraman B MailKOIICKHX OTIIOKEHHSIX OBLIO OOHA-
PY’)KEHO HECKOJIBKO He()TEHOCHBIX Tropu3oHTOB (1,
meprenu, II). M3 BepxHHX Tpex TOpH3OHTOB Oblia
MOJTyYeHa TshKenask HeThb ¢ JeueOHBIM 3P PeKToM, a
m3 HwkHUX ropuszonToB (III, IV, V u VI) — HedTs
OTHOCHTEJIBHO JIerkoW (pakiuu. B pesynbrate Oy-
POBBIX palOT, MPOBEAECHHBIX HAa MECTOPOXKICHHHU,
Obuta oOHapykeHa HedteHocHocTs I, IV, V, VI,
VII ropu3oHTOB, 3ajeraromux Huxe Il ropuson-
Ta, a TakKe HETECHOCHOCTh TJIMHUCTHIX MPOCIOEK
MeCYaHbIX CJIOEB Majoi MoImHOCTH. TakuMm obpa-
30M, IVIMHHMCTasg MPOCIJIOHKa, 3aJeTamollas MEXIY
II u III ropu3oHTaMu, ObLTa MIPUHATA KAK HUXKHSISA

rpanuna seueOHod Heptn (Mameno, Mupues,
2009; Paxmanos, 2007). Bo BpeMs ucmbiTaTeIb-
HBIX pa0OT B HEKOTOPBIX CKBAXHHAX Ha IUIOIIAIN
Hadranan Oputa mosydena manoneOuTHass HEDTH
(0.2-0.3 ToHH/CYTKH) W3 OTIOKEHHUH Meprenacil u
MECYaHUKOB NaJIeOIeH-IaTCKOro spyca (Anuzane
u 1p.,1966). IlepcriekTUBBI HEPTETa30HOCHOCTH
Ha TUIOLIQJIM CBS3aHBI C OTJOXXEHUSMHU MaHKoIa,
J0IIEHA U BEPXHETO MeJa.

KpoBns  crpykryp Hadranan u  CeBepHblii
Hadranan, Oymy4un Ha yuacTke ckBakuH Hadranan-
39, 56, 61 u ngp., ObuTa ompezeIeHa KaK ¢AUHAs aHTH-
KIMHAJIbHAs CTPYKTypa, OCJIOKHEHHash OOJNbLINMU
pasioMamMH B OCHOBHOM B HAITPABICHUH MPOCTUPAHUS
cTpykTypbl. CTPYKTypHasi KapTa, COCTaBJICHHas IO
celiCMUYEeCKOMY TOPU3OHTY, IPHYPOUYCHHOMY MPUOIH-
3UTENBHO K MOAOIIBE | ropr3oHTa Malikomna, OTpaxaeT
crpykrypy Hadranan B popMe aHTHKIMHATIM MEPUAN-
OHAJTLHOT'O HAIPABIICHUS C TPEMSI YHIYIISLIHAMH.

MurrAIeEH pCKoe BOJOK PaH WK IITe

Puc. 1. O0mas cxema IIolaad UCCiaeI0BaHus
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HecmoTpst Ha JIMTENbHBIN MEepUoOA SKCILTyaTa-
LMK JAHHOTO MECTOPOKICHUS M U3YUYCHHS T'€0JIOTU-
YEeCKOTO CTPOSHHMS, ee OOJbIlas 4acTh elle HelocTa-
TOYHO M3yY€Ha BCIIEJCTBUE CIIOKHOW KapTHUHBI Cei-
CMHUYECKOTO BOJIHOBOTO 1oJIsL. B cBsi3u ¢ atim B 2012
TOJy C LEJbIO JeTaJbHOr0 U3YYEHUS T€OJIOrHUYEeCKOro
cTpoerns momaan Hadraman mo me3okaitHO30%-
CKHM OTJIOXCHUSIM 371ech Obuia mposezrieHa 3D ceid-
cMmopaseenka. MHTepec, MpOSBISEMBId U B HACTOS-
miee BpeMs K M3YUYCHMIO TaHHOM IJIOLIAAd, CBSI3aH C
pAacTIoNIOKEHUEM 3[IeCh JIPEBHETO MECTOPOIKICHHS
Hadranan, Haxomsmierocs B SKCIUTyaTallud yKe B
TE€UYEHUE JIUTEILHOTO MEPUOAA, C TOCTATOUYHO XOPO-
0 pa3BUTOW HH(MPACTPYKTYPOH W PACIIOIOKEHUEM
OCHOBHBIX HE()TEra30HOCHBIX OOBEKTOB Ha OOJBIION
riryoune (Axmenos, Araesa, 2020).

M3BectHo, uto 3D celicMopa3Beaka Hrpaer
BOXHYIO POJb B OOHAPYKCHHHM W IIPOCICKUBAHIH
HEAHTUKIIMHATIBHBIX JIOBYIIEK U JU3BIOHKTUBHBIX
mucnokarii - (Axmenos, 2016; BockpeceHckwid,
2010; Illepudd, I'emmapt,1987). JlanHas cTaThs MO-
ceamena 3D ceiicMopasBenke, U B 4aCTHOCTH, HC-
CJIGIOBAHUIO BO3MOXHOCTEH aTpUOYTHOTO aHajm3a
B YTOYHEHUH TE€OJOTHYECKOTO CTPOEHUS IUIONIann
WCCIIEJOBAHNS.

MeTtoabl ucciae10BaAHUS

B 2012 roxy reonorudeckoe crpoenue, hopma,
a TaKKe MPOTSHKEHHOCTh CTPYKTYphl Hadranan Obi-
JU YaCTUYHO U3ydeHsl Mo gaHHbIM 3D ceiicmopas-
Benku. [lonydyeHHbIE pe3yabTaThl MOKA3bIBAIOT, YTO
JaHHAsT CTPYKTypa — 3TO aCHMMETpUUYECKas aHTH-
KJIMHAJbHASL CKJIAM4aTOCTh, PACIOJNIOKEHHASI B IOTO-
BOCTOYHOM HampaBieHud. COrlacHO BpPEMEHHBIM
paspesam, iomans Hadraman — CeBepubiit Hadra-
JIaH OCJIO’KHEHA MHOTOYHCIICHHBIMH Pa3IOMaMHU.

B 3amagHoi wactu miomaau 30Ha pasiioma
OONBIION  aMIUTUTYIbI, MPOCTHUpAIOIIAsCS B
HaIpaBJICHUHN CEBEP-IOT, Pa3feiseT YU4acTOK Ha JIBE
yacTd. B 3amagHoil 4yacTu cEHCMUYECKUE TOPU30H-
THI OJ BO3JACUCTBHUEM pa3jioMa MpPOCIEKUBAIOTCA
Ha Oonbmioi rayOmne. B OCHOBHOHN, BOCTOYHOMH
YacTsAX IUIOMAJAM HCCJICIOBAaHUS TOPU30OHTHI, OYy-
Iydd Ha MEHbIIel TiayOuHe, MPOCIIeKUBAIOTCH Ha
Ooiree mUpokoM ydactke. CelicMUIecKue 3aIicH B
30HE pa3joMa XaoTUYHBIC, © MOXKHO CKa3aTbh, YTO
MpOCJEKUBAaHUE 3amuceld ckopee ycioBHoe. MH-
(hOopMaTUBHOCTh CEMCMHYECKHX JaHHBIX IO TLIO-
maau U paspe3amM H3MEHUYMBA; KOPPEISIITUOHHBIC
cBolicTBa ()poHTa CUH(A3HON BOJIHBI, OTHOCSIIUECS
K UHTEpBally, XapaKTepU3YyIOIIeMy KOMILIEKCHl OT-
JIOKEHUM DOLEHa M MHUOLEHA, YXYyAIIATCS B
HaMpaBJICHUN OT ICHTPAJIBHOW YacCTH IUIOMIAAH K
ory. 3/1eCh OCH OTPAXCHHBIX CHH(DA3HBIX BOJH KO-
poTKHe M XaoTU4dHbIe. PPOHTH CHH(A3HBIX BOJH,
XapaKTEepU3YIONINX KOMIUICKCHI OTJIOKEHUM MeJia U

najeoleHa, MPOosBIAI0TCA 0oJiee yIopsaI0ueHHBIMU
JTUHAMUYECKUMHU CBOMCTBAMM M XOPOILIO KOppENH-
PYIOTCS MO IUIOIIATH.

Bo BpeMeHHBIX pa3pe3ax IO MECTOPOXKACHHIO
Hadranan kapTuHa celicMU4ecKoro BOJIHOBOTO OIS
Oosiee cnoxHasg. B meHTpanbHON uacTH IUIOmAAN
MIPOCIIEKUBAHNE BOJIH YXYALIAETCSl, U 3TO B OCHOB-
HOM CBSI3aHO C IIPUCYTCTBHEM B 3TOW YACTH TOCEINE-
HUA ¥ MPOMBIIIJICHHBIX OOBEKTOB, KOTOPHIE BBI3HI-
BAIOT 3aTyXaHHUE BOJIHBI.

Hecmotps Ha TO, YTO CIOXKHOE TEKTOHHYECKOE
CTpOGHHE Ha IUIOMIAAM HCCIeJOBaHUs, neTpodu3u-
YeCcKHue CBOWCTBA MOPOJ, COCTABISIOLINX OTPaXKaro-
LIMEe TPAHUIBI, B ONPEICICHHON CTENIEHH YCIIOXKHSI-
0T TPOCJIEKUBAHUE CEHCMHUYECKMX TOPU30HTOB,
OHM HE OKa3ajl CEepbe3HOr0 BO3AEHUCTBUSA Ha pe-
3yJIbTaThl KUHEMAaTHYECKOW HHTEpIpeTaluu OTpa-
KAIOIINX TOPU3OHTOB.

Kak BHJHO U3 BepTMKANbHBIX paspe3oB Inline
190 u crossline 500, mocraTouHo BbICOKasi MHGOP-
MaTHBHOCTh IOJYYEHHOTO CEHCMHYECKOI0 MaTepH-
ana HaOmomaeTcst BO BpeMeHHOM uHTepBaie 0-4500
MC, ¥ TIODTOMY yKa3aHHBIH HHTepBal (puc. 2, a u 0)
ObLT BBIOpaH I Mocienyromeli 00padOTKH M WH-
TeprupeTanuy (B 9acTHOCTH JUIA aTpuOyTHOTO aHa-
nu3a). AHaIU3 MOJY4YEeHHBIX pa3pe30B YKa3bIBaeT Ha
NPUCYTCTBHE CTPYKTYPHBIX 3JIEMEHTOB (MM OOBEK-
TOB) Pa3NMYHOTO THIIA M pa3MepoB. Paccmorpum
Hab0JjaeMoe B JAHHBIX pa3pe3ax celcMUYecKoe
BOJIHOBOE TOJIE.

B 1ByX BepTHKaJbHBIX BPEMEHHBIX pa3pe3ax
(puc. 2), MPOXOAAMINX IO TUIOMIAAN UCCIICIOBAHUS B
NEepIEeHINKYISIPHOM HalpaBliCHUH, BBILICyKa3aHHbIE
NPONOJIBHBIE M TONEPEYHbIE  Pa3jIoMbl  SIBHO
MPOCIIEKUBAIOTCS BCIIEACTBHE XOpOIIO Haliromae-
MBIX KHHEMATHYeCKHUX U JWHAMHYECKHUX IapameT-
POB TM3BIOHKTHUBHBIX AMCIOKAIMK B HapyLICHHBIX
30Hax.

HecmoTpst Ha 10CTaTOYHO 3HAUMTENIBHBIN BKJIA]T
naHHbIX 3D ceiicMopa3BeAKH B M3yYEHHUE I'€O0JIOTH-
YEeCKOr0 CTPOEHMS IUIOLIAAH HMCCIENOBAaHHS, HEKO-
TOpblE CBOMCTBAa JU3BIOHKTUBHBIX JIUCIIOKAIUH
3[1eCh OCTAIOTCSl HEBBISICHEHHBIMH, 4TO TpeOyeT pas-
pabOTKM HOBOTO MOAXOJAa K HM3YUYCHHUIO DPAa3IOMOB
MaJIo aMIUIUTYlbl. B CBSI3U C 3TUM NpPUMEHSAEMbIN
HaMH aTpUOyTHBIN aHAIN3 MPECIEAYET ABE LEIH:

1. ObHapysxeHne M IpOCIeKUBAaHHE TEKTOHU-
YEeCKUX Pa3JIOMOB MAJIOH aMIUTUTYbI;

2. Onpenenenue 3GHEKTUBHOCTUA CTPYKTYPHBIX
W MPOYMX aTpUOYyTOB B pEIICHHH 3amauu (mpode-
MBI), IOCTaBJICHHOW B TAKUX CIJIOKHBIX CEHCMOTreo-
JOTHYECKUX ycimoBusax. C 3To# menbio ObUT TTpoaHa-
JTU3UPOBAH U paccunTad mo 3D ceficMudyeckuM naH-
HBIM psii aTpuOyTOB mporpaMmbl Petrel, Takux kak
Chaos, Ant tracking n Variance (A6erosa, AGeToB,
2017; Kupwuios, 3akpeBckuii, 2014).
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Puc. 2. MHpopMaTHBHOCTH CEHCMHUYECKUX JTAHHBIX; BpeMeHHbIe pa3pessl a — inline 190 u b — inline 500

Pe3yabTaThbl U 00CyXKIEHUS

CpaBuuM paspe3 arpubyra Chaos, cmyxaruii
MHJIMKATOPOM PA3JIOMOB M JU3BIOHKTUBHBIX JUCIIO-
Kalui, ¢ TPaJAUIMOHHBIM BPEMEHHBIM pPa3pe30M.
[Ipu 3TOM MOKHO BHIETH, YTO Pa3IOMbl MAJIOH am-
IUTUTYZ(BI, C TPYXHOCTBIO IPOCIICKUBAEMBIC B Tpa-
JUIMOHHOM BpPEMEHHOM pa3pese, SIBHO MPOCIIEKH-
BaroTcs B paspese atpudyra Chaos. C ucnonb3oBa-
Huem atpubyta Chaos HempepbIBHOCTH B HpOCIe-
’KMBAaHUU TOPH30HTOB IIO3BOJISICT OOHAPY)XKUBATh U
MPOCICKUBATh  Pa3IOMbl  MajoOdl  aMIUIUTYBI
(Sanhasuk et al., 2014; Chopra, Marfurt, 2005).

TakuMm o00pa3zoM, aHamuM3 pa3pe3oB, MPOXOMAs-
X B Pa3IUYHBIX HANPABICHHUAX I10 IUIOMATN HC-
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CJICIOBAHUS, TO3BOJISIET TIPOCICKHUBATH PA3JIOMBbI
OOJBIION aMILTUTYBI HA 3aMajiec U Pa3jioMbl Majon
aMIUIUTY]Ibl B BOCTOYHOM UM IOTr0-BOCTOYHOM YaCTAX
wromaau. Kak pe3ynprar, O4eHb HATJSAHO MOXKHO
YBUJECTh OJIOKOBOE CTPOSHHE CKJIAJ4aTOCTH, BbI-
3BAHHOM TU3BIOHKTUBHOM JUCIIOKAIIUEH.

Hapsiny ¢ arpubyramu Chaos, arpubyter Ant
tracking u Variance matot B kyoe 3D TOuHyIO WH-
dbopMano 00 HM3MECHEHHUSAX BOJHOBOW KapTHHEI,
HAIMYUY aHOMAIIWH, TPEIIMHOBATOCTH M BOOOIIE
MU3BIOHKTUBHBIX — AWCIoKamuid.  ATtpuOyr  Ant
tracking maer BaxHyr WH(OpPMALMIO NPU ONpere-
JICHWH DPACIIOJIOKEHUST Pa3jOMOB IO IIOMIAIN HC-
cienoBanus (puc. 3).
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U3 puc. 4 cpaBHEHHEM pa3pe3a, MOJYyYEeHHOTO
u3 3D ky0a, paccuntannoro o Ant Tracking, ¢ pas-
pe30M, TOMYYEHHBIM M3 OOBIYHOTO Ky0a, MOXKHO
3aMETHTh, YTO CEHCMUYECKHE OTpaKCHHs, HaOIro-
naeMble B OOBIYHOM BPEMEHHOM paspese, oTpaka-

IOTCS W B pacCYMTaHHBIX pa3pe3ax. Kak BUIHO u3
3TOr0 PHUCYHKA, HECMOTPS. HA TO, 4YTO Pa3jIOMBI,
HaOroaeMble B pas3pese, UMEIOT Myl aMIUIUTY-
Iy, OHH OTPa)KaroTcs B XaOTUUHOH opMme.

Puc. 4. ®parment arpubyra Ant tracking
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Puc. 5. ®parmenr arpubyra Variance, paccunranuoro no 3D kyGy

Kak BusHO U3 puC.5, HA KOTOPOM MOKa3aH pas-
pe3 atpubyta Variance, Bce pas3ioMsl, HabIromae-
MbIe B paspe3ax JIpPYrHX aTpuOyTOB, HAILIM CBOEC
MOITBEPIKICHNE M B pa3pese aTpubyTa Variance.

Kaxnplii 13 BBIMICTICPCUUCICHHBIX aTPUOYTOB
OBUI paccyWTaH B OTAGIBHOCTH C HOCIEIYIOIINM
MPOBEICHUEM BCECTOPOHHETO aHAH3A.

IMocne mpoBenenusi ananu3a arpudyra Chaos
MOJTyYCHHBIC Pe3yJIbTaThl ObUIM MCIOJIBb30BAHbI MPU
MHTEPIPETAIMA CEHCMUYECKUX TOPH30HTOB, MPO-
CIIC)KUBAHUH PA3JIOMOB U TIOCTPOCHUH CTPYKTYPHBIX
kaptT. Pesynbrarel anammza atpubytoB Chaos u
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Variance ObuUIM NPUMEHEHBI TMPU T'EONOTHYCCKON
OLIEHKE M MPOCIICKUBAHUN PA3JIOMOB.

Hcnonp3oBanue arpubyra Ant tracking maer
BO3MOXHOCTh HCCJIC/IOBATh HEOOJBIINE PAa3JIOMBI
NPU HENPEPBHIBHOM IPOCICKUBAHUU OTPaKeHUIl (B
OCHOBHOM B CJIydae MaJOaMIUIUTYAHBIX Pa3IOMOB)
MPY KOPPENSAIUK CEHCMUYECKUX TOPU30HTOB.

TakumM 00pazom, aHAIIN3 pa3pe3oB, MOTYUYSHHBIX
¢ nmomo1kio arpudyToB o V-CI' (kpoBiie BepxHero
MeJia), TI03BOJIMII YTOYHHUTh T€0JI0r0-TEKTOHNYECKOE
CTpOCHHUE TUIOIIAAN UCCaea0BanusI (puc. 6).



M.A.Agayeva et al. | ANAS Transactions, Earth Sciences 2 /2020, 69-77; DOI: 10.33677/ggianas20200200048

Chaos amplitude

1000 2000 3000 4000 S000m
1:105000

Pacnosioskenus pa3ioMoB
CrpykrypHas kapta no V-CI'
(KpoBJIsi BEpXHEro MeJjia)

Puc. 6. Crpykrypnas kapra no V-CI" (KpoBJisi BEpXHET0O Mea)

Variance amplitude
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BriBoabI:

1. Ha ocHoBe marepuanoB 3D ceiicmopa3Benku
ObUT paccuMTaH psiji CEUCMHUYSCKHX aTpuOyTOB —
arpubyTer Chaos, Ant tracking, Variance mo kpos-
ne Bepxuero mena (V-CT'), Ob1I0 YTOYHEHO TE0JI0TO0-
TEKTOHHYECKOE CTPOCHHE IUIONMAMN HCCIICIOBAHMS
(ctpyktypa Hadraman).

2. B pesynbrare TpOBEICHHOTO aTPUOYTHOTO
aHaJlku3a 6I)IJIO BBIABJICHO, YTO €CJIM JJIs BBISABJICHUS
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HNCCIEJOBAHUE 'EOJIOTHYECKOI'O CTPOEHUA MECTOPOXXJIEHUSA HA®TAJIAH
M ET'O OKPECTHOCTEN HA OCHOBE AHAJIN3A CEUCMUYECKNX ATPUBYTOB
MO ME3030MCKHM OTJOXKEHUAM

Araesa M.A.l, A6uaracanosa JI.JI:x.2, A6acosa I1.]Ix.2
Y4sepbaiioscancruii ocyoapcmeennviii yuueepcumen negmu u npoMbIULIeHHOCIU
AZ1010, baky, Azep6aiioaxcan, npocn. Azadnwie, 20: meleykeagayeval2@gmail.com

2[Toopazdenenue pazéedounoii zeopusuxu Ynpaenenus eonozuu u eopusuxu SOCAR
AZ1040, baxy, Azepbaiioxcan, nocenox bBaxuxanosa, yi. A. Anuesa,10

Pe3rome. CtaTbss NOCBsLIEHA IPUMEHEHHIO aTPHOYTHOTO aHANN3a ceificMuYeckux 3D MaHHBIX C IIeNBI0 YTOYHEHUs Ieolornye-
ckoro crpoenus mionaan Hadpranan — Ceepubiit Hadranan ['sHmknHCKOr0 HeTera30HOCHOTO paiioHa.

B Heill naerca unpopmaims o MectopokaeHnn HadranaH, KOTopoe cuuTaeTcsi ApeBHUM MECTOPOXKICHHEM OpaxMaHTHKINHAIIb-
HOTo THma B AsepOaiipkane. PaccmarpuBaeTcst KpaTkasi HCTOPHS M3YyUSHUS! MECTOPOXKACHHS TEOJIOTHIECKIMH U TeO(PHU3NICCKIMH
MerogaMu. Ocobo oTMedaeTcs, YTO Ha MECTOPOXKICHHUHN M3BIEKaeTcs He(Th IBYX THIOB: TsHKenas HeTh, 00Ianaromast Je4eOHbIMH
CBOMCTBaMU, U HE(TH JErKOH (paknuy KOMMEPUYECKOro (IPOMBIIUICHHOTO) 3HAYCHHSI.

Hama nens 3axiroyanacs B Gonee AeTaabHOM H3YYEHHH I'€OJIOTHYECKOTO CTPOEHHS MECTOPOXKAEHHS Uil 0OHApYy>KeHUsSI HHTEp-
BAJIOB U 30H HakoIuleHus1 He(TH serkoii dpakiuu. [Tosromy B 2012 roxy Ha MectopoxkaeHnn Hadranan Obuin BEIIOIHEHB! PaOOTHI
o 3D ceiicmopasBenke. C HOMOIIBIO F€0JOrHYECKO OLICHKN Ky0a JaHHBIX, TIOJy4eHHOTO B pe3ynbTaTe 00paboTki MarepuaioB 3D
ceiicMopa3Beikd, OblT BEIOpaH MHTEPBAN OTIOKEHHUH, B KOTOPOM IpociekuBaeTcsl V ceficMUYeCKHii TOPU30HT, OTpaskKaroIuii mo-
BEPXHOCTH OTJIOXKEHHI BEPXHETO Mea, KOTOPhIE YBEPEHHO MPOCIEKHUBAIOTCS MO BCEH MIIOIMAAN HCCIEA0BAHHS.

B nannHOM mHTepBane OBIIO PACCINTAHO HECKOJBKO aTPHOYTOB M OBLIM NPOAHAIM3UPOBAHBI PE3yIbTATHI, TOTyYCHHBIE C TIOMO-
IIBIO 3THX aTpUOYTOB. ATPHOYTHI, CXOXKHUE IO Pe3yIbTaTaM aHaIN3a WX HMeronune c1abyro HHQOPMATHBHOCTb, HE OBLIN HCIONIB30-
BaHBI B IOCIEAYIONINX HCCIECJOBAHUIX BO H30exkaHne NOBTOPOB. C IIETbI0 BRIIBICHUS U MPOCIECKUBAHNS AU3BIOHKTUBHBIX AUCIO-
Kalluii pa3HbIX aMIUIMTY ObLIM omnpeseneHsl Hanbonee addexTuBHbie aTprOyThl, Takue kak Chaos, Variance, Ant tracking, u ¢ ux
TIOMOIIBIO OBUTO YTOYHEHO I'e0JIOTMYeCKOe CTPOCHHE IUIOIAAN HecienoBaHus. Bee pe3ynbraTsl 00paboTkn Matepuanos 3D ceficmo-
pa3Benxu ObUTH JaHbl B popMe KyOOB CeliCMUYECKUX aTpHOYTOB. AHAIU3HUPYS KyObl aTpHOYTOB, OBLIO UCCIIEIOBAHO TEOIOTHIECKOE
CTPOCHUE MECTOPOXKIICHUS 10 HOBEPXHOCTH BEPXHUX MEJIOBBIX OTJIOKEHHH M ObLIH BBIOpaHbl Haubos1ee 3¢ GpekTUBHBIE aTpuOyTH. B
pe3yabTaTe ObUIA cOCTaBlIeHa CTPYKTypHas kapta o V-CI' (KpoBiIs BEpXHETO Mena).

Kniouesvie cnosa: ampubymuviii ananus, 3D ceiicmopaseedxa, ceticmuueckuti 2opu3onm, Ky6 ampubymos, Meiosvle oOnmioxice-
HUsl, OUCIOKAYUU

SEYSMIK ATRi_BUTLARIN ANALIZi iLO NAFTALAN YéTAG.I VO ONUN OTRAFININ
GEOLOJi QURULUSUNUN MEZOZOY COKUNTULORI UZRO TODQIiQi

Agayeva M.A.! , Obilhasanova L.C.2, Abasova P.C.2
tAzorbaycan Doviat Neft va Sanaye Universiteti
AZ1010, Baki, Azarbaycan, Azadlig prospekti, 20: meleykeagayeval2@gmail.com
2Geofizika va Geologiya ldarasi Kasfiyyatgeofizika Istehsalat Béliimii
AZ1040, Baki, Azarbaycan, Bakixanov qasabasi, Y.Oliyev kiicasi,10

Xiilasa. Mogalo Gonco Neftli Qazli Rayonunun Naftalan-Simali Naftalan sahasindo geoloji qurulusun dogiglagdilimasi mogsadi
ilo 3D seysmik molumatlarin atrbut analizinin tatbigine hasr olunmusdur.

Magalodo Azorbaycanin ¢ox qadim braxiantiklinal tipli yatagi hesab edilon Naftalan yatagi hagqinda molumatlar verilmigdir.
Yatagin geoloji vo geofiziki metodlarla Gyronilmosinin qisa tarixi nozordon kegirilmigdir. Xiisusi gqeyd olunur ki, yataqdan iki tip neft
¢ixarilir: miialico ohomiyyotli agir neft vo kommersiya (sonaye) shomiyyatli yiingiil neft. Mogsadimiz yiingiil neftin y1gildig1 interval
Vo zonalart agkar etmok iigiin yatagin geoloji qurulusunu daha dagiq todqiq etmokdir. Bu moagsadls 2012-cii ildo Naftalan sahosinds
3D seysmik todgiqatlar aparilib. Aparilmig 3D seysmik todgigatlart materiallarinin emali noticasinds alinmis kubun geoloji
doyorlendirilmoasi yolu ilo biitiin saho boyu inamla izlonilon Ust Tobasir ¢okiintiilorinin sathini oks etdiron V seysmik horizontun
izlondiyi ¢okiintii interval se¢ilmisdir.

Bu intervalda bir nego atribut hesablanmig vo bu atributlarin verdiyi noticalor analiz edilmigdir. Analizinin naticslori oxsar vo ya
informativliyi zoif olan bozi atributlar tokrarliga yol vermomok mogsadi ilo sonraki todqigatlarda istifado olunmamigdir.
Tadqiqatimizin hadofi miixtalif amplitudlu dizyunktiv dislokasiyalarin agkarlanmasi va izlonilmosi ti¢iin daha effektiv atributlar,
Chaos, Variance, Ant tracking kimi atributlar, miioyyonlosdirilmis vo onlardan genis istifado etmoklo todgigat sahasinin geoloji
qurulusu dogiqlogdirilmigdir. Biitin 3D materiallarin emalinin naticalori hesablanmig bir nego seysmik atributlar kublar1 soklindo
verilmisdir. Alnmis bu atribut kublari analiz edilorok yatagin  geoloji qurulusu Ust Tobasir cokiintiilorinin sothi iizro
miioyyonlosdirilmis vo on effektiv atributlar secilir. Notico olaraq V-SH (Ust Tobasirin yuxarilar) iizro struktur Xorita tortib
edilmisgdir.

Acar sézlar: atribut analiz, 3D seysmik kasfiyyat, seysmik horizont, atributlar kubu, Tobasir ¢okiintiilori, dislokasiyalar.
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Summary. This article provides a brief analysis of the current state of the problem of creating
the scientific foundations for the “smart field” concept which is considered as a system. It is noted
that the objectives according to this concept are accomplished in four stages. Using the experience
of various companies as examples, the results of this system functioning are given. In terms of
support, the “Smart Field” system mainly includes three subsystems: information support, mathe-
matical support and software, and organizational support. The obtained information allows you to
make operational and correct management decisions, to ensure effective planning and implementa-
tion of geological and technical measures, repair and maintenance of equipment. In general, the
focal point in the system is decision-making. At the same time, decisions are made under condi-
tions of uncertainty. The development of the scientific foundations of the system therefore also in-
cludes the analysis of uncertainties which can be of a various nature.

It is proposed to form a list of specialists required for the modern oil and gas industry. It is
noted that the most in demand are competencies that can be applied in any industry. To solve suc-
cessfully problems related to "smart fields" it is necessary to combine the efforts of specialists of
different profiles, namely: geologists, geophysicists, developers, drillers, programmers, profes-
sionals in economic and mathematical modeling, creation of automated control systems and deci-

sion-making.

© 2020 Earth Science Division, Azerbaijan National Academy of Sciences. All rights reserved.

1. Introduction

Making the right technological decisions in the
development of oil and gas fields, drilling oil and
gas wells and in general the tasks of oil field practice
require a detailed study of geological sections, ob-
taining the necessary information about the section,
the properties of hydrocarbons, used technical means
and technologies. This problem is even more com-
plicated in the case of a small and remote field. In
this regard, when making decisions, it is also neces-
sary to take this circumstance into account. Another
problem that has to be encountered in finding solu-
tions is related to the amount of information. In this
case information plays a huge role and the lack of
information makes it difficult to make the right deci-
sions. This may be due to both a lack of data and an
excess of data. It should be noted that the absence
(or lack) of the necessary information, its untimely
receipt negatively affects the efficiency and adequa-
cy of decisions made during field development and
well drilling. When trying to analyze such infor-
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mation technologists face great difficulties. This cir-
cumstance has contributed recently to the search for
various ways of obtaining and analyzing infor-
mation. Processing such a volume of data in order to
obtain important information necessitates the devel-
opment and application of modern tools, in particu-
lar artificial intelligence methods and methods that
allow working in conditions of insufficient infor-
mation. Technologies developed in recent years have
taken a strong place in all spheres of human activity.
The development of this direction is clearly noticea-
ble in the activities of various oil and gas companies
of the world that are involved in decision-making.
The correctness of decisions to a significant extent
also depends on the conditions: at the same time the
same solutions that are effective in some conditions
may be ineffective in others, in other words: the de-
cision of some of them can only aggravate others. So
for example, the wrong choice of oil recovery en-
hancement technologies can give a small increase to
production but at the same time significantly in-
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crease capital or operating costs (for example, drill-
ing additional production wells) or in drilling wells:
bits selected based on the desire to ensure high speed
may be ineffective for economic reasons. In this case
a problem arises with uncertainty. This circumstance
can also be encountered during modeling, etc. Under
the mentioned conditions oil and gas producing
companies need a management system that, using
the information coming from the fields efficiently,
will allow for constant monitoring of indicators and
make decisions regarding investments in the devel-
opment and implementation of new technologies,
taking into account uncertainties. Judging by the
preliminary results obtained, such a system which
has recently attracted the attention of oil industry
workers and called the “smart field” can take the oil
and gas industry to a new level in the near future,
ensuring the efficiency of companies in difficult
geological conditions.

2. Brief analysis of the general concepts and
current state of «Smart Field» systems

First of all, it is necessary to find out what these
“smart fields” or as they are otherwise called “intel-
ligent fields” actually are, what basic properties (at-
tributes, features) characterize them and what tech-
nologies form the basis of this system. The method-
ology of the above system, the components and
equipment for the operation of “smart” wells and
fields have been developed and used with great suc-
cess in various regions of the world including the
USA, the North Sea, West Africa, the Middle East,
Brunei, Australia, Russia, Kazakhstan, etc. Analysis
of the «Smart Field» system development status and
world experience in their creation (Smart wells —
ROGTEC, 2014; Redutskiy, 2017) allows uncover-
ing the essence and clarifying some definitions nec-
essary for understanding the methodology for con-
structing these systems.

In particular the author (Redutskiy, 2017) sum-
marizes the above review with the following defini-
tion: “smart” solution (in the narrow sense of the
term, for the oil industry) is an approach to reservoir
management which includes two closely related as-
pects: optimization of the life cycle based on re-
search of development and production operations
and determination of strategic, tactical and opera-
tional goals; advanced instrumentation as a leading
technology for accurate monitoring and control of
operations.

In order to study the concept of a smart field
and identify the development trends a literature re-
view was conducted and the main characteristic fea-
tures of process solutions within the framework of
this concept were determined. As examples of the
technology introduction in various operations

(Epémun, 2008; Smart wells — ROGTEC, 2014,
Bopo6bes u np., 2018; Ddenauer, 2019; Jlomyxos,
2017; Rossi et al., 2000), the results of the activities
of various engineering companies were analyzed.

Wells and fields are not made “smart” by the
new technology, but by a successful combination of
the existing advanced technologies, including wire-
less data transmission, remote sensors, remote con-
trol mechanisms and robotics. Remote sensors re-
produce a real-time picture of what is happening
downhole. The maximum effect from the operation
of downhole sensors is achieved through the use of
control systems that allow performing certain ac-
tions when downhole conditions change (Smart
wells — ROGTEC, 2014; Bopobses u ap., 2018;
WurennekryanpHas ckBaxkuna, 2015). According to
the authors of work (BopoOseB u np., 2018), “...the
core of the smart oil and gas reservoir management
system is a hardware and software complex capable
of analyzing a rather large volume of field infor-
mation received in real time, resulting in quick iden-
tification of any deviations from the design (speci-
fied) parameters, formation of effective options for
control actions and development of optimal tech-
nical, process and logistic solutions for them, and in
some cases independent implementation of these
solutions (still with the permission of the operator)”.

S0, a “smart oil and gas field” means a system
(or class of systems) of automatic control of well
drilling, oil and gas production operations, providing
for continuous optimization of these processes, which
requires integrated field modeling and drilling and
production control modeling (Epemun, 2008;
Hemapuyk, 2014a). In various literary sources and
companies different analogues of the term “smart
field” are used: digital oilfield, intelligent field, in-
strumented field, field of the future, integrated field
operations control, etc. A specific concept of this term
is the concept of a smart well. At present it is quite
difficult to construct a fully automatic control of oil
and gas production due to complexity and uncertainty
in individual elements of an integrated model, in par-
ticular geological models. The term “intellectual de-
posit” is based, being strongly connected, on the con-
cept of an intelligent control system, the elements of
which are control methods using various methods of
artificial intelligence. Modern categories of smart oil
and gas technologies may include “smart” wells; new
methods of studying well operation; new ways to ob-
tain and use information; reservoir models, which are
called “intelligent” in the framework of the system in
question; well drilling process control; technologies
for regulating the development of oil and gas fields;
unconventional methods for classification of geologi-
cal features, exploration, diagnostics, well drilling,
field development, etc.
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Based on the above we can conclude that crea-
tion of the scientific foundations of the “smart field”
concept is relevant and meets modern requirements
of oilfield theory and practice.

3. “Smart Field” system: basic principles

In terms of support the «Smart Field» system
mainly includes three subsystems (Fig. 1). One of
the main subsystems is an information support sys-
tem. The large-scale introduction of SF technologies
will require a qualitative change in the management
system and organization at oil and gas enterprises. A
“smart field” as an integrated system includes sub-
systems for the production and use of information,
modeling (forecasting) of well drilling and field de-
velopment processes and decision-making. As can
be seen from the diagram the output of this infor-
mation system is the information on the basis of
which decisions are made. To build a smart system
for monitoring the hydrocarbon production process,
it is necessary, as noted by specialists, to create an
automated system for receiving and using infor-
mation, as well as its processing, analysis and stor-
age. The baseline information for this represents a
set of parameters characterizing both the characteris-
tics of the geological section, the condition of drill-
ing and production equipment, and the technology
and process indicators (Efendiyev, Piriverdiyev,
2018).

Using this data, the control system, based on
models and decision-making algorithms, calculates
the technical and technological parameters that are
used to optimize the well drilling and oil production
processes. The information obtained thus allows
making operational and correct management deci-
sions, ensuring effective planning and implementa-
tion of well intervention activities, and equipment
repairs and maintenance.

In general, as can be seen from the diagram, the
focal point in the system is decision-making. At the
same time decisions are made under conditions of
uncertainty. When developing the scientific founda-
tions of the system it is therefore necessary to ana-
lyze uncertainties which can be of a various nature
(Efendiyev, Piriverdiyev, 2018).

Mathematical support and software are a
combination of mathematical methods, models, al-
gorithms and programs for implementing the goals
and objectives of the system, as well as for normal
functioning of the hardware complex and decision-
making. Mathematical support means include: tools
for modeling field development processes; typical
modeling and decision-making algorithms; methods
of mathematical programming, mathematical statis-
tics, theories of reliability, fuzzy sets, etc. A wide
range of theoretical, experimental and field studies
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are considered in the analysis allows identifying the
characteristic features of the smart field solutions
taken in the management of technological processes
of well drilling and field development. In this regard
a number of works are devoted to the classification
of objects, because this problem is the basis in solv-
ing many problems. In recent works the problems of
classifying geological features to assess the degree
of hydrocarbon recovery difficulty, as well as the
problems associated with well drilling are thus pro-
posed to be solved using various mathematical
methods (Efendiyev et al., 2016; Akhmetov et al.,
2018; Efendiyev et al., 2018; Efendiyev et al., 2019;
Bello et al.,, 2015) (statistical, hard, fuzzy cluster
analysis). These works consider and analyze exam-
ples of successful application of artificial intelli-
gence methods in the oil and gas industry, namely,
in well drilling, indicating the results of application
against the background of the trend existing in the
industry, show the ways of using fuzzy clustering
method and demonstrate the possibilities of using
modern methods for classification of challenged hy-
drocarbon fields. They also provide a brief history
and review the works on using artificial intelligence
and its capabilities. It is noted that artificial intelli-
gence methods were first used in the 70-80s of the
last century to interpret well logs, to diagnose the
condition of drill bits using neural networks, to make
decisions in drilling and also to create a smart inter-
face of a reservoir simulation program. In one of the
works (Bello et al., 2015), it is proposed to use arti-
ficial intelligence to solve various problems of the
oil and gas industry, including seismic pattern analy-
sis, reservoir characterization, prediction of petro-
physical characteristics (permeability and porosity),
decision-making in general and many others. To
date, artificial intelligence methods have been suc-
cessfully applied in the evaluation and use of reser-
voir characteristics (Cuddy, Glover, 2002). A num-
ber of works are devoted to the use of fuzzy logic,
neural networks, genetic algorithms in solving oil-
field practical problems (Bello et al., 2015; Cuddy,
Glover, 2002). Even in the past researchers in the
sphere of natural sciences noticed that many, at first
glance, random events are accompanied by certain
patterns. In the eighteenth century scientists revealed
a regularity in the change of any observation around
its average value. Such patterns or distributions were
approximated by continuous curves called “curves
of normal distribution of errors” and assigned to the
laws of probability (Cuddy, Glover, 2002; Efendiyev
et al., 2019). Normal distribution is completely de-
termined by the two parameters: average value and
variance. In this case the variance depends on hid-
den, inherent parameters and measurement error.
Variance about the average value is one of the main
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conditions causing fuzziness, and in connection with
this the authors of another work (Cuddy, Glover,
2002) attempted to justify why this parameter charac-
terizes fuzziness and requires the use of fuzzy logic.

In general, the analysis shows that solving pro-
cess modeling problems is significantly hampered
by the presence of uncertainty associated with the
use of both random and fuzzy variables. In (Cuddy,
Glover, 2002; Efendiyev et al., 2019) the difference
between random and fuzzy values is shown. It is
noted that fuzzy variables may be preferable in case
of insufficient statistical data and related information
necessary for more accurate and reliable estimates.

Studies in the field of optimal decision-
making should also be noted. Using mathematical
methods, artificial intelligence methods for deci-
sion-making in oilfield practice (optimization of
drilling and production processes, management of
field development process, etc.) is thus aimed at
providing decision-makers in the field with accu-
rate and correct information about different stages
of well drilling and field development, eliminating
(minimizing) the effect of human factor, which
repeatedly led to errors.

For several decades, researchers have been us-
ing optimization models and methods to gain insight
into the planning and control of well drilling and
field development. All of them together constitute
the basis of the mathematical support of the “smart
field” systems.

Organizational support is a set of methods
and tools governing the interaction of workers
with technical means and among themselves in the
process of developing and implementing an in-
formation system (Fig. 1). Organizational support
is created according to the results of preliminary
study of organization functioning at the stage of
project development and before. In the diagram
shown in the figure according to a generalization
of literature data, the functions implemented using
organizational support are given.

The main objectives of constructing (improv-
ing) a «Smart Field» system, due to the goal set for
the conditions under consideration, are roughly as
follows: analysis of world experience in the practical
use of the «Smart Field» system; analysis of the cur-
rent state of equipment and technology used in the
oil and gas complex under consideration and justifi-
cation of the feasibility of introducing the «Smart
Field» system in oil and gas fields; methodology of
the «Smart Field» system; justification of the nature
of the required information, data collection and pro-
cessing; design of well construction (classification
of a section by drillability, prediction of pressure
characteristics, construction of a drilling model, pre-
diction of the required density of a drilling fluid,

selection of bits, justification and selection of ce-
ment mortar formulations, accident and risk assess-
ment, etc.); classification of fields with hard-to-
recover reserves and assessment of the degree of
difficulty of oil recovery; analysis of the information
received; decision-making when choosing oil fields
for the priority implementation of the “Smart Field”
system; assessment of «Smart Field» system imple-
mentation project economic efficiency through the
example of a specific oilfield. One of the important
problems among the above which have been attract-
ing researchers’ attention recently is the problem of
classifying fields with hard-to-recover reserves and
assessing the degree of difficulty of oil recovery, as
well as classifying and predicting the characteristics
of geological sections (Akhmetov et al., 2018).
Thus, for successful construction of the «Smart
Field» system it is necessary to use a clear method-
ology, set the objectives and apply modern analysis
and decision-making methods which are the main
ones.

In the work (Kyrnaev et al., 2017) key areas of
the “smart field” concept were identified, integrated
implementation of which allows increasing the reli-
ability of calculations and evaluating the effective-
ness of implementing the operational «Smart Field»
system. These results clearly show the wide possibil-
ities of using the implemented systems and great
potential for achieving quantitative results, such as
reducing the nonproductive time while drilling
wells, daily downtime of the well stock and monthly
losses in oil production. At the same time the syner-
gistic effect allows minimizing the risk of additional
operating expenditures without compromising pro-
cess and environmental safety.

The results presented in the work (Kyrnaev et
al., 2017) make it possible not only to improve
qualitatively the methodological understanding of
the «Smart Field» system which is very important
for the modern oil industry, but also to increase
the efficiency of well drilling process control and
reservoir management by accumulating, analyzing
and generalization successful cases with the re-
sults of testing approaches to intellectualization of
fields useful for “benchmarking”, i.e. comparative
analysis based on reference indicators (in other
words, it is a process of determining, understand-
ing and adapting the existing examples of efficient
company functioning).

In the process of analyzing the works related to
the development of the “Smart Field” systems and
their methodology, the work (Temizel et al., 2019)
provides information about the past and the present
of the smart oil field concept and its dynamics, about
the methods and methodological approaches that it
uses and applies, about technical problems in appli-
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cation, as well as the problems of oil and gas indus-
try professionals regarding the use of those or other
technologies as a whole. This article (Temizel et al.,
2019) discusses in  detail the history of
smart/intelligent development of oil fields, the types
of technologies currently used in it, details the tech-
nologies used in other industries and provides an
overview of works in this area. This review takes
into account the reliability, applicability and addi-
tional benefits that these technologies bring to dif-
ferent types of fields in modern economic condi-
tions. Real practical applications are illustrated
through examples in different parts of the world,
where problems, advantages and disadvantages that
lead to conclusions about the criteria for the use of
smart technologies in a particular area are discussed
and summarized. Judging by the work performed to
date, at the initial stage the smart field concept has
established itself as a promising area and has be-
come widely used in oil and gas fields around the
world.

In general the work performed allows creating
the «Smart Field» system which can be implemented

in four stages, namely (Ddenaues, 2019): at the
first stage data is collected and systematized, which
is carried out both online and offline by receiving
data using various systems — telemechanics, mud
logging, data on operation of downhole pumping
equipment, etc. At this stage the collected data is
also processed using statistical method, after which
the received information is uploaded to the corporate
database.

The second stage involves analysis of the in-
formation. This includes well history review and
comparison with operation period indicators, analy-
sis of emergencies, their prevention measures, effi-
ciency of protection measures used, etc. (3abpoauu
n bopraukos, 2018). The third stage covers deci-
sion-making;  development (improvement) of
measures for further optimization of drilling and
production processes. This stage is the most time-
consuming as it requires an integrated approach to
decision-making, modeling and predictive assess-
ment. The fourth stage includes assessment of er-
roneous decision risk and technological and eco-
nomic efficiency.

Fig. 1. «Smart Field» system support diagram
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In the literature along with the principles of
construction much attention is paid to the practical
application of intelligent systems and the results of
their functioning in various oil-producing regions of
the world are presented. In light of the aforemen-
tioned it is necessary to analyze the results obtained
in the framework of the experience of using these
systems by various companies.

Some results indicate lower operating costs, re-
duction in operating expenditures (which is very dif-
ficult to calculate accurately), reduction in power
costs of up to about 25%, according to various
sources. As independent experts predict, with the
development of smart technologies it will be possi-
ble to increase global oil recovery by 30-50%, or
even by 60-70% with the transition to next-
generation technologies. Some companies are al-
ready successfully mastering smart technologies in
practice; however, this generally refers to individual
components rather than an integrated system.

For example, you should pay attention to the expe-
rience of Russian companies. Samotlorneftegaz OJSC
has been developing the “smart field” concept for sev-
eral years. Another leader in the sphere of smart tech-
nologies is Tatneft OJSC (Ilemapuyxk, 2014b). Exten-
sive experience in implementation of individual ele-
ments of “smart” systems has been accumulated by
LUKOIL Group, including geological and hydrody-
namic modeling, smart well completion and the intro-
duction of smart well control stations (JIemapuyk,
2014b). In general according to (KoznoBa, Ilurapes,
2018) in Russia in 2018 there are more than 40 projects
of smart fields, the total production of which is 140
million tons or 27% of the total volume in the country.

In Kazakhstan an automated oil and gas field
control system has been developed to achieve max-
imum efficiency by integrating separate systems into
a single integrated information system. In 2016 a
project was launched on the basis of Uaz field, the
introduction of which allowed reducing electric
power consumption by 33% and specific well
workover costs by 25%. EmbaMunayGas introduced
digital technologies in the Prorvinskoye field group
in 2017, in Zhanatalap and East Makat in 2018 and
in East Moldabek in 2019. Data processing and in-
formation analysis algorithms were automated ac-
cording to procedures developed by Embamunaygas.
All information goes to the head office. Data collec-
tion from the field allows you to quickly respond to
deviations in the performance of wells and analyze
data. According to Kazakhstan experts in the near
future it is planned to increase the introduction of
these technologies in other fields of KazMunayGas
(https://neftegaz.ru/news/politics/202118-kazakhstan-
razvivaet-proekt-tsifrovoe-mestorozhdenie/, 2018) and
by 2022 their number may exceed 10.

As an example of remote monitoring and data
collection from oil wells, the work (Jlomyxos, 2017)
provides experience of Terra Ferma, a system integra-
tor engaged in remote video monitoring and data col-
lection at wellheads located in the Rocky Mountains
area of the State of Colorado. Each wellhead system
consists of automatic data recording, monitoring and
control devices connected by cellular channels to cen-
tral server and control center several miles away.
Event-triggered data logs and full reports should be
accessible through wired and wireless Ethernet net-
work from smartphones, tablet computers and lap-
tops, allowing operators to access control center data
wherever they are (JTomyxos, 2017). In these systems
communication networks connect the company, re-
mote personnel, field information and technological
processes into a single system around the world. As
an example, the BP system, with a length of 1280 km
and a cost of $ 80 million, which connects the off-
shore platforms in the Gulf of Mexico, was completed
in 2010, as well as the STATOIL system in the North
Sea in 2009 (Epemumn, 2011).

According to (Huiyuna et al., 2019), in 1997 the
first SCRAMS electronic hydraulic intelligent well
system (Jingmei, 2008) developed by Halliburton
and Beihai Petroleum Service Engineering Company
was installed on the Saga Tension Leg Platform in
Beihai (a district in the Guangxi Zhuang Autono-
mous Region of the PRC). Since then the technology
of smart wells in the field of oil and gas develop-
ment has begun to develop rapidly: over the first 10
years the number of production wells with smart
systems has grown with an intensity of 27% per
year, and more than a thousand production wells
have been reasonably transformed. In the second
decade large foreign oil and gas companies includ-
ing the Shell Petroleum Company took into account
the technical requirements for smart wells and tradi-
tional means of production. More than 300 produc-
ing wells were equipped with a complete intelligent
system. The work (Huiyuna et al., 2019) also gives a
tabular form of data summarized for a number of
studies on individual fields in the world where smart
systems with the names of the executing companies
were used. Analysis and synthesis of literature data
shows the active involvement of leading oil compa-
nies in the development and implementation of the
“Intelligent Field” systems. Among the countries it
should be noted the USA, Norway, Mexico, the
countries of Africa, Latin America, Russia, Kazakh-
stan, etc. Practical examples from fields in the Gulf
of Mexico, the North Sea, Saudi Arabia and Africa
show how intelligent technologies can help increase
production at lower cost, significantly reduce water
production in production wells, assess the potential
of new fields, etc.
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Summing up we note that in a review devoted
to a very important area today, it is impossible to
cover the whole variety of problems, to show the
advantages and disadvantages of the system. It
should be noted that in these systems great im-
portance is attached to all issues related to the
management of field development, well drilling,
equipment and well protection. With the right and
scientifically based approach to the construction
of these systems, it is also possible to better iden-
tify anomalies and deviations from the operating
ranges of parameter values during the implemen-
tation of technological solutions during drilling
and production at early stages and to prevent them
in a timely manner. In this case it is possible to
better identify anomalies and deviations from the
operating ranges of parameter values when im-
plementing process solutions while drilling and
producing at early stages and to prevent them in a
timely manner. Thanks to “smart fields”, it is pos-
sible to improve the quality of reservoir manage-
ment, as a result of which an increase in produc-
tion can be achieved also due to an improvement
in the quality of control over reservoir properties.

In general, due to the above measures, it is pos-
sible to mitigate risks in the sphere of technology,
industrial, environmental and occupational safety.
Automation of processes allowed successful perfor-
mance of operations to optimize production in re-
mote access mode. This is one of the main ad-
vantages of a smart field, i.e. the fact that it mini-
mizes problems and their solution time associated
with the field location, distance and time. At the
same time control limits are expanding from region-
al office (or offshore platform and drilling rig) to
sensors installed on downhole or surface equipment
and to mobile personnel equipped with modern de-
vices and communications. In favor of the aforemen-
tioned evidence is the analysis performed in
(Epemun, 2011). As can be seen from the experience
accumulated by leading companies to date, smart
technologies in the oil and gas industry put forward
good opportunities that increase the efficiency of
well drilling control and oil and gas reservoir man-
agement by saving time and energy in relation to the
technologies and manpower used, given that the
technology applied is economical for the area under
consideration.
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4. Conclusion

As the review of studies shows, a sufficient
number of works on the development and improve-
ment of «Smart Field» systems have been accumu-
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of the features of oil and gas companies manage-
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tion of the «Smart Field» system under objective
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COBPEMEHHOE COCTOSIHUE Y IIEPCIIEKTUBBI PA3BUTUSA TEXHOJIOT AIA
«MHTEJUIEKTYAJIBHOE MECTOPOXJAEHHUE>

Hcaes P.A.
000 «SOCAR AQS»
AZ1052, Asepbaiioncanckas Pecnybauka, 2. baky, yn. Axmeda Padscabnu-2, 10: risayev@socar-ags.com

Pe3tome. B HacToslel cTaThe MPUBOJMTCS KPATKHH aHAIM3 COBPEMEHHOT'O COCTOSHMS MPOOJIEMBbI CO3/IaHHS HAyYHBIX OCHOB
KOHIIETIIINN «HHTEJIEKTYaJIbHOE MECTOPOXKIEHHE», KOTOPOe PacCMaTpHUBaeTCs B KadecTBe CHCTeMBl. OTMEUaeTcs, YTO pean3alis
3a/1a4 COTJIACHO JIAaHHOH KOHILICTIIMH MPOM3BOJMTCS B YeThIpe 3Tama. Ha mpuMepax ombiTa pasiMYHBIX KOMIAHHW MPUBOIATCS pe-
3yJIBTaThl (QyHKIIMOHUPOBAHUS OTMEUEHHOMN cucTeMbl. C TOUKHM 3peHHUs] 00ECIICUeHNs B COCTAB CHCTEMBI «HHTEIUIEKTYaIbHOE MECTO-
pOKIEHHE» B Ka4eCTBE IOJCHCTEM TJIaBHBIM 00pa3oM BXOJST TPH CUCTEMbI: HHPOPMAIMOHHOTO 00ECIIeYeHH s, MAaTEMaTHIECKOT0 1
HPOrPaMMHOI0 00ECTIeUeHNsI U OPTraHUu3alMoOHHOr0 obecrieueHus. [TomyuenHas nHbOpMaLHUs MO3BOJISIET IPUHUMATh ONEPATHBHBIE U
IPaBUJIbHBIC YIIPABJICHYCCKUE PELICHMS, OGeCl'le'-[I/IBaTb Sq)(l)eKTI/IBHOC TUTAaHWUPOBAHUE U BHECAPCHUE I'€OJIOTO-TEXHUYCCKUX MEPOITPHU-
STHI, PEMOHTHO-TIPO(UIAKTHIECKOT0 00CTYKUBAHHSI 000PYIOBAHHS.

B 1e7I0M I7TaBHOE MECTO B CHCTEME 3aHUMAEeT IPUHATHE pelieHui. IIpu 3ToM B OOJIBIIMHCTBE CBOEM PELICHUs MPHHUMAIOTCS B
YCIIOBHSX HeompeneaeHHOCTH. [T09ToMy pa3paboTka Hay4HBIX OCHOB CHCTEMbI BKIIIOUAET TAKKE aHAIU3 HEONPEeIeeHHOCTEH, KOTO-
pble OBIBAIOT pa3HOro xapakrtepa. [TokasaHa HEOOXOAMMOCTh KOMILJIEKCA MCCIICIOBaHHM, HAIIPABICHHBIX Ha HayYHOEe 0OOCHOBaHHUE
0COOEHHOCTEH MPOLECCOB yIpapieHns HeTera3o100bIBAIOIIMMH MPEIPUSITHIMHE IPH TIOCTPOCHUH U BHEPEHHU CHCTEMbI HHTEII-
JIEKTyalbHOE MECTOPOXKIEHHE» B OOBEKTHBHBIX YCIOBHAX POCTa C€OECTOMMOCTH JOOBIYM YTJIEBOAOPOAOB HA MECTOPOXKICHHUSIX C
TPyTHOM3BJIEKAEeMBbIMH 3aIIacaMH.

[Ipennaraercss cOpMHUPOBATH CIHCOK CIELUATUCTOB, HEOOXOMMMBIX B COBPEMEHHOI HedrerazoBoit orpaciau. OTME4YeHO, 4TO
Han0oJee BOCTPEOOBAHHBIMH SIBISIOTCS KOMIIETEHIIUH, KOTOPBIE MOTYT OBITh MPUMEHHUMBI B J11000i1 orpaciu. s ycmemHoro pe-
LICHUS 33/1a4, CBS3aHHBIX C «MHTEIUIEKTYaJIbHBIMH MECTOPOXKICHUAMNY», HEOOXOANMO 00BEIMHEHHE YCUITHI CIELMAIMCTOB PA3HOIO
npoduis, a IMEHHO: T'e0JIOTOB, Te0()U3UKOB, Pa3pabOTINKOB, OYPOBHKOB, IPOTPAMMICTOB, a TaKkKe paboTalomux B cdepe IKOHO-
MHKO-MaTEMaTHYECKOT0 MOJCIUPOBAHHS, CO3/IaHUs CHCTEM aBTOMATH3UPOBAHHOTO YIPABICHHS U IPHHSITHS PELICHUH.

Kniouesvie cnoea: unmeniekmyanvhoe mMecmopodicoeHue, UHGopmMayuonHoe obecneuenue, MamemMamuieckoe u npoepammHoe
obecneuenue, opeanHuzayuUonHoe obecneyenie, NPUHAMuUe peuieHull
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“INTELLEKTUAL YATAQ” TEXNOLOGIYALARININ MUASIR VOZiYYOTIi VO INKiSAF PERSPEKTIVLORI

Isayev R.O.
"SOCAR AQS" Mahdud Masuliyyatli Comiyyati
AZ1075, Azarbaycan Respublikasi, Baki sah., ©.Racabli-2 kiigasi, 10: risayev@socar-ags.com

Xiilasa. Toqdim olunmus moagalads “intellektual yatag” konsepsiyasinin elmi ssaslarinin yaradilmasi probleminin miiasir voziy-
yatinin icmali verilir. Qeyd olunur ki, hamin konsepsiyaya asason masalalorin hallinin hoyata kegirilmosi dérd marhslods aparilir.
Qeyd olunmus sistemin isi miixtolif sirkotlorin faaliyysti timsalinda gostorilir. “Intellektual yataq” sistemi torkibins tominat ndqteyu-
nozarindan altsistem Kimi ti¢ sistem daxil olur: informasiya tominati, riyazi vo program taminati, toskilati tominat. ©1ds edilmis infor-
masiya operativ surstdo diizgiin idarsedici gorarlarin gobulu tigiin imkan yaradir, geoloji-texniki todbirlorin secilmosi, elocods ava-
danligin tomir-profilaktik xidmoti yollarinin planlagdiriimas ve tatbigini tomin edir. Burada asas yeri gorarlarin gobulu tutur. Qeyd
olunur ki, adaton gorarlar geyri miisyyanlik soraitinds gobul olunur. Bu baximdan sistemin qurulmasi zamani adston miixtalif xiisu-
siyystlora malik olan geyri miioyyanliklorin arasdirilmas: tévsiyys olunur.

Icmal noticasinda, ¢atinliklo cixarila bilon ehtiyat yataglarinda karbohidrogen hasilatinin maya doyarinin artmasinin obyektiv so-
raitinds “intellektual yataq” sisteminin toskili va totbigi zamani neft-qazgixarma miiossisalorinin idars olunmasi prosesinin xiisusiy-
yatlarinin asaslandiriimasina yonsldilmis kompleks tadgigatlarinin aparilmasinin zaruriliyi géstorilir, bununla slagodar miivafiq tod-
birlar geyd olunur. Bels ki, magalods miiasir neft-gaz sahasi {igiin zoruri olan miitoxassislarin siyahisinin tartib edilmasi toklif olunur.
Qeyd olunur ki, an ¢ox tolob olunan miitoxassisler istonilon sahads islomok bacarigina malik miitoxessislerdir. “Intellektual yataq”
konsepsiyast ilo slagodar mosslolorin miivaffaqiyystlo holli tigiin miixtalif ixtisash miitoxassislorin qiivvalarinin birlosmoasi ilo is¢i
kollektiv togkil olunmalidir, belo ki, bura asagidaki ixtisaslara malik miitoxassislorin daxil olmasi nazords tutulmalidir: geologlar,
geofiziklor, qazmagilar, islonms {izro miitoxassislor, proqramlasdiricilar, riyazi-igtisadi modellogdirilmo, avtomatlagdirilmig idarset-
ma sistemloari vo gararlarin gobulu {izro miitoxassislor.

Acar sézlor: intellektual yatag, informasiya taminaz, riyazi va program taminaz, tagkilati taminat, garar gabulu

87



Contents | ANAS Transactions, Earth Sciences 2 /2020

ANAS Transactions Earth Sciences 2 /2020
Contents

http://www journalesgia.com

MUNDORICAT

Geologiya va geofizika

Pil¢in A.N., Eppelbaum L.V. — Plitolor tektonikasi vo yerin tokamiilii: konseptual icmal ........................ 3-32
Piriverdiyev I.A. — Quyu gazilmas: zaman: siixurlarin xassalorinin modellosdirilmasi naticalorina

asasan geoloji kasilisin bircins intervallara bOIINMOASH ..........cccoveviiiieiiiiecce e 33-39
Kazimova S.E. — 7 may 2012-ci ildo bas vermis Zaqatala zalzalasinin bir stansiyanin malumatlar

asasinda POIYarizasiya tohlili.........c.cooviiiiiiii e 40-48
Ismayil C., Arik F., Ozen Y. — Godoboy rayonunda Gadaboy vo Qadir yataglarinin mineraloji vo

filiz petrografik torkibi (Qarbi AZorbayCan)..........ccocuiiiiriiiiiie e 49-60
Sirinova A.F., Ciraqov M.I. — Ca- vo TR-triortosilikatlar1 vo onlarin toromalorinin qurulus iyerar-

D q Y2 SRS 61-68
Agayeva M.A., Abilhasanova L.C, Abasova P.C. — Seysmik atributlarin analizi ilo Naftalan yata-

g1 vo onun atrafinin geoloji qurulusunun mezozoy ¢okiintiilori Gzro todgigi.......covvvevririririieiee 69-77

Neft va gaz yataqglarmn islanilmasinin nazariyya va praktikasi

Isayev R.O. — “Intellektual yataq” texnologiyalarmin miiasir voziyyati va inkisaf perspektivlari........... 78-87

88


http://www.journalesgia.com/

Contents | ANAS Transactions, Earth Sciences 2 /2020

CONTENTS

Geplogy and geophysics

Pilchin A.N., Eppelbaum L.V. — Plate tectonics and Earth evolution: a conceptual review..................

Piriverdiyev I.A — Division of the geological section into homogeneous drillability intervals based

on the results of modeling the properties of rocks in the drilling Process.........cccocvvvevieiieerinenieennens

Kazimova S.E. — Single-station polarization analysis according to the Zagatala earthquake on May

Ismayil C., Arik F., Ozen Y. — Mineralogical and ore petrographic comparison of Gedabey and

Gadir deposits in Gedabey region (Western Azerbaijan)..........cccccoeieiieeiiie s

Shirinova A.F., Chiragov M.I. — Structural hierarchy of Ca- and TR- triorthosilicates and their

(o L A LAY TP

Agaeva M.A., Abilgasanova L.J., Abasova P.J. — Study of geological structure of Naftalan field

and adjacent areas by use of seismic attribute analysis of Mes0z0iC depoSits ..........c.ccovvrvrireiieiennnns

Theory and practice of oil and gas fields development

Isayev R.A. — Current state and prospects for the development of smart field technologies (general

Y=Y TS SSTPSRN

89



Contents | ANAS Transactions, Earth Sciences 2 /2020

OI'1ABAEHME

I'eotorust u reogusuka

uabuun A.H., Onneas6aym JI.B. — TekToHUKa IIUT U 3BOMIONUSA 3€MJIM: KOHLIENTYaJIbHBIN

o]0 3c 7o o TP PP PSR

MupusepaueB U.A. — PazneneHue reogornaeckoro paspesa Ha OJHOPOIHBIC IO OYPUMOCTH HH-

TepBaJIbl HA OCHOBE PE3yJIHTATOB MOJEINPOBAHNS CBOWCTB TOPHBIX TIOPO/I B Iporiecce OypeHus ...

KasbimoBa C.J. — [lonspuzannoHHbIi aHanu3 3araTaabckoro 3emnerpsicenus 7 mast 2012 roaa mo

100105 06)7 Qe ¥2 5 0807 0 CUUUURET

Hemana [x., Apuk @, O3en E. — Munepanorndeckoe U pyaHO-TIETPOrpaduIecKoe CpaBHEHHE

I'ena6etickoro u [amupckoro mectopoxxaenuii ['enadeiickoro paiiona (3anamHbliil A3zepOaiinkan) .......

MupunoBa A.®., Ynparos M.M. — CtpykrypHas uepapxus Ca- u TR-TpHOPTOCHINKATOB U HX

L2 1 L0 o . GO

AraeBa ML.A., Aouiaracanona JL.JI:k., Abacosa I1./I;k. — VccnenoBanme reoloTHYECKOTO CTpOe-
HUsl MecTopoxxaeHnss Hadranan u ero okpecTHOCTE Ha OCHOBE aHAIM3a CEHCMHUYECKUX aTpH-

OYTOB TTO ME3030HCKIAM OTITOMKEHIITM ......cuveaureasreesseesseessressneanseasseessesssesasseasseesseesseesssesssesssesssesnsessseens

Teopnﬂ U MMPpaKTUKA paspaﬁonm He(l)TﬂHbIX H Tra30BbIX MeCTOPOMCHHﬁ

HcaeB P.A. — CoBpeMEeHHOE COCTOSHHE U MEPCIEKTUBBI Pa3BUTHsI TEXHOJOTHH «UHTEIIIEKTYalb-

L5 (0L (ST 0 010 2 91 (&) 5 B (S

90



	Страница 1
	Страница 2



