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MN3Bectnsi YpaAbCKOro roCyAapCTBEHHOrO TOPHOro
YHUBEPCUTETA — PELEH3MPYEMDLI Hay4YHO-TEXHUYEe-
CKUI >KYPHaA, B KOTOPOM HAaXOASIT OTPKEHME aKTy-
AaAbHbLIE BOMPOCHI U3YY€HUsl, OLIEHKM U TMPOMbILAEH-
HOrO OCBOE€HMSI MMHEPAALHO-CLIPLEBLIX |PECYPCOB
YPaALCKOro pervoHa 1 COnpeAeAbHbIX Tepputopuin. B
MX YMCAE MPOBAEMDI FEOAOTMM U PA3BEAKM HEAP, reo-
(hPUBNYECKMX UCCAEAOBAHMUI, TOPHOTO A€AA U TOPHOM
MeXaHWKU, SKOHOMMKU MPUPOAOTIOAL3OBAHMSI.

K ny6AMKaLumm MpUYHUMAIOTCS CTaTbM HA PYCCKOM M aH-
TAMACKOM sI3bIKaX.

[ToAHOTEKCTOBAasT BEPCUSI SKypHaAA Pa3MeLlaeTcsl B CBO-
60oAHOM AocTyne Ha Hawem cairte https://iuggu.ru,
B CUCTEME >KYPHAAOB OTKpbiToro Aoctyna DOA] u
ROAD, a Taroke Ha naarcpopme Poccuiickoro MHAekca
Hay4dHoro umtupoBanust (PMIHLL) H2G. boAaee noaAHas
MHpopMaLMsl U NMpaBrMAa OCOOPMAEHMSI CTaTeN pasme-
IIEHDI HA calTe >KypHaaa.
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Three-dimensional depth-based structural modelling of the central
eastern part of the Gulf of Suez, Egypt
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'Saint Petersburg State University, Saint Petersburg, Russia
°Nuclear Materials Authority, Cairo, Egypt
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Building a three dimensional (3D) geological model of field and subsurface data is an important task in geological and geophysical studies.

The goal of this research is to build 3D structural model of the central eastern part of the Gulf of Suez, Egypt. Available seismic sections and well
data were collected for use in building the model. Each horizon, on each seismic section, was digitised accurately using Petrel software for generating
a depth-structure map for each horizon. The basement layer was constructed using airborne magnetic data of the area under study. The GM-SYS-3D
inversion code was used to presume the sedimentary section-basement complex magnetic susceptibility. Estimates of the depth to the basement varied
reliably between 500 and 4700 m. Data from 24 drilled wells within the area was used to define the thickness and orientation of the layers between
the horizons of the 3D grid model. A model consisting of 29 layers, including the topography and basement layers, was created using Petrel software.
Results of the 3D model show that the study area has a multi-reservoir character, with several productive pre-rift and synrift reservoirs. It contains seven
reservoirs overlain by sealing rocks and underlain by source rocks. The presence of hydrocarbons in these reservoirs has been demonstrated in some
fields in the area. Five new locations are also recommended for detailed 2D and 3D seismic survey, as hydrocarbon may be present in these locations.

Keywords: 3D modelling, depth-structure maps, horizons and layering, Gulf of Suez, Egypt.

ntroduction
The Gulf of Suez (GOS) is the northwestern arm of the Red Sea rift system and partly separates the Sinai Peninsula
from the remainder of Egypt (Fig. 1). It is a Cenozoic rift about 300 km long and up to 80 km wide. Uplift of both flanks
of the rift exposed a relatively complete stratigraphic section ranging in age from the Precambrian to the Quaternary (Fig. 2).
Exposures are excellent, with arid climate and active erosion allowing a detailed and clear examination of the sedimentological,
stratigraphical and structural relationships [1-3].

The pre-rift sedimentary sequence is composed of strata ranging in age from Cambrian to Late Eocene and contains sand,
shale, and carbonate facies that were laid down over the Precambrian granitic basement under terrestrial and marine platform
environments. This period of sedimentation was affected by major unconformities representing non deposition or erosion at dif-
ferent geologic times [5]. The Phanerozoic stratigraphic sequence is composed of the Nubia Group (Nubia D, Nubia C, Nubia B,
and Nubia A formations), Raha, Abu Qada, Wata, Matulla, Dawi (Brown limestone), Sudr, Esna, and Thebes formations (Fig. 3).

The syn-rift stratigraphic sequence in the GOS is composed of Miocene strata ranging in age from (29.3-13 Ma). It is repre-
sented by Nukhul, Rudeis and Kareem formations (Fig. 3).

The post-rift stratigraphic sequence in the GOS is represented by strata ranging in age from (14.2-0 Ma) [6]. This sequence
is represented by Belayim, South Gharib, and Zeit formations (Fig. 3).

The GOS is the most prolific and prospective oil province in Egypt, and any open acreage, or relinquished areas, will be of great in-
terest to the oil industry. The majority of oil fields in the GOS incorporate multiple productive reservoirs. These reservoirs can be classi-
fied as (1) pre-rift reservoirs, such as the Precambrian fractured granitic rocks, Palaeozoic-Lower Cretaceous Nubian sandstones, Upper
Cretaceous Nezzazat sandstones and the Eocene fractured Thebes limestone; (2) synrift reservoirs, such as the Miocene sandstones and
carbonates of the Nukhul, Rudeis, Kareem, and Belayim formations and the sandstones of South Gharib, Zeit, and post-Zeit formations.
Miocene evaporites are the ultimate hydrocarbon seals, and the shale and dense limestones of the pre-rift and the synrift stratigraphic
units are the primary seals [5]. Structural, stratigraphical, and combination traps are encountered in the study area.

A large number of reservoir models can be created relatively quickly with geostatistical tools, such as Petrel modelling
software; one of the most popular modelling software in oil industry, but often a limited number of inputs must be selected to
the flow simulation due to computational time requirements [7]. 3D modelling is the process of developing a mathematical
representation of any 3D surface of object (either inanimate or living) via specialised software. The product is called a 3D mod-
el [8, 9]. In general, the model is a representation of something, or an event in the real world. The model is good if it adequately
describes a property or some real world properties relevant to the study. For example, a 3D geological model of an area is good
if it returns the values of the real world in reservoir simulations and reservoir modelling.
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Figure 1. Location map and satellite image of the study area, with the location of main features and oil fields.
PucyHok 1. KapTa pacnonoxeHusi U cnyTHMKOBOe u3obpaxeHue obrnacTu nccrnegoBaHusi, C pacnosioXkeHMeM OCHOBHbIX 0COGeHHOCTeN
M HepTAHBIX MECTOPOXAEHUN.
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Figure 2. Geological map of the central eastern part of the Gulf of Suez, Egypt [4]. The onset map shows the Gulf of Suez, the three dip
provinces and the hinge (accommodation) zones between them and the location of main oil fields.

PucyHok 2. Neonornyeckas kapTta LeHTpanbHO-BOCTO4YHOM YacTu Cyaukoro 3anuBa, Eruner [4]. Ha kapTe uso6paxeH Cyaukui 3anus,
TPU NPOBUHLIUM C HAaKITOHEHMEM U 30HbI NNAaCTUYHOCTU MeXAYy HMMU, a TaKkKe NMoKa3aHO pacnorioXeHne OCHOBHbIX HEPTAHbLIX MECTO-
POXAEHUN.

8 TapuwaHA.upgp. Three-dimensional depth-based structural modelling of the central eastern part of the Gulf of Suez, Egypt//W3BecTus
YITY. 2019. Bein. 3(55). C. 7-19. DOI10.21440/2307-2091-2019-3-7-19
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Figure 3. Litho-stratigraphic column of Gulf of Suez [6].
PucyHok 3. llutoctpaTturpacdmyeckumn paspes Cysukoro 3anusa [6].

TapwaH A. n ap. Three-dimensional depth-based structural modelling of the central eastern part of the Gulf of Suez, Egypt// 9
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In this research, a 3D model of the central eastern part of the GOS rift (Fig. 1) was built using seismic and well data as well as
airborne magnetic data and surface digital elevation model (DEM).

The study area covers 2745 km? and lies between latitudes 28°28'07.22"and 29°06'46.05" North and longitudes 32°54'27.39"and
33°33'44.13" East. Data was collected and digitised using Petrel software to be used in building the model. 3D modelling of the airborne
magnetic data was performed to delineate the basement relief. Structure depths maps were created using seismic and well data. The
study area includes five well known oil fields (Fig. 1); from north to south, are Ras Budran, Abu Rudeis, October, Feiran and Belayim.

1. 3D magnetic modelling

In March 1998, the Airborne Geophysics Department of the Nuclear Materials Authority (NMA) of Egypt led a high-resolu-
tion aeromagnetic survey covering 2745 km? over the central eastern part of the GOS. Data was gained along primary (essential)
lines spaced at 1000 m, and along control lines spaced at 10000 m, (normal to the primary lines). The nominal flying elevation was
about 100 m (330 ft) above the ground surface (terrain clearance). The direction of the survey was 125°-305° azimuth degrees for
the primary lines and 35°-215° azimuth degrees for the control lines.

Using the GM-SYS-3D inversion code, the presumed sedimentary section-basement complex magnetic susceptibility con-
trast Ak for several inversion trials was gradually set between 0.035 and 0.08 SI during the inversion run. The inverted basement
relief images, corresponding to the used susceptibility contrasts, were consistently inspected. The effective susceptibility contrast
was found to be close to the susceptibility contrast of 0.0628 SI (5000 micro cgs unit), and accordingly, its calculated basement
relief image was established (Fig. 4). The overall calculated 3D response fits the observed geomagnetic data (better than +50.0 nT).
Other model parameters are set to be constant for all trails (convergence limit: 10 nT, Z0: Om and regional offset: 0.0), where Z0 is
the nominal top of the basement surface. Estimates of the depth to the basement varied between 500 and 4700 m. The basement
relief encountered at the study area has shown three major basinal structures (Fig. 4). These basins are located at the northwestern,
west central and southeastern parts of the study area [10].

2. Creating depth-based structural model

The available interpreted seismic sections and well data in the area under study were collected from different published
sources [11-13]. Sixteen seismic sections were obtained covering the northern, central and southern parts of the study area in
addition to a single geologic cross section for the southeastern part of the area (Fig. 5). Seismic lines GS-370, in-line 195, in-line
215, in-line 215, cross-line 360, cross-line 280 and cross-line 330 are published by [12]. Seismic lines RG-12-82, RG-14-82, RS-
27-83, R6-05-82, and R6-07-83 are published by [13]. Seismic lines 1330, 1150, 1570 and ARB are published by [11]. The geologic
cross section for the southeastern part of the study area is obtained from [14]. These data were gathered and used in producing a
depth-structure map for each formation in the area under study using Petrel software. The locations of these lines were traced ac-
curately from the location map of the area (Fig. 5); the longitude and latitude were defined for each line and were used in locating
the seismic lines in their exact locations in the 3D view (Fig. 6) [15].

2.1. Data digitising

Each horizon on each seismic section was digitised accurately using Petrel software to be used in creating a depth-structure
map for the top of each horizon, as shown in Fig. 7, a—f. These figures show the intersection between the depth-structure maps

ko 115 1351
SCOIHHI 22000 SO0
E .m .= E
S
B R E -]
R
B[]
R ot ¥
R L1 n )
P 1 a )
Py 1 a )
ey
g 1 - g
¥ -3400 [l
300
M
D
Az
E Ll
AT
m W
18 -+ B
5
L ]
-3 o l---\.r-'l:--F
k b
RO ST Bl
o T LR T

Figure 4. Basement relief contour map of the study area using aero-magnetic data after performing the 3D layered-earth inversion of the
subsurface magnetic susceptibility distributions [10].

PucyHok 4. KoHTypHas kapta penbeda dyHAameHTa uccrneayeMon TeppUTOpumn € UCMoSib30BaHMEM a3pOMarHUTHbIX AaHHbIX nocne
npoBeAeHUs TPeXMepHOM MHBEPCUU CIIOUCTON cpeAbl NPUNOBEPXHOCTHLIX pacnpeneneHnsix MarHMTHon BocnpunmMmymeoctu [10].

10 TapwaH A. v ap. Three-dimensional depth-based structural modelling of the central eastern part of the Gulf of Suez, Egypt///3BecTna
YITY. 2019. Bein. 3(55). C. 7-19. DOI10.21440/2307-2091-2019-3-7-19
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of the top of each formation and the seismic sections. For example, Fig. 7, a illustrates the intersection between the produced
depth-structure map of the top South Gharib Formation with seismic line RG-12-82. These figures indicate that there is an ade-
quate matching between the digitised seismic sections and the depth-structure maps.

2.2. Well data

Depth to each formation was gathered from different wells in the area under study from different published sources [15-24] as
shown in Table. The locations of the all wells are illustrated in Fig. 5. These data were plotted on the 3D view using Petrel software (Fig. 6).

2.3. Depth-structure maps

One of the most important tools for 3D structural interpretation is the structure contour map. This is because it is seen as
a fully 3D form of the map horizon. The well data and the digitised horizons were used together to create depth-structure maps
for the main horizons using Petrel software. Nine depth-structure maps were generated for Zeit, South Gharib, Belayim, Kareem,
Rudeis, Nukhul, Thebes, Matulla and Nubia formations (Fig. 8, 9, 10, a). The topographic map (Fig. 10, b) of the study area was
produced using Shuttle Radar Topography Mission (SRTM) data and Geosoft Oasis Montaj. The data is uploaded in the three
dimensional view using Petrel software (Fig. 12).

2.4. Pillar Gridding
It is the process of creating the grid that is the basis of all 3D modelling. The skeleton of the model consists of upper, middle and
base skeleton grids. The produced pillar gridding using Petrel software is shown in Fig. 11.
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Figure 5. Location map of wells and seismic sections used in the model building, eastern part of Gulf of Suez [15].
PucyHok 5. Kapta pacnonoxeHus CKBaXX1UH 1 CeMCMUYECKMX pa3pe3oB, UCNOJIb30BaHHbIX B MOAENTbHOM NMOCTPOEHMM BOCTOYHOM YacTn
Cyaukoro 3anuBa [15].

Figure 6. Three dimensional view using Petrel software illustrating the location of the wells and the seismic lines used in the model
construction.
PucyHok 6. TpexmepHoe n3obpaxeHue ¢ ncnonb3oBaHneM nporpaMmmHoro obecneuenus Petrel, nnnioctpupytoulee mectononoxeHue

CKBaXXWH U CEMCMUYECKUX NTUHUNA, Ucnosib3yemMbiX Npu NOCTPoOeHUn Mmoaenu.

TapwaH A. n gp. Three-dimensional depth-based structural modelling of the central eastern part of the Gulf of Suez, Egypt// 11
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2.5. Defining Horizons and Layering

The most important step in structural modelling is inserting the horizons into the pillar grid. The horizon process step was used to
define the vertical layering in the 3D grid in Petrel software. The final step in building the structural framework is defining the thickness
and orientation of the layers between the horizons of the 3D grid. Data was collected for 24 wells within the study area. The stratigraphic
succession was defined from this data. This data shows that the study area consists of more than eleven layers as interpreted in the seismic
sections. The seismic sections and the wells data were used to define the thickness and orientation of layers between horizons of the 3D grid.

Some formations are divided into members, for example, the Belayim Formation is divided into four members: Hammam
Faroun, Feiran, Sidri and Baba. The Hammam Faroun Member includes three types of lithology: shale in the upper part of the
member, sandstone in the middle and shale in the lower part, these lithologies form the trap in Belayim Formation. The Kareem
Formation is divided into two members, Shale member that is composed of shale in the upper part of the formation and Ma
member that is composed of anhydrites in the lower part of the formation. The Rudeis Formation is divided into Upper Rudeis
and Lower Rudeis members. Four layers were generated between the horizons of the Thebes and Matulla, as follows: the Thebes,
Esna, Sudr, and Dawi formations. Three layers were generated between the horizons of the Matulla Formation (Lower Senonian)
and Nubia Formation. These layers are, the Matulla, Wata-Qada and Raha formations. Finally, the Nubia Formation is divided
into seven layers, the Nubia A-P1, Nubia A-S1, Nubia A-P2, Nubia A-S2, Nubia A-P3, Nubia A-S3, and Nubia C-D.

The depth to the top of each formation is illustrated for all wells (Table), these depths data were used to manage the process
of the layering, and the locations of these wells are illustrated in Fig. 5. Finally, a 3D depth model was created (Fig. 12).

Results and Discussion

The 3D model (Fig. 12) illustrates that the study area contains promising locations for hydrocarbon exploration; these lo-
cations are characterised by a good succession of sedimentary rocks overlying the basement layer. These rocks include the three
types of rocks, source, reservoir and sealing rocks, to form traps. The petroleum system event chart (Fig. 13) of the area illustrates
the source, reservoir and seal rocks with geological time, which indicate a possibility of traps forming in the area under study.
However, the area includes five oil fields: Ras Budran field in the north central part, Abu Rudeis field to the south of Ras Budran
field, Feiran field in the central part and the Belayim field in the southwestern part of the area. The probability of hydrocarbon po-

d

Figure 7. The tops. a — South Gharib Formation at seismic line RG-12-82; b — Belayim Formation at 3D seismic cross-line 330; ¢ — Rudeis For-
mation at seismic line RS-27-83; d — Nubia Formation at crossing seismic lines RS27-83 and RG 14-82; e — Thebes Formation at geological cross
section G1-G1’; f — Nukhul Formation at seismic line RS-27-83.

PucyHok 7. BepumHbl. a — FOxHo-apnbckas cBuTta Ha cericMuyeckor nuHnm RG-12-82; b — benanmckas ceuTa Ha 3D ceiicMnyeckom paspese
330; c — Pygeiickasi cBuTa Ha cericMuyeckoi nuHumn PC-27-83; d — Hybuiickas ceuta npy nepecedeHumn cencmmyeckux nuHuin RS27-83 n RG 14-
82; e — duBcKkas cBuTa Ha reonornyeckom paspese G1-G1’; f — Hyxynbckas cBuTa Ha cericmmnyeckorn nuHmum PC-27-83.
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Figure 8. Structure contour maps: of a — the top Zeit Formation; b — the top South Gharib Formation; ¢ — the top Belayim Formation; d — the top
Kareem Formation of the study area.

PucyHok 8. CTpyKTYpHbIe KOHTYPHbIE KapThbl: a — BepLunHa 3eiT-chopmannm; b — BepxHsist popmaums KOxHoro Mapunba; ¢ — BepxHsis Benanmckasi
cBuTa; d — BepxHas Kapumckas cBuTa panoHa nccrneaoBaHus.
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Figure 9. Structure contour map of: a — the top Rudeis Formation; b — the top Nukhul Formation; c — the top Thebes Formation; d — the top
Matulla Formation of the study area.

PucyHok 9. CTpyKkTypa KOHTYPHOM KapThbl: a — BepxHew Pyaelnckoi cBuTbl; b — BepxHel Hyxynbckol cBUTbI; € — BepxHen PUBCKON CBUTHI; d —
KpoBns MaTynmnckon cBUTbl panoHa nccrnegoBaHus.
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Figure 10. Structure and topographic maps. a — structure contour map of the top Nubia Formation; b — SRTM digital elevation model of the
study area.

PucyHok 10. CTpykTypa u Tonorpacuyeckme KapTbl. 8 — CTPyKTypa KOHTYPHOW KapTbl BepxHen Hybuiickon ceutbl; b — SRTM uudposas
Moperb penbeda panoHa nccrnefoBaHus.

Figure 11. The skeletons of the eastern part of Gulf of Suez, Egypt.
PucyHok 11. CkeneTHble o6pa3oBaHusA BocTo4HoU YacTu Cyaukoro 3anuea, Eruner.
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Figure 12. 3D based structure modelling using Petrel software of the study area.

PucyHok 12. TpexmepHoe MoAenupoBaHuUe CTPYKTYpbl C UCMONb30BaHUEM nporpaMmMHoro o6ecneveHusi Petrel uccnegyemoi tTeppu-
TOpUN.

TapwaH A. n ap. Three-dimensional depth-based structural modelling of the central eastern part of the Gulf of Suez, Egypt// 15
M3Bectus YITY. 2019. Boin. 3(55). C. 7-19. DOI10.21440/2307-2091-2019-3-7-19



HAVYKH O 3EMAE A. Tapwan u dp. / Ussecmus YITY. 2019. Boin. 3(5S). C. 7-19

Petrolusm System Evert (PEE)

865 2 480 440 490 30 MmO 240 s 8
Eeonoical e peale (WA

Figure 13. Petroleum system event chart, eastern part of Gulf of Suez, Egypt.
PucyHok 13. CxemMa cob6bITuI He(PTAHOM cCUCTeMbI, BOCTOYHasA YacTb Cyaukoro 3anuBa, Eruner.

3
g
E

0T (b T R :
A

BRERERECERRERARELM:

mr
EL L

by P =

L] Sl 344 [0k
L

e b -iF

Figure 14. 3D magnetic depth map of the top basement rocks showing the promising zones for hydrocarbon of the study area.
PucyHok 14. TpexmepHass MarHMTHasi KapTa rnmyouHbl BepxHUX nopop hyHaamMeHTa, NoKa3biBalolasa NepcrnekTMBHbIE 30HbI ANs yrie-

BOAOPOAOB UccrieAyeMoi TepPUTOpPUMN.

Figure 16. 3D modelling views of the promising zones 4 and 5
using Petrel software, central eastern part of Gulf of Suez, Egypt.
PucyHok 16. 3D-mopenupoBaHue NepCneKTUBHbIX 30H 4 u 5
C ucnonb3oBaHMEeM nporpaMmmHoro o6ecneuyeHus Petrel, ueHT-
panbHasa BocTo4Has YyacTb Cyaukoro 3anuea, Eruner.

Figure 15. 3D modelling views of the promising zones 1, 2 and 3
using Petrel software, central eastern part of Gulf of Suez, Egypt.
PucyHok 15. 3D-mMoaenupoBaHue nepcnekTMBHbIX 30H 1, 2 n 3
C MUcnonb3oBaHUEM MnporpamMmmMHoro obecneyeHus Petrel, ueHT-
panbHas BocTo4Has 4yacTb Cyaukoro 3anuBa, Eruner.
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tentiality in other locations in the area is very high because of the existence of the sedimentary succession which allows trap form-
ing characteristics (source, reservoir and sealing rocks). The boundaries of the currently known oil fields were plotted on top of
the study area (Fig. 14) to predict new promising areas that may have potential for hydrocarbon and have not been fully explored.

The results of the 3D modelling (Fig. 15, 16) show that there are five locations within the study area that are considered to
be basins, where the depth to the basement ranges from 3000 to 4500 m, in addition to the existence of a thick succession of sed-
imentary rocks overlaying the basement rocks. These areas need more attention through the use of 2D and 3D seismic surveys
to explore new accumulations of hydrocarbons. The sedimentary succession for these areas includes seven reservoirs which are
often overlain by seal rocks. These reservoirs can be divided into two types: pre-rift reservoirs and synrift reservoirs. Nubia A
Sandstone-P1, Nubia A Sandstone-P2, Nubia A Sandstone-P3 are pre-rift reservoirs. The lithology of these reservoirs is mainly
sandstone and each is overlain by a layer of shale which is considered a sealing rock. The Nukhul and upper Rudeis formations are
synrift reservoirs. These reservoirs are sandstone and conglomerate that are overlain by a sealing rock.

Area (1) in the northwestern part of the study area (Fig. 15, a) is characterised by a great depth to the basement, which reach-
es 4500 m. The sedimentary succession in this area contains an adequate thickness of Belayim, Rudeis and Nubia A formations,
which are considered good reservoirs. Oil and gas has been already discovered in these reservoirs in some other fields within the
area, so we recommend undertaking 2D and 3D seismic surveys in this area to determine the probable presence of hydrocarbon.
The depth to the basement in area (2), in the eastern part of the study area (Fig. 15, b), reaches 3000 m. Area (3) is in the central
western part of the area to the south west of the Abu Rudeis field (Fig. 15, ¢). The depth to basement in this area is 4200 m, and the
probability of the existence of hydrocarbon is increased in the Nukhul, Rudeis and Nubia A formations, as the lithology of these
formations is good carrier rock, overlain by sealing rocks. In area (4) (Fig. 16, a), the depth to basement reaches 3600 m. This area
is located in the southwestern part of the study area and it is located to the south of Belayim oil field which is one of the biggest
oil fields in the GOS. The main reservoir in this field includes the Belayim and Nubia sandstones formations. One of the most
important and promising areas in the study area is area (5) in the southeastern part (Fig. 16, b). No activity was undertaken in
this area; however the probability of hydrocarbon accumulation may be very high. The depth to the basement in this area reaches
4100 m. 2D and 3D seismic surveys will be very useful so as to obtain detailed information about the subsurface geology, and a
geochemical analysis to obtain information about the organic matter in the source rocks, where there is a thick sedimentary suc-
cession over the basement layer containing good multiple reservoirs, such as those in the Rudeis, Nukhul and Nubia formations.
These reservoirs may be underlain by a good source rock. In a future study we will use this model and collect information about
the heat flow, paleowater depth, organic matter, type of kerogen, and kinetics. Using this information we will be able to predict
the locations and amounts of oil and gas that has accumulated in the reservoirs, by making a petroleum system model (PSM).

Conclusion

3D modelling of the airborne magnetic data was undertaken to delineate the depth to basement in the area under study. The
results show that estimates of the depth to the basement varies reliably between 500 and 4700 m. 3D based structure model was
created using Petrel software, depending on the available seismic sections and well data. The results of the 3D modelling show
that there are five locations within the study area that are considered basins, where the depth to the basement varies between 3000
and 4500 m, and there is a good succession of sedimentary rocks overlaying the basement layer. These areas need more attention
through 2D and 3D seismic survey to explore new accumulations of hydrocarbons. Making a petroleum system model (PSM)
using the information about heat flow, paleowater depth, organic matter, type of kerogen, and kinetics will be very important for
predicting the locations and amount of oil and gas accumulated in the reservoirs within the study area.
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TpexmepHoe rAyOMHHOE CTPYKTYPHOE MOAEAUMPOBAHME LIEHTPAALHOM
BocTo4yHOM Yactm Cyaukoro 3aamBa, Eruner

Axmep TAPLLAH" 7, .
Cepren Bnagummnposuy LULUMAHCKUWN",
Mampgyx M. ABOUH™

'CaHkT-leTepbyprckuii rocyaapcTBeHHbIn yHuBepceutet, CaHkT-lMetepbypr, Poccus
2YnpaeneHue no sgepHsiM Matepuanam, Kanp, Ermnet
SHaumoHanbHoe yrnpaBneHve No AUCTaHUMOHHOMY 30HAVPOBAHMIO Y KOCMUYeCcKkon Hayke, Kavp, Ervnet

AKTyaabHOCTD. [TocTpoeHune TpexmepHoi (3D) reoAornyeckon MOAEAU Ha OCHOBE MOAEBbLIX MATEPUAAOB U AAHHDLIX O CTPOEHUM 3EMAM SIBASIETCSI BAXKHOW
3aaayeil B reOAOTMYECKMX U reoU3NYECKNX UCCAEAOBAHMSIX.

LleAbi0 AAHHOTO MCCAEAOBAHMS SIBASIETCS] MOCTPOEHME TPEXMEPHOW CTPYKTYPHOWM MOAEAU LIEHTPaALHOM BOCTOYHOW Yactu CyauKoro 3aamea, Eruner. Mpu
MOCTPOEHMM MOAEAU UCTIOAL3OBAAMCL AAHHBIE O CEMCMUYECKMX PA3pe3ax M CKBaKMHAX. KaKAbI FOPU3OHT (HA KaXKAOM CEICMMYECKOM paspese) Bbia
TOYHO OLMPPOBAH C UCMIOAL30BAHMEM MPOrPAMMHOTO obecriedeHmst Petrel AAsl CO3AaHMsI KAPTDI CTPYKTYPbI FAYOUHDI AASI KAKAOTO ropu3oHTa. CAol doyH-
AameHTa 6bIA CPOPMUPOBAH C MCMOAL3OBAHMEM AAHHLIX A3POMArHUTOPA3BEAKM UCCAEAYEMOM OBAACTH. VICMOAL3OBAACS MHBEPCHMOHHDIA koA GM-SYS-3D
AAsl TIPEANIOAOYKEHMSI O MArHUTHOW BOCMPUMMYMBOCTM KOMITAEKCA MOPOA (pyHAAMEHTA. OUEHKM FAYOUHbI AO OCHOBAHMsI AOCTOBEPHO BAPLUPOBAAUCH OT
500 a0 4700 M. AaHHbie 1o 24 NpoBypeHHBIM CKBKMHAM B MPEAeAax 0OAACTU BLIAM MCMOAL3OBAHDbI AASI OMPEAEAEHMS TOAWMHDBI M OPUEHTALIMM CAOEB
MEXXAY FOPM30HTaAMU TPEXMEPHOM MOAEAM CETKU. MOAEAL, COCTOsILAs U3 29 CAOEB, BKAIOHAsl TOMOTPAhMIO U CAOM (PYHAAMEHTA, ObIAA CO3AAHA C UCTOAL-
30BaHMeEM NMpOrpammHoro obecrieyenusi Petrel.

Pe3syAbTaTnbl 3D-MOAEAM MOKA3BIBAIOT, YTO OBAACTL MCCAEAOBAHMST MMEET MHOTOKOAAEKTOPHbIN XaPAKTEP C HECKOALKMMM MPOAYKTUBHBIMU MPEAPUTOBDI-
MM U CMHPUTOBLIMM KOAAEKTOPaMU. B Hell coaepikaThbcsi cemb pe3epByapoB, NMEPEKPLITLIX (PAIOVAOYMOPHLIMU MOPOAAMM U MOACTUAAEMBIX MATEPUHCKM-
MM ropoAamu. Haamume yrAeBoAOPOAOB B 3TUX pe3epByapax OGbIAO MPOAEMOHCTPUPOBAHO HA HEKOTOPBIX MECTOPOXKAEHUSIX B 3TOM parioHe. Kpome Toro,
AAs1 AeTaabHOM 2D m 3D celicMopasBeAKM PEKOMEHAOBAHDI MsITh HOBLIX MECT, Tak Kak B HUX MOYKET MPUCYTCTBOBATL YTA€BOAOPOA.

KaroueBbie croBa: 3D MOAEAPOBaHME, KapTbl TAYOMHHOM CTPYKTYPbi, FOPM3OHTDLI M cAou, CyaLKuii 3aams, Ervner.
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Paleovolcanic model for the evolution of the basement complex
of the central part of Egyptian Eastern Desert

Abdelhalim Shokry MAHMOUD"?,
Victor Vasilievich DYAKONOV"™

'Russian State Geological Prospecting University, Moscow, Russia
2Fayoum University, Fayoum, Egypt

Relevance of the work. This article emphasizes the geological history of the accumulation of a thick volcanic, volcano-sedimentary, and sedimentary
sequence around the Meatiq metamorphic core, the emplacement of its magmatic intrusions and the influence of tectonics during its formation. This
study will help in expanding the natural resource base in the Egyptian Eastern Desert.

Purpose of the work. To clarify the geological setting of the studied territory, give an interpretation for its evolution and establish specific directions
for exploration its ore deposits, based on our research results and previous works.

Methodology of research. Firstly, methods of comparative analysis of paleovolcanic structures were used to identify the sequence of orogenesis.
Secondly, the study of stratigraphy, geological mapping, the spatial distribution of rock units, the form of fault systems distribution, and structural
analysis. Thirdly, the creation of a model with schematic illustrations of geological sections.

Results of the work. The results of the study clearly indicate the long duration of geological processes that continued for at least two main tecto-
no-magmatic epochs (Cadomian — with a duration of 120 Ma, and Salairian — 110 Ma).

Area of work application. The results of this paper can be used to identify several economic deposits, such as volcanic massive sulfides, copper
porphyry deposits, etc.

Conclusions. The rock assemblage of the area around Meatiq dome represents a huge Archean-Neoproterozoic paleovolcanic structure. This structure
is composed of gneissic cores intruding in an older platform cover of metasediments and upper two main successive tectonic-magmatic cycles which
rejuvenated the lower older gneisses.

Keywords: Meatiq, paleovolcanic structure, tectono-magmatic cycle, Eastern Desert, stratigraphy, magmatism, Egypt.

ntroduction
The basement complex of the Eastern Desert is located within a large platform structure known as the Arabian-Nu-
bian Shield (ANS) which represents the northern extension of the East African Orogen (EAO). Previous studies divided
this complex into two main tectonostratigraphic units [1-3]. The lower structural unit, or infrastructure, consists of metamorphic
rocks (gneiss, schists, amphibolites, etc.), grouped in dome-shaped structures, such as the Migif, Meatiq and Sibai domes. Above
there are rocks of the upper structural unit or superstructure, represented by metasediments, and metavolcanic rocks which called
ophiolitic mélange [4]. The tectonic evolution of the ANS has been discussed by many authors produced the following proposed
models, summarized by Hamimi et al. [5].

(1) Infracrustal orogenic model, that considered the high-grade gneisses and migmatites as an old craton that were over
thrusted by ophiolites and island arc volcanics and volcaniclastics, and remobilized equivalents during the Neoproterozoic time
[1,6,7,8].

(2) Turkic-type orogenic model, that considered much of the ANS formed in broad fore-arc complexes that involved the
growth of a subcontinent-size subduction-accretion complexes, into which magmatic arc axes commonly migrate and thus en-
large their attached continent [9].

(3) Hot-spot model, that considered much of the ANS formed due to the accretion of the oceanic plateau by upwelling mantle
plumes [10].

(4) Arc accretion (arc assembly) model, that considered the EAO as a juvenile crust that was generated around and within a
Pacific-sized ocean (Mozambique Ocean). This model was proposed first by [11, 12], and modified by [13].

Here we present a new interpretation for the development of the basement complex around the Meatiq dome based on the
model of the paleovolcanic structure. The theoretical concepts of this model are presented in details by [14, 15]. This territory in
the central Eastern Desert of Egypt, is favorable for the reconstructions paleovolcanic structure. Here it was possible to identify a
huge Archean-Neoproterozoic paleovolcanic structure with the center is located in the area of the Meatiq dome, forming an oval
shape measuring about 60*30 km (Fig. 1).

Stratigraphy

A thick old platform cover of various metamorphosed terrigenous deposits outcrop within the whole area of the Eastern Desert.
Hashad [18] considered it the oldest rock unit of the Egyptian basement except for some highly metamorphosed gneisses (Table).
They form an oval shape around the gneiss dome of Meatiq (Fig. 1, 2, a). According to Sabet et al., [19], fine-grained types predom-
inate to the northwestern part from the Meatiq dome, while in the southeastern part, coarse-grained clastics to conglomerates are
the main types, where the transition between them is gradational. This platform cover separates the planetary stage represented by
the highly metamorphosed rocks from the geologic stage represented by all the above laying units. The gneisses are exposed in gneiss
domes as a result of subsequent intensive erosion across the EDSZ “Eastern Desert Shear Zone” [20] and considered as erosion win-
dows in the metamorphosed platform cover. Based on their structural and stratigraphic position, El Gaby et al,, [1, 21] considered
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Figure 1. Meatiq paleovolcanic structure. a — Geological map of the territory around Meatiq dome (After [16]); b, ¢ — schematic geological cross
section across the Meatiq dome (After [17]). 1 — Mostly melanocratic, medium to high grade gneisses and schists» 2 — metasediments (metamor-
phosed shelf sediments with pyroclastics); 3 — Serpentinites, talc-carbonate and related rocks; 4 — Metagabbro; 5 — Metagabbro to metadiorite
undifferentiated; 6 — Intrusive Metagabbro to metadiorite; 7 — basic metavolcanics; 8 — felsic to intermediate metavolcanics with metapyroclastics;
9 — undifferentiated metavolcanics; 10 — Older granitoids (Calc-alkaline quartz diorite to granodiorite); 11 — Younger granitoids (alkaline alka-
li-feldspar granite); 12 — Hammamat clastics (Molasse-type conglomerates to siltstone); 13 — Andesitic Dokhan volcanic; 14 — Rhyolitic Dokhan
volcanics (or post-Hammamat felsite); 15 — fresh gabbro, norite and troctolite; 16 — Post-Hammamat felsite, felsite porphyry and quartz porphyry;
17 — trachyte plugs and sheets; 18 — Meso-Cenozoic sedimentary cover.

PucyHok 1. NManeoBynkaHuyeckas cTpyktypa MuTtuk. a — reonormuyeckasi kKapta TeppuTopum Bokpyr kynona Mutuk (no [16] ¢ pegaktnpoBaHu-
em); 6, B — cxemaTuyeckue reonormdeckune paspesbl (no [17] ¢ pegaktmpoBaHmem). 1 — B OCHOBHOM MeNaHOKPaTOBbIE THEWCHI U CraHLbl CpeaHen
1 BbICOKOW CTeneHn metamopduama; 2 — meTaocafkm (MeTamopdu3oBaHHble LenbdoBble OTNOXEHNS); 3 — CePNeHTUHUTBLI, Tanbk-kapboHaT
M POACTBEHHbIE Mopoabl; 4 — MeTarabbpo; 5 — HepacuneHeHHble MeTarabbpo—meTaanopuT; 6 — MHTPY3UBHbIE MeTarabbpo—meTagnopuTel; 7 —
OCHOBHbIE METaBYIIKaHWUTbI; 8 — KWUCMble K CPEAHHBIMW MeTaByNKaHUTaMU C METanMpoknacTMkamu; 9 — HepacyneHeHHble MeTaBynkaHuTbl; 10 —
6ornee cTapble rpaHUTONAbl (M3BECTKOBO-LLENOYHbIE KBapLEBbIE ANOPUTLI A0 rpaHoAanopuToB); 11 — Mnagwmve rpaHnTonabl (LLIENOYHON noneBon
LnaT rpaHuT); 12 — 06rnoMoYHble NOPOALI FPYNMbl Xammamar (Tuna Mornacca OT KOHINoMepaToB K anesponuTtam); 13 — aHae3nToBble ByNKaHWTbI
[oxaH; 14 — pnonuTo-goxaHckne ByNKaHWTbl (Mn nocTraMMamaTckuii enb3unT); 15 — ceexune rabbpo, HOpUTLI U TPOKTONUTLI; 16 — denb3nTbl
nocTxammamara, enb3nMToBbIN Nopdup 1 KBapLeBbIi nopdup; 17 — npobku 1 NUCTbl Tpaxuta; 18 — Me30KkanHO30MCKMIN 0Ca04HbIN Yexon.

gneiss domes as pre-Neoproterozoic structures. However, the gneisses show younger absolute ages than overlaying metasediments
and metavolcanics (Table). Stern [22] explained it due to the partial melting “rejuvenation” of gneisses during the deformation of the
upper units. Andresen et al. [23] considered these younger ages to represent the main deformation event at Meatiq of 610-605 Ma.

The old pre-Neoproterozoic platform cover was exposed to main two cycles of tectono-magmatic activity. The first cycle is
represented by the eruption of lava that formed the metavolcanic sequence and their tuffs. This cycle occurred in Archean-late
Neoproterozoic during the Cadomian Orogeny. The main eruption center of this cycle is located in the Central Eastern Desert in
the Meatiq dome. The Arieki and Abu Ziran granitoids (Fig. 1, a-c) in the central part of the Meatiq dome filled the place of the
vent channels. The Meatiq formation is composed of two members: a) Umm Ba’anib granitic gneiss, and b) Abu Fannani metased-
iments including different types of quartz-feldspar and pelitic schists that reach several hundred meters thick. The metamorphic
rocks of the Meatiq formation are covered by a thick succession of metavolcanic rocks along their northwestern part. Along the
contact of Abu Fannani metasediments with the basic metavolcanics lies a 30 m thick basal horizon of the conglomerates, with
pebbles from the lower underlying metamorphic rocks [24]. The Metavolcanics formation which is composed of two sheets a) The
lower mafic sheet, which is associated with serpentinites (called Older Metavolcanics) and followed by b) The upper intermediate
and acidic metavolcanic sheet (called Younger Metavolcanics, by Stern [25]) which is intercalated with tuffs and pyroclastics.
These Metavolcanics and pyroclastics represent the development area of both distant and slope facies (Fig. 2, b). This first tecto-
no-magmatic cycle was ended by the emplacement of the Older granitoids.

All the above-mentioned formations are uncomfortably covered by the second cycle of tectono-magmatic activation of the
Salairian Orogeny. It began with the deposition of non-metamorphosed clastic “molasse-type” sediments called the Hammamat
group; range from conglomerate to siltstone forming a major unconformity surface represented. Akaad and Noweir [6] subdivid-
ed the Hammamat group into the lower Igla Formation, consisting of sandstone, siltstone, and mudstone with a basal conglom-
erate, followed by the El Shihimiya Formation composed of conglomerate, greywacke, and sandstone.

The volcanic activity is represented by a stratified succession of lava flows of a wide spectrum of silica content called “Dokhan
Volcanics Formation”. It comprises two main rock suites: (a) Lower minor intermediate volcanic suite, composed of lower basaltic
andesite, andesite, dacite sheet, and their associated pyroclastic rocks called “Older Dokhan Volcanics”; and (b) Upper thick felsic
volcanic suite composed of dacite, rhyodacite, rhyolite, ignimbrite and rhyolitic tuffs collectively called “Younger Dokhan Volca-
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Table. The geological history of the formation of Meatiq paleovolcanic structure.
Tabnuua. Mleonornyeckas nctopusa popMmnpoBaHuUs naneoByriKaHMYECKON CTPYKTYpbl MUTUK.

Tectono- ) Thick- . Isotopic ages, Ma Associated
magmatic cycle Formation Member ness, m Lithology Min Max intrusives
Younger Dokhan (;12:)(0) Rhyolite, dacite, tuffs 465 [26] 630 £ 6 [27]
Dokhan :
Older Dokhan Basalt, basaltic andesite - -
iari Fine-grained Ham- Greywackes, mudstone 585+ 13 Younger
Saliarian and siltstone with chert o 585 + 15 [29] itoid
mamat [28] granitoids
bands
Hammamat group 150-500
. Conglomerate, sandstone,
Coarse-grained and breccia with basalt and - -
Hammamat .
andesite
Metarhyolite, metadacite,
Younger Metavol- 1000- | | ctaandesite and acidic 622+6 1078 [31]
canics 1500 [30]
) . tuffs Older
Cadomian Metavolcanics granitoids
Older Metavol- 1500— Metabasalt, metabasaltic
canics 2000 andesite, metaandesite 640 [32] 2730 [32]
) : Tuffaceous sandstone,
EQZE;Z'i:‘T?gntS 3000 | siltstone, gravel and con- 115[(1)51 60 2765 [32]
Old platform Metasediments glomerate
cover
Coarse-grained 1000 Medium to coarse-grained _ _ N
metasediments schists, greywackes, tuffs Serpentinites,
amphibolites,
. Pelitic and quartzo-felds- 5959+ 0.5and 588.2+0.3 | and metagab-
Abu Fannani 1500 pathic schists [33] t;:-g)—(dlorlte com-
ZPor?eC—Neoprotero— Meatiq 779 + 4 and
Umm Ba'anib > 550 Granitic gneiss 59%2]15 pl\?tf(giigrxaewc-)-
liths [35]

Note: the given isotopic ages and method used are as the following techniques: [34] Rb—Sr, [35] 2°7Pb/ 2°Pb single zircon, [3] *°Ar/**Ar Muscovite,
[18] Rb/Sr, [32] U-Pb SHRIMP, [30] Rb-Sr, [31] Pb—Pb Galena, [28] SHRIMP U-Pb, [29] Rb—Sr whole-rock, [26] K-Ar, [27] SHRIMP U-Pb zircon.

nics” [36]. The post-Hammamat felsites are tensely associated with Dokhan volcanics. They are composed of rhyolite flows and
tuffs [37]. Here it is considered to belonging to the Younger Dokhan volcanics. The Dokhan volcanics are intensively eroded and
the present occurrences represent only a few remains (Fig. 2, d).

The time relation between Hammamat formation and the Dokhan volcanics is debated. El-Gaby et al., [1] and Akaad [38]
established that the deposition of the Hammamat sediments was after the eruption of the Dokhan volcanics. Moghazi et al., [39]
stated that the Hammamat sediments and Dokhan volcanics were formed contemporaneously. At many localities, however, an
interfingering relationship between the two lithologies can be observed [40]. Multiple transport directions and closely spaced
lateral facies changes in the Hammamat Group are common. The eruption of Dokhan volcanics apparently was probably syn-
chronous with deposition of at least the upper units of the Hammamat Group and emplacement of the alkali Younger Granites.
This second tectono-magmatic was ended by the extensive intrusion of granitic massifs. Unfortunately, we have no detailed data
on the facial composition of volcanogenic and volcanogenic-sedimentary strata. Consequently, conducting a facies analysis today
is unrealistic.

Small exposures of young Mesozoic and Cenozoic volcanics (200-300 Ma) of mainly trachytic composition (Trachyte sheets
and plugs) are recorded in the studied territory, due to further reactivation of older fracture zones. Here they aren’t discussed,
because they don't play a vital role in the development of Meatiq paleovolcanic structure. The stratigraphic section ends with Me-
so-Cenozoic terrigenous sediments, which constitute a thick platform cover to west from the paleovolcanic structure.

Magmatism

Three periods of emplacement of magmatic intrusions that covered a large area of the Eastern Desert define the ends of each
tectonic epoch. These intrusions range in composition from ultramafic to felsic.

The gneisses and upper platform metasedimentary cover were intruded by ultramafic and mafic intrusions including ser-
pentinite, gabbroic, gabbro-dioritic complexes; in many places, serpentinites thrust over the whole sequence.

The end of the first tectono-magmatic cycle is characterized by the emplacement of huge felsic calc-alkaline masses of a main-
ly granodioritic composition formed the so-called Older “or grey” Granite. They bound along the outer contour of the metavol-
canic sheet with small masses intruding the metasediments and gneisses in the central parts of the palevolcanic structure (Fig. 1).

The end of the second tectono-magmatic cycle is characterized by the emplacement of alkaline intrusions of granitic com-
position composed the Younger “or red” granite. They outcrop mainly along the outer contours of the Older Granitoids as in the
Northern Eastern Desert (Fig. 1), with prominent higher relief relative.

The emplacement of the Younger granite is most likely predated the deposition of the Hammamat molasses as observed in
many areas like Wadi Igla and Wadi Quieh. However, the long period of deposition of the Hammamat molasses to make it over-
lapped in a few areas. For example, in Wadi Zeidoun E the Younger granite form 5 m contact zone with Hammamat sediments,
sending apophyses in them indicating younger ages of granite [41].

22 Maxmyg A. C., IbsikoHoB B. B.. Paleovolcanic model for the evolution of the basement complex of the central part of Egyptian Eastern
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Figure 2. Geological maps illustrating the spatial distribution of a — Metasediments; b — Metavolcanics; ¢ — Hammamat clastics, Dokhan

volcanics around Meatiq gneiss core and other gneiss exposures (After [16]).
PucyHok 2. Neonornyeckne KapThbl, UNMOCTPUPYIOLLME NPOCTPAHCTBEHHOE pacnpeneneHne. a — MeTaocafkos; b — meTaBynkaHuTOB; C
— 06rnomMoyHbIX nopog Xammamar; d — BynkaHuToB [loxaH BOKpyr rHericoBoro sapa Mutuk n gpyrux obHaxkeHuin (no [16] ¢ pegaktupoBaHueM).

Tectonics
The fault system in this territory represents two cycles of development, (a) Older Fault System (OFS) was formed at the earlier

stages of the development of the paleovolcanic structure. It is expressed by fragments of radial faults of different directions direct-
ed from the center of the Meatiq structure, and fragments of concentric faults encircling the Meatiq structure and later magmatic
intrusions (Fig. 3). They are most likely correspond to the time of doming of the gneisses and after the introduction of granitoids.
The radial faults served as channels for the introduction of dikes and also areas of later hydrothermal solutions. Around the center
of the Meatiq structure, volcanogenic-sedimentary, volcanogenic, and sedimentary strata were accumulated along these concen-
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Figure 3. Older and younger fault systems of the studied territory.
PucyHok 3. Ctapbie n monopgble CUCTEMbl Pa3fioMOB U3y4YaeMon TeppUToOpum.
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tric faults (Fig. 1-3). (b) Younger Fault system (YFS), represented by large faults of the NW strike and perpendicular to them that
called the Najd Fault System. The Najd Fault System started after at the end of the formation of the paleovolcanic structure that
equivalent to the Alpine Orogeny. The manifestation of YFS interrupted the radial and concentric faults led to the creation of a
complex-folding mosaic block structure dominated by the vertical movement of large-sized blocks.

Many other items interrupted this paleovolcanic structure and hide many its features including, the extensive emergence of
the granitic intrusions, Mesozoic and Cenozoic volcanics, and the thick Phanerozoic sedimentary cover. The study of the litho-
stratigraphic sequence with the spatial distribution of rock units, field relations, previously recorded ages, etc. helps to construct
this proposed model.

Summary

The rock assemblage of the area around Meatiq dome represents a huge Archean-Neoproterozoic paleovolcanic structure.
According to the stratigraphic position, the oldest rock unit in the studied territory is represented by Umm Baanib granitic
gneisses and Abu Fannani schists. The gneisses are covered with a thick platform cover of metasediments that was intruded by
many mafic and ultramafic intrusions represented by metagabbro and serpentinites. The Meatiq gneisses were domed and rejuve-
nated during two subsequent tectono-magmatic cycles. The first cycle resulted in the formation of two metavolcanic sheets. The
lower sheet has a basic composition which represents the development area of distant facies. The upper sheet has intermediate
to acidic composition and intercalated with pyroclastics representing the development area of slope facies. The Older granitoids
were emplaced at the end of this cycle. The second cycle is represented by the Dokhan volcanic series and separated from the first
cycle by a major unconformity surface represented by the Hammamat group clastics. This cycle was ended with the intrusion of
Younger granitoids. Radial and concentric faults developed around the Meatiq paleovolcanic structure and interrupted by more
younger well-developed NW Najd Fault system faults and perpendicular to them.
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[TarneoByAKaHMYECKasi MOAEADL SBOAIOLIMM (PDYHAAMEHTAALHOTO KOMIIAEKCA
LIEHTPaALHOM Yact BoctoyHom nycrbiHm ErvnTa
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AKTYaABHOCTB pa6oTel. B AQHHOM CTaThbe MOAYEPKMBAETCS FEOAOTMYECKAsI UCTOPUSI HAKOMAEHWSI MOILHOM MOCAEAOBATEALHOCTU BYAKAHUYECKMX, BYAKAHO-
OCAAOYHDIX, OCAAOYHDLIX MOPOA BOKPYT METaMop(UyecKoro siapa MUTHK, BHEAPEHME ee MarMatMyeckux MHTPY3Uil U BAMSIHME TEKTOHMKM BO BPEMsl UX
POPMMPOBaHMsl. ITO UCCAEAOBAHME MOMOXKET B paCIiMpeHmn 6asbl MPUPOAHBLIX PECYPCOB Ha Tepputopun Bocrouroii nycroity Ervinra.

Lleab pa6oTbI: HA OCHOBAHWM PE3YALTATOB COOCTBEHHLIX MCCAEAOBAHUM M aHAAM3A (POHAOBLIX MATEPUAAOB YTOUYHUTL FEOAOTMYECKOE CTPOEHME MCCAEAY-
€eMOWi TEPPUTOPUM, AAThb HOBYIO MHTEPMPETALIMIO €€ SBOAIOLIMM U YCTAHOBUTL KOHKPETHbIE HArPABAEHMS AASl PA3BEAKM €€ PYA.

Meroaororns mccreaoBanms. Briepsblie MCMOAL3OBaHbLI METOALI CPABHUTEALHOTO AHAAM3A MAA€OBYAKAHUYECKMX CTPYKTYP AASI LIEA€V BLISIBAEHWSI UCTO-
PUYECKOl MOCAEAOBATEALHOCTM OPOreHe30B. Bo-BTOPbLIX, M3yYeHue cTpaturpacum, reOAOrM4eCcKoro KapTMpPOBAaHMsl, MPOCTPAHCTBEHHOTO PacrpeAeAeHMst
MOPOAHDLIX €AMHML, POPMBI PACTIPEAEAEHMS CUCTEM PA3AOMOB M CTPYKTYPHOIO aHaAM3a. B-TpeTbux, co3aaHMe MOAGAM CO CXeMATUMHECKMMM MAAIOCTPA-
LMSIMU FTEOAOTMYECKUX Pa3Pe3OB.

Pe3yAbTATBI BLIMOAHEHHLIX MCCAEAOBAHMM OAHO3HAYHO CBUMAETEALCTBYIOT O AAMTEALHOCTM F€OAOTMYECKMX MPOLIECCOB, MPOAOAXKABILMXCS KaK MUHUMYM
Ha MPOTSHKEHMM TAABHLIX ABYX 3MOXM TekToreHesa (Kaaomckast — npotsikeHHoCTbio 120 MAH AeT, Carampckast — 110 MAH aer).

O6aacTi npuMeHeHms1 pa6oTnl. Pe3yALTaTLl, OMMCAHHDBIE B CTATLE, MO3BOASIIOT HAAESITLCS HA BLISIBAEHME HECKOABLKMX MPOMBILAEHHBIX MECTOPOXKAEHMIA,
TaKMX Kak KOAYEAAHHbIE, MEAHO-TTIOPOUPOBLIE U T. A.

BoiBoabl. [TopoaHasi accoumaumst BOKPYr Kyroaa MuTHK npeacraBasier coboi OrPOMHYIO MaA€OBYAKAHUYECKYIO CTPYKTYPY apXesi—HEONpoTepo3osl. Jta
CTPYKTYPa COCTOUT M3 THEVCOBLIX SIAEP, BHEAPSIIOWMX B GOAEE CTAPbIV MAATPOPMEHHDIN YEXOA METAOCAAKOB U ABYX BEPXHVMX MOCAEAOBATEALHBIX TEKTOHO-
MarmMaTMyeckmx LIMKAOB, KOTOPblE OMOAKMBAAM HUYKHUE APEBHUE THEMNCDI.

KaroueBble croBa: MUTHIK, MaA€OBYAKAHMYECKast CTPYKTYPA, TEKTOHOMarMaTMyeckmii LIMKA, BoctouHast mycTbiHsl, cTparurpachusi, marmatism, Ervner.
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Paleogeomorphic depositional settings of the devon sediments
of the pre-Caspian depression
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Astrakhan State University, Astrakhan, Russia

The relevance of the work. The Pre-Caspian depression is a wide stratigraphic range of industrial oil-and-gas potential. The discovery of a number
of hydrocarbon deposits in recent decades is an important factor confirming the prospects of this territory. Features of sedimentation on the Earth’s
surface depend on the tectonic processes occurring at this time. The relevance of applying new research methods to discover hydrocarbon deposits,
paleogeomorphic ones in particular, is shown. The study of paleogeomorphic factors of sedimentation in the Devonian sediments and taking into
account the regional characteristics of paleotectonic development allows us to substantiate the prospects of oil-and-gas potential in this area. In this
regard, it is necessary to develop and identify the dialectic unity between paleogeomorphology, paleotectonics and sedimentation, which will deter-
mine the patterns of formation and distribution of oil and gas fields.

The aim of the study is scientific justification of prospects of oil-and-gas potential and increase the forecast of the Devonian complex of sediments of
the Pre-Caspian depression taking into account the influence of paleotectonic and paleogeomorphic factors.

The methodology of the study is based on identifying the role of the paleotectonic method in determining the oil-and-gas potential of a given region
with a favorable combination of lithological-facies, geochemical, hydrogeological and thermobaric conditions.

Results. The author conducted some paleogeomorphic studies of patterns and conditions of sedimentation within the Astrakhan arch. It was found
that throughout the Paleozoic time the geotectonic regime was a multiple alternation of movements of different signs. It was also revealed that
numerous transgressions and regressions changed the conditions of sedimentation. Frequent movement of coastlines occurred within the territory, as
well as breaks and disagreements within the island zones. As a result of the conducted works, it was found that modern structural plan of the Paleozoic
sediments inherited the relief of the basement surface. While studying this issue, 3D OGT-64 three-dimensional seismic data and 2D seismic data were
used, as well as core and slime materials from parametric well drilling data.

Conclusions. Research data of the territory of the Astrakhan arch based on paleogeomorphic analysis and the use of the results of geophysical and
geological materials at the stage of identifying and preparing objects for prospecting and exploratory drilling allow us to study the formation of traps
and reservoir rocks and assess the prospects for the oil-and-gas potential of this territory in the near future.

Keywords: Pre-Caspian depression, Astrakhan arch, paleotectonics, paleogeomorphology, sedimentation, Devonian sediments.

ntroduction
The geological and economic efficiency of oil and gas exploration in the oil-and-gas provinces depends to a large
extent on scientifically based forecasting of prospecting objects, which are the basis of ideas about the regularity of oil and
gas deposits. The decisive role in this forecast belongs to the study of paleotectonic criteria of oil-and-gas potential. The theoretical
basis for such a forecast is the sedimentary-migration theory of the origin of oil, to the development of which I.M. Gubkin, N. B.
Vassoevich, A. A. Bakirov, V. L. Nalivkin et al. made a great contribution [1].

Features of sedimentation on the Earth’s surface often depend on the tectonic processes occurring at this time. Differentiated uplifts
and downwarpings ultimately form a surface relief with its characteristic forms. Marine geomorphology, which studies the origin and
development of the bottom topography of marine basins unlike land geomorphology, is deprived of the possibility of visual observation
and is based on indirect data (in paleoforecasts), mainly on the consideration of surfaces formed during breaks in sedimentation. Ap-
plied marine geomorphology helps to solve practical problems when searching for minerals, including oil and gas [2, 3].

A huge amount of organic matter and carbon is found in the sedimentary shell of the Earth. The predominant chemical
elements of organic matter of both animal and plant origin are carbon and hydrogen. Plentiful and widespread organic matter
fully ensures the accumulation of basic elements of oil and gas — carbon and hydrogen. In almost all non-reservoir rocks, such as
clays and carbonates, the most diverse hydrocarbons and even oil have been found. The same hydrocarbons are found both in the
disseminated state in fine-grained sediments and in the oils themselves [4].

For example, consistent stratigraphic analysis and geochemical methods have allowed Western scientists to study the
accumulation of organic matter in the Upper Devonian Duverne Formation, in the sedimentary basin of Western Canada. This
model showed a high relationship between the total concentrations of particulate organic carbon (POC) and the geochemical and
organic petrological base [5].

Scientists have also established a link between certain sea level cycles and the accumulation of organic matter. Organic carbon is
usually enriched while transgression of the sea and depleted during regression. Correlations between the total content of organic carbon
and numerous geochemical indicators indicate that the accumulation of organic matter was controlled by redox conditions [6].

It should be noted that the distribution in the sediments of the initial organic matter necessary for oil and gas accumulation
and oil and gas formation is interconnected. Higher concentrations of organic matter are inherent in clay rocks. Geochemical
studies of the origin of the Middle Devonian Hamilton group of the Central Appalachian basin found that the Hamilton group
includes Marcellus, organic-rich shale, one of the most profitable unconventional shale gases in the world [7].

Sapropelic differences are more characteristic of subaqueous precipitation, which is formed under conditions of maximum
isolation from the influence of land [5, 6]. Under the conditions of the sea basin, the main factor in the distribution of sediments,
the rate of their accumulation along the lateral and section, and the thickness of accumulated formations, their further epigenesis
depend on the topography of the seabed and to some extent the surrounding land [8].

From the point of view of oil and gas content, the Late Proterozoic and Phanerozoic sedimentary rocks are represented by
similar lithological types — sandstones and siltstones, limestones, dolomites and intermediate compositional differences. Among
the carbonates in the Proterozoic, chemogenic dolomites predominated. According to N. M. Strakhov, A. B. Ronov and others,
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biogenic algal dolomites and limestones appeared in the Late Proterozoic. Later, at the beginning of the Cambrian, dolomites
gradually give way to limestones, while the former are increasingly gravitating to areas of arid climate. Lime sediments develop in
the areas of humid and arid climate. The proportion of biogenic differences increases with time not only on the shelf, but also in
the deep sea due to the wide distribution of planktonic organisms that build their skeletons from calcium [9].

The Pre-Caspian depression is a huge area of promising lands, a wide stratigraphic range of industrial oil-and-gas potential,
a favorable paleotectonic regime of long and stable subsidence, which provides generation and accumulation of hydrocarbons of
different phase composition [10].

It is known that in creating a favorable environment for the accumulation and subsequent occurrence hydrocarbon
compounds, the tectonic regime is of decisive importance. In this case, a long-term deflection of the sedimentation basin with
the preservation of a more or less constant geochemical environment is a prerequisite [11]. Paleotectonic factors determine the
direction of lithological-facies, geochemical, hydrogeological, thermobaric and other processes during the sedimentation period
within the platform areas.

While studying numerous geological factors, .M. Gubkin singled out tectonics and paleotectonics as defining factors, since
the mode and direction of tectonic movements in time and space determine:

— spatial distribution of large sedimentation basins and regional uplifts, as well as changes in their lithological and facies
conditions for the accumulation of sediments, and hence the conditions for the formation and distribution of oil and gas formation
and oil and gas accumulation areas;

- formation of various structural forms, which, in the presence of other necessary conditions, can serve as traps for
accumulations of oil and gas of a structural type;

— spatial distribution of coastlines, attenuation in the direction of uplift in strata, stratigraphic disagreement and other
geological phenomena associated with the formation of oil and gas accumulations of lithological and stratigraphic types [12, 13].

Results

The results of paleotectonic reconstructions of the territory of the Astrakhan arch are aimed at exploring structures that are
promising in the oil and gas bearing. The use of these studies makes it possible to more purposefully identify tectonic structural
features that are promising in the oil and gas sector, and more reliably conduct comprehensive forecasts of this region.

In the southwestern part of the territory, within the Astrakhan arch during the entire Paleozoic time, the geotectonic regime was
a multiple alternation of movements of different signs. All this led to the development of numerous transgressions and regressions
that changed the conditions of sedimentation; coastlines often moved, breaks and disagreements arose within the island zones [14].

It is believed that in the southwestern part of the Pre-Caspian depression, including the Astrakhan arch, the orogenic stage
ended in the Upper Proterozoic and the crystalline basement consolidated, as a result of which a modern structural plan of the
Paleozoic deposits was formed, which inherited the relief of the basement surface. The latter was formed as a result of vertical
movements of blocks in the form of horsts and downthrown block complicated by less amplitude faults. Lower relief forms of the
crystalline basement are leveled by rocks from Riphean to Ordovician-Silurian [15].

It is rather difficult to restore the relief of the near-Devonian surface due to the lack of drilling data. 3D OGT-64 3D seismic
data and 2D seismic data, as well as core and slime materials based on parametric well drilling data made it possible to construct
paleorelief maps of the pre-Frasnian (Middle Devonian) and Pre-Famennian surfaces [16].

Paleogeomorphic analysis and the construction of paleorelief maps were performed using the thickness method [17-20].
Corrections for changes in thicknesses as a result of post-sedimentation compaction of sediments were not taken on the assump-
tion that the lithological composition of rocks and their rather consistent area thickness allowed these corrections to be neglected,
since they did not significantly affect the relief hypsometry.

Two sections are distinguished on the paleogeomorphic map of the pre-Frasnian (Middle Devonian) surface (Fig. 1): left-
bank and right-bank, the border is the modern Volga-Akhtuba valley flat. The left-bank part is characterized by the development
of denudation landforms. These are steep range of hills. They extend in a sub-latitudinal direction to a distance of at least 35 km,
a width is 10-12 km. Relative elevation marks vary from 150 m (area of well 1 Tabakovskaya — 50 Astrakhanskaya) to 400 m (well
No 2 is Volodarskaya, mark is 370 m). At the turn of the Middle and Late Devonian, a denudation type of paleorelief was formed,
where the processes of erosion and removal of destruction products played a major role.

In general, in the left-bank part of the territory of the Astrakhan arch at the turn of the Middle and Late Devonian, a
denudation type of paleorelief was formed, where the processes of erosion and removal of destruction products played a
dominant role. The relief-forming processes are manifested here more intensively than in other areas, due to the activation of
tectonic movements on the border of these two epochs of the Devonian time (middle and upper). All this territory in the Middle
Devonian paleorelief, most likely, was a large watershed between the southern and northern basins confined to the Karpinsky and
Zavolzhsky downwarpings, respectively [21].

The right-bank area is also characterized by the formation of predominantly denudation forms of paleorelief, where three
areas of denudation and one area of accumulation are determined. Denudation areas are outlined with structural contours from
100 to 250 m and extend over a distance of 30 km with a width of about 15-20 km.

The accumulation area occupies part of the territory of the Astrakhan arch, which goes into the delta of the Volga River. The
length in the latitudinal direction at a distance of about 45 km is limited to a 50-m structural contour. In the areas of reaching
the paleosurface of carbonate rocks during a long break in sedimentation, karst relief forms could have formed. Penetration of
the super-deep Devonskaya No 2 well of the lower Devonian bottoms confirmed the presence of a long break in sedimentation
between the Middle and Upper Devonian.

The paleorelief of the Pre-Famennian surface (Fig. 2) differs sharply from the Middle Devonian. These changes affected
the entire territory of the Astrakhan arch. The tectonic restructuring of ancient structural plan that took place at the turn of the
Middle and Late Devonian prepared the basis for the development of the Late Devonian transgression and the accumulation of
terrigenous sediments, and then, as they develop, carbonate sediments. The formation of a new pre-Famennian paleorelief took

28 ®epoposa H. ®. Paleogeomorphic depositional settings of the devon sediments of the pre-Caspian depression//W3sectna YITY. 2019.
Bbin. 3(55). C. 27-32. DOI10.21440/2307-2091-2019-3-27-32



N. F. Fedorova/ News of the Ural State Mining University. 2019. Issue 3(SS), pp. 27-32 EARTH SCIENCES

g E 3 | L0 [ @ |5 © |8 | % |7

Figure 1. Paleogeomorphic map of the Pre-Frasnian (Middle Devonian) surface of the territory of the Astrakhan arch. 1 — structural
contours of relative height of paleorelief, m; 2 — areas of denudation; 3 — accumulation areas; 4 — dells; 5 — numbers of areas, sites; 6 — karst land
forms; 7 — wells: numerator — number of a borehole; denominator is the relative marker of palaeotopography, m.

PucyHok 1. MNaneoreomopdonornyeckas kapta npeadpaHckon (cpeaHeneBOHCKOW) NOBEPXHOCTU TeppuTopumn AcTpaxaHCKOro csoga.
1 — n3ornncebl OTHOCUTENBLHOIO NPEBbILLEHWS Naneopenbeda, M; 2 — obnactn AeHydaumn; 3 — obnactu akkyMmynaumm; 4 — nox6uHel cToka; 5 —
HOoMepa obracTen, y4acTKoB; 6 — kapcToBble hopMbl penbeda; 7 — CKBaXKUHbI: YNCIIUTENb — HOMEP CKBaXWHbl, 3HAMeHaTeNb — OTHOCUTENbHAasA
oTmeTKka naneopernbeda, m.

place. Most of the largest land forms have an inverse genesis; in other cases, a slight shift in the emphasis of relief formation has
occurred; karst forms formed in many areas [22].

In the left-bank part, the hillside elevations are outlined mainly by structural contours of 100-150 m. Two uplifts are observed,
linearly elongated in a northwest direction. One of them is fixed between wells No 60 — Zavolzhskaya in the west and a line of wells
No 40 - Astrakhanskaya — No 2 - Elenovskaya. The length of this uplift along the closed structural contour of 150 m is 18 km with
a width of 2-7 km. The second uplift is located in the area of Elenovskaya area and is contoured by the structural contour of 100
m. Its length is about 15 km; width is 5 km.

Relief-forming erosion-denudation processes in pre-Famennian time proceeded with weak intensity, resulting in a weak
compartmentalization of relief. The prevailing development under such conditions was the use of karst forms (funnels, polje,
voids within the thickness of limestone). At the bottom of these forms, the fall products accumulated [21].

The area of weakly expressed denudation forms of the Pre-Famennian paleorelief is observed on the Astrakhan arch, in its
right-bank part, in the area of wells No 1, 2 - Volozhkovskaya, 36 — Astrakhanskaya and No 5 - Pionerskaya. They are contoured
by the structural contour of 100 m and probably represented low (up to 50 m) hills with gentle slopes. In the southern part of the
territory of the Astrakhan arch, a northern fragment can be traced of a large area of development of the erosion-denudation pre-
Famennian paleorelief area. Relative elevations of the relief forms reached 450 m, and the total height of the peak above the foot
is 350 m. The northern slope is cleaved by a narrow dell more than 10 km long.

Such a profile of the dell, the straightness of its orientation clearly indicate the prevalence of deep bottom erosion in this place,
which in turn may indicate an intense uplift of this section of the territory in Pre-Famennian period. The slopes of such large
landforms can be complicated by smaller geomorphological units, such as erosion remnants.

Sites of erosion and denudation were located in the peripheral parts of the territory of the Astrakhan arch. It is as if they
border the central part of the arch area from all sides, which is a vast area of accumulation of erosion material that is carried out
with geomorphological features typical of such areas. The accumulation area splits into two parts: left-bank and right-bank. The
largest area is the left-bank part, where ancient dells of various orientations are widely used.

®epoposa H. ®. Paleogeomorphic depositional settings of the devon sediments of the pre-Caspian depression//W3Bectua YITY. 29
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Figure 2. Paleogeomorphic scheme of the Pre-Famennian surface of the territory of the Astrakhan arch. 1 — structural contours of relative
height of paleorelief, m; 2 — areas of denudation; 3 — accumulation areas; 4 — dells; 5 — numbers of areas, sites; 6 — karst land forms; 7 — wells:
numerator — number of a borehole; denominator is the relative marker of palaeotopography, m.

PucyHok 2. Naneoreomopdonornyeckasn kapta npeacdamMeHCKon NOBEPXHOCTU Tepputopun AcTpaxaHckoro ceoga. 1 — nsoruncbl oTHo-
CUTENbHOTO MpeBbIlLeHNs naneopenseda, M; 2 — obnactn AeHynaumm; 3 — obnactu akkymynsauum; 4 — noxbuHbl cToka; 5 — Homepa obnacten,
y4acTKoB; 6 — kapcToBble (POpMbl penbeda; 7 — CKBaXWHbI: YACTIUTENb — HOMEP CKBaXMWHbI, 3HAMeHaTeNb — OTHOCUTENbHasA OTMeTKa naneope-
needa, m.

Conclusion

Having studied the geomorphological development of this territory, the authors can state:

— the Astrakhan arch area had a large caldera-shaped relief in the central part of the arch, bounded along the frontier zone by
watersheds with typical relief forms of different heights and shapes;

- the intensity of relief formation in the territory was different;

- two areas of intensive territory uplift are appeared — north-western and southern with geomorphic processes, where
sediments erosion prevailed over the removal of alteration products; in the places where the steep slopes of these relief forms
transition into gentle slopes, proluvial processes developed and the corresponding relief was formed - alluvial cones;

- in areas where the relative elevation of the relief does not exceed 100-150 m and its forms are characterized by a smooth
outline, the relief can be classified as accumulative-denudation;

- formation of karst land forms in carbonate deposits had a significant impact on the reservoir properties of rocks that make
up the section of deposits (funnels, voids, cavities, etc.).

The low implementation of the forecast of the oil-and-gas potential of the Paleozoic deposits is explained by the insufficient
knowledge of the conditions for the formation and placement of oil and gas deposits in these rocks and the poor development of
the methods for their exploration at great depths [19].

Oil and gas deposits at shallow and medium depths on land in anticline traps are already largely explored and developed.
Further replenishment of industrial hydrocarbon reserves will mainly occur due to discoveries in the water areas, in the shelf
areas, and on land - in non-anticlinal type traps and at great depths. The priority of oil and gas exploration trends is currently
associated with carbonate complexes of the Late Devonian-Carboniferous age, not only in the southwestern part of the Pre-
Caspian depression, but also in the northern water area of the Caspian Sea and adjacent lands and can be considered as the main
objects of exploration for the coming years [23]. The development of deep subsurface resources in order to produce hydrocarbons
is becoming an increasingly urgent global problem.
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[lareoreomopporornyeckme npPeAnoChbIAKM OCAAKOHAKOMAEHMUSI
AE€BOHCKMX OTAOYKE€HMUM [1puKacnmmckom BrnaAnHbI

Hapexpa ®egoposHa ®PEAJOPOBA"
AcTpaxaHckuin rocygapcTBeHHbIN yHuBepcuTeT, Poccus, AcTpaxaHb

AKTYarbHOCTL pa6orel. [pyKacrmniickast BaAMHa — 3TO WHWPOKUIA CTPATUIPAOUHECKMI AMANAa3OH MPOMBILAEHHOM HebTerasoHocHocTM. OTKpLITE B
MOCA@AHME AECATUACTYS PSIAA MECTOPOXKAEHUI YTAEBOAOPOAOB SIBASIETCSI BaAVKHLIM (DAKTOPOM, MOATBEPIKAQIOUIMM NMEPCNEKTMBHOCTL AAHHOM TEPPUTOPUMN.
OCOBEHHOCTM OCAAKOHAKOMAEHMSI HA MOBEPXHOCTV 3EMAM 3aBUCSIT OT MPOUCXOASILMX B 3TO BPEMsI TEKTOHUYECKMX MPOLECCOB. [TokasaHa akTyaAbHOCTDL
MPUMEHEHMST HOBLIX METOAOB MCCAGAOBAHMSI C LIEALIO OTKPLITUSI MECTOPOXKAEHUIA YTA€BOAOPOAOB, B HACTHOCTU Mareoreomopdhorornyeckoro. Vsyyenve
MaA€oreoMOPPOAOTMYECKMX MPEANOCHIAOK OCAAKOHAKOMNAEHMSI B AEBOHCKMX OTAOXKEHMSIX UM C YHETOM PErVIOHAALHBIX OCOBEHHOCTEN MAAEOTEKTOHUYE-
CKOTO PAa3BUTHSI MO3BOASIIOT HA HAy4YHOM YPOBHE OBOCHOBATL MEPCMNEKTUBLI HEPTEra30HOCHOCTM AAHHOW Tepputopum. B cBsian ¢ 3tMMm Heobxoanmo
PasBMBaTL U BLISIBASITL AMAAEKTUYECKOE €AMHCTBO MEXAY Mar€oreoMOopPOAOTrMeN, MAACOTEKTOHMKON M OCAAKOHAKOMAEHNEM, YTO MO3BOAUT OTMPEACAUTL
3aKOHOMEPHOCTM (hOPMMPOBaHMSI U Pa3MELIEHUS] MECTOPOXKAEHUIA HeddTH 1 rasa.

LIeALI0O MCCAEAOBAHMSA SIBASIETCS HAYYHOE OOOCHOBAHME MEPCNEKTUB HE(DTEra30HOCHOCTM UM MOBLIEHMS! MPOTHO3a AEBOHCKOTO KOMIMAEKCA OTAOXKEHUM
[prKacnmMickon BnaAnHLI C yHETOM BAMSIHUSI MAA€OTEKTOHMYECKOTO U MaA€OoreoMopIOAOrMYECKOro hakTopos.

MeTtoaororna m3ydeHnsa OCHOBAHA HA BLISIBAEHUM POAU MAAEOTEKTOHMYECKOTO METOAA MPU OMNMPEAGAEHUM HepTerasoHOCHOCTM AQHHOTO paiioHa npu
BAArONPUSITHOM COYETAHUM AUTOAOTO-(PALIMAALHDBIX, FEOXMMUYECKMX, TMAPOTEOAOIMYECKMX M TEPMOBAPUHECKMX YCAOBUI.

Pe3yApTaTpl. ABTOPOM TMPOBOAMAUCL MAAEOrE€OMOPOAOTNYECKME MCCACAOBAHMS 3aKOHOMEPHOCTE U YCAOBUI OCAAKOHAKOMAEHMsl B MpPeAeAax
ACTPaxaHCKOTO CBOAA. DLIAO YCTAHOBAEHO, YTO B TEYEHUE BCETO MAAEO30MCKOTO BPEMEHU FE€OTEKTOHMYECKUI PEXKMM MPEACTABASIA COBOM MHOTOKPATHOE
YEPEAOBAHME ABWKEHMWI, PA3AUYHBLIX MO 3HAKY. TakKe ObIAO BbISIBAEHO, YTO MHOTMOYMCAEHHDLIE TPAHCIPECCUMM M PETPECcCMU MEHSIAM  YCAOBUsI
OCAAKOHAKOTMAEHMSI. Ha TEppUTOPUYM MPOMCXOAMAO HACTOE MepemelleHne 6EPEroBbIX AVHMIA, BO3HUKAAM MEPEPLIBLI M HECOTAACHSI B MPEAEAAX OCTPOBHDIX
30H. B pesyAstare npoBeAeHHbIX PABOT GLIAO YCTAHOBAEHO, YTO COBPEMEHHDIM CTPYKTYPHDI MAAH MAaA€O30MCKMX OTAOXKEHMI YHACAEAOBAA pPeAbedd
MOBEPXHOCTY chyHAAMEHTA. [1py M3yueHUM AAHHOTO BOMPOCa OLIAM UCMOAL3OBaHBI MATEPUAALI TPEXMEPHOM celicmopasseaku 3A OIT-64 1 MAOIWAAHOM
cericMmopasBeAkn 2/, a TakKe KEPHOBDLIM M WAAMOBDLIV MATEPUAADI MO AQHHLIM BYpPEHMs MapameTPUYECKMX CKBAKMH.

BoiBoABI. AaHHbIE UCCAEAOBaHMSI TEPPUTOPUM ACTPAXaHCKOTO CBOAA HA OCHOBE MaAe€oreoMopOAOrMYECKOro aHaAM3a M UCMOAL3OBaHUE PEe3YALTATOB
reoU3NYECKMX U FEOAOTMUECKMX MATEPUAAOB HA CTAAMM BLISIBAEHMSI U MOAFOTOBKM OGLEKTOB MOA MOMCKOBO-PA3BEAOHHOE BypEHNE MO3BOASIIOT U3y4UTh
npoLecchl (hOPMMPOBAHMSI AOBYLIEK U MOPOA-KOAEKTOPOB ¥ OLIEHUTb MEPCMEKTVBLI HEPTEra30HOCHOCTV AAHHOV TEPPUTOPUM Ha BAMsKaiiliee Gyayuee.

KaroyeBble croBa: anl](aCl'lVll‘;lCKaﬂ BraAuHa, ACTana.HCKVlVI CBOA, MAAEOTEKTOHUKA. nMeoreomopcbox\orvm, OCAAKOHAKOMAEHUE, ACBOHCKUE OTAOXKEHMUSI.
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Polychromic tourmalines from rare-metal granite pegmatites
of the Medvedevsky rare metal deposit (Middle Urals)
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The relevance of the work is the specification of the genesis of the Medvedevsky rare-metal tourmaline deposit. To this end, as part of the work, a
comparison was made of the chemical composition and trace amounts of tourmaline with the known tourmalines of the Lipovsky deposit.

The aim of the work is to study the features of the structure and compare the chemical and trace element composition of tourmalines of the Medve-
devsky deposit with tourmalines of the Lipovsky field.

Research methodology. To study the chemical composition of tourmaline from the Medvedevsky deposit, a Jeol JSM-639LV scanning electron mi-
croscope with the EDS X-max 80 attachment was used. The trace element composition was studied by the ICP-MS method using the ELAN 9000
instrument. The original description was carried out using the MBS-10 binocular microscope and the Carl Zeiss petrographic microscope.

Results The data on the structural features, chemical and trace element composition of polychromic tourmaline from the Medvedevsky rare metal
deposit are given.

Conclusion. A mineralogical study was conducted and the chemical and trace element composition of polychromic tourmaline from the Medve-
devsky rare metal deposit was studied. A comparison is made with the chemical composition of tourmalines from the Lipovsky deposit.

Keywords: the Urals, chemical composition of tourmaline, Medvedevsky rare metal deposit, pegmatites, Ural emerald mines.

Russian precious and semiprecious stones are a global brand; they are associated with the word “Ural”. Everyone

knows that the Urals are rich in precious and semiprecious stones. However, at the moment, most of the deposits being

developed in the XIX - XX centuries are flooded and there is no work with them. Occurrences of colored tourmaline are very

rare, and any new occurrence is interesting to study [1]. The Medvedevsky rare metal deposit was discovered in the 1960s and was

studied in detail by the Makhnevskaya exploration crew. Its area is about 5 km?. It is located 30 km north-east of the Nizhnyaya
Salda (Middle Urals) [2]. The deposit is out of use now; it is a series of grass-covered main drains and dug holes.

Geology aspects of the Medvedevsky rare metal deposit

The Medvedevsky rare metal deposit is localized in the body of the Talitsky ultrabasic massif represented by massive apoper-
idotite serpentinites. The observed thickness of serpentinites is about 1.5 km. The massif is elongated in the submeridional direc-
tion; it embeds in the interstratified metamorphic stratum composed of amphibole, quartz-sericitic, quartz-chlorite, chlorite-epi-
dote, and less commonly albite schists. The metamorphic complex borders in the east on the medium-grained biotite granites of
the Gaevsky massif, which is the northern extension of the Murzinsky massif [2]. In the northern part, serpentinites are bordered
by albitized pegmatoid granites lying subparallel to the boundaries of the massif (Fig. 1). Metasomatic zones are observed in
serpentinites; they are represented by intensive phlogopite mica. This process is especially intense around the feldspath lenses,
which, as a rule, have a northeast strike. The thickness of the lenses varies widely, reaching several tens of meters in the northern
part of the Talitsky massif. The lenses contain, in addition to feldspar, mica and beryl of a dark green and greenish-yellow color.
The content of beryl can reach 15% of the volume of the rock [3].

Pegmatites in the deposit are represented by poorly differentiated microcline-albite and albite veins. The mineralogical and
structural features of pegmatite bodies are explained by different crystallization conditions and remoteness from the parent vent.
Pegmatites of the internal zones of the Gaevsky massif are close to normal in composition and structure. Pegmatites localized
to exocontact, including those in serpentinites of the Talitsky massif differ from the pegmatites of the internal zones by a high
content of rare-metal and rare-earth elements (niobium, tantalum, beryllium, ytterbium, lithium, etc.). The main rock-forming
minerals of all types of pegmatites are microcline, oligoclase, albite, quartz, and muscovite. The bodies have a medium and coarse-
grained structure, sometimes having a block-system. The endocontact parts of the veins are composed of the albite-oligoclase
zone with a low thickness, intensely sericitized and often kaolinized. Frequently, the albite-oligoclase zone is completely replaced
by the muscovite-quartz-albite complex. Pegmatite veins can be traced up to 600 m on the strike having mostly near east-west
strike. The thickness of veins varies from 0.5 to 12 m, decreasing for feathering-out to 0.1-0.3 m [4].

To compare the chemical composition of tourmaline of the Medvedevsky deposit, the results of the chemical composition of
the tourmaline from the well-known Ural polychrome tourmaline deposit were used, that is Lipovsky field, which is located in
the Middle Urals, in the Rezh district of the Sverdlovsk region. It is located 35 km south-southeast of the Medvedevsky deposit.
Pegmatites of the Lipovsky field are confined to a synclinal structure sandwiched between three large granite massifs - Murzinsky
(from the northwest), Aduysky (from the southwest) and Sokolovsky (from the east). The syncline itself is composed of metamor-
phic rocks belonging to the Murzinskaya suite (presumably Proterozoic), gneisses of different composition and amphibolites [5].

Field works and primitive description

During the field works in 2016, a pegmatite vein with a thickness of 2 m was studied, from which several samples were taken
(Fig. 2). The vein is located in quartz-chlorite schists and is composed of microcline-albite-muscovite-quartz aggregate. The gar-
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Figure 1. Geology aspects of the Medvedevsky occurrence (based on materials of the Makhnevskaya geological exploration crew of the
Zauralsk expedition, 1964). 1 — amphibole schists; 2 — silica clay; 3 — amphibolized gabbro; 4 — serpentinites; 5 — biotite granites; 6 — pegmatoid
granites; 7 — glimmerites; 8 — beryl-plagioclase lenses; 9 — sampling points.

PucyHok 1. Cxema reonormyeckoro ctpoeHusi nposieneHus MegBeaeBckoe (no matepuanam MaxHeBCcKkoW reofioropa3Befo4yHoOn napTum
3aypanbckoi akcnegmumm, 1964 r.). 1 — amcunbonosble cnaHubl; 2 — onoku; 3 — amgumbonnanpoBaHHoe rabopo; 4 — cepneHTUHUTBLI; 5 — 6uoTu-
TOBbIE [PaHUTLI; 6 — NerMaTougHble rPaHnTbl; 7 — CroAnTbI; 8 — Gepunn-nnarvoknasosble NMH3bI; 9 — ToukM oT6opa Npob.

net crystals ranging from 0.1 to 2 mm in feldspar and light mica, presumably lepidolite, are noted in the vein in the form of large
scales ranging in size from 0.5 to 2.5 cm.

When studying samples of microcline-plagioclase pegmatite, we have found two types of tourmaline crystals. The first type is
found inside the plagioclase. It is represented by fissured prismatic crystals from 1 to 5 mm along the long axis and rarely radiated
aggregates up to 4-5 mm. Color is black; sometimes brown in thin shears. The second type is found in small vugs and “blowing
holes” of plagioclase and is represented by crystals up to 5 mm along the long axis and 2 mm in cross-section. The color varies
from dark brown to light pink. In crystals, transverse zonation is often observed: the center is brownish-violet, the edges are
grayish-pink (Fig. 3).

Methods of studying the characteristics of the composition of polychrome tourmaline

To study zonation of tourmaline, polished thin sections were made with the orientation of thin rock section along with the
elongation of the crystal. When studying the zoned tourmaline of the second generation in thin sections, multiple cracks and
deformation disturbances inside the crystals were found. In many places (outside the crystals and inside near the cracks), tour-
maline is replaced by muscovite; that indicates overlapped secondary changes after the crystallization of the mineral (Fig. 4, 5).
Relations (contacts) with plagioclase and microcline are uneven.

Methods of studying the chemical and trace element composition of tourmaline

To study the chemical composition of the previously obtained polished thin sections were used. The composition of the
zoned tourmaline (mainly transverse zonation) was studied using the Jeol JSM-639LV scanning electron microscope with the
EDS X-max 80 attachment (operator is I. A. Gottman, Zavaritsky Institute of Geology and Geochemistry of the Ural Branch of
RAS), the results are shown in Table 1. To study the trace element composition, a quantity of tourmaline crystals weighed for
analysis was ground down into dust and analyzed using the ELAN-9000 instrument. The results are shown in Table 2.

According to the analysis, it can be concluded that the central zone of the crystal of the zoned tourmaline from the Medve-
devsky deposit is enriched with magnesium, iron (common iron), sodium, titanium, the edge part is more enriched with calcium.
In this case, a gradual increase from the edge to the center was revealed in case of iron; and calcium decreases in the reverse order.
The lack of amount is due to the inability to measure light elements.
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Figure 2. Pegmatitic vein stripping at the Medvedevsky deposit. Figure 3. Zoned tourmaline of the second generation.
PucyHok 2. 3auuctka nermaTtutoBOM Xunbl Ha MeaBegeBCKOM PucyHok 3. 3oHanbHbIA TypManuH BTOPOM reHepaLluu.
MeCcTOpOXAeHUM.

Figure 4. The internal structure of the zoned tourmaline crystal (Tur — tourmaline, My — muscovite, Pl — plagioclase).
PucyHok 4. BHyTpeHHee cTpoeHue KpucTtanna 3oHanbHoro Typmanuna (Tur — typmanui, My — myckoBuT, Pl — nnaruoknas).

Figure 5. Secondary changes in cracks in tourmaline (Tur — tourmaline, My — muscovite, Pl — plagioclase).
PucyHok 5. BropuyHblie u3aMeHeHusi No TpewmHaM B TypmanuHe (Tur — TypmanuH, My — myckoBwuT, Pl — nnarnoknas).
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Table 1. The composition of tourmaline from pegmatites of the Medvedevsky and Lipovsky deposits.
Ta6bnuua 1. CoctaB TypManuHa u3 nermatutoB MeaBeaeBckoro u JIMnoBCKOro MectopoxaeHun.

The composition of tourmaline

Point number - ) - Amount
Sio TiO ALO Cr,0 FeO MnO MgO CaO Na,O K,O Li,O F O=F,

2 2 273 273 2 2 2

Medvedevsky' deposit

Edge 31.70 0.23 36.71 - 0.56 3.12 - 0.74 1.80 - 2.37 - - 77.23
Center 33.33 0.39 37.83 - 4.23 3.63 0.41 0.34 211 - 215 - - 84.42
Edge 3418 0.25 39.43 - 0.71 4.57 - 0.53 2.04 - 2.40 - - 84.11
The composition of tourmaline
Polntnumber o 1o, ALO, Cr,0, FeO MnO MgO CaO NaO KO L0 F o=, U™
Lipovsky field [5]"
Edge 39.01 - 40.05 - 0.59 1.76 - 0.60 217 0.01 146 120 -0,51 86.34
Center 38.96 0.04 41.24 0.01 0.10  0.61 - 0.54 2.16 0.01 151 166 -0,70 86.14
Edge 38.88 - 40.04 - 045 1.90 - 0.63 2.13 0.01 146 120 -0,51 86.19

"The contents of B,O, and H,O are given according to the theoretical content; the content of Li,O is calculated according to the crystal-chemical
formula.

“The analysis was carried out by the Zavaritsky Institute of Geology and Geochemistry of the Ural Branch of RAS, using Cameca SX 100 micro-
analyzer; the analyst is V. V. Khiller; “lithium was determined by ICP-MS [5].

Table 2. The trace element composition of tourmaline from the Medvedevsky and Lipovsky deposits, ppm [5].
Ta6nuua 2. MMKpoanemMeHTHbIN cocTaB TypmanvHa ¢ MeaBegeBckoro v JIMnoBckoro MectopoxaeHun, riT [5].

Deposit Deposit
Elements - Elements -
Medvedevsky Lipovskoye Medvedevsky Lipovskoye
Li 1355.12 6775.60 La 0.07 0.20
Be 30.11 42.71 Ce 0.24 0.44
Na 0.00 16 710.00 Pr 0.03 0.07
Sc 18.75 0.54 Nd 0.1 0.32
Ti 1656.42 245.42 Sm 0.05 0.10
\Y 1.95 1.79 Eu 0.01 0.01
Cr 9.28 3.48 Gd 0.07 0.10
Mn 16 977.09 3892.50 Tb 0.02 0.02
Co 1.96 0.49 Dy 0.14 0.1
Ni 9.61 4.30 Ho 0.03 0.02
Cu 14.22 22.33 Er 0.10 0.08
Zn 390.61 82.43 Tm 0.02 0.01
Ga 322.57 228.90 Yb 0.16 0.07
Ge 5.29 9.56 Lu 0.03 0.01
Rb 181.49 17.17 Hf 5.63 0.30
Sr 1.22 21.69 Ta 110.66 2.01
Y 0.63 0.41 w 5.43 0.43
Zr 24.59 9.66 Tl 1.57 0.18
Nb 76.02 1.13 Pb 30.21 149.26
Mo 1.80 0.10 Bi 41.17 386.32
Ag 4.06 0.28 Th 0.29 0.26
Cd 0.17 0.58 U 9.99 0.68
Sn 57.10 6.17 Cs 35.98 12.72
Sb 1.72 29.95 Ba 10.30 39.73

Discussion of results

We can see from Table 1 that the tourmalines of the Medvedevsky deposit are distinguished by a high content of titanium,
iron, and manganese. Tourmalines of the Lipovsky deposit are characterized by high concentration of potassium, fluorine. There
is a general trend of increasing the content of titanium, aluminum, iron, lithium from the edge to the center and a decrease in
calcium in the same direction. The main difference between tourmalines of the Medvedevsky field from similar tourmalines of
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the Lipovsky field is a high content of manganese and titanium, as well as the complete absence of fluoride in their composition.
According to the results of earlier studies, tourmalines of the Lipovsky field belong to fluorine-elbaite one[5-7, 8, 9].

High values of manganese, except for tourmalines of the Medvedevsky deposit, are described in samples from Austria, Zam-
bia, the Czech Republic, Brazil, Tanzania [10-14].

We can see from Table 2 that tourmalines of the Medvedevsky deposit contain high concentration of such elements as zirco-
nium, tantalum, niobium, tungsten, algam, manganese, uranium, and rubidium. This may indicate a rare metal (Ta - Nb) field
specialization. Tourmalines of similar composition are described in Madagascar [15].

Conclusion

1. The first detailed mineralogical description of polychromic tourmaline Medvedevsky rare metal deposits (Middle Urals)
is given in this paper.

2. Polychromic tourmalines of the Medvedevsky deposit have significant differences from famous Ural tourmalines of the
Lipovsky field, both in chemical and trace element composition.

3. The predominance of heavier rare-metal elements in the composition of the tourmaline at the Medvedevsky deposit and
the presence of mica replacing tourmaline indicates late overlapped metasomatic processes and more complex formation condi-
tions.

4. The increased content of titanium and manganese, low lithium content and the complete absence of fluorine in the tour-
malines of the Medvedevsky deposit relative to the tourmalines of the Lipovsky field indicate a different genesis of the mineral
from these places.

The work was performed within the framework of the state assignment of the Zavaritsky Institute of Geology and Geochemis-
try of the Ural Branch of the Russian Academy of Sciences, No. AAAA-A18-118052590032-6.
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[TOAMXPOMHbIE TYPMAAMHDI U3 PEAKOMETAABLHDBIX TPAHUTHDLIX
nermaTuTtoB MeABEeAEBCKOro PEAKOMETAAALHOTO MECTOPOXKAEHMSI
(CpeaHun Ypan)

PomaH AHgpeeBuy OBOCKAJIIOB',
Muxaun Metposuy MOMOB" 2~

"MHcTnTyT reonorum n reoxumum um. A. H. 3asapuukoro YpO PAH, Poccusi, EkatepuHbypr
' 2ypanbCKuii rocyaapCTBEHHbIN FOPHbIN yHUBepcuTeT, Poccusi, EkatepunHbypr

AKTYaABHOCTBIO PABOTDI SIBASIETCS] YTOYHEHWE FrEHE3NCA TYPMAAMHOB MEABEAEBCKOTO PEAKOMETAAALHOIO MECTOPOXKAEHMSI. AAsl 3TOTO B pamKkax paboTbl
OLIAO MPOBEAEHO CPABHEHME XMMUYECKOTO COCTABA M MUKPOMPUMECEN TYPMAAVHOB C Y)KE U3BECTHLIMM TYPMAAMHAMM AVUMOBCKOTO MECTOPOYKAEHMSI.
LeAnto paboTsl sSIBASETCS M3ydeHMEe OCOBEHHOCTEN CTPOEHUsI M CPABHEHME XMMMYECKOTO M MUKPOSAEMEHTHOTO COCTaBa TYPMAAMHOB MeABEAEBCKOTO
MECTOPOXKAE€HMSI C TYPMaAMHAMM AUMOBCKOTO MECTOPOYKAEHMSL.

MeTtoaorornsa nccreAoBaHmsA. AAsi UCCAGAOBAHMSI XMMUYECKOTO COCTaBa TyPMaAnHa 13 MeABEAEBCKOTO MECTOPOYKAEHMST MCMTOAL3OBAACS] CKaHMPYIOLWNIA
SAEKTPOHHDIN MUKpockor Jeol JSM-639LV ¢ npucraskoit EDS X-max 80. MMUKPO3AEMEHTHbIN COCTaB U3yHaacsi metoaom ICP-MS Ha npubope ELAN 9000.
[NepBoHaYarbHOE OMMCaHVE MPOBOAMAOCH C MOMOLILIO BUHOKYAsIpHOrO MuKpockorna MBC-10 u netporpacguyeckoro mukpockorna Carl Zeiss.
PesyabTatnl. [pYBEAEHDBI AAHHDIE MO OCOBEHHOCTSIM CTPOEHMSI, XMMUYECKOMY U MUKPOSAEMEHTHOMY COCTaBY MOAMXPOMHOTO TYPMaAMHA C MeABeAeB-
CKOTO PEAKOMETAAALHOTO MECTOPOYKAEHMS.

BoiBoAbl. [TpOBEAEHO MVYHEPANOTUYECKOE MCCAEAOBAHME U U3YHEH XMMUYECKUI U MUKPOSAEMEHTHbIV COCTaB MOAMXPOMHOTO TypMaAnHa C MeABeAeBCKO-
ro PEAKOMETAAALHOTO MECTOPOXKAEHMSI. [TPOBEAEHO CpaBHEHME C XMMUYECKMM COCTAaBOM TYPMAAMHOB U3 AUMOBCKOTO MECTOPOXKAEHMSI.

KaroueBble croBa: Vpa/\, XUMUYECKUI COCTaB TYPMaAuHa, MeaBeaeBckoe [PEAKOMETAAALHOE MECTOPOXKAEHUE, NErMaTUTLI, ypa.AbCl(l/le U3YMPYAHbLIE KOIW.
Paboma svinonena 8 pamxax eocyoapcmaennozo 3adanus UIT YpO PAH, Ne eoc. pee. AAAA-A18-118052590032-6.
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DUBNKO-XMMMYECKast XapakTePUCTUKA TOPIOYMX CAAHLIEB MECTOPOYKAEHUM
MskaHrmyan, boabioi n Manabiin Cusiku (Pecriybanka AzepbaiiakaH)

Kenkasyc HOcudcony AIPKAMOB',
Cakut Payd ornbl PACYNOB™,

AnbBupa AHBepoBHa N'YCEMHOBA™,
CabuHa MysasaguH kbisbl TACAHOBA™

AszepbainxaHCK1In rocyAapCTBEHHbIN YHUBEPCUTET HETU 1 NpoMbILLNeHHOCTH, Pecnybnvka AsepbaiimpxkaH, baky

AKTYaABHOCTb. [OpIOUMe CAaHLIbI OTHOCSTCS K HamboAaee 6OrartbiM UCTOUHMKAM XMMMYECKOTO CbIPbsl, TAK KAK MPEACTABASIOT COBOM CAOXKHDIN OpraHo-
MUHEPaAbHbBIA KOMITAEKC: BLICOKOE COAEPIKaHUE B HUX AETYHYMX BELeCTB MPU OTHOCUTEALHO MAAOM COAEPIKaHWM HEAETy4el roproyeit Macchl B octaTke
SIBASIETCS] OCHOBOM AASI ITOAYHEHMsI HE TOALKO SHEPIMM, HO M CUHTETUYECKMX XKMAKMX TOMAMB. KpOMe 3HAUMTEABHDIX 3aracos Hedpt, AzepbariakaH obaa-
AQ€T TaKoKe 1 BorarbiMy MECTOPOXKAEHMSIMU FOPIOYMX CAAHLIEB, PACMTOAOXKEHHDIX FAABHBIM OOPA30M B BOCTOMHOM YacT! PECYOAMKM, & TAKKE Y MOAHOXKMSI
boabworo Kaekasa. B obwelt choxkHOCTM B A3epbaiiakaHe UMEIOTCS OKOAO 60 MECTOPOXKAEHM, KOTOPbIE OCOBEHHO PACTIPOCTPAHEHLI B CEBEPO-3ariaa-
Hom Yactu LLlemaxuHo-ToBycraHcKkoro cHkAMHOPMs. Toprodne cAaHLbl cpeaHero koyHa FobycraHa yCTaHOBAEHDI Ha rAowaasix AskaHruyai, bosiH-Ara u
Ap. Cpean HanboAee KPyMHbIX — MeCTOpoykaeHue AokaHrmdan. OHO pacrnoAokeHo B 60 kM 3anaaHee r. baky Ha nAowaan 8 KM?; CAAHLIEHOCHAS TOALLA
3aA€raer B HM3axX KOYHA M COAEPIKMT MAACTbI FOPIOYMX CAAHLIEB MOWHOCTBIO AO 5 M, CyMMapHasi MAOILAAL MAACTOB roproumx caaHues 11,05 km?. Takke
CAeAyeT OTMETUTL MeCTOPOKAEHMsT boAbLO 1 Maabii CusikM, CyMMapHast MAOLLAAL KOTOPbIX COCTABASIET 22—25 KM?.

LeAr paboTni: ICCAEAOBAHME (PUBUKO-XMMUYECKMX XaPAKTEPUCTMK FOPIOYMX CAQHLIEB MECTOPOXKAEHUI AokaHrndan, boabwoi u Maabiii Cusiku.
MeTtoaororms mccreAoBaHMsI. B XOAe MCCAEAOBAHUI TOPIOYMX CAQHLIEB BbIAM OMPEAeAeHDbl UX 30AbHOCTL (TOCT 11022-95), BaaxkHocTb (TOCT 11014~
2001), anemeHTHbIN coctaB (ASTM D-3178), coaeprkanme aetyumx (TOCT 6382-2001), tenaota cropanus (TOCT 147-2013), coaeprkaHne opraHn4eckom
COCTaBAsIIOILEN M MUHEPAALHBIX KOMIOHEHTOB.

Pe3yALTaTnl. B xOA€ MICCAEAOBAHMIT CAQHLIEB MECTOPOXKAEHMIT AskaHr4ar, boAbwoi u Maabiii Cusikv ObIA YCTAHOBAEH X SAEMEHTHDIV, MUHEPAABLHBIT 1 KOMIO-
HEHTHbLIM cOCTaB. HanboAbliee KOAMYECTBO OPraHMYECKOTO YIAEPOAA XAPAKTEPHO AASI CAAHLIEB MECTOPOsKAEHMsI DOALIWON CUsiki. BBIAO BLISIBAEHO, YTO B OCHOB-
HOM XVIMMYECKUI COCTaB MCCAGAYEMDIX OOPA3LIOB CAAHLIEB MPEACTABAEH OKCMAAMM KpeMHMsI (35,89-36,94 %), kaabumst (21,88-22,95 %), skeaesa (17,34-17,62
%) u cepol (13,9-18,08 %). OtMeueHa BbICOKasi LLEHHOCTh TBEPAOTO OCTaTKA CAQHLIEB MeCTOPOXKAeHMI DoabLioi 1 Maabiii Cuisikv, AXKaHTM4Yai Kak ChiPbsi AAS
MPOU3BOACTBA HEOPraHNYECKMX BELIECTB, & TAKXKE CMOAbI — Kak CbIpbsl AAsl HedhTexnmmm. Xapakrep YrA€BOAOPOAHOIO COCTaBa MCCAEAYEMbIX CAQHLIEB MO3BOAMA
CAEAATDL BLIBOA O TOM, YTO XMMMYECKMI COCTaB CAAHLIEB MECTOPOXKAeHMIA AokaHrnyait, boabwoit n Maabiit Crsiku cooteTCTByeT KeporeHHomy Ty Il
BbiBoAbl. CA€AQH BLIBOA O TOM, YTO C YHETOM XapakTepa UCCAEAYEMbIX CAAHLIEB MeCTOPOyKA€HMI Doabwwoi n Maabiii Cusiku, AdkaHrmyaim ux UCroAb-
30BaHMe B Ka4Y€CTBE SHEPreTM4eCKOro TonAMBa nyTeM rnpsimoro OKUraHus 6yAer HeBCbeEKTVIBHbIM, a MOAy4Y€HMe 6eCCepHVICl'bIX MOTOPHDLIX TOMAUB U3
CA@HLIEBLIX MaCeA BO3MO)XHO TOALKO MOCAE€ AOCTAaTOYHO AOPOrOro MpoLecca CepPOoYUCTKU. [103TOMY B KayecTBe OCHOBHOIO HarpaBA€HMsl AQAALHEMIWNX
MUCCAEAOBAHMI MPEAAATAETCS] NEPEPABOTKA FOPIOYMX CAAHLIEB B KOMIAEKCE C MOAYYEHUEM MPOAYKTOB HEPTEXMMUYECKOTO CUHTE3A.

KaroueBble croBa: ropiovme CAAHLILI, MeCTOPOyKAeHMsT AskaHrmyai, boabwoit n Maabiii Cusiki, CMOAQ, TBEPALI OCTAaTOK, KEPOTeH.

BEAeHVe
B nocnenume mecsatmneTvss Ha6IIOAAETCA POCT KOMMIECTBA MCCIENOBAHMIA, TOCBSIIEHHBIX BOSMOXKHOCTSIM KOM-
IUIEKCHOTO JICIIO/Ib30BAHNS TOPIOYNX C/IAHLIEB KaK Pe3ePBHOTO MCTOYHMKA SHEPTeTUUECKOTO CBIPbsI, MUPOBbIE 3ala-
CbI KOTOPOTO MOTYT B OIIPeJie/leHHOI Mepe KOMIIEHCHPOBAaTh flepUINT SHEPropecypCcoB 1 YAOBIETBOPUTD NOTpebHOCTI Hed-
Texumun. [Ipy cpaBHEHUN XaPAKTEPUCTUK TBEPIBIX TOPIOYNX MICKOMAEMBIX MOYKHO C/IE/IaTh BBIBOJ], YTO TOPIOYME CIIAHIIBI OT-
HOCSTCS K Hanbojee 60raTbIM MCTOYHMKAM XUMUIECKOTO ChIpbs [1-4]. Cpenn Bcex M3BECTHBIX TBEPHIBIX TOPIOYNX MCKOMIAEMbIX
OHU 3aHUMAIOT 0C060€ MeCTO, TaK KaK MPEACTABIIAIOT COOOI CIOKHBII OPraHOMIHEPAIbHBII KOMITTIEKC: BBICOKOE COflep)KaHIe
B HMX JIETYYNX BelLeCTB IPY OTHOCUTEIBHO MaJIOM COfEPXKAHMN HeJleTy4ell TOpIoUelt MacChl B OCTaTKe sIBJISIETCSI OCHOBOI AJIsT
HO/Ty4eHMsI He TOMBKO SHEPTUM, HO M CUHTeTUIeCKIX SKUAKMX TOIUIUB.

Hecmorpst Ha 3HaunTeIbHBIE 3arachl HedyTyt, Asepbarimka 06/1agaeT Takxke 1 6OraTbIMI MECTOPOXK/IEHVSIMYL TOPIOYNX CTTAHIIEB
(puc. 1), paciono>KeHHBIX ITTABHBIM 00pa3oM B BOCTOYHOI YacTy peciyOmmK, a Takxke y mogHoxust borbmoro Kaskasa. B o6ert
CTTIOKHOCTH B A3epOaiiKaHe UMEITCS OKOTIO 60 MECTOPOXK/IEHNIT, KOTOPBIe 0COOEHHO PACIIPOCTPAHEHBI B CEBEPO-3aMafiHOI JacTu
ITemax1HO-[06YCTaHCKOrO CMHK/IMHOPUS, EPBbIE CBEEHNSI O KOTOPBIX ObUIM OIyO/IMKOBaHbI B paborax B. B. Bebepa [5]. Toproune
CTIaHIIBI CpefHero koyHa JobycTana ycTaHOB/IeHD! Ha mtomansx xanrnyait, Bosu-Ara u ap. [6]. Cpenyu Hanbonmee KpymHbIX — Me-
cropoxpaenne [xanrndait. OHO pacronoykeHo B 60 kM 3anafHee I. Baky Ha mroraay 8 KM% CIaHLIEHOCHAS TOJILIA 3a/leraeT B HM3ax
KOYHa I/ COIEP>KUT IUIACThI TOPIOYNX CJIAHLIEB MOLJHOCTBIO [0 5 M, CYMMapHas IUIOIa b [UTACTOB rOproYnx cnanues 11,05 kv? [1, 5].
Taxoke CrieffyeT OTMETUTD MeCTOPOKeH st Bosbioit u Maiblit Crsiky, CyMMapHast IVIOIaAb KOTOPBIX COCTaB/sieT 22-25 KM,

Crannst Bormpuroro n Mamoro Cusiky, a Takxke JKaHrndass 06/1afaoT CIaHIieo6pasHol TEKCTYPOIl ¥ pas/IMIHbIM MVHe-
PaIbHBIM COCTaBOM. B pamMKax faHHOI pabOTHI IIPEACTABICHBI CPABHUTEIbHbBIE PE3Y/IbTAThI MCCIETOBAHMIT (PUSUKO-XUMIUYe-
CKOJT XapaKTEePUCTUKIU TOPIOUNX CTAHIIEB ITUX MECTOPOXK/IEHUIL.

MeToaMKa 3KCrePUMEHTA

B xofie mccnenoBaHuil roprourx caHies Obutn onpepenens! nx 301pHOCTh (TOCT 11022-95), Braknocts (TOCT 11014-
2001), anementHsiii coctaB (ASTM D-3178), comepxanue neryunx (TOCT 6382-2001), rernora cropanus (FTOCT 147-2013).

Kak u Bce BB TBEPAOTO TOIINBA, TOPIOYNE C/IAHIIBI COCTOST M3 ABYX YACTENl — OPraHMYECKNX BEI[eCTB U MIHEPAIbHBIX
KOMIIOHEHTOB. B fjaHHOI paboTe mjisl ompefeneHns: MOTEHIMANTBHOTO COfeP>KaHNsi CMOI B TOPIOYMX C/IAHI[AX MCIIONb30BaI-
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@ BepxHun men. 1 — 3apart-Xenbepu; 2 — Capblgawyan; 3 — bawbixnbl; 4 — 3apaTckas CUHKNMHanb;
5 — TanbiwHypw; 6 — AcTpaxaHka; 7 — XunbMunnu (sepxHuin mavikon); 8 — Kypkaungar (BepxHuii mankon);
HwxHuin men. 9 — Anteiaray; 10 — Kemuwaar (BepxHuin mavikorn)

Cpeanun koyH. 11 — Awma (MeoTtuc); 12 — Yapkuwnak; 13 — AmMouansp; 14 — LLlamaxbl (BepxHuii marikon);
15 — Apabwanbaw (BepxHui maiikon); 16 — Araepe (BepxHuii mavikon); 17 — Laxanpar; 18 — TyBa;

19 — Kapagxto3nto (BepxHuit maikon); 20 — Manbii Cusikv (BepXHUiA Maiikon, KOHK); 21 — [xaHrndan; 22 —
Kewannsip; 23 — HwkHekeHackasi cuHKNUHanb; 24 — ArbypyHckas CUHKNMHanb; 25 — MNupurkelukions; 26 —
leviTene (BepxHUI Maiikon, MeoTuc); 27 — Yutene (BEpXHUIN MaWiKom, KOHK, MeOoTHC)

j_ BepxHun mankon. 28 — AHrexapaH; 29 — lepagunb; 30 — Lanbnsap; 31 — Kubnsagar; 32 — [xadruaar;
33 — BosiHaTta (MeoTuc); 34 — OpmxaHgar (koHK, meoTuc); 35 — daTmalibl (KOHK, MEOTUC)

KoHk. 36 — Vicnamaar (meoTuc); 37 — Masw (meoTwuc); 38 — BonbLuon Cusiku (meotuc); 39 — CyHryp
(meoTuc); 40 — Bamryuwickas (MeoTuc); 41 — lopbynar (Meotuc); 42 — Mapaaiibat (MmeoTuc); 43 — Ne3gek
(meoTuc); 44 — 3urunnupu; 45 — Macasbip (Meotuc); 46 — Kauenpgar; 47 — bunaragel (meoTwuc); 48 — Capaun

(meoTuc)

BepxHun capmart. 49 — N'ybuHckoe; 50 — [inannuHckoe

Meotuc. 51 — [xenpnu; 52 — Axyaar; 53 — banrywTbl; 54 — Anakuwnak; 55 — Napakuwnak; 56 —
Capblgaw; 57 — bipaar; 58 — Kocmanupar; 59 — Atawks; 60 — La6anaar; 61 — Xelpganax; 62 —
[xopaTt

PucyHok 1. CxemaTuyeckas kapta nposiBNieHUI roproymnx crnaHueB Asep6anaxaHa. Macwtab 1 : 1000000; B ckobkax ykasaH Bo3pacT OTo-

XKEHWUM, C KOTOPbIM CBA3aHO NPOSIBNIEHNE FOPKOYMX ClIaHLEB).
Figure 1. Scheme of occurrences of oil shales of Azerbaijan. Scale 1: 1,000,000; the age of the deposits is given in parentheses, which is

associated with the occurrence of oil shale.

cs aHamu3 Ouuepa. 715 ero npoBefeHNs ToploYe CIaHIb M3MeTbYalich Ha 1Tab0paTOpHOI MeIbHULIE, 113 HUX BBIOVpaIach
¢pakuua 0,1 MM 1 B TedeHue 12 4 cymmiach B Toke asora mpu 105 °C. Ananmms Ouirepa IpoBOAUTCS Ha CTaHAPTHON yCTaHOBKe
ISO 647 [7]; 50 r roprodero cmaHia moMeniaercs B petopty u mpu 520 °C HarpeBaetcst 80 MuH. [IpogyKThl pasiokeHus: coou-
paloTcs B IIpMeMHMKe. [a3bl, MOMTydYeHHble IPY Pa3NIoKeHNH, COOMPAIOTCA B eMKOCTH U TIOJBEPraloTCs XpOMaTOrpaduieckoMy
aHanm3y. OCTaToOK OIpefeAeTCs IO Pa3HOCTH B3BEIIMBAHNA PETOPTHI IO U ITOCTIE aHA/IN3A.

Xummdecknii aHanms rasa mposopwics Ha xpomarorpade Hewlet-Packard (HP 6890). st xpomarorpaduaeckoro aHamsa aHaim-
3MpyeMblil ra3 IIOaBa/ICA CO CKOPOCTbIO 25 Mi1/MyH. Temneparypa B kononHax 30 °C, B ierekTope 1 mmxekrope 100 °C. B 1-it ko/toHHe

40 Apxamos K. H0. u gp. Pr3nKo-xMMUUECKas XapaKTEpUCTUKA rOpYMX ClaHLLEB MecTopoXaeHun [yxaHruuan, bonbwon n Manbii
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JIMaMeTpoM 3 MM ¥ JUTHOV 6 M aHa/maupyetcs ppakipms rasa C,-C,. B 9Tolt KooHHe B KauecTBe HOCUTEIsSI IPUMEHSETCS XpOMOCOP6-
¢docdop, nporraHHbl cMechio 13 80 %-Horo 2-(aTokcuaTin)amumuHara 1 20 % ay(2-stiirekcun)cebanyHara. Bo Bropoit KonoHke
BoiensioTcst CO, u yrnesopiopozipt C,, B TPEThel KOMOHKE, 3aTI0/THEHHOI MOJIEKY/IIPHBIMI CUTaMI 5A, Boiprensiorcst CH ,uCO.

OJIeMeHTHBIIT aHa/IN3 C/IAHLEB, @ TAKXKe 00PasYIOLMXCsT CMOJIBL 11 OCTaTKa mpoBoamnu mo Metopuke ASTM D-3178 [8].
I[Tpu 5TOM aHa/MNU3E OMpEfeNAeTCs KOMMIECTBO 001Iero yriieposa. B MuHepaIbHOI OCHOBE TOPIOYMX CIaHI|eB IIOYTH BCET/ia IPU-
CYTCTBYIOT KapOOHATBI, KOTMYECTBEHHDIM OIpefie/ieHNieM KOTOPBIX MOYKHO YCTaHOBUTD COflepyKaHVe OPTaHNYeCKOTro yIleposia
B cocTaBe CaHIja. Kom4ecTBO HEOPraHMYeCKOro yrepofia olpefie/sy cIefytomuM obpasoM. K HaBecke roprogero ciaHua
no6assanu 5u HCl u BeiiepxknBany Ha BofsHOl 6ane. Boigensaromuiics mpu atom CO, TIOCTYIaM B HOIIOTUTENBHYIO EMKOCTh
¢ HacpileHHBIM pacTBopoM Ba(OH),. KonmyecTBo HEOpraHM4ecKoro yraepojia pPacCUMThIBA/IA TPABMMETPUYECKIM METOIOM,
ucxopis us obpasosasuierocs npu srom BaCO,.

Ty ompepienieHNst XMMITIECKOTO COCTaBa KeporeHa IPUMEH/IaCh SKCTPaKIMA U30MpaTeIbHBIMU PacTBOPUTE/LIMN. [I1 aTOrO0
rOpIOUMe CTAHI[BI MI3ME/IbYAINCh, 0TOMpamach ¢ppaxuus < 250 MKM, KoTopast B TedeHre 10 4 pu Temmeparype 105 °C mpopyBamach
asoTom. ITocre ot Hee oT6Mpanock 250 T cIaHLEeB, KOTOPBIE ITOMellany B anmapat CoKcieTa i Ipy TeMIlepaType, 6/11M3KOI K TeMITe-
paType kurenus pactsoputens (200 °C), mpoBoauI SKCTpaKiuio. B kadecTBe pacTBOPUTENSA MCIIOMb30BANCA N-MeTWIIPPOIIN-
TOH. DKCTpaKIyA IPOBOAMIIACH IO I3MEHEHN [[BeTa pacTBopuTe. [Tocite 3Toro sKCTpakT OT(UIBTPOBBIBAJICS IIOJ BAKYYMOM.
Jlaree skcTpakT 06pabaThIBa/ICS TEKCAHOM U TOTYOJIOM. B rekcaHe pacTBOPSUINCH MajIbTEHBI, B TOITy0sIe ac(ha/IbTeHbL.

JI71s1 TOro YTOOBI ONIPEREINTh COCTAB MajIbTEHOB, MCIIONIb30BAICS e TeKTOpHbI xpomartorpad HP 5890, B kauecTBe copOeH-
Ta MCIOIb30BancA MeTUICUINKOH «PONA».

YcnoBus xpoMaTorpaueckoro aHaamaa: ra3-HoCuTeNnb — remmit (1 M1/MuH), TeMieparypa B fieTekrope 290 °C, B MH>KeK-
tope 250°C, B TepMOCTATHOII [e4M, PACIIONATAIOLIENCSI B XpOMaTOrpaduuecKoit KOMOHKe, HavanbHas Temmeparypa 25 °C, Ko-
HeuyHas Temneparypa 300 °C, ckopocTb Harpesa 5 °C/MuH.

PesyAuTarbl v ux obcykaeHne

OKCIIepyIMeHTaIbHbIe pe3y/IbTaThl TEXHIYECKOTO aHa/I3a 00pasIioB TOPIOYMX C/IaHIIeB pyBeNeHb! B Ta07. 1. Kak BiiHO 113 penicTas-
JICHHBIX IAHHBIX, KOJIYECTBO OPTaHMYECKOrO YITIEPOJia Cpei MICCTIeYeMbIX 00pasLioB BO3pacTaeT B CICHYIOLIe! IIOC/IeNOBATeIbHOCTIL:

Tabnuua 1. TexHU4ecKuit aHanu3 uccrneayembiX CrnaHueB.
Table 1. Technical analysis of the studied shales.

[aHHble TeXHUYeckoro aHannsa

Moka3atenu
BonbLuon Cusiku [xaHrnyanm Manbin Cusikn
OpraHuyeckuit yrnepog, mac. % ... 27,6 20,7 21,25
MNOTHOCTb, KT /M® ... 2223 2250 2241
BnaxHocTb, mac. % 2,72 2,84 2,76
CopepxaHue netyymx, mac. % 29,95 22,63 23,48
3ona, Mac. % ....coeeniieinannnnn. 74,64 71,54 71,3
Tennota cropanusi, kKIx/kr 10014 9850 10017

Tabnuua 2. XuMU4eCcKui cocTaB YacTu CrnaHLeB.
Table 2. The chemical composition of shales.

Konwuyectso, mac. %

KomnoHeHTbI
Bonbluoi Cusiku [xaHrnyan Manbii Cusikn

SiO, 35,89 36,940 36,200
Fe,0, 17,62 17,340 17,580
CaOo 21,88 22,950 22,200
MgO 1,10 0,680 1,300
K,O 0,99 1,080 1,040
TiO, 1,41 0,880 1,430
MnO 1,20 0,450 0,970
CuO 0,39 0,310 0,520
Zno 0,89 0,140 0,770
SO, 14,29 18,080 13,900
PO, 1,32 1,126 1,219

Co 0,04 0,018 0,031
MoO 2,98 0,004 2,840

Ta6nuua 3. Pe3ynbraThl aHanu3a ra3os.
Table 3. Results of gas analysis.

Copepxanue, %"

MpoaykTel BonbLuoii Cusiku [DxkaHrnyan Manbin Cuskn
co 0,25 0,23 0,22
co, 2,11 1,81 2,29
oH, 1,92 1,46 2,03
CZH4 1,81 1,32 1,74
CH. 1,25 1,14 1,33
CH, 1,26 1,05 1,17
CH, 0,91 0,59 0,67
CH 152 1,46 1,70

CAHw 2,65 o i
H.s 0,80 0,70 0,77

*Co,qep)KaHme NpUBOOUTCA B MacCcCOBbIX NPOLEeHTax, a CoOCTaB ra3a — B 06BbEMHbIX npoueHTax.

*The content is given in wt %; gas composition — in v/v %.
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PucyHok 2. PacnpeaeneHve npoayKToB COrnacHo pesynbratam aHanusa ®uwepa.
Figure 2. Distribution of products according to Fisher analysis.

Ta6bnuua 4. Pe3ynbTaThl 3aIeMeHTHOrO aHanM3a UCXOAHbIX CraHLeB, CMOJbl U TBepPAOro ocTaTka.
Table 4. The results of elemental analysis of the initial shale, resin and solid residue.

CopepxaHue, mac. %

OnemeHTHbIN aHanu3

C H N S
CnaHel,
BonbLluon Cusikn 29,25 3,02 0,96 1,61
[xaHrnyan 21,93 2,56 0,92 3,24
Mansbin Cusikn 22,51 2,60 0,92 1,59
Cwmona
BonbLuoin Cusiku 79,20 11,10 1,25 1,20
[xaHrnyan 77,46 11,31 1,24 1,53
Manbii Cuskun 78,30 11,18 1,15 1,10
TBepabIvi ocTaTok
BonbLuon Cusikn 17,10 1,20 0,87 1,10
[xaHrnyamn 17,76 1,01 0,86 1,48
Manbin Cusikn 17,21 1,08 0,88 1,02
Tabnuua 5. CocTtaB chpakumit aIKCTpakTa.
Table 5. The composition of the fractions of the extract.
Bonbluoin Cusikn Manbin Cusiku [xaHrnyanm
KomnoHeHTbl wac. % MonekynsipHasi ac. % MornekynsipHasi wac. % MonekynsipHasi
macca macca macca
OKkCcTpakT
B Tom yucne:
macna 74,9 72,5 74,5
acdansTeHbl 14,9 582 15,3 495 14,4 630
neacdanbsTeHbl 5,1 4.4 47
KoMnoHeHTbl akCTpakTa, macna 74,9 - 72,5 - 74,5 -
B Tom uucne:
ankaHbl 23,7 - 23,1 - 23,8 —
apomMaTtuyeckune yrneBoaopoabl 7,5 390 6,9 385 7,3 390
nonsipHble YrneBogopoab! 43,7 360 42,5 356 43,4 360

Tabnuua 6. KonnyectBo opraHuyeckoro yrrnepoaa (OY) u cpakropbi A u C cnaHueB MectopoxaeHun [kaHrnyan, Bonbwoin n Manbin Cusiku.
Table 6. The amount of organic carbon (OC) and factors A and C of the shales of the Dzhangichai, Bolshoy and Maliy Siyaki deposits.

MecTopoxaeHune QY, mac. % axtop
A C
[bxaHrnyai 20,7 0,72 0,61
BonbLon Cusikn 27,6 0,71 0,62
Manbin Cuskn 21,25 0,70 0,60

Ixanrmyarnt (20,7 mac. %) > Mansiit Cusiku (21,25 mac. %) > bonpiot Cusiku (27,6 mac. %).

VipeHTVYHAsA 3aBUCYMOCTD OblIa OTMeYeHa U Ji/IA IT0Ka3aTesleli TeIIOThI CTOPaHMsA UCCIeRYeMbIX 00pasIioB, YTO HAXORUTCS
B IIOJTHOM COOTBETCTBIUY C COflepPXKAHMEM B HIX OPraHIYEeCKOro BelllecTBa (YIIeposia).

ITI0THOCTD, 307IBHOCTD M COIEP)KaHMe JIETYIMX FOPIOYMX C/IAHIEB TAK)Ke 3aBUCAT OT MX cocTaBa. Cpenn mnccmenyeMbIx
06pasIloB TOPIOYNX C/IAHIEB HaMOOIbIIAS IIOTHOCTD Obla OTMeveHa /LA 06pasiia MecTopox/eHms [I>KkaHrn4ait, KoTopas co-
cTaB/sIa 2250 Kr/M°. DTO 3HaYeHMe CBA3aHO C HUSKUM COflep>KaHMeM OPTaHMYecKOro BelllecTBa B CJIaHIAX JAHHOIO MeCTOPO-
XKJIeHUA. YKa3aHHas B3a¥MOCBS3b BHIPa>KeHa PAJOM aMIupudeckux gopmyi [9].

ITpu anamM3e 30/IbI TOPIOYETO C/IAHIIA OBUT Opefie/ieH COCTaB MUHEPaIbHOI JacTy c1aHIfa (TabiL. 2).

V3 tab. 2 BUSHO, YTO B OCHOBHOM 3/IEMEHTHBII COCTAB MCCIeAyeMbIX 00pasIioB ClTaHIeB IPefiCTaB/IeH, Mac. %: OKCUaMU
Kkpemus (35,89-36,94 %), kanbuus (21,88-22,95 %), xenesa (17,34-17,62 %) u cepsr (13,9-18,08 %). Takrke B He3HAUNUTETBHOM
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KO/IMYECTBE MPUCYTCTBYIOT oKcuppl MarHus (0,68-1,3 %), kanns (0,99-1,08 %), Turana (0,88-1,43 %), mapranna (0,45-1,2 %),
nyHka (0,14-0,89 %), pocdopa (1,126-1,32 %), kobanbra (0,018-0,04 %) n monmubpaena (0,004-2,98 %).

PesynbraTsl ananusa Pumiepa ropodnx cnannes bonbmoro n Manoro Cusku, a Takxe [l)kaHrndas rnpejcTabBieHbl Ha puC.
2, cocTaB rasa B TabI. 3, a 9/IeMEHTHOTO aHa/IM3a CIAHIA, CMOJIBL I TBEPAOro OCTaTKa — B Ta6/L. 4. Obparnaer Ha ce6s1 BHUMaHIEe
BBICOKOE COflepIKaHIe B MCCIEAYeMbIX 00pasIiax TBEPAOro OCAfIKa, KOTOPBIIl SB/ISAETCSI BOCTPEOOBAHHBIM CHIPbEM BO MHOIMIX
00671acTsIX, B TOM 4MC/Ie B IIPOM3BOACTBE MOPTIAHAIEMEHTa, yRobpennit. Kpome aToro, B 06pasijax ropiodnx CIaHIIEB, ObUIO
YCTaHOBJIEHO cofiep>kaHme 1o 12,9-14,8 % cMorbl, KOTOpas cYMTaeTCA aIbTePHATUBHBIM UCTOYHMKOM IIPUPOIHBIX YITIEBOZOPO-
IoB, 3ameHuTeneM Hedru [10].

ITo maHHBIM 37IeMEeHTHOTO aHanu3a [11], konndecTBO 06LIEro YITIepofa B COCTaBe MCCIeyeMbIX 00pasioB cocTaBmIo 29,25
% mna cnanna bompmoit Cusaxy; 21,93 % ma [Jxkanrmgarickoro cmanna; 22,51 mac. % ma cnanma Mamoro Cusku, 13 KOTOPBIX
1,64 %, 1,23 %, 1,26 Mac. % COOTBETCTBEHHO, KaK YCTAHOBJIEHO, IPUXOUTCSA Ha HO/I0 KapOOHATOB 1, 04€BYJHO, BXOIUT B COCTAB
MIHepabHOI cocTab/Aomelt. OpraHnyecKnit yraepos cocTassaeT 27,6 % na cnania bonpmoro Cusku, 20,7 % i [Ixanru-
JajicKoro cmaHma u 21,25 mac. % A craHna Mamoro Cusky 1 BMeCTe ¢ BOZOPOZIOM, a30TOM U OPTaHUYeCKOlt cepoit obpasyer
OCHOBY KeporeHa. Boixop cmonel npy aHanuse @uinepa cocrasnuser 13,02 %, 14,75 % u 12,89 mac. % coorercTBeHHO. CMoa
B OCHOBHOM COCTOUT M3 YIJIePOfia i BOZOPOZa B IPYMEPHOM COOTHOIIEHVM 7 : 1 IJI BceX 00pa3LioB, HEKOTOPOTO KOMMYeCTBa
a30Ta ¥ OPraHNYeCKOM CEPBHI.

O4eBUIHO, YTO YACTh OPTaHMYECKOTO YINIEPOJia OCTAETCA B TBEPIOM OCTATKe, B TOM 4YMC/Ie U BCIEACTBYE PeaKLMil YIIOT-
HeHys1. TBepabIil 0CTaTOK OeleH BOJOPOAoM (OTHOLIEHNUE YITIepofia K BOZOPOLY COCTaB/LseT 17 : 1), HEKOTOpas YacTb KOTOPOTO
pacxopyeTcsi Ha 06pa3oBaHe MMPOTeHETIYECKOI BOAbI U ra3000pa3HBIX YITIEBOLOPOLOB B pe3y/IbTaTe HeKOMITO3UIIMOHHBIX
peaxuumit. XuMI4ecKuit COCTaB ra30B OTAMYAETCs BBICOKIMM COJlepyKaHIeM MeTaHa M IIPeBaIMpOBaHMeM a/IkaHOB HaJl aTKeHaMM.

Kak u3BecTHO, cBefleHNA O KONMMYECTBE ¥ Ka4eCTBE OPTraHMYECKON YacTy TOPIOYETo CaHIla MOYKHO TOMYYMUTh MCXOA U3
tuma keporena (I — mopckois; II - cmernannbit; 111 - KOHTMHeHTaNbHBIN). BBIX0OI 9KCTpaKTa COCTaBIWIL: [yIA C/IaHIa bombinoi
Cusaxn - 6,1 %, Manbiit Cusikn - 5,9 %, [bxanrnvait — 6,4 %. OCHOBHYIO 4acTb BCeX TPeX 9KCTPAKTOB COCTABIAIT Macia.
PesynbraThl 9KCTPAKIUI CTIAHIIEB TOKa3aHbl B Ta6/1. 2 [8]. OCHOBHYIO 4acTb PaCTBOPEHHBIX B FeKCaHe 9KCTPAKTOB COCTABIIA-
I0T IIOJISIPHBIE YITIEBOXOPOALL. VccmenoBanus [8] mokasamu, 4TO B KeporeHax FOPIOYMX CIaHIIEB YIZIEBOLOPOIBI COCTOAT 13 20
aTOMOB YITIepofa U UMeeTcs 534 pasIMYHbIX COeIMHEHN A, B TOM YlCle OKO/IO 221 apoMaTHyecKuX M30IPeHONU 0B a/IKaHOBOTO
psna, BKIIOYas TPUIIEHTUHONHbIe coefyHenus ¢ 80 amidaTndeckumu yriaesogopongamu. Cpeny ompefeNleHHbIX COeHeHMI
dbeHonpI cocTaBsIOT 6-7 %, HUTPUIIBL 5-6 %. Beixop skcTpakTa U3 [l)kanrnyarickoro cnanna 6,6 %, u3 cnanua bombinoit Cusiku
8,5 %, u3 cmana Masbiit Cusiku 7,1 %. COCTaBBI 9KCTPAKTOB 13 BCEX TPeX CIAHIIEB IPEeACTAB/IeHbI B Ta0L. 5.

Xpomarorpadaeckuit aHamIN3 aIKaHOBOI (GPAKIUY U3 IKCTPAKTA [TOKA3aJL, YTO B OCHOBHOM IPUCYTCTBYIOT HOPMa/IbHbIE
aJIKaHbl, TPUYEM BO BCEX TPeX SKCTPAKTaxX Haubosbllee KomnyecTso npuxoputcs Ha ppakuun C ~C., [1, 8].

B pab6otax [1, 8] Taxxe npuBeneHs! faHHble VIK-criekTpockonmm caHIeB Ko geMyHepanusanuu u nocte. Ha ocHoBanun
M3MepeHs MTHTEHCUBHOCTI ITOIOCHI Iortomtenys npu 2930 cm ™, 2860 cm™!, 1710 cm ™', 1630 cM™! Ha CIieKTpe eMUHepaInu30BaH-
HOTO KeporeHa 6pumn paccantanst Gpakropst A u C. [Tonocer normomenns mpu 2930 cm™' 1 2860 cM™' mpuHAIIEXaT CUMMETPH-
YECKVM U aCMMMETPUYIECKIM KOTTeOaHSM CH,-rpynmbi, a mosocel nornomenus npu 1710 cm™ u 1630cm™ KapbOOHMT-KapOOK-
cnnbHbIM 11 C=C-KomebaHmsIM apoMaTIIeCKUX KOell COOTBETCTBEHHO [12].

PesynbTaThl OljeHKH CIIEKTPOB, a TAK)Ke COOTBETCTBYIOIME ITOKa3aTe/N, IOTy4eHHbIe [ TOPIOYNX CIaHIIeB MECTOPOXKe-
Huit Bonpinoit n Manbiit Crsixi, a Taxoke [DKaHr4ait IpuBefeHsl B Ta07L. 6.

s amudarndeckux rpynm pakrop A HaxoguTcs no Gpopmyse:

A _ 12930 + 12860
12930 + 12860 + 11630
It kap60oHMI-KapOOKCHIbHBIX rpymn ¢pakrop C:
_ 11710
daxrop
11710 + 11630

Kax BupHO 13 maHHBIX Tabm. 6, pakTopel A u C BHYTpPM THUIIOB MMEIOT Onu3Kue 3Ha4eHus. [109TOMy Ipyu TepMudeckoM
pacmafie pacipeneneHe H-aIKaHOB MMeeT IpUOIU3UTETbHO OIMHAKOBYIO KapTIHY. [lo/y4eHHbIe Y1C/IeHHble 3HAYeHNS Y CXO-
JKee paclipefiefieHyie HOpMa/IbHbIX a/IKaHOB MO3BOJIAIOT CHeMaTh BHIBOJ, O TOM, YTO XMMMYECKUIT COCTaB MCCIelyeMbIX C/IaHIeB
Xopollo coracyeTcs ¢ keporeHHbIM TrroM II [13]. Tak kak MCIO/Ib30BaHNe BBICOKOCEPHVICTBIX C/IAHIIEB B KA4eCTBE 9HEPreTH-
YeCKOTO TOIUIVBA ITyTeM VX IIPSIMOro CKUraHus Hea(eKTNBHO, a HomydeHre 6eCCePHICTHIX MOTOPHBIX TOIUIMB 113 CIAHI[EBBIX
MaceJl BO3MOKHO TOJIBKO II0C/Ie IOCTaTOYHO JOPOrOro IpoLecca CEPOOYNCTKY, B KaUeCTBE OCHOBHOTO HAIlpaB/ICHN:A Ja/IbHEl-
VX MCCIEFOBAHNIT IIpeIaraeTcsi mepepaboTKa rOPIOYNX CIaHIeB B KOMIUIEKCE C TOTy4YeHeM IPOAYKTOB HeTeXMIYeCcKOro
cuHresa [14-17].

3akaloyeHne

Taxkum o6pa30M, B XOf[e TIPOBEIEeHHBIX NCCIEIOBAHNII C/IAHIIeB MecTOpoXKaeHu 1 [xanriyait, bompimoit n Masenit Crsaku 6bI1
YCTaHOBJIEH MX 9/IEMEHTHBIIT, MUHEPA/IbHBII 1 KOMIIOHEHTHBII COCTAaB. YCTAHOB/IEHO, YTO HAMOO/IbIIIee KO/IMIeCTBO OPraHNIeCKO-
IO yIJIepofia XapaKTepHO [/Is1 C/laHLleB MecTopokaeHn: bonbioit Cusaku. Bpino BbIAB/IEHO, YTO B OCHOBHOM MMHepajbHas 4acTh
MCCTenyeMbIX 06pasLioB CaHIeB MpefcTaBIeHa okcugamu KpeMuns (35,89-36,94 %), xanpiyst (21,88-22,95 %), xenesa (17,34
17,62 %) u cepsl (13,9-18,08 %). OTmedeHa BbICOKAsl LIEHHOCTb TBEPAOTO OCTATKa C/IAHLIEB MeCTOpOXaeHMiT bosbiioit 1 Massii
Cysxy, [xanrmnyai Kak CbIpbs JyIA IIPOM3BOJCTBA HEOPTaHMYECKUX BEIIeCTB, a TAkoKe CMOJIbI — KaK ChIpbA /I HeTeXVMUML.
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XapakTep yrneBoOPOJHOIO COCTaBa UCCIENyeMbIX 0OPasIIOB C/IAHIIEB TI03BOJIMII CAE/IATh BBIBOJ, O TOM, YTO XMMUYECKIII COCTAB
craH1eB MecTopoxkaeHuit bompinoit 1 Manbiit Cusaxuy, JIykaHridai Xopolo cornacyeTcs ¢ KeporeHHbIM TumoMm 11
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Physico-chemical characteristics of oil shale deposits Dzhangichay,
Bolshoy Siyaki and Maliy Siyaki (Republic of Azerbaijan)
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Relevance. Oil shale is one of the richest sources of chemical raw materials, as it is a complex organic-mineral complex: a high content of volatile sub-
stances in them with a relatively low content of non-volatile combustible mass in the residue is the basis for obtaining not only energy, but synthetic
liquid fuels as well. In addition to significant oil reserves, Azerbaijan also has rich deposits of oil shale located mainly in the eastern part of the republic,
as well as at the foot of the Greater Caucasus. In total, there are about 60 deposits in Azerbaijan, which are especially common in the northwestern
part of the Shemakhino-Gobustan synclinorium. Combustible shales of the middle koun of Gobustan are located in the Dzhangichay, Boyan-Ata and
other areas. The Dzhangichay deposit is one of the largest ones. It is located 60 km west of Baku within the area of 8 km2; the shale-bearing stratum
lies at the bottom of the koun and contains oil shale strata with a thickness of up to 5 m; the total area of oil shale stratum is 11.05 km2. It should also
be noted Bolshoy and Maliy Siyaki deposits; the total area of them is 22-25 km2.

Purpose: to study the physico-chemical characteristics of oil shale deposits Dzhangichay, Bolshoy and Maliy Siyaki.

Research methodology. During the study of oil shale, their ash content (GOST 11022-95), humidity (GOST 11014-2001), elemental composition
(ASTM D-3178), volatile content (GOST 6382-2001), and calorific value (GOST 147-2013) were determined, the content of the organic component
and mineral components.

Results In the course of studies of the shales of the Dzhangichai, Bolshoy and Maliy Siyaki deposits, their elemental, mineral and component com-
position was determined. The greatest amount of organic carbon is characteristic of shales of the Bolshoy Siyaki deposit. It was found that mainly the
chemical composition of the studied shale samples is represented by oxides of silicon (35.89-36.94%), calcium (21.88-22.95%), iron (17.34-17.62%)
and sulfur (13.9-18.08%). The high value of the solid residue of the shale of the Bolshoy and Maliy Siyaki, Dzhangichay deposits as raw materials
for the production of inorganic substances, as well as resins as raw materials for the petrochemical industry, is noted. The nature of the hydrocarbon
composition of the studied shales allowed us to conclude that the chemical composition of the shales of the Dzhangichai, Bolshoy and Maliy Siyaki
deposits corresponds to kerogen type II.

Conclusions. Taking into account the nature of the shales in the Bolshoy and Maliy Siyaki, Dzhangichay deposits, their use as energy fuel by direct
combustion will be ineffective, and the production of sulfur-free motor fuels from shale oils is possible only after a rather expensive desulfurization
process. Therefore, the processing of oil shale in combination with the production of petrochemical synthesis products is proposed as the main di-
rection of further research.

Keywords: oil shale, deposits Dzhangichay, Bolshoy and Maliy Siyaki, resin, solid residue, kerogen.
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PyAHDbIE HUOOMEBLIE MUHEPAADLI TPYIITbI MMPOXAOPA KAPOOHATUTOBLIX
KOMIMAEKCOB YpaAa: 0COOEHHOCTM COCTaBa M F€OXMMMUYECKAs! SBOAIOLIMSI

WpwuHa JleonnpoeHa HEQOCEKOBA',
Cepren Bnagnmuposuy MNPUBABKUH™

WHcTuTyT reonorum n reoxummmn um. A. H. 3aBapuukoro YpO PAH, Poccusi, EkatepunHGypr

AKTYaAABHOCTL MCCAEAOBAHMI OTPEAEASIETCS WMPOKMM PA3BUTHEM KAPOOHATUTOBLIX KOMIMAEKCOB AMHEHOIO TUMa B CKAAAYATLIX OOAACTSIX, MX GoAee cAaboii
M3Y4EHHOCTLIO MO CPABHEHMIO C MAATCIOPMEHHBLIMY KAPOOHATUTOBLIMM KOMIAEKCAMM, B TOM YMCAE MX PYAHOTO MOTEHLIMAAA. AKTYAALHBIMY BOMPOCAMM OCTAIOTCS
reHesuc Zr-Nb-REE-opyAeHeHUs1, COOTHOWEHUE PYAHOW MUHEPaAM3aLIMM C MAarMaTM4eckMm hazamm BHEAPEHMs U MPOoLIeccamm MeTamophrama, a Taioke AM1-
TEALHOCTL (POPMMPOBAHMST PEAKOMETAAABLHBIX MECTOPOYKAEHUI B AVHEVHDLIX KAPOOHATUTOBLIX KOMIMAEKCAX CKAQAYATBLIX OBAACTEA.

Llear mccreaoBanmii — paspaboTKa MPOOAEMBI PEAKOMETAAALHOTO PyAOOOPA30BAHMSI B AMHEMHBIX KAPOOHATUTOBLIX KOMIAEKCAX CKAQAYATLIX OOAACTENM Ha
npumepe Ypaaa, BKAIOYasl XaPAKTEPUCTUKY PYAHDLIX MUHEPAAOB IPYIIbl MIMPOXAOPA, OCOOEHHOCTEN MX COCTaBa U FEOXVMUYECKON SBOAIOLIMN.

Pe3yALTaTLI MCCA@AOBaHMI. VI3yHeHbl OCOBGEHHOCTV COCTAaBA M FEOXMMMHECKOM SBOAIOLIMM PYAHLIX HUOOUEBLIX MUHEPAAOB IPYIMbI MUPOXAOPA U3 OCHOBHbIX
TUIMOB MOPOA PEAKOMETAADHBIX MECTOPOXKAEHUM, CBSI3AaHHDBIX CO IEAOYHO-KAPOOHATUTOBLIMM KOMIAEKCaMM Ypaaa. MccaeaoBaHbl MMPOXAOPLI BuiuHeBorop-
CKoro v [NOTAHMHCKOTO MECTOPOYKAEHUI HUOGWSI, PYAOTIPOSIBAEHMI YBUABALI M [TyprHO (MIALMEHO-BUIIHEBOrOPCKMI MUACKUT-KAPOOHATUTOBLI KOMIAEKC), a
Taioke byaasimckoro REE-Nb mectoposkaeHmst (ByAALIMCKMI YALTPABA3UT-KapOOHATUTOBDIN KOMIAEKC), KOsKHDI YpaA. YCTaHOBAEHDbI HECKOALKO MMHEPAALHLIX
BMAOB MUPOXAOPA — IMAPOKCUA- U OKcMKaabLmormpoxaop U(Ta)-coaepskawmii, hTopKaabLMOnMpoxaop (B Tom umncae Ta- u Si-REE coaepykalme pasHOBUAHO-
CTV), TMAPOKCMAKAALLIVONIMPOXAOP, KEHO- M TMAPOMUPOXAOP. VX hopMmpoBaHMe KOTOPLIX CBSI3AHO C OMPEAGAEHHLIMM 3BOAIOLIMOHHLIMM CTAAMSIMM (DYHKLIV-
OHMPOBAHMsI LIEAOYHO-MArMaTUYECKOM CUCTEMBI M BTOPUYHLIMY MPEOBPA3OBAHMSIMU MYPOXAOPOB. 3aKOHOMEPHOCTM SBOAIOLIMM XMMMU3MA MYPOXAOPOB — MO-
CAEAOBATEALHOE M3MEHEHME COCTABOB YPAHMMPOXAOPA C yBeanueHreM F 1 Nb (paHHEKapGOHATUTOBLIM TPEHA) M PE3Kasi CMEHA COCTABA KPUCTAAAM3YIOLMXCS]
PTOPKAALLIMONTMPOXAOPOB (MO3AHEKAPOOHATUTOBLIN TPEHA) — (PUKCHPYIOT PE3KYIO CMEHY YCAOBUM M XMMM3MA CPEALI MMHEPAAOOBPA30BaHMsI.

BriBoAbI. [TPOBEAEHHbIE MCCAEAOBAHMSI PYAHDBIX HIOOMEBLIX MUHEPAAOB IPYIITbl MMPOXAOPA PEAKOMETAABHBIX MECTOPOYKAEHUI, CBSI3AHHLIX C AVHEHLIMM Kap-
GOHATUTOBLIMM KOMIMAEKCAMM YPaAQ, CBUAETEALCTBYIOT O TOM, YTO PYAbI MECTOPOXKAEHMUI ObIAY CPOPMMPOBAHBI B PE3YALTATE ABYX STArioB PyAOOOPA30BaHMsI.

KatoyeBble cAOBa: MUPOXAOP, HUOBUEBLIE MECTOPOXKAEHMSI, AMHEVHBIE KAPOOHATUTOBLIE KOMIAEKCLI, YPaA.

BEA€HME
Kap6oHaTuTOBBIE KOMIUIEKCHI JIHETHOTO THUIIA VI3BECTHDBI KaK B)XXHBIN VICTOYHUK PEIKOMeTa/IbHO-PefKOo3e-
menbHOIt (Nb, Zr, P39) n camornBeTHol MuHepamu3any. OHU BbIsABIEHBI Kak Ha Tepputopun Poccun (VnpmeHo-
BurneBoropckuit, bynppimckmit, Ypan; [lenuenrnuckmit, EHycericknit kpsix), Tak 1 3a pybexoM (Cumnmuabapsy, OUHIAHANA;
Yepunroscknuii, YKkpauna; Jlonnn, Ilepu-Pusep, Bepaiitu, Kactuurron, Kpasbe, Hucukary, Kanaga) [1]. C xapboHatuTamu
9TOTO THIIA CBSI3aHbI IIPOMBIIIIEHHBIE MECTOPOXK/eHMsT H1t001st 1 1pKoHust. Ha Ypase ato Buinnesoropckoe u IToTannHckoe
HII00MeBble MECTOPOXKAEHMS, a TAK)XKe Psifi pyAonposiBieHuit — CBeTnoosepckoe, YBunbanHckoe, barigamesckoe, Vmkynbckoe
U [pyTHe, CBA3aHHBIe ¢ KapOOHATHTAaMM MIACKIITOBOTO MaccuBa 1 ero (eHnToBoro opeona. Kpome toro, nsBecTHbI pefKose-
MeNbHO-H100ueBbIe BynapiMckoe 1 CIMPUXIHCKOE MECTOPOXKIEHMS, a TaKxKe XaIUXIHCKoe 1 VIbMeHCKOe PYLOIIPOsBICHNUA,
NIpMypOYEHHbIE K TIOPOJAM YIbTPAOCHOBHOTO COCTABA.

Pynnast HMOOMeBast MUHepaIM3aLysi KapOOHATUTOBBIX KOMIIIEKCOB Ypasia IpefcTaBIeHa MIHePaIaMI TPYIIIb MIPOX/IO-
pa, pexke BCTPEYAIOTCst KOTYMOUT, SIINHUT, pepcMuT, nnbMeHopyTus, yeBKuaut-(Ce) [B. f. JleBun u gp., 1997]. OcHOBHBIM
PYZAHBIM MMHEpPAIOM, Pe3KO JOMUHUPYIOLUM HaJ| APYTUMH, ABIAETCA MUpoxnop. Ero usyyeHnemM saHMManuCch MHOTME UCCTIe-
TOBaTeNN peIKOMEeTa/UIbHBIX MECTOPOXKAeHMI VInbMeHo-BuineBoropckoro kommekca — 9. M. bonmrent-Kymnetckas [2], E.
M. EcpkoBa, V. VI Hazapenxo [3], E. M. EcpkoBa, A. I. JKa6bus, I. H. Myxutanzos [4], A. ©. Edumos u pp. [5], B. £. JleBun u
Ip., [6], B. V1. ITonoBa u fip. [7]. Pe3ynbTaTsl 9TUX MCCIETOBaHMI IOKA3a/I, YTO MIHEPAJIbI TPYIIIBI IYPOX/IOpa pa3HOOOpasHbI
II0 COCTABY ¥ MOT'YT OBITh OTHECEHBI K Pa3HBIM MIHEPA/IbHBIM BUIAM.

HecMmoTpst Ha 3HAYUTENPHYIO 3YI€HHOCTb MIHEPAJIOB TPYIIIIBI MIPOXIOpPa KapOOHATUTOBBIX KOMIIIEKCOB YparIa, 0 HaCTO-
SIIETO BPEMeHM OCTAIOTCS aKTya/IbHBIMIL BOIIPOCHI reHesnca Nb-opyneHeH st U ANTeTbHOCTI STAOB PyA0006pasoBaHus Ha Me-
CTOPO>KIEHMX, CBA3aHHDIX C IMHEHBIMI KapOOHATUTOBBIMI KOMIUIEKCaMit. 1]e/bIo HalmX MCCIenoBaHmil ABIIeTCs paspaboTka
¢dbyHIaMeHTaIbHOI IIPOOIEMBI peIKOMETA/UIBHOIO PYAOOOPa30oBaHysl B JMHEHBIX KapOOHATUTOBBIX KOMIUIEKCAX Ha IIpuMepe
Ypaia, BKII0Yast XapaKTepUCTHUKY PYAHON pefKOMeTa/IbHON MIHepaIu3alyil, U3yd9eHne 0COOEHHOCTel COCTaBa PYJHbIX MIHe-
PAJIOB, MIX T€OXMMIYECKOII 9BOIOLM, @ TAKKe OLIeHKY JUIUTeTbHOCTY (OPMIPOBAHNA PEIKOMETa/UIbHOTO OPY/IeHEHNA.

Kparkasi reorornyeckast xapakrepucrmka KapOOHATUTOBLIX KOMITAEKCOB M MECTOPOYKAEHUI MMPOXAOPA

VinpmMeHO-BULITHEBOTOPCKIIT MMACKUT-KApOOHATUTOBBIN KOMITTIEKC HaxoauTcs Ha cTbike Cpennero un IOxkuoro Ypana, B
oceBoit yacty CpICepTCKO-VIIbMEHOrOpCKOro aHTUKIMHOPYUS, KOTOPBLI IpefcTaBisieT co6oil 610K JoKeMOpuiickoro gyHza-
MeHTa (MMKPOKOHTVHEHT), 3a/Ieralolinii cpefu mnaneo3oiickux (O-D) okeaHMYeCKUX M OCTPOBOAY)KHBIX KOMIUIEKCOB. Vb-
MeHO-BuIITHeBOropcKmii KOMIUIEKC IPOCTUPAETCS C ceBepa Ha Ior 6oree yeM Ha 150 KM ¢ MaKCMMasIbHON IMPUHOI 4-6 KM 1
COCTOUT U3 ABYX KapOOHATUTCOMIeP>KAIUX MIACKUTOBBIX INTYTOHOB (20-25 X 6 kM) — BuineBoropckoro u VnbMeHOropckoro,
coenmHeHHBIX LIeHTpanMbHOI [Ie/IOYHOI [TOT0COIT, CTIOXKEHHON (heHUTaMI, XUIbHBIMU MUACKUTAMMY, CYIMKOKapOOHATUTAMI 1
Kap6oHatutamu (puc. 1). llleounsle HedenMH-MUKPOKINHOBbIE I CEHUTOBbIE OMOTUT-MUKPOKINHOBBIE, STUPUH-aBIUT-MU-
KPOK/IMHOBBIE TIETMATUThI Pa3BUTHI BHYTPHU U II0 Iepudepuu MIacKUTOBBIX MaCCHBOB.

B cocraBe MIacKMTOBBIX MaCCMBOB paHHME KapOOHATUTHI (CeBUTHI I) TIpecTaBIeHbl MACCBHBIMU 1 OPEKIMEBU/THBIMI Pa3-
HOCTAM KaJIBIIMITOBOTO COCTABa, COZlePKAI[VIMI aBTO/INTHI — IlepeMellleHHbIe OKPYI/Ible BK/IIOYEHNS MUACKUTOB U MUACKUT-TIer-
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PucyHok 1. Cxema reonormyeckoro ctpoeHnsi UnomeHo-BuwHeBoropckoro n Bynabimckoro kap6oHaTMTOBLIX KOMMnekcoB HOxHoro
Ypana ¢ OCHOBHbIMU MecTOopoXAeHuAMU u pyaonposienieHnsamu Nb, Zr n P33 (no matepuanam [6, 28]). 1 — rpaHuTsl (Pz,); 2, 3 — Vnbme-
Ho-BuwwHeBoropckuin komnnekc (O,): 2 — MnackuTbl BULIHEBOrOPCKoro 1 MibMeHOropckoro MaccmeoB, 3 — 30HbI METAacoMaTUTOB, KapGoHAaTUTOB,
cunnKkaTHo-kapboHaTHbIX nopoa LieHTpanbHo Wemno4Homn nosocel; 4 — rabbpo oduonutoson dopmaumu (O,); 5 — runepbasutsl 0HMONUTOBON
dopmaumm (O,); 6 — metaynsTpabasutsl Bynabimckoro komnnekca (PR?); 7 — BynkaHoreHHo-ocaouHble obpasosaHus Taruno-MarHuToropckoro
meracuHknnHopus (Pz,); 8 — cnaHubl rpaHaTo-CritioffHbIE 1 3KMOTMTLI BOCTOYHOM nepudepun Ydanenckoro cpeanHHoro macemea (Pz,); 9 — nna-
rocnaHubl 1 kBapuuTbl obpamneHns CbicepTcko-VinbMeHoropckoro cpeamHHoro macceusa (R1-2); 10 — nnarmorHeincel, rpaHUTHbIE MUTMaTUTbI,
KpucTannmyeckme cnaHubl, ampubonuTel, kBapumTtel CbicepTcko-UnbmeHoropckoro v Ydanemnckoro cpeanHHbix maccusos (PR, ,); 11 — Tek-
TOHMYecKkue pasnoMbl U Hecornacus; 12 — ocHoBHble MecTopoxaeHus u pyaonposienendns Nb n P33, ceasaHHble ¢ kapboHaTuTamm (undpsl B
kpyxkax): 1 — bBynabimckoe (Nb n P33), 2, 3 — Buwresoropckoe — Nb (2 — 3oHa 125; 3 — 30Ha 140, 3a — 147), 4 — CnupuxuHckoe (P33), 5 —
CsetnuHckoe (Nb), 6 — KaraHckoe (P33), 7 — MotaHuHckoe (Nb), 8 — YBunbauHckoe (Nb), 9 — Bapawesckoe (Nb), 10 — Nwkynbckoe (Nb), 11
— MinbmeHckoe, konb 97 (Nb n P33), 12 — XanguxuHckoe, 13 — CyHrynbckoe. 3anuTbie KpacHbIM KPYXKM — TOUKM onpoboBaHus.

Figure 1. Scheme of the geological structure of the limeno-Vishnevogorsk and Buldym carbonatite complexes in the South Urals with
the main deposits and ore occurrences of Nb, Zr and REE (based on materials [6, 28]). 1 — granites (Pz3); 2, 3 — limeno-Vishnevogorsky
complex (O3): 2 — miaskites of the Vishnevogorsky and limenogorsky massifs, 3 — zones of metasomatites, carbonatites, silicate-carbonate rocks
of the Central alkaline strip; 4 — gabbro of the ophiolite formation (O1); 5 — hyperbasites of the ophiolite formation (O1); 6 — meta-ultrabasites of the
Buldym complex (PR?); 7 — volcanic-sedimentary formations of the Tagil-Magnitogorsk megasynclinorium (Pz1); 8 — schist garnet-mica and eclog-
ites of the eastern periphery of the Ufaleysky middle massif (Pz1); 9 — plagioclades and quartzites of the framing of the Sysert-limenogorsk middle
massif (R1-2); 10 — plagiogneisses, granite migmatites, crystalline schists, amphibolites, quartzites of the Sysert-llmenogorsky and Ufaleysky
middle massifs (PR1-2); 11 — tectonic faults and disagreements; 12 — the main deposits and ore occurrences of Nb and REE associated with
carbonatites (figures in circles): 1 — Buldymskoye (Nb and REE), 2, 3 — Vishnevogorsk - Nb (2 - zone 125; 3 — zone 140, 3a - 147), 4 — Spirikhinsky
(REE), 5 — Svetlinsky (Nb), 6 — Kagan (REE), 7 — Potaninsky (Nb), 8 — Uvildinsky (Nb), 9 - Baidashevsky (Nb), 10 — Ishkulsky (Nb), 11 — limensky,
mine 97 (Nb and REE), 12 — Khaldikhinsky, 13 — Sungulsky. Red circles — points for testing.

MAaTUTOB J MIHEPa/Ibl MUACKUTOB (HedeNuH, IoIeBble IIaThl, OMOTUT), a TAK)Ke aKI[eCCOPHbIE YePHBIIT (TaTYeTTONNUT) U KPAacHO-
Oypblit IMPOX/IOP, LIMPKOH, YIBMEHNT, allaTUT, MarHeTUT, MUPPOTHH, mupnT. Ilo3nHue kapOonaruts! (ceButsl II) 06pasyror ruespa
VI KIJIBI B TEJIAX PAHHNX KapOOHATUTOB U He(eMTMHOBBIX CHEHNUTAX, 4 TAKXKe 00PA3YIOT IITOKBEPKY Vi >KU/IbHBIE Te/Ia BBIITOTHEHVIS
B 9K30KOHTAKTOBBIX (PEHUTOBBIX OPEOJIaX MIACKUTOBBIX NHTPY3uBOB. [T03aHIE KAPOOHATUTEI — KPYITHO3EPHIUCTDIE, C KPYIIHBIMI
(mo 10-20 cm) KpucTamIamMy 6MOTHUTA, ATIATUTA, INPOXTIOPA, AKIIECCOPHBIM MIbMEHUTOM, IMPPOTHHOM, IUPUTOM.

Han6onee kpynHoe BuirHeBoropckoe MeCTOpOXKieHe MMPOXI0pa IPUYPOUEHO K CEBEPHOMY 3aMbIKAaHIIO OJHOMMEHHOTO Mac-
cuBa MyackuToB. OHO IIpecTaBIAeT cO60Il TPY PyIHbIE 30HBI PasBUTIA MUPOXIOPCOIEPYKAIINX KapOOHATUTOB ¥ MUACKHT-TIErMa-
TiToB. IlepBas pynHas 30Ha (v 30Ha 147) MMeeT IPOTHKEHHOCTD 4 KM 1 mpyHy 30 M. OHa C/I0>KeHa IVIACTO0OPasHBIMYL VI SKVJIb-
HBIMI Te/laMVl KapOOHATNTOB MOIIHOCTBIO 10 10 M U IIPOTSDHKEHHOCTBIO B COTHI METPOB B H/IOKOHTAKTe MUACKUTOBOIO MacCHBa.

Hepocekosa W. J1., MpubaekuH C. B. PyaHble H1obuesble MUHeparbl Fpynrbl IMPoxiopa KapboHaTUTOBbIX KOMMeKcoB Ypana: 47
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Bropast pynHas soHa (30Ha 140) puypoueHa K CeBepHOMY CaTe/UTUTHOMY Tely MUACKUTOB («CEIIOBIIHON 3a/IeXX1»), 3a/IeTalolieMy
B 50 M K ceBepy OT BUIITHEeBOropckoro MaccyBa, U C/I0XKeHa CUCTeMOI CyOIapaie/ibHbIX KU KapOOHATUTOB, aTbOMTUTOB U M-
CKUTOBBIX IIerMaToyfoB. TpeTbs pyaHas 30Ha (30Ha 125) pacnonoxeHa B peHUTOBOM Opeorie BUIIIHEBOropcKoro MHTPys1Ba Cpeu
(eHUTU3MPOBAHHBIX IOPOJ, BUIITHEBOIOPCKOII FHelic-aM(p1O0IMTOBON CBUTBL, 00pa3ys IITOKBEPKI U SKIJIbHBIE Te/Ia BBIIIOTHEeHMA.

Bropoe o 3naunmocTy IToTaHMHCKOE MECTOPOXK/ieHe IIMPOX/IOpa PacloNoKeHO B L]eHTpasbHOI 1ie/104HOi nosoce (puc. 1).
OHo mpefpcTaBisieT coO0It MMHENHYIO, MHOTZA IITOKBEPKOBUAHYIO, 30HY KapOOHATUTOB B MMACKUTAX U (PEHUTAX IPOTSDKEH-
HOCTBIO OKO/IO 15 KM 1 MomHOCThI0 1o 40 M. KpoMe Toro, 3/1ech M3BeCTHBI IpyTie CXOAHbIE IO CTPOCHUIO PYHOIPOsABIEHNA
Vkynbckoe, baiiganesckoe, YBunpannackoe u CBeTnoosepckoe [6].

B coctaB BynpbpIMcKoro yabpTpada3nT-kapOoHaTUTOBOrO KOMITIEKCA BXOAAT Bynapivckuit, COMpUXMHCKII, XaTgMXUHCKII
MaccuBbl. OHM C/IO)KEHBI METaTYHUTAMU, METAOIMBIHUTAMI, ONMBIH-9HCTATMTOBBIMI ITIOPOJAMI C TVHENHBIMY 30HAMM IIje-
JIOYHBIX METACOMATHUTOB 1 KapOOoHaTNTOB, copfepxkaminx REE-Nb-mnHepanusannio. Maccussl ynprpabasuTos ¢ KapboHaTnTa-
M 3aJI€TaI0T B 06pamyIeHnu BuirHeBoropckoro 1 VibMeHOTOpCKOro MUACKUTOBBIX MHTPY3UBOB CPEU JOKEeMOPUIICKIX TOPOT,
BUIITHEBOTOPCKO¥ 1 mmbMeHoropckoit cBut (PR)) [6, 8]. OcobenHo mmpoko kap6OHATUTHI PasBUTH B BynibiMcKoM ybTpaba-
3MTOBOM MacCUBe, KOTOPbIT 00pasyeT MMH30BUAHOE Te/I0 pa3dMepoM 1,5 x 1 kM u 3ameraet B 100 M K ceBepy OT Ce[IOBULHOI
3aj1eXx1 BunrHeBoropckoro MaccyBa MuackuTos (puc. 1).

Haunbonee xpymuoe Bynmsimckoe Nb-TR-mectopokieHne cBs3aHO ¢ KapOOHATUTAM ¥ IIEIOYHBIMM METACOMATHTAMIL,
[IPMYPOYEHHBIMHI K CHCTEMe PAas3ioMOB CyOIIMPOTHOTO IIPOCTUPAHNUS B OXHOMMEHHOM MaccuBe yabTpadasutos. Kapbonarmrs
06pa3yIoT 30HBI PasBUTIS KM IPOTSHDKEHHOCTHIO B COTHU METPOB 1 COIIPOBOXAIOTCS MOLITHBIMU KapOOHAT-(D/IOTONNT-pUXTe-
PUTOBBIMH, (IOTOINT-PUXTEPUTOBBIMH 11 (PIOTOIMUTOBBIMI METACOMATUTaMM (aIorumnep6asuToBble PEHNUTDI), TAKXKE HECYIIUMU
peaKoMeTaTIbHO-PeKo3eMebHY0 MyHepanusamo. CyMMapHas MOIHOCTb 30H KapOOHATUTOB 1 COITPOBOXKAAIONINX X MeTa-
comatutoB gocturaeT 50 M. Cpeny KapOOHATUTOB BBIIE/IAIOTCS JOIOMUT-KaIbIUTOBbIe KapOoHaTuThl (ceBuThI I1I) 1 Jomommuro-
Bble (6edopcutsl IV). IlepBble copepskar TeTpadepprioronnt, GTOPPUXTEPUT U aKLECCOPHBIE MUPOXTIOP, LVIPKOH, MaTHETHT,
JIbMEHUT, IUPPOTUH, IMPUT. BTopble comepkatr pegKo3eMe/IbHyI0 MIUHepaIn3alnio, IIpeficTaBIeHHYI0 MoHauToM-(Ce), sImHm-
toM-(Ce), U-tmpoxnopom, REE-nupoxiopom, Komymoéutom, optrtoM-(Ce), XpOMUIEBKIHITOM, MOMIOeHITOM [6, 8].

[TomuMo BynpbIMCKOTO MECTOPOXKAEHNUSA C YIbTPabasUT-KapOOHATUTOBBIM KOMIIZIEKCOM CBsA3aHO CIMPUXMHCKOE MECTO-
POKJIeHUe PeKUX 3eMeNlb B OJHOMMEHHOM MacCHBe YAbTpabasuToB, a Takoke XamguxmuHckoe u VnbpmeHckoe Nb-REE pymo-
npossienus (puc. 1). B nanbonee nsydenHom VnbmenckoM pygpompossiennu (Konb 97), pacronoxeHHOM K BOCTOKY OT Vb-
MEHOTOPCKOTO MacCyBa MUACKVUTOB U 3aJIeralolleM CPefiy YIbTPabasuTOB BOCTOYHOTO KpbUIa MJIbMEHOTOPCKOI aH TYIK/IMHAJIN,
ycranosyensl MoHanut-(Ce), Toput, smnnut-(Ce), dpepryconnt-(Ce), 6actresnt-(Ce), xpomucrsiit gasuput-(Ce), optut-(Ce),
WIbMEHOPYTIIL, XpoMarHesnodeBKnHNT-(Ce) [9].

MeTtoAbl M MaTepUaAbl UCCAEAOBAHMST

Hamu n3ydeHbI KOJUIEKIMM PYIHBIX HUOOUEBBIX MMHEPAJIOB IPYIIIBI MMPOX/IOpA 13 PEIKOMETa/UIbHBIX MECTOPOXKICHUI
u pynonpossinenuit VinbmeHo-BunneBoropckoro koMiiekca (BumneBoropckoe, IToTaHMHCKOe MeCTOPOXKIEHNS; PYAOLIPOSIB-
NeHys YBUIbAuHCKoe, Ilypruno) u BynpbiMckoro kommekca (BynnbIiMckoe MecTOpOXKieHNe), IiepelaHHble HaM IIePBOOTKPHI-
BaTesieM 9TUX MecTopoxxaeHmit B. f. JIeBUHBIM, a Tak)Ke aBTOPCKMe KOJUIEKLMM PYJHBIX MUHepanoB. Bcero uccnegosano 20
06pasioB 1 0Koj10 200 3epeH MUHEePaIOB IPYIIIb IMPOX/IOpa 13 OCHOBHBIX TUIIOB IIOPOJ I PYA.

BHyTpeHHee cTpoeHNe ¥ COCTaB MUHEPAJIOB IPYIIIIBI IMPOX/IOpa MPeABAPUTEIBHO ObUIM MCCIeTOBAHbI HA CKAHUPYIOLeM
97IeKTPOHHOM MMKpockore JSM-6390LV dupmst Jeol ¢ DJJC nmpucraskoit INCA Energy 450 X-Max 80 ¢pupmer OxfordInstruments
B llenTpe komnextusHoro nonpzopanusa YpO PAH «leoananntuk», . Exarepun6ypr (aHamutuk V. A. Tort™Man). YcnoBus cbeMm-
KI: yCKopAtollee HanpshKeHne 20-25 kB u 30H70BbI TOK 1 HA, HM3knit Bakyym 60-80 Ila.

[TpennsnoHHOe OmIpeneneHne XUMITYeCKOr0 COCTaBa MMPOX/IOPOB BBIIIONHEHO Ha 97IeKTPOHHOM MMKposoHzie «CAMEBAX-
micro» 8 VITM CO PAH, Hosocubupck (anamutyik B. B. Illapbirun) u Ha 97IeKTPOHHO-30HA0BOM MIKpoaHam3arope Cameca SX100
B IIKII «Teoananutuk» (aHammTuk JI. A. 3amaATuH). B KauecTBe CTaHAaPTOB MCIOIB30BA/IICh: AIIATUT (I aHanMM3a cofep>kanns F
P), sxapient (Na), pogornt (Mn), CaSiO, (Ca, Si), TiO, (Ti), Fe,O,(Fe), ThO, (Th), UO, (U), PbSO, (Pb), merammraeckuit Nb (Nb),
Ta,0, (Ta), SrSO, (Sr), BaSO, (Ba) amomocunmkarHble cTeksa, nernpoannbie P33 (La, Ce, Y). Ananms mupoxaopos MpOBOUIICA IPU
YCKOpsifolleM HarpspKeHym 15 KB 11 Toke a7ekTpoHHOT0 30H7a 20 HA ¢ ncnonb3oBaHneM Kpucra-agamsaropos TAP, LPCO, LPET,
PET, LIE Bpewmst HaKOIUIeHys1 MIMITY/IbCOB B MAKCMYyMe IvKa BeiOpaHo ot 10 1o 30 c. IIpenest obnapysxenns E Na, Si, P, Ca, Sr, Y, Th
coctaBuu 0,02-0,1 mac. %; Ti, Mn, Fe, Ba, La, U - 0,1-0,2 mac. %; Nb, Ce - 0,2-0,3 Mac. %; Pb — 0,3-0,4 mac. %; Ta - 0,6-0,7 mac. %.

B VnbMeHO-BuInHEBOropckoM KOMIIEKCe M3Y4eHbl 06paslbl MMPOXIOPOB U3 Pa3HOBO3PACTHBIX U pasHOAIMaTbHBIX
KapOOHATITOB — CUIMKOKapOOHATUTOB, BK/IOYast 3 o6pasia paHHIX KapOoHaTUTOB (ceBUTH! 1) 1 8 06pasiioB nmo3gHmx Kap6o-
HatuToB (ceBurtsl II). Taxoke usydeHsl 1 o6paser] 13 IerMaTOUJHOTO MUACKUTA, 3 06paslia U3 MUACKUT-IIerMaTtuTa 1 3 obpasua
U3 IIMPOKCEH-II0/IEBOIIIIATOBBIX XKL (PeHUTOBOTO opeosa. B bybIMCKOM KOMIUIEKCe M3y4eHbl MYPOXIOPbl PAHHUX HOIOMMNT-
Ka/IbIUTOBBIX KapboHaTuToB (ceBntoB III), a Takke 2 06pasia CIIOANCTBIX METACOMATUTOB. [IpefcTaBuTebHbIE AHAMN3BI Pa3-
HOBMIHOCTe}! MUHEePAJIOB TPYIIIIbI IMPOX/IOpa IPMBEeHbl B TaONNUIIE.

B mmackurax VnbMeHO-BUIITHEBOTOPCKOro KOMITIEKCA IIMPOX/IOP MPEeACTABIeH OKTAdAPUIECKUM KPUCTAIAMI TeMHO-0y-
poro, MHOIAA opaH)keBoro 1BeTa pasmepom 0,01-0,1 MM. B mermMaTongHbIX pasHOCTAX MUACKUTOB pa3Mephbl MMPOXJIOpa yBe-
M4YMBaIOTCA 1o 0,5 CM, a B IIeTMaTUTaX — 0 HECKO/IDKUX CAHTUMMETPOB. B Myackut-nermaryutax Haubonee 4acTo BCTPEYaroTCA
KpacHOBaTO-0ypble ¥ TeMHO-KOPIYHEBbIe KPYICTAJUIBL, peXKe XKeITOBaTo-0ypble I TEeMHO-KpacHbIe, IHOTZA IIPOsABJIeHa POCTOBAsA
30HAJIPHOCTD C Ye€PEeI0OBAHVEM TEMHOOKPAIIEHHBIX 11 CBET/IBIX 30H.

B cunukokap6oHaTnTax (MeTaHOKPaTOBBIX KapOOHATHO-CM/IMKATHBIX IIOPOfiax) U B paHHMX KapOoHatuTax (ceBurax I) mecto-
poxKzieHnit u pynonpossienuit IleHTpanbHoit meno4Hoit monocs! (IToTaHMHCKOE MECTOPOXKIEHNE, YBUIBINHCKOE PYOIPOsIBIe-
HMie) IMPOXJIOP BCTPEYAeTCs B BUJIE MEKIX KPMCTAJUIOB V1 OKPYIJIBIX 3€PeH YePHOTO 1 3€/IEHOBATO-YePHOTO I[BEeTa U IIPEfICTaB/IeH
U-(Ta)-copepxaieil pasHOBUAHOCTDIO (YpaHIMPOXIOpoM). [I0BEpXHOCTD 3epeH yPaHNMPOXJIOPOB YacTo MMeeT CchepudecKe
KaBepHBI, BEPOATHO, MPefCTaB/IAIoNIe cO00II 06/1acTy paspylleHus oT mpobera anbda-yacTul] B pe3yibraTte pajyi0aKTBHOTO
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pacnaa U n Th (puc. 2, a). Yacto 3epHa 1 KPUCTa/UIbl yPAHIIMPOXIOPA € KPAEB U 110 CUCTEMaM TPELVH IOABEPI/IICH BTOPUYHBIM
M3MeHEHVISIM Pas3/INYHOl CTeleH ) ¢ 00pa30BaHMeM KOHIIEHTPUYIECKUX TEKCTYP U TpeluH pasbyxanus (puc. 2, 6).

B pannux kap6onarurax (ceBurax I) IeHTpa/bHOII 11€/I0YHOI OIOCH TAKXKe BCTPEYAIOTCsI 3€PHa IMPOXJIOpa TEMHO-0y-
poro IBeTa, cofeprKaliye MynbridasHble BKIIOYEH s (AMaTuT, KaJIbINT, Ka/IIIAT, XJIOPUT, TUTAHTEMATUT), KOTOPbIe MOTYT
ABNIATHCA PE3yNbTATOM 3axBaTa mupoxaopom 6oraroro CO, u H O pacrimasa (puc. 2, B). YHMKaTbHON 0COOEHHOCTDIO yPaHIIN-

MpencraBuTENbHbIE XMMUYECKME COCTaBbl (Mac. %) u popmynbl (popm. ef.) MMHepanoB rpynnbli NTMPoXopa u3 nopoa u pya peakome-
TanfbHbIX MECTOPOXAEHUI KapOOHaTUTOBbLIX KOMMNEKCOB Ypana.

Representative chemical compositions (wt. %) and formulas (units) of pyrochlore group minerals from rocks and ores of rare-metal
deposits of the Ural carbonatite complexes.

Ne n/n 1 2 3 4 5 6 7 8
Ob6paseL, 748-10 K-37-95 K2-18 Oon-21 Krv5-2 43-62 85-727 JIK-147

Toykn aHanunsa 2 2c 1 5 2r 3 3 12
Nb,O, 42,56 38,72 46,29 63,93 62,59 61,66 67,99 65,94
Ta,0, 5,88 4,02 0,84 2,97 1,92 3,53 0,00 0,00
TiO, 11,03 12,50 8,52 4,28 4,08 4,89 3,73 4,16
Zro, 0,00 0,00 0,00 0,00 0,01 0,00 0,00 0,04
uo, 21,25 22,11 17,57 0,00 1,71 1,80 0,00 0,06
ThO, 0,05 0,78 0,69 0,53 0,35 1,59 0,27 0,26
Fe,O, 0,10 0,00 1,54 0,08 0,00 0,07 0,11 0,00
Y,0, 0,00 0,12 0,11 H/o 0,01 H/o H/o 0,03
La,0, 0,00 0,31 0,18 0,56 0,01 0,22 0,24 0,13
Ce,O, 0,06 0,72 0,40 1,35 0,08 0,82 0,57 0,22
Nd,O, 0,00 0,94 0,84 0,40 0,12 0,26 0,10 0,07
MnO 0,00 0,00 0,11 H/o 0,01 H/o H/o 0,00
MgO 0,00 0,03 0,03 H/o 0,00 H/o H/o H/o
CaO 11,77 11,26 13,91 14,91 16,10 15,47 15,94 16,54
BaO 0,00 0,00 0,00 H/o 0,43 H/o H/o 0,00
SrO 0,17 0,28 0,17 0,68 0,72 0,39 0,29 0,71
PbO 0,00 0,91 0,95 H,0 0,22 H/o H/o 0,01
Na,O 4,96 5,51 4,88 6,93 7,25 6,51 7,20 7,46
K,O 0,00 0,01 0,00 H/o 0,01 H/o H/o 0,02
F 1,70 1,44 1,99 5,14 5,10 4,74 5,36 5,26
O=F, 0,72 0,61 0,84 2,16 2,15 2,00 2,26 2,21
Total 98,81 99,81 98,80 99,60 98,58 99,95 99,54 98,81
MNo3nuusa B
Nb 1,317 1,250 1,455 1,752 1,773 1,712 1,828 1,809
Ta 0,109 0,078 0,016 0,049 0,033 0,059 0,000 0,000
Ti 0,568 0,672 0,445 0,195 0,192 0,226 0,167 0,190
Fe3+ 0,005 0,000 0,081 0,004 0,000 0,003 0,005 0,000
Sum B 2,000 2,000 2,000 2,000 2,000 2,000 2,000 2,000
Mo3suumsa A
Ca 0,863 0,862 1,036 0,968 1,081 1,018 1,016 1,075
Mn 0,000 0,000 0,007 0,000 0,000 0,000 0,000 0,000
Ba 0,000 0,000 0,000 0,000 0,011 0,000 0,000 0,000
Sr 0,007 0,011 0,007 0,024 0,026 0,014 0,010 0,025
Pb 0,000 0,018 0,018 0,000 0,004 0,000 0,000 0,000
Na 0,658 0,763 0,657 0,815 0,881 0,775 0,830 0,878
K 0,000 0,001 0,000 0,000 0,001 0,000 0,000 0,001
Y 0,000 0,004 0,004 0,000 0,000 0,000 0,000 0,001
LREE 0,002 0,051 0,036 0,051 0,005 0,029 0,020 0,009
U 0,324 0,351 0,272 0,000 0,024 0,025 0,000 0,001
Th 0,001 0,013 0,011 0,007 0,005 0,022 0,004 0,004
SumA 1,855 2,077 2,050 1,866 2,037 1,883 1,880 1,994
A-deficit 0,145 -0,077 —-0,050 0,134 -0,037 0,117 0,120 0,006
F 0,368 0,325 0,438 0,986 1,011 0,921 1,008 1,047
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lMpodomkeHue mabnuybl

Ne n/n 9 10 11 12 13 14 15 16
O6pasell 3296 92 92 KK-2 flon-7 ;’;’go msgj;w Kzgll;a
Toukn aHanusa 3 10c 10r 9r 3 6-1c 6-2c_alt 6-3r
Nb,O, 66,95 60,59 60,17 62,47 67,14 60,33 52,08 59,26
Ta,0, 0,00 0,00 0,00 0,00 0,00 0,31 0,00 0,00
TiO, 2,96 6,80 6,64 5,21 3,562 4,45 4,42 3,51
Zro, 0,09 0,00 0,09 0,00 0,00 1,58 0,00 0,00
uo, 0,00 0,45 0,52 0,04 0,09 3,72 3,72 0,85
ThO, 0,51 0,75 0,88 0,98 0,41 0,3 0,53 0,59
Fe,O, 0,01 0,00 0,01 0,00 0,00 1,52 1,69 1,5
Y,0, 0,00 0,09 0,03 H/o H/o 0,1 0 0,03
La,0, 0,05 0,85 0,95 2,08 0,65 0,37 0,7 1,08
Ce,O, 0,20 1,99 2,49 4,13 1,33 1,52 2,42 2,98
Nd,O, 0,06 0,63 0,81 1,13 0,23 H/o H/o H/o
MnO 0,01 0,01 0,04 H/o H/o 0,21 0,42 0,5
MgO H/o 0,00 0,00 H/o H/o H/o H/o H/o
CaO 16,21 14,68 13,77 11,33 13,74 11,7 6,04 12,24
BaO 0,00 0,00 0,00 H/o H/o 0,77 2,39 0,73
SrO 0,67 0,99 1,03 1,08 2,15 1,97 5,01 3,27
PbO 0,04 0,02 0,11 H/o H/o 0,48 0,31 0,05
Na,0 7,50 7,29 7,34 7,72 7,37 3,64 0,05 2,09
K,O 0,01 0,01 0,02 H/o H/o H/o H/o H/o
F 5,03 5,62 5,55 5,16 5,20 2,76 0,24 2,13
O=F, 2,12 2,37 2,34 2,17 2,19 1,16 0,10 0,90
Total 98,19 98,74 98,45 99,15 99,64 95,71 80,02 90,81
MNo3nuunsa B
Nb 1,859 1,686 1,687 1,756 1,840 1,850 1,632 1,593
Ta 0,000 0,000 0,000 0,000 0,000 0,000 0,005 0,002
Ti 0,136 0,314 0,309 0,244 0,160 0,149 0,200 0,177
Fe3+ 0,001 0,000 0,001 0,000 0,000 0,001 0,068 0,034
Sum B 2,000 2,000 2,000 2,000 2,000 2,000 2,000 2,000
Mo3nuusa A
Ca 1,066 0,968 0,915 0,755 0,892 0,864 0,460 0,738
Mn 0,001 0,001 0,002 0,000 0,000 0,002 0,011 0,075
Ba 0,000 0,000 0,000 0,000 0,000 0,000 H/o 0,015
Sr 0,024 0,035 0,037 0,039 0,076 0,064 0,018 0,143
Pb 0,001 0,000 0,002 0,000 0,000 0,008 0,068 0,006
Na 0,893 0,869 0,882 0,931 0,866 0,795 0,008 0,216
K 0,001 0,001 0,001 0,000 0,000 0,000 0,422 0,000
Y 0,000 0,003 0,001 0,000 0,000 0,005 0,000 0,000
LREE 0,007 0,078 0,096 0,167 0,049 0,059 0,003 0,107
U 0,000 0,006 0,007 0,000 0,001 0,003 0,0415 0,005
Th 0,007 0,010 0,012 0,014 0,006 0,006 0,050 0,010
SumA 2,000 1,971 1,956 1,906 1,890 1,806 0,004 1,316
A-deficit 0,000 0,029 0,044 0,094 0,110 0,194 1,374 0,684
F 0,977 1,094 1,089 1,015 0,997 0,813 0,522 0,353

The chemical composition of the pyrochlore was determined using a CAMEBAX microprobe at 60 nA and 20 kV, the probe beam size was 2 ym (IGM SB RAS, Novosibirsk, analyst
VV Sharygin); 14—16 - with a Cameca-100 microprobe (IGG UB RAS, analyst is D. V. Zamyatin); 1-3 — U- (Ta) — containing oxycalciopyrochlore: 1 — from silicate-carbonate rocks
(Uvildinsky ore occurrence, CSCP), 2 — from Sevites | (Potaninsky deposit); 3 — from micas (Buldym field); 4—6 — Ta-containing fluoro-calcium-pyrochlors: 4-5 — from Ne-pegma-
tites (Vishnevogorsk deposit), 4 — zone 147, 5 — vein No 5, Karavai; 6 — from Sevites | (Potaninskoe deposit); 7-9 — fluorcalciopyrochlore: 7 — from pegmatoid miaskites (ore zone
140), 8 — from Sevites | (ore zone 147, Vishnevogorsk deposit); 9 — from Sevites Ill, Buldym field; 10-12 — REE—(Sr)—containing fluoro-calcium-pyrochlore: 10-11 — from Sevit Il
Potaninskoye deposit, 12 — from Sevit Il, Uvildinskoye ore occurrence; 13 - from Sevite Il (ore zone 147, Vishnevogorsk deposit); 14—16 — S—(REE)—containing hydro-pyrochlore
with relic nuclei of U-containing pyrochlore: 15, 16 — grain core, 16 — grain edge.

XuMudeckunii CocTaB MMPOXIOPOB onpeaeneH Ha MukposoHae CAMEBAX nipu 60 HA 1 20 kB, pa3mep nyyka 3oHaa — 2 um (UM CO PAH, r. HoBocubupck, aHanunTuk B. B. La-
pbIrnH); 14—16 — Ha MukposoHae Cameca-100 (U YpO PAH, aHanuTuk [1. B. 3amsatuH); 1-3 — U—(Ta)-conepkalLime oKCuKanbLMonMpoxmopsl: 1 — 3 cunmnkaTHo-kapboHaTHbIX
nopog, (YeunbanHckoe pydonposienerue, LILLM), 2 — n3 cesutos | (MoTaHuHckoe MectopoxaeHue); 3 — u3 cntoamtos (BynabiMckoe MecTopoxaeHue); 4—6 — Ta-conepxailme
dTopKansLmonmpoxnopsl: 4-5 — n3 Ne-nermatutos (BuwHeBoropckoe Mectopoxaenune), 4 — 3oHa 147, 5 —xwuna Ne 5, r. KapaBsait; 6 — n3 cesutos | (MoTaHMHCKoe MecTopo-
XaeHue); 7-9 — dTopKanbLmMonMpoXIIopbl: 7 — U3 nermaTonaHblX MUackuToB (pyaHas 3oHa 140,), 8 — 3 ceutos | (pyaHas 3oHa 147, BuwHeBoropckoe MectopoxaeHue); 9 — 3
cesuTos I, Bynapimckoe Mectopoxaenue; 10—-12 — REE—(Sr)-coaepxalume dTopkarnbuuonmpoxnopbl: 10—-11 — n3 cesutos |l, MoTaHuHcKkoe MecTopoxaeHue, 12 — u3 cesuToB
I, YBunbauHckoe pygonposenenme; 13 —u3 cesutos Il (pyaHas 3oHa 147, BuwHeBoropckoe MectopoxaeHme); 14—16 — Sr—(REE)-cogepxaLuyii rmaponvpoxIiop ¢ penvKToBbIMU
snpamu U-cogepaluero nupoxnopa: 15, 16 — siapo 3epHa, 16 — kpaii 3epHa.
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X180 100um 10 62 BES X120 100pm 10 62 BES

X330 50pum 10 62 BES X150 100pm

10 65 BES X300 50pum

10 62 BES

PucyHok 2. Mopdonorus n oco6eHHOCTH BHYTPEHHEro CTpoeHUs KpucTannos nupoxnopa. MnbmeHo-BuwHeBoropckuim Komnnekc: a—B
— NUPOXNOPbI paHHel KapboHaTuToBONM ctaguu, lMNoTaHnHckoe MecTopoxaeHue: a — 3epHo U—(Ta)-nmpoxnopa co cdepnyeckummn kaBepHamm
(ceBuT |); 6 — BHYTpEHHe cTpoeHue rmapatupoaHHoro U—(Ta)-nupoxnopa (ceBuT |); rugpataums nupoxrnopa ¢ Kpaes Bbi3blBaeT obpasoBaHune
KOHLIEHTPUYECKMX TEKCTYpP M COMPOBOXAAETCH TPeLuMHamMn pasbyxaHus; B — MHOrodasHble BKIIOYEHUS B 3epHe dhTopKanbLuuonmpoxmopa us
ceBuTa |; r—-e — nupoxnopbl no3aHekapboHaTuToBon ctagun: r — (REE-Sr)-nupoxnop, copepxalwuii B kpaeBow Yactu ny3blpu, cesuT ll, MNoTa-
HWHCKOE MecTopoXaeHue, i — KybookTtasgpuueckuii kpuctann (Sr—REE)-nupoxnopa, cesuT Il, BuliHeBoropckoe MecTopoXaeHue; € — BHYTPeH-
Hee CTpOeHue KpucTanna nMpoxsiopa: penvkToBoe SApo, CROXEHHoe rmgpaTnpoBaHHbiM U-cogepxalumMmM nupoxnopom (TemHo-cepoe B BSE),
okanmneHHoe(Sr—REE)-nnpoxnopom (cBetno-cepoe B BSE), BuwiHeBoropckoe mectopoxaeHne; bynabiMckuii KOMNMEKC: X — KpucTansbl nMpo-
Xropa C MHOTOYUCIIEHHBIMU BKMOYEHUsAMU amdpumbona (pToppuxteputa) U MarHetuta u3 rioronuT-puxTePUTOBbLIX MeETacomaTuToB, 3 — REE—
Th-nupoxnop B cpacTaHuy C SLMHUTOM U3 CIIIOAUCTBIX MeTacoMaTuToB, bynabimckoe mectopoxaeHue; Am — amgpuodon, Mt — marHeTut, Ti-Hm
— TuTaH-remaTut, Ca — kanbuut, Ap — anatut, Cl — xnoput, Esh — awmHuT.

Figure 2. Morphology and features of the internal structure of pyrochlore crystals. limeno-Vishnevogorsk complex: a—B — pyrochlore
of the early carbonatite stage, Potaninskoe deposit: a — grain of U—(Ta) pyrochlore with spherical caverns (sevite 1); 6 — the internal structure of
hydrated U—(Ta) pyrochlore (Sevit |); hydration of pyrochlore from the edges causes the formation of concentric textures and is accompanied by
swelling cracks; ¢ — multiphase inclusions in the grain of fluorocalciopyrochlore from Sevit I; r—e — pyrochlore of the late carbonate stage: r - (REE-
Sr) pyrochlore containing bubbles in the marginal part, sevite Il, Potaninskoe deposit, o — cuboctahedral crystal (Sr — REE) pyrochlore, sevite
I, Vishnevogorsk deposit; e is the internal structure of the pyrochlore crystal: a relict core composed of hydrated U-containing pyrochlore (dark
gray in BSE), bordered by (Sr — REE) pyrochlore (light gray in BSE), Vishnevogorsk deposit; Buldym complex: x — crystals of pyrochlore with
numerous inclusions of amphibole (fluorichterite) and magnetite from phlogopite-richterite metasomatites, 3 — REE — Th-pyrochlore in intergrowth
with eschinitis from mica metasomatites, Buldym deposit; Am — amphibole, Mt — magnetite, Ti-Hm - titanium—hematite, Ca - calcite, Ap — apatite,
Cl - chlorite, Esh - eschinite.

POX/IOPOB U MUPOXIOPOB LIeHTpaIbHOI MIeTIOYHOI ITONOCHI ABJIAIOTCA MycTOTeNbIe cepbl (ITy3bIpy) pasMepHOCTbIO MeHee 10
MKM, pUKCHpyeMble Kak BO BHYTPEHHMX, TaK ¥ BO BHEILIIHUX YaCTAX KPUCTAIIIOB (puc. 2, T). Bo3MOXXHO, 9T0 oTpakaeT crenudu-
Ky (p/II0MIOHACHIIIEHHOCTY pacIlIaBa (BBICOKYIO KOHIJEHTPAIVIO JIETY4NX), 3 KOTOPBIX KPUCTA/IIM30BA/IUCD IPOXJIOPEL, IMO0
3TO ObIIM KaIlIU COJIeNl, He CMEIMBAIOLIMXCA C KAPOOHATHBIM PaCIIABOM.

Inpoxops! mo3nHUX KapboHaTnTOB (ceBuTOB II) BrimHeBoropckoro 1 II0TaHMHCKOTO MECTOPOXKIEHNUIT 06Pa3yI0T OKTad-
IpudecKue 1 Ky6ooKTaspudeckne Kpucraaibl pasmepoM 0,05-1,5 cM KpacHO-6yporo, ApKo-KpPacHOTO, XeITOr0 1 OPAHKEBOTO
nBera (puc. 2, ). YacTo BCTpedaroTcs KpUCTAJUIBI CTIOYKHOTO BHYTPEHHETO CTPOEHMA — C PEIMKTOBBIMMU AIPaMI Y€PHOTO 1IBETA,
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CTIOXKEHHBIMM IUAIpaTUpoBaHHbIM U-cofiepyKallyM MPOXIOPOM, 1 o6pacTaHusAMU HoBooOpasoBanHoro Sr—-REE-copepykariero
APKO-KPACHOTO NMPOXJIOPa, YTO MOXKET OBITh CBA3aHO C ero 00pasoBaHyeM ITPY IPOLeccax PaCTBOPEHNA-TIEPEOTIOKEHNS PaH-
HUX TeHepaluil MMpOoXIopa II0f, BO3[eiicTBMeM (IoNfia Ha MO3THUX CTaAMAX pyRoobpasoBanus (puc. 2, e).

B ponomut-KanbIpToBbIX KapboHatuTtax (ceBurax I1I) By/apiMckoro KoMIvieKca mpoxiop 06pasyeT KpacHo-0ypble KpUCTaJIIBI i
3epHa pasmepom 0,5-10 cm. B accorpmpyromiyx ¢IoronmT-prxTepUTOBBIX METACOMATUTAX TAKXKE BCTPEIAETCsT METIKasl BKPAIUICHHOCTD
XKenTo-6yporo mupoxaopa (MeTaKpUCTA/UIbI?) C MHOTOUMCIEHHBIMI BKTIoueHsIMI aMubora (proppuxreputa), puc. 2, X, a B CIIIOIN-
TaX OTMEYaeTCsl YPAHIMPOXIIOP (OKPYI/IbIe 3epHa YePHOTO LIBETA C 3e/IeHOBATO-4ePHBIMY KajiMamit pasMepoM 0,1-0,5 cm) 11 TeMHO-6y-
poui REE-Th-mpoxiiop, 06pasyrormit KpymHble KpucTamibl (1o 15 cm) B cpactanym Kpyctamtamu siyanta -(Ce) (puc. 2, 3).

OCOBEHHOCTV XVMM3MAa M SBOAIOLIMSI COCTaBA MUPOXAOPOB

IIpencraBuTeIbHBIC aHAIV3BI MIHEPaIOB IPYIIIBI IMPpOxIopa VnbMeHo-BuirHeBoropckoro 1 bynbIMCKOro KOMIIIEKCOB
TpuBefieHbl B Tab/uile. VI3SMEHUMBOCTD B XMMIYECKOM COCTaBe MCCTIElOBAHHBIX MIPOXTOPOB 3HAYMTeNbHA (B Mac. %): Nb,O, -
39,0-69,6; Ta,O, - 0-13,8; ZrO, - 0-0,15; TiO, - 2,8-12,2; CaO - 2,6-17,2; Na,O - 0-8,0; ThO, - 0-6; UO, - 0-23,8; LREE,O,
- 0-7,3; Fe,O, - 0-1,8; MnO - 0-0,7; BaO - 0-2,3; SrO - 0,1-5,5; PbO - 0-1,0; F - 0-5,7, uT0 XapaKkTepHO /s MMPOXIOPOB U3
KapOOHATUTOBBIX MacCUBOB Mupa [10-17].

CoracHO IOCIeiHel HOMEHK/IaType IPYIIIBI MpoxIopa (Ha OCHOBe IpeobIafjatoliero KaToHa Iy aH/MOHA B HOSUIAX B =
Nb, Ti, Ta; A = Ca, Na, REE, Y, Sr, Ba, Mn, Mg, U, Th u Y =O, OH, F) [18], uccnegoBanHble MIPOXIOPbI MOTYT OBITH KIacCU(ULIPO-
Banbl Kak U-(Ta)-copepyxaliiyie OKCUKa/IbIOMMPOXIOPLI (YPaHIIMPOXIOPBI, 110 Kaccuuxaryy [19]), a Takoke GropKaibIyonpox-
nops (B Tom uncre Ta-, REE _ - n Sr-cofiepykariye pasHOBUTHOCTH). VI3MeHeHHbIe TMPOXIOPbI 00Pa3yIoT TPEHT K IUIPOKCUTKATbIIN-
OIMPOXJIOpaM, KeHO- 11 THfiporpoxopaM. CocTaBbl MMPOXIOPOB B COOTBETCTBIU C Knaccudukaiysamu [ 18, 19] mokasaHs! Ha puc. 3.

U-(Ta)-codeprcaujue 2udpokcun- u oxcuxanvyuonupoxnopvi(15-24 mac. % UO,; 1-14 mac. % Ta,0,) BCTpeyarTcs B paHHMX
BBICOKOTEMIIEPATYPHBIX KapOOHATUTAX ¥ CHIMKOKap6oHaTuTax IeHTpanbHOI esouHolt moock (IToTaHMHCKOE MecTOpOXKe-
HUe, YBWIBAVMHCKOE PYJOIPOsB/IeHNE). DTOT TUII IMPOXIOPOB, BEPOATHO, 00pa3yeTcs paHblile, YeM Jpyrue TUIIbI IMPOX/IOPOB,
Ha 32BEePIIAMIINX CTAANAX SBOTOLNNIETOYHO-KAPOOHATUTOBBIX MarMm [6].

Ta-codepicausue pmopranvyuonupoxnopot (1,5-5,0 mac. % Ta,0,; 0-4,2 mac. % UO,) xapakTepHbI i HeeTMHOBDIX Ter-
MaTUTOB [7] M yCTaHOBJIEHBI B AIMKAa/IbHOI YacTy BuurHeBoropckoro mMaccusa (BuinHeBoropckoe MecTopoxjeHime, pygHas
30Ha 147 n 140), a TaxoKe B paHHMX KapOoHaTnTaX Ha I[IOTAaHMHCKOM MeCTOPOXKAEHNI. DTOT IMPOXIOp HOPMUPYETCA Ha IerMa-
TUTOBOJI CTAMV KPUCTA/UIM3ALNH LIeIOYHOTO PacIljIaBa.

DOmopranbyuonupoxaops. ¢ MaKcuManbubivMu copiepsxanuamu Nb, O, (65-69 mac. %) 1 HUSKMMY COflepKAHNAMU MUKPO-
IIpUMeceil BCTPeYaloTCsi B MMACKUTOBBIX [IETMATOMAAX U KapOOHATUTAX BUIIHEBOropcKkoro MaccuBa, a Takxe B Ka/IbIINT-IO/IO0-
MUTOBBIX KapOOHATUTAX By1IbIMCKOro KOMIUIEKCa. DTUMU IMPOXIOPAMI CTIOXKEHbI OCHOBHbIE PYIHBIE 30HBI BiIIHEBOropcKo-
ro (pynuble 30HbI 140 11 147) 1 BynapIMCKOTO MeCTOPOXXAEHNIT, BCTPEYAOTCs OHM TaKXKe 11 Ha [I0TaHMHCKOM MeCTOPOXKIEeHNA.

Sr- u REE-codepxcaujue pmopranvyuonupoxnopst (3-6 mac. % LREE O,; 1,5-4,5 mac. % SrO) popmupyiorcsa B HO3IHUX
Kap6oHaTyUTaX BUITHEBOrOPCKOro MaccyBa, a TAKXKe B MMPOKCEH-I0/IeBOIIIIATOBBIX XKIJIaX U KapOOHATUTaX 9K30KOHTAKTOBOTO
¢dennTOBOrO Opeosna BuirHeBoropckoro MaccuBa u LleHTpaIbHOI 1[eIOYHOI IOIOCHL. BCTpeyaoTcs B Buie CaMOCTOATENIbHBIX
KprCTamwios (puc. 2, 1), MHOTAA 06pasyroT KailMbl BOKPYT U-CofepsKalliix PeIUKTOBBIX sifiep nupoxiopa (puc. 2, e). REE-Th-
codeprcauque pmopranvyuonupoxnopst (3—4,5 mac. % LREE,O,; 5,9-8,0 mac. % ThO,) B cpacTanuu ¢ SIIMHUTOM YCTaHOB/IEHDI B
CITIOAMCTBIX MeTacoMaTuTax BynabMckoro Maccusa. BeposATHo, 4To GopMUpOBaHIe STUX Pa3HOBULHOCTE! IIMPOXIOPOB TIPO-
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PucyHok 3. CocTaBbl NMPOXIIOPOB Ha TPeyrorbHbIX AnarpamMmmax, oTpaxarowmx 3anonHeHue B- u A- nosuuuii (popm. en.) B cTpykType
nupoxropa B coorBetcTBUM ¢ IMA knaccudukaumamm [18, 19]. IMA (International Mineralogical Association) — MexayHapoaHas MuHeparo-
rmyeckas accoumaums.1—4 —inbmeHo-BuwiHeBoropckuin komnnekc: 1 — U—(Ta)-cogepxalyme oKCu- 1 rmapoKCUNKanbLmMonmpoxnopbl (cesuTsl 1),
2 — (Ta)-copepxalume TOpPKanbLMONMPOXIOpbl (MUackuT-nerMatuTbl), 3 — dTopkansuuonmpoxnopsl (cesutsl 1), 4 — (REE-Sr)-conepxalumne
dTopkansumonupoxnopbl (cesuTsl Il); 5—7 —byngpimckuin komnnekc: 5 — U—(Ta)-cogepxalyme ruapoKCunkanbLUonMpoxmnopsl (Cnogntbl), 6 —
dropkanbuuonvpoxnopsbl (cesuThl lll), 7 — (REE-Th)-conepxatune nmpoxmnopsl (COANTI).

Figure 3. Compositions of pyrochlore in triangular diagrams reflecting the filling of B- and A- positions (form units) in the structure of
pyrochlore in accordance with IMA classifications [18, 19]. IMA — International Mineralogical Association. 1-4 —llmen-Vishnevogorsky complex:
1 — U- (Ta) -containing hydroxy- and hydroxyl-calcium-pyrochlore (Sevites 1), 2 — (Ta) -containing fluoro-calcium-pyrochlores (Miaskite-pegmatites),
3 — Fluoro-calcium-pyrochlore, 4 — Sevites (4)— (REE — Sr) — containing fluoro-calcium-pyrochlore (Sevita Il); 5-7 — Buldym complex: 5 — U — (Ta) —
containing hydroxylcalciopyrochlore (micas), 6 — fluorocalciopyrochlors (sevite Ill), 7 — (REE — Th) — containing pyrochlores (micaceous).
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VICXOZJUT Ha 3aBePLIAIOIINX CTAAVAX (I03IHEKapOOHATUTOBOIT) SBOJIOLINY KOMIIIEKCA, a TAKXKe MOYKeT OBITh CBSI3aHO C 9TAIIOM
MeTaMOp(UUeCcKNX peobpasoBaHMil KOMIUSUOHHON CTaiVN.

CocTaBbl MMPOXIOPOB 13 PA3IMYHBIX TUIIOB TOpof, VnbMeHo-BuitHeBoropckoro u bynbIMcKOro KOMIUIEKCOB IPYBEIeHbI
Ha 6uHapHOI fuarpamMme Nb-F iwumocTpupyroleil 1ociefoBaTeIbHOCTb GOPMUPOBAHNA PYAHBIX MIHEPA/IOB 1 3aKOHOMEPHO-
CTY ¥IX T€OXMMUYECKOI aBOMomy (puc. 4).

Tpeno I (pannexapbonamumosbiii mpeno) WUTIOCTPUPYET MOCIef0BaTeIbHOE USMEHEHNe COCTABOB YPaHIMPOXIopa (m1u
U-(Ta)-copepxaliero okcukampumomnpoxaopa mo [18]) ¢ ysennuenuem F n Nb, mocie dero mpoucxopur peskas cMeHa co-
CTaBOB KPUCTAJUTU3YIOIIMXCS PYJHBIX MIHEPAJIOB ¥ HAYMHAIOT KPUCTAIN30BAThCA (PTOPKATIBIVIONNPOXIOPDI, (POPMUPYIOIIVIE
mpeno II (nosonexapbornamumosviii mpexo), KOTOPbIL GUKCUPYET Pe3KYI0 CMEHY YCTIOBUIL U XMMU3Ma Cpelibl MUHepanoobpa-
soBaHust. Tpeno II] oTpaxkaeT IPOLECCH BMOPUUHBIX USMEHEHUTL NUPOXIOPOB, CBSI3AHHBIX C BO3/EIICTBIEM BOSHOTO QIIIONAA, B
pesynbTaTe KOTOPBIX IPOoMCXomnT BhiHOC Na, Ca u F 13 CTpyKTypbl IMPOX/I0POB, MOsB/IEHNe BAKAHCHI B A-TI0O3UIUN, KOTOpas
vactiyHo 3anonusercs Si, Fe, Ta, Ti, Th, REE u Sr ¢ ¢popMupoBaHeM cOCTaBOB I'MAPOKCIUI-, KEHO- U THAPOIMPOXIOPOB.

Heo6x011MO0 OTMETUTB, YTO XMMITIeCKIIe COCTABbI M3YUeHHBIX HaMV YPAHIIMPOXJIOPOB U3 PaHHMX KapOoHaTUTOB VnpMeno-Bui-
HEBOTOPCKOTO U ByIIBIMCKOrO KOMIUIEKCOB TUITMYHBI I CAaMbIX PaHHIX TeHepalpil YPaHIMPOXIOpa, KOTOpble OMMCAHbI B KapOoHa-
TUTOBBIX KoMIyTekcax Kaperno-Kombckoit nposuniym [10, 13] 1 o6pasyrorcs Ha pockopUTOBOIL (II03HEMAarMaT4ecKol) CTajyy 3BO-
JIIOLVY 9TUX KapOOHATUTOBBIX KOMIUIEKCOB (pric. 4).Taxoke MOYKHO OTMETUTb O/IM30CTh COCTABOB MVPOX/IOPOB MUACKUT-IIETMATUTOB
VinpmeHo-BuIIIHEBOropcKOro KOMIUIEKCA I IMPOXIOPOB 13 (HOCKOpuTOB XnOMH. DTV JaHHBIE B COBOKYIIHOCTH C TEO/IOTMYECKIMI I
reTporpaduiecKuMy HabmoIeHNsIMI IOATBepPKAaloT, uTo U-(Ta)-comepykaliiye pasHOBIUFHOCTY MIPOXTIOPOB YPAIbCKUX KapOOHATH-
TOBBIX KOMIUIEKCOB 00pa3oBa/IiCh Ha MO3THEMAarMaTUIeCKOl CTaIvy KPUCTA/UIM3ALUN 1IeTIOYHO-KapOOHATUTOBDIX PacIlIaBOB.

[IMpoX/IOpHI MO3AHMUX KAPOOHATUTOB 1 MeTaCOMAaTUTOB VnbMeHo-BuuraeBoropckoro u ByngbpIMCKOrO KOMIUIEKCOB ITOKa-
3bIBAIOT LIMPOKME BapUallyil COCTAaBOB U (GOPMUPYIOT eUHBI TMHEVHBII TPeH], ¢ yBenudeHueM F mpyu MeHee 3HaYMTENbHBIX
nsMeHeHnsix copepxkanust Nb (puc. 4). Heo6XoauMo OTMETNTb, YTO COCTABBI M3YUEHHBIX MUPOXIIOPOB OT/IMYHBI OT PAHHMX
(mepBMYHBIX) TMPOXIOPOB PocKOpuTOB 1 KapbonarutoB Kapeno-Kombckoit poBUHIMM, YTO MOXKET OBITH CBA3AHO C MHBIMU
YCIOBUAMM UX GOPMMPOBAHNS Ha TOCTKOJUIM3MIOHHOM 3Talle PasBUTIsI YPAIbCKOIL CK/IafuaTolt 00/macTi.

Takum 06pazoM, reoXxuMmU4ecKue JaHHbIe, HonydeHHble Hamu Ayt U-(Ta)-copeprxamux mupoxaopos Vnbsmeno-Buinaeso-
TOPCKOTO ¥ By/IIbIMCKOTO KOMIUIEKCOB TUITMYHBI JUIA TO3JHEMAarMaTnyecknx ((pOCKOPUTOBBIX) CTaVil 9BOMIOLN KapOOHaTH -
TOBBIX KOMIUIEKCOB [10, 13]; 3TO B COBOKYITHOCTM C T€OJIOTMYECKUMI U HeTporpaduuecKuMy HaOMIOfeHUAMY IIOATBEPXK/aeT,
4yr0 U-(Ta)-nupoxIopsl ypanbCKyx KapOOHATUTOBBIX KOMIUIEKCOB 00pa30Ba/IICh Ha IIO3HEMarMaTIdecKol CTauy KpUcTal-
NIM3AI[NY LIeTOYHO-KapOOHATUTOBBIX paciuiaBoB. [Inpoxmopst mosguux kap6onarutos (ceBntos I u cesuros III), a Takxe mua-
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PucyHok 4. BuHapHasa auarpamma coctaBa Nb-F (chopm. en.) muHepanoB rpynnbsl nupoxnopa 13 nopoa UnbmeHo-BuwHeBoropckoro
n BynabiMcKkoro kap6oHaTUTOBbIX KOMNEKCoB, KOxHbIN Ypan. CTpenku nokasbiBaloT HanpaBreHWe 3BOSOLMMA COCTaBa NMUPOXIIOPOB:
| — paHHekapboHaTuTOBLIN TpeHn, || — no3gHekapboHaTUTOBLIN TperA, |l — TpeHa HU3KoTeMMnepaTypHbIX U3MEHEHMI (TapaTaummn) ¢ obpasosa-
HMEeM COCTaBOB KEHO- 1 rMAPONMPOXIIOPOB. He 3anuTble YCroBHble 3HAKN — U3MEHEHHbIV (TMAPaTUPOBaHHbIN) NMPOXIOpP; TpeHA | cooTBeTCTBYIOT
KpucTannuaaumm ypaHnupoxsnopos (MotaHuHckoe 1 bynabimckoe mectopoxaeHust); Tpens Il — kpuctannuaaums dpropkanbLuonupoxnopos (BuLw-
Hesoropckoe, bynaeimckoe, MNMoTaHMHCKOE MEeCTOPOXAEHUS); ANS CPaBHEHUS Takke Nokas3aHbl TOYKM COCTaBa NMMPOXIOPOB U3 nopog nnatdgop-
MEHHBbIX YNbTPAOCHOBHbIX LLEMOYHbIX kapboHaTUToBbIX komnnekcoB Kapeno-Konbckon nposuHumm [10, 13].

Figure 4. A binary composition of the diagram of Nb — F (units) of minerals of the pyrochlore group from rocks of the llmeno-Vishnev-
ogorsk and Buldym carbonatite complexes, South Ural. Arrows indicate the direction of evolution of the composition of pyrochlore:
| — early carbonate trend, Il — late carbonate trend, Ill — trend of low-temperature changes (hydration) with the formation of keno- and hydro-py-
rochlore compositions. Not filled in conventional signs — altered (hydrated) pyrochlore; Trend | corresponds to the crystallization of uranpirochlo-
rine (Potaninskoye and Buldym deposits) Trend Il — crystallization of fluoro-calcium-pyrochlore (Vishnevogorsk, Buldym, Potaninsk deposits); for
comparison, pyrochlore composition points from the rocks of platform ultrabasic alkaline carbonatite complexes of the Karelian-Kola province are
also shown [10, 13].
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CKUT-IIETMATUTOB U NMPOKCEH-II0/IEBOLINATOBLIX X171 VInbMeHo-BuntneBoropckoro u BynbIMCKOro KOMIIZIEKCOB IIOKa3bIBAIOT
IIVPOKNE BapUAIVM COCTABOB (OT CTEXMOMETPUYHBIX MMPOXIOPOB C HUSKMMIU COfep>KaHMAMM MUKporpumeceit 1o Ta-, REE- u
Sr-copeprkalyx pasHOCTell MUPOXIOPOB) U GOPMUPYIOT IMHEIHBI TpeHp ¢ yBenudenneM Na u F (puc. 4), cBupeTenbCTBYyIO-
LML O Pe3KOJ CMeHe YC/IOBUII IIPOLIeCCOB KPYCTAa/UIN3ALVM M BO3MOXKHOM IIepepbIBe B Py000pa3oBaHNNL.

Heob6xopnmo ormeruts, uro U-Pb-garnpoBanne nupoxiopoB HOATBEP>KAAET MHOIOITATHOCT (opmuposannu Nb-pyx
MecTopoKeHuit VnpmeHo-BuinHeBoropckoro 1 ByngpiMckoro kap60oHaTUTOBBIX KoMIUiekcos [20, 21]. Tak, U-Pb-ospact U-
(Ta)-mnpoxmopos [ToTaHnHckoro MecTopoxaeHns (378 + 4,9 MyIH 1eT) MOYKeT OBITh COOTHECEH C 3aBepLIatoLelt cTagyeit GyHK-
LVIOHMPOBAHMs I[eJIOYHO-KapOOHATUTOBOI MarMarideckon cucrems! [20, 22-25]. U-Pb-BospacT $HTopKanbLuonpoxiopos
BumneBoropckoro n Bynpgsimckoro Mectoposkgenuit (230 + 1,5 1 235 + 6 MJIH JIeT COOTBETCTBEHHO), a Takxke [ToTaHMHCKOro
MecTopoxXaenn (217,2 + 1,9 miH net) [20] pukcupyeT HOBBLI TAll pyRoo6pa3oBaHNUA 1, BEPOATHO, CBA3AHHBII C IIOCTKOJIIN-
3MIOHHBIM 3TAIIOM Pa3BUTHs YPaIbCKOII CKIajuyaToi obnactu [26, 27].

3akaoHeHme

B pesynbrare mpoBefjeHHbIX MCCIIEOBAHMII PYJHBIX MIHEPAJIOB TPYIIIBI MIMPOXIOPa KapOOHATUTOBBIX KOMIITIEKCOB Ypa-
J1a YCTAaHOBJIEHBI HECKObKO MVHEPAIbHBIX BUJOB TPYIIIIBI MMPOXIOpPa, POpMMUpPOBaHIe KOTOPBIX CBA3aHO C OIpPefieleHHBIMU
9BOJIIOLMOHHBIMI CTAAMAMY (YHKIVMOHMPOBAHNUA IIeJIOYHO-KapOOHATITOBOJ MarMaT4eckoil CYCTEMBI ¥ BTOPMYHBIMM IIpe-
ob6pasoBanmsamu. Cormacuo [18], nccreoBaHHbIE IMPOXIOPBI MOTYT OBITH K/IACCU(PUIIPOBAHBI KaK (TOPKAIBIIMONNPOXIOPBL
(B Tom uncne Ta-, REE_ - u Sr-conepxamine pasnosupnoctu) n U—(Ta)-oxkcukanpimonpoxnopsl (ypaHIMpPOX/IOPb, MO Kilac-
cudmkaryn [20]). Cpenyt U3MeHEHHDIX Pa3HOCTEN MUPOXIOPOB YCTAHOBIEHBI COCTABbI TMAPOKCUIKAIBIIMOINPOXIOPOB, KEHO-
IMPOX/IOPOB ¥ TUAPONNPOXTIOPOB.

U-(Ta)-0KCHKaIbIMONNPOXIOPbl 06pa3oBalich Ha MO3HEMAarMaTyeckoil (paHHeKapOOHATUTOBOI) CTAIUN SBOJIOLINI
I[eJIOYHO-KapOOHATUTOBBIX pacIlIaBOB; (TOPKAIbLMONVPOXIOPH! (B TOM 4ncie Ta-copeprkalye pasHocTi) popmupyrorcs Ha
MIErMaTUTOBON U paHHE KapOOHATUTOBOI cTamuy Kpuctammsanuu. O6pasosanne Sr—-REE-comepxammx GTopKambIimonmnpo-
X/IOPOB IPOVCXOANUT Ha 3aBepIIaonielt (103 [HeKapOOHATITOBOI) CTaANN 9BOIOLUI KOMIUIEKCA, 4 TAKXKE MOXKET OBITH CBS3aHO
C 3TaroM MeTaMopduIecKIX IpeoOpasoBaHNIT HOCTKOIN3UOHHON CTaanu. BropudyHble 13MeHeH s IMPOX/IOPOB, CBsI3aHHbIE C
BO3/IeIICTBIIEM BOIHOTO (IIION/A, IPUBOAAT K GOPMUPOBAHMIO COCTABOB IM/POKCUIKA/IbIIMONIPOXIOPOB, KEHO- 11 TUIPOMIUPO-
XJI0pPOB. 3aKOHOMEPHOCTH BOJIIOLMY XMMI3Ma IIPOX/IOPOB — IOC/IEROBATe/IbHOE U3MEHEHVE COCTABOB YPAHIIMPOX/IOPa C yBe-
mndenyeM F u Nb (paHHekapOOHATUTOBBI TPEH/T) U pe3Kas CMeHa COCTaBa KPMCTA/UIM3YIOMXCA (PTOPKaIbIMONNPOXIOPOB
(ro3mHEeKap6OHATUTOBBII TPEHN) — PUKCUPYET PE3KYI0 CMEHY YCIOBUIT I XMMM3MaA CPEbl MIHEPATo06pa3oBaHmsl.

PaccmorperHble 0COOEHHOCTH MOPQOIOTNIL, COCTABA U TEOXMMIIECKON SBOTIOLUY PYAHBIX MIHEPAJIOB PYIIIIBI MIPOX-
JIopa pefKOMeTa/UIbHBIX KapOOHATUTOBBIX MECTOPOXK/IEHNUIT Ypasa CBU/ETE/NbCTBYIOT O ABYX9TAITHOM IIpoliecce pynoobpaso-
BaHyA. Ha mepBoM ararre, CBSI3aHHOM C 3aK/TIOUUTEIbHBIMIU CTAAMAMY 3BOJIOLNY 1IIe/IOYHO-KapOOHATUTOBOI MarMaTI4ecKol
CUCTeMBI, B CHIMKOKapOoHaTUTax (paHHMX KapOoHaTmTax) Obita chopmupoBana U-(Ta)-mupoxmopoBas MuHepaausaumus.
Ha BTropoMm arare, CBA3aHHOM C MeTaCOMAaTMYECKUMI MM MeTaMOp(IUeCcKUMI IIpeoOpa3oBaHMAMY TOPOJ KapOOHATUTOBBIX
KOMIUIEKCOB, Ha IIOCTKOJ/UIM3MOHHOI CTa{yJl pa3BUTHA YPaIbCKOIL CK/IQ9aTol 00/IaCTy IIPOVCXOMVIIY MaCIITaOHbIe IIPOLeCChI
PacTBOpEHNS, IePeOTIOKeHNA PYIHBIX MIHEPa/IOB IIEPBOTO dTara 1 (GOpMIPOBAINCH IMPOXIOPbI HOBOTO IOKO/ICHNA.

ABTOPBI BBIPaXKAIOT ITYOOKYIO IIPU3HATEIbHOCTD IIEPBOOTKPHIBATE/IO PEIKOMETa/UIBHBIX MECTOPOX/eHIIT KapOOHATUTO-
BbIX KOMIIZIEKCOB Ypasna B. fI. JleBuHy 3a mpeiocTaBleHHble KONIEKLMM PeJKOMETA//IbHBIX MUHEPA/IOB /N UCC/IefOBaHNIA, a
Taroke cBouM Koteram B. B Ilapoiruny u 1. B. 3aMATHHY 3a IpoBefeHNe aHAIUTUYeCKIX paboT.

Paboma svinonrena npu noddepiucxe epanma POV Ne 17-05-00154 u memot 2ocydapcmeentiozo 3adanus T YpO PAH Ne
AAAA-AI8_118052590028-9.
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Ore niobium minerals of the pyrochlore group of carbonates of the
Urals: compositional features and geochemical evolution

Irina Leonidovna NEDOSEKOVA',
Sergey Vladimirovich PRIBAVKIN™

Zavaritsky Institute of Geology and Geochemistry of the Ural Branch of RAS, Ekaterinburg, Russia

Relevance of research is determined by the wide development of linear type carbonatite complexes in folded areas, their weaker knowledge com-
pared to platform carbonatite complexes, including the ore potential. The genesis of Zr — Nb — REE mineralization, the ratio of ore mineralization with
magmatic interstitial phases and metamorphism processes remain topical issues, as well as the duration of the formation of rare-metal deposits in
linear carbonatite complexes of folded areas.

Purpose of research — development of the problem of rare metal ore formation in linear carbonatite complexes of folded areas using the Urals as an
example, including the characterization of ore minerals of the pyrochlore group, their composition, and geochemical evolution.

Results of research. The features of the composition and geochemical evolution of niobium ore minerals of the pyrochlore group from the main types
of rare-metal deposits associated with alkaline-carbonatite complexes of the Urals are studied. The pyrochlors of the Vishne-Vogorsky and Potaninsky
deposits of niobium, ore occurrences of Uvilda and Purgino (Ilmeno-Vishnevogorsky miaskite-carbonatite complex), as well as the Buldymsky REE
— Nb deposits (Buldymsky ultrabasite-carbonatite complex), and the Southern Urals were studied. Several mineral types of pyrochlore have been
identified — hydroxyl- and oxycalciopyrochlor chlorine U (Ta)-containing, fluoro-calcium-pyrochlor (including Ta- and Sr — REE-containing varieties),
hydroxyl-calcium-pyrochlor, keno- and hydro-pyrochlor, the formation of which is associated with certain evolutionary stages of the functioning of
alkaline magma systems and secondary transformations of pyrochlore. The regularities of the evolution of the chemistry of pyrochlore — a successive
change in the composition of uranpirochlore with an increase in F and Nb (early carbonate trend) and a sharp change in the composition of crystal-
lizing fluoro-calcium-pyrochlore chlorides (late carbonate trend) — record a sharp change in the conditions and chemistry of the mineral formation
environment.

Conclusions. Studies of niobium ore minerals of the pyrochlore group of rare-metal deposits associated with linear carbonatite complexes of the Urals
indicate that ore deposits were formed as a result of two stages of ore formation.

Keywords: pyrochlore, niobium deposits, linear carbonatite complexes, the Urals.

This work was supported by the Russian Foundation for Basic Research grant No. 17-05-00154 and the topic of the state assignment
of the IGG UB RAS No. AAAA-A18_118052590028-9.

REFERENCES
1. Bagdasarov Yu. A. 2014, On some conditions for the formation of linear-fractured carbonatites. Litosfera [Lithosphere], no. 4, pp. 113-119. (In
Russ.)
2. Bonshtedt-Kupletskaya E. M. 1951, Mineralogiya shchelochnykh pegmatitov Vishnevykh gor [Mineralogy of alkaline pegmatites of the Vishne-
vaya mountain]. Moscow, 176 p.
3. Eskova E. M., Nazarenko . I. 1960, Pirokhlor Vishnevykh gor, yego parageneticheskiye assotsiatsii i osobennosti khimicheskogo sostava [Pi-
rochlor of the Vishnevaya mountain, its paragenetic associations and chemical composition features]. Proceedings of the Institute of Mineralogy,
Geochemistry and Crystal Chemistry of Rare Elements, no. 4, pp. 33-50.
4. Yes’kova Ye. M., Zhabin A. G., Mukhitdinov G. N. 1964, Mineralogiya i geokhimiya redkikh elementov Vishnevykh gor [Mineralogy and geo-
chemistry of rare elements of the Vishnevaya mountain]. Moscow, 319 p.
5. Efimov A.F., Lebedeva S.1., Levin V. Ya. 1985, Typochemism of accessory pyrochlore in the rocks of the alkaline complex of the Urals. Geokh-
imiya [Geochemistry], no. 2, pp. 201-208. (/In Russ.)
6. Levin V. Ya., Ronenson B. M., Samkov V. S. et al. 1997, Shchelochno-karbonatitovyye kompleksy Urala [Alkaline-carbonatite complexes of the
Urals]. Ekaterinburg, 274 p.
7. Popova V. |., Popov V. A, Blinov I. A., Kotlyarov V. A. 2018, New data on pyrochlors of alkaline pegmatites and ore zones of the Vishnevaya
mountain (South Ural). Mineralogiya [Mineralogy], no. 4(3), pp. 46-50. (In Russ.)
8. Nedosekova I. L., Belousova E. A., Sharygin V. V., Belyatsky B. V., Baynova T. B. 2013, Origin and evolution of the limeny-Vishnevogorsky
carbonatites (Urals, Russia): insights from trace-element compositions, and Rb—Sr, Sm—Nd, U-Pb, Lu-Hf isotope data. Mineralogy and Petrology,
vol. 107, issue 1, pp. 101-123. https://doi.org/10.1007/s00710-012-0223-9
9. Polyakov V. O., Nedosekova I. L. 1990, Mineralogiya apogiperbazitovykh fenitov i karbonatitov yuzhnoy chasti I’'menskikh gor [Mineralogy of
apohyperbasite fenites and carbonatites of the southern part of the limensky mountains]. Minerals of deposits and technogenesis zones of ore
regions of the Urals. Sverdlovsk, pp. 24-35.
10. Chakhmouradian A. R. Williams C. T. 2004, Mineralogy of high field strength elements (Ti, Nb, Zr, Ta, Hf) in phoscoritic and carbonatitic rocks
of the Kola Peninsula, Russia. Phoscorites and Carbonatites from mantle to mine: the key Example of the Kola Alkaline Province, pp. 293-340.
https://doi.org/10.1180/MSS.10.9
11. Yaroshevsky A. A., Bagdasarov Yu. A. 2008, Geochemical diversity of minerals of the pyrochlore group. Geokhimiya [Geochemistry], no. 12,
pp. 1322—-1345. (In Russ.) https://doi.org/10.1134/S0016702908120045
12. Kogarko L. N., Sorokhtina N. V., Zaitsev V. A., Senin V. G. 2009, Rare metal mineralization of calcite carbonatites of the Capa Verde archipel-
ago. Geokhimiya [Geochemistry], no. 6, pp. 463-581. (In Russ.) https://doi.org/10.1134/S0016702909060019
13. Zaitsev A. N., Williams Ch. T., Wall F., Zolotarev A. A. 2011, Evolution of the chemical composition of the minerals of the pyrochlore group from
phosphorites and carbonatites of the Khibiny alkaline massif. Zapiski Rossiiskogo Mineralogicheskogo Obshchestva [Proceedings of the Russian
Mineralogical Society], p. CXXXX, no. 3, pp. 40-55. (In Russ.)
14. Lazareva E. V., Zhmodik S. M., Dobretsov N. L., Tolstov A. V., Scherbov B. L., Karmanov N. S., Gerasimov E. Yu., Bryanskaya A. V. 2015,
Main ore-forming minerals abnormally rich ores of the Tomtor deposit (Arctic Siberia). Geologiya i geofizika [Geology and geophysics], vol. 56, no.
6, pp. 1080-1115. (In Russ.) https://doi.org/10.15372/GiG20150603
15. Khromova E. A., Doroshkevich A. G., Sharygin V. V., Izbrodin L. A. 2017, Compositional Evolution of Pyrochlore-Group Minerals in Carbon-

o= vladi49@yandex.ru
https://orcid.org/0000-0001-7952-0639
**pribavkins@gmail.com

56 Hepocekoa W. J1., MpubaskuH C. B. PygHble HWOBMEBble MUHepanbl rpyrnbl NMMPoOxropa KapboHaTUTOBbIX KOMMMIEKCOB Ypana:
0C06eHHOCTM COCTaBa M reoxmmmyeckas ssomoums//U3sectus YITY. 2019. Boin. 3(55). C. 46-57. DOI10.21440/2307-2091-2019-3-46-57



I L. Nedosekova, S. V. Pribavkin/ News of the Ural State Mining University. 2019. Issue 3(5S), pp. 46-S7 EARTH SCIENCES

atites of the Belaya Zima Pluton, Eastern Sayan. Geol. Ore Deposits, vol. 59, no. 8, pp. 752—764. https://doi.org/10.1134/S1075701517080037
16. Karup-Mgller S. 2018, Uranium-rich pyrochlores from the limaussaq complex, South Greenland. Neues Jahrbuch fur Mineralogie, vol. 195,
issue 3, pp. 177—190. https://doi.org/10.1127/njma/2018/0114

17. Walter B. F., Parsapoor A., Braunger S., Marks M. A. W., Wenzel T., Martin M., Markl G. 2018, Pyrochlore as a monitor for magmatic and
hydrothermal processes in carbonatites from the Kaiserstuhl volcanic complex (SW Germany). Chemical Geology, vol. 498, pp. 1-16. https://doi.
org/10.1016/j.chemgeo.2018.08.008

18. Atencio D., Andrade M.B., Christy A.G., Giere R., Kartashov P.M. 2010, The pyrochlore supergroup of minerals: nomenclature. The Canadian
Mineralogist, vol. 48, pp. 673—-698. https://doi.org/10.3749/canmin.48.3.673

19. Hogarth D. D. 1977, Classification and nomenclature of the pyrochlore group. American Mineralogist, vol. 62, pp. 403—410.

20. Nedosekova I. L., Koroteev V. A., Belyatsky B. V., Sharygin V. V., Lepekhina E. N., Pribavkin S. V. 2018, U-Pb dating of ore niobium minerals
of the pyrochlore group (Ilmeno-Vishnevogorsk carbonatite miaskitovy complex, South Ural). Litosfera [Lithosphere], vol. 18, no. 5, pp. 758-773.
(In Russ.) https://doi.org/10.24930/1681-9004-2018-18-5-758-773

21. Belyatsky B. V., Lepekhina E. N., Antonov A. V., Rodionov N. V., Nedosekova I. L., Petrov O. V., Shevchenko S. S., Sergeev S. A. 2018, About
the age of Nb mineralization of the limeno-Vishnevogorsk alkaline complex (Southern Urals). Doklady Akademii nauk [Proceedings of the USSR
Academy of Sciences], vol. 481, no. 6, pp. 67—73. (In Russ.) https://doi.org/10.1134/S1028334X18080251

22. Krasnobaev A. A, Rusin A.l ., Valizer P. M., Busharina S. V. 2010, Zirconology of calcite carbonatites of the Vishnevogorsky massif (Southern
Urals). Doklady Akademii nauk [Proceedings of the USSR Academy of Sciences]. Vol. 431, no. 3, pp. 1-4. (In Russ.) https://doi.org/10.1134/
S1028334X10030268

23. Krasnobaev A. A., Valizer P. M., Rusin A. |., Busharina S. V., Medvedeva E. V. 2015, Zirconology of hyperbasites of the Buldym massif (lI-
meno-Vishnevogorsky complex, Southern Urals). Doklady Akademii nauk [Proceedings of the USSR Academy of Sciences], vol. 461, no. 1, pp.
63-69. (In Russ.) https://doi.org/10.1134/S1028334X15030022

24. Krasnobaev A. A, Valizer P. M., Busharina S. V., Medvedeva E. V. 2016, Zirconology of miaskites of the llmen mountains (Southern Urals).
Geokhimiya [Geochemistry], no. 9, pp. 797-813. (In Russ.) https://doi.org/10.1134/S0016702916070041

25. lvanov K. S., Valizer P. M., Erokhin Yu. V., Pogromskaya O. E. 2010, On the genesis of folded belt carbonatites (using the Urals as an ex-
ample). Doklady Akademii nauk [Proceedings of the USSR Academy of Sciences], vol. 435, no. 2. P. 1-5. (In Russ.) https://doi.org/10.1134/
S1028334X10110036

26. Puchkov V. N. 2010, Geologiya Urala i Priural’ya [Geology of the Urals and the Transurals region], topical issues of stratigraphy, tectonics,
geodynamics and metallogeny. Ufa, 280 p.

27. Ivanov K. S., Kontorovich V. A., Puchkov V. N., Fedorov Yu. N., Erokhin Yu. V. 2014, Tectonics of the Urals and the foundations of Western
Siberia: the main features of the geological structure and development. Regional’naya geologiya [Regional geology], no. 2, pp. 22-35. (In Russ.)
28. Zhdanov V. A. 2009, State geological map of the Russian Federation. Scale 1: 1,000,000, 349 p.

The article was received on May 10, 2019

Hepocekosa W. J1., MpubaekuH C. B. PyaHble H1obuesble MUHeparbl Fpynrbl IMpoxiopa KapboHaTUTOBbIX KoMMeKcos Ypana: 57
0COBEHHOCTM COCTaBa M reoxuMmUdeckas ssonoums//Mssectua YITY. 2019. Boin. 3(55). C. 46-57. DOI10.21440/2307-2091-2019-3-46-57



Hzsecmus Ypaasckozo zocydapcmeenozo 20prozo ynusepcumema. 2019. Bon. 3(SS). C. 58-62

YOK 553.4 https://doi.org/10.21440/2307-2091-2019-3-58-62

TexHoreHHble MECTOPOXKACHWSI: 0COBEHHOCTH UCCAEAOBAHUM

AHatonun Bopucosny MAKAPOB',
lynbHapa MNa6ayn6apuesHa XACAHOBA”,
Anekcangp MpuropbeBuy TANTANTAU™

Ypanbckuii rocyaapCTBEHHBIN FOpHbIN YHUBEpcuTeT, Poccus, ExkatepuHbypr

AKTYaALHOCTL pa6oTLl. TEXHOTEHHbIE MECTOPOXKAEHUSI, CPOPMUPOBAHHDBIE B MOCAEAHME AECSITUAETMSI, OOPA3YIOT HOBLIN BUA MECTOPOXKAEHMI U K Ha-
CTosieMy BpeMeHM NMpuobpeTaioT 0coboe 3HAYEHNE, OAHAKO METOAMYECKME OBOBLWEHMSI MO UX TEOAOTMHYECKMM UCCAEAOBAHMSIM MOKA €LUE BLIMOAHSIIOTCS
B HE3HAYMTEALHOW Mepe. BechbMa akTyaAbHbIM MPEACTABASIETCSI HA OCHOBE PAaHEE BLIMOAHEHHLIX MCCAEAOBAHMII OGOOWEHNE MPYMEHSIEMBIX METOAOB U
Cnoco6oB Mpw MPOBEAEHUM FEOAOrOPA3BEAOHHDLIX PAGOT B MPEAEAAX TEXHOTEHHBIX MECTOPOXKAEHMIA.

Llean pa60oTel. VI3yyeHne 0COBEHHOCTEN rEOAOTMHYECKMX UCCAEAOBAHMI TEXHOTEHHBLIX MECTOPOYKAEHMIA, BLIMOAHEHHDBIX B MTOCAEAHME FOALI; ONPEAEAEHME
BKHELMX METOAOB AASI U3YYEHMsI UX TEOAOTMHECKOTO CTPOEHUS U BELLECTBEHHOMO COCTaBA TEXHOTEHHOTO MUHEPAALHOTO CLIPbSI.

Mertoaorormns nccareaoBanmii. B pabote NpoBeAeH aHAAM3 PE3YALTATOB BLINNOAHEHHDLIX PAHEE FEOAOTMHYECKUX MCCAEAOBAHMIA TEXHOTEHHDLIX MECTOPOYKAE-
HUM, MX KAQCCUDMKALIMIA, FTEOAOTO-TIPOMBILIAEHHDBIX TUMOB AASI OTIPEAEAEHMST OCHOBHLIX OCOOEHHOCTEN METOAMKM UX UBYYEHMsI.

Pe3yALTaTbl pa6oTLl. PACCMOTPEHDI TAABHDLIE TEOAOTO-TPOMBILIAEHHBIE TUMbI TEXHOTEHHLIX MECTOPOXKAEHUM, METOAMYECKME MOAXOALI K UX U3YHEHMIO U
ouLeHKke. Ha npumepe usydeHusi OTAGALHDLIX TPYIIN M KAQCCOB TEXHOrE€HHLIX MECTOPOYKAEHUI MOKA3aH KOMIMAEKC METOAOB, MPUMEHSIEMBIX AAsI FEOAOTUYE-
CKMX VICCAEAOBAHMIA 3TUX OBBLEKTOB.

BriBoAbI. OnipeAeAeHbl TAQBHLIE OCOOEHHOCTH F€OAOTMYECKMX MCCAEAOBAHMI TEXHOTEHHDLIX MECTOPOXKAEHMIA PASAMYHLIX FEOAOTO-MPOMBILIAEHHBIX TUIOB.
[MoKa3aHo, YTO rEOAOTMYECKME UCCAEAOBAHMST AOAKHLI ObITh KOMIMAEKCHLIMY, BAKHEWWMM HAMPABAEHMEM SIBASIIOTCSI FEO3KOAOTMHECKME MCCAeAoBaHMsl. C
YHYETOM Pa3HOOOPA3HOTO COCTABA CAArAIOWMX UX 0OPA30BaHMII OCOBOE BHYMAHME HEOOXOAMMO YAEASITL BLIGOPY AHAAMTUYECKMX MCCAEAOBAHMIA C WMPO-
KVMM MCMOAL3OBAHMEM SIAEPHO-(OUBMHECKMX METOAOB, B TOM YMCAE MPY MPOBEAEHNM TE€O3KOAOTMHUECKMX UCCAEAOBaHMIA. Ha cTaanmn pasBeAouHbIX pabot
HapsiAy C TPAAULIMOHHLIMM METOAAMM TMPY OLIEHKE 3aracoB PEKOMEHAYETCS PUMEHEHME KOMIBLIOTEPHDLIX 3D-TEXHOAOTUIA.

KatodyeBble cAroBa: TeXHOTe€HHbIe MECTOPOXKAEHMSI, TEOAOTO-TIPOMBILIAEHHDLIE TUMDbI, KOMIAEKCHAas1 OLUE€HKA, r€O3KOAOTMYECKMNE NCCAEAOBAHMS.

BEAEHNEe
TexHOreHHBIE MECTOPOX/EHIsI, OCHOBHAsI Macca KOTOPBIX OblIa COpMMPOBAHA B IIOCTETHME JECATIIETHS, K
HACTOsAIIeMy BpeMeHN npuobperaioT ocoboe sHadenne. Tax, [emn 11 3aiady CTPATETUN Pa3BUTHS MIUHEPAIbHO-ChI-
pbeBoit 6a3bl Poccuiickoit @epeparyn 1o 2035 I. mpegycMaTpUBAIOT «CO3/jaHMe YCIOBMIA 7IsI OCBOEHNSI TEXHOT€HHBIX MECTOPO-
JKJI€HWIL, M3B/IeYEHM s LIEHHbIX KOMIIOHEHTOB 13 BCKPBIIIHBIX, BMEIAIOMIMX IIOPOJ, a TaK)Ke IOy THBIX IIPOMBILIIEHHBIX BOJ».
Heob6xopumocTp mepepaboTKy TeXHOTEHHO-MIUHEPaIbHOTO ChIPbs ONpefe/sieTcs Takxke «CrpaTeryeil pasBUTHSA IPOMBILIJICH-
HocTi Poccunm o o6padotke, yTummsanuy 1 06e3BpeXXMBaHIIO OTXOHOB IPOM3BOACTBA I IIOTpebIeHNs Ha nepuox fo 2030
rofa». AKTYaJIbHOCTb U HEOOXOAMMOCTD Te0IOTMYeCKIX VCC/IEOBAHNMIT /ST M3YUEeHNSI IIOKOOHBIX OOBEKTOB B 3HAYMTEIBHOIL
Mepe OIpefie/sieTcsl HeOOXOAUMOCTHIO OLIEHKI X COBPEMEHHOTO 9KOIOTMYECKOTO COCTOSIHISA, YTO, B CBOIO OYePe/b, CBA3AHO
C TeM, ITO TeXHOT€HHble 06Pa30BaHNsA, BO MHOTUX CIIy4YasX COAepsKallie Cyab(u/bl LIBETHBIX META/IIOB, MOTYT CYILIECTBEHHO
BUIOM3MEHATDCH, TePsA IIPY 3TOM T€XHOIOTMYECKIE CBOJICTBA I TPAKTUYECKYIO LIEHHOCTD. B TO >Xe BpeMs 0CBOEHMEe TEXHOT€H-
HBIX MECTOPOXKAEHMII MOXKET CIIOCOOCTBOBATD YBEINYEHUIO MIHEPaIbHO-ChIPbeBOI 6a3bl U IPUBECTH K YIYYILIEHNIO 9KOIOTU-
YeCKOJI CUTyalluy, B YACTHOCTY B PeTMOHAX TOPHOROOBIBAIOIINX IIPeIPUATHIL.

TexHOreHHLIE MECTOPOXKAEHMSI Y HAMPAaBAEHMs1 UCITOAL3OBaHMsI TEXHOTE€HHOTO CLIPLSI

V3y4eHNIO TEXHOT@HHBIX MECTOPOX/EHWIT B Pa3IMIHbIX pernoHax Poccun yuemsiercs 6osblioe BHMMaHue. B mocienume
TOZIBI BBITIOJIHEH OOBIION 06beM CaMbIX PasHOOOPA3HBIX MCCIEOBAHUII MX BeIeCTBEHHOTO cocTaBa [1-3], ocobeHHOCTEIT
OLIeHKM [4-7], oIIpefieieHbl TEXHOIOTMM MIepepabOTKU TEXHOT€HHO-MUHEPATbHOTO ChIpbs [8-11].

CoBpeMeHHas K1accupuKayis TeXHOT€HHBIX MeCTOPOXK eI [12—14] 1 TeXHOTeHHO-MMHepaIbHbIX 00pa3oBaHMil IIOpa-
3Je/AeT UX [0 YCIOBMAM 00pa3oBaHNA Ha [Be IPyNIbL: cCPOpMUPOBABIINECA B HU3KOTEMIIePaTyPHBIX YCTIOBYAX U B YC/IOBIAX
BBICOKOTEMIIEPATYPHBIX, YTO OIPENENAET, B COBOKYITHOCTY C TIOC/IEYIOIVIMI IIOBEPXHOCTHBIMY MI3MEHEHUAMI, X BELIECTBEH-
HbIIT cocTaB. OCHOBHOE NTOCTIENyIolee IOpas/ieneHyie TEXHOT€HHbIX MeCTOPOXKIEeHNI TPOU3BOAUTCA Ha P/l TUIIOB, YUYUTHIBA-
IOIVX IIaBHbIE IPOLIeCCHl X GOPMMUPOBAHN: TOOBIUY IIOTIE3HBIX MICKOMAEMbIX U X 0OOralljeHNe, MeTa/UTypriudecKuil mepe-
TeTT, XMMIYECKOe 1 SHepreTidecKoe IponsBofcTBO. Kak ciecTBue, yenoBus GOpMUPOBAHNUA TEXHOTEHHBIX MECTOPOKIEHMIA,
CBSI3aHHBIX C CAMBIMJ Pa3HOOOPasHBIMU IIPOLieCCaMI, OTIPERE/IAIOT U Pa3HOOOpasye BellleCTBEHHOIO COCTaBa ¥ HallpaBJIeHNl
VX UCIIOIb30BaHMsA, B TO JKe BpeMs — KOMIUIEKCHOCTD VX M3y4eHu /11 Hanbosee 3¢ HeKTUBHOI OC/IeAYOLeil TepepaboTKI.

IIpenmoYTUTeNIbHBIM HAIIPAB/IEHIEM MCIO/Ib30BAHIS TEXHOT€HHO-MIUHEPATBHOTO ChIPbsi TOPHOZOOBIBAIOLIEN ITPOMBILII-
JIEHHOCTH SIBJIAIETCS €T0 MCIO0/Ib30BaHNe B CTPOUTEbHON MHAYCTPUY C YUYETOM, YTO BCKPBILIHbIE, BMEIIAOIYE IIOPOJIbI M OTXO-
IIBI CYXOI1 ITepepaboTKI Py HeSHAUUTENbHO OTIMYAIOTCA OT MIPUPOIHBIX CTPOUTENbHBIX MaTepranoB. Ocoboe BHIMaHIeE 3/IeCh
IPVBJIEKAIOT CIelMaIbHbIE OTBA/IbI YOOTUX, HEKOH/IVLIMOHHBIX PYHI, KOTOPBIE C TeYeH)eM BpeMeH! MOTYT OBbITh TTepepaboTaHbI
C 1IeJIbI0 M3BJIeYeHsI KaK PYAHDIX, TaK U HePYAHbIX (6apyT, IIOIeBOII LIMIAT 1 Jp.) ITOJIe3HBIX KOMIIOHEHTOB.

CyecTBeHHBIe 0COOCHHOCTM BEI[eCTBEHHOTO COCTaBa MMEIOT TeXHOTeHHO-MIHepaIbHble 00pa3oBaHusA, GOpPMUPYIOLIN-
€csA B yC/IOBUAX METaJTyprin4eCcKOro, TOIIMBHO-9HEPTeTUYECKOTO ¥ XMMIYECKOTO MTPOU3BOJCTBA. MeTa/mypriudeckue IIaku
U IUTaMBbI 06Pa3yIoT MUPOKUII CIEKTP TEXHOT€HHO-MUHEPAIbHBIX 00pasoBaHMIL, X OCOOEHHOCTY ONPEe/IAI0TCs CIIelnaIn-
3alyell MPON3BOACTBA YePHOII (JOMeHHbIe, MapTEeHOBCKIE IIIAaKY, IIIaKM (epPOCIIABHOTO IIPOM3BOJCTBA) ¥ LIBETHON (Mac-
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CUBHbIE U TPaHY/IMPOBAHHbIE MeleIIaBU/IbHbIE IIIAKM, IIUIAKI HUKEIEeBOTO IPOU3BOACTBA U T. i.) MeTa/UTyprun. TeXHOTeHHbIe
06pasoBaHMA XMMMUYECKOrO MPOM3BOACTBA IPENCTABIeHbl KPACHBIMY LITAMaMM, HVPUTHBIMU orapkamu, ¢pocdo- u dpropo-
TUICAMM, OT/IMYAIOIVIMMCS CIely(PUYeCKUM BellleCTBEHHBIM COCTaBOM. 3HAUUTEIbHOE KOMNYECTBO TEXHOJIOTUIL 110 MCIO/b-
30BAHMIO B PA3/IMYHBIX HAIIPaB/IEHNUAX UMEETCA U JIIA OTXOJ0B 9HEPTeTMYECKOTO IPOM3BOJCTBA — 30/I0IIJIAKOB, 30J1 TEMIOBBIX
9/IEKTPOCTAHIIVIL.

B HacTostiee BpeMst 60/1bIlIoe BHUMaHME YAE/ISATCS UCIIONTb30BAHNIO TEXHOTEHHBIX 00pa3oBaHMIl YepHOIT MeTaslTyPril,
TPaUIIMOHHOE VX MCIOIb30BaHNUeE [/ MIPOU3BOACTBA CTPOUTEIBHBIX MaTepuaoB [8, 9] MeHseTcsA Ha KOMIUIEKCHYIO Tlepepa-
0OTKy C M3BJIeUeHVEM MEeTa/INIeCKOI COCTaB/IAIONIEN /I MOCTIeAYIOIero HallpaB/IeHns ee B JOMEHHbIIT Ipoljecc. B iBeTHOI
MeTa/UTypriuyl MefielIaBIIbHbIe LIJTaK) TTepepadaThIBalOTCS € IOTy4eH)eM MeJHOTO KOHI[eHTpaTa.

Vcnonp3oBaHNe TEXHOTE€HHO-MIHEPAIBHOTO CHIPBS 9HEPTeTUYECKOTO I XMMITIEeCKOTO IIPOM3BOJCTBA [IOKA MIMeeT HeOOb-
e MacITadbl. T 06pa3oBaHMA 3HAYUTEILHO OTIMYAIOTCA OT IPUPOJHOTO ChIPbS U IIPY HA/IMYWM PA3/IYHbIX TEXHOIOTUI
nepepabOTKY MMEIOT II0Ka BeCbMa HeOO/bIIoe IPaKTUIeCKOoe IIPYMeHeHNe.

Pa3HO06pasHbIIT BelleCTBEHHBI COCTAB TEXHOT€HHO-MIHEePaIbHBIX 00pasoBaHMII MPeAonaraeT MMPOKUIL CIIEKTp X Te-
OJIOTMYECKMX MCCTIEIOBAHMIA, B TOM 4MCIIE U SKCIIEPUMMEHTAIbHO-aHATUTUYECKOTO apCeHasla, IPYMEHAEMOr0O PasIMYHbIMU OT-
paciAMU reonoruy (TeXHUYeCKOl MyHepasioryei u nerporpadueit, reopyusuKoi, reoxmummeil u fp.), BKI0Yas MUHepaIoro-Iie-
Tporpadudeckue, reoprsndecKyie METOMDL, TUIPOTe0IOTIYeCKIIe V1 MH)XEHEePHO-Te0/IOTYeCKIe MICCTIefOBaHNA C IpUMEeHEeHIeM
COBPEMEHHBIX aHATUTNYECKUX M MUHEPaIorndeckrx [15] meropos. Kommtekc ncciegoBaHmil TeXHOTEHHBIX 00pa3oBaHMII [OII-
JKEH BKJIIOYATh ¥ HEOOXOAMMbIE T€09IKOMIOTMYeCKIe MCCIIeOBAHMS /s OLpefie/ieH st XapaKTepa 11 Macutaba ux BO3Me/CTBIU
Ha IPUPOJIHYIO OKPY>KAIOLIYIO CPENYy.

[eoAOro-npoMbIIAEHHDIE TUMLI TEXHOr€HHLIX MECTOPOXKAEHMIA

Hanuune pesynbTaToB MHOTOYMCIIEHHBIX JICCIEOBAHMII TEXHOT€HHBIX MECTOPOXKJEHMII, UX Bel[eCTBEHHOTO COCTaBa I
CTPOEHUsI, a TAK)Ke OINpee/IeHHO MeTOAIYecKoit 6assl [2, 9, 16], BKIOUarolelt KagacTpoBblil yueT 06beKToB [17], 060611e-
HJE ONBITA MX M3Y4YEeHNs B MOC/IENHIE TO/IbI IIO3BOMIAIOT C OIPE/IEIEHHON [OJell BEPOATHOCTH TIEPENTH K BBIJIEIEHNIO YKe Te-
0JIOTO-IIPOMBIIIUIEHHBIX TUIIOB TEXHOTEHHBIX MECTOPOX/eHMil. PaHee B KaccupyKalmuy TEXHOT€HHBIX MeCTOpOKAeHuMIt [14]
6b11a 060CHOBaHA UX K/TaccuUKaLysi HA OCHOBE IPUHINUIIOB (GOPMIPOBAHS U IPOEKTUPOBaHNS paspaboTku. B [9] mpomsiu-
JICHHBIE TUIIBI TEXHOT€HHBIX MECTOPOXK/IEHUIT BBIJE/IEHBI IT0 CIIOCO0Y 00pa3oBaHMsA: CyXye OTBAJbI, TMAPOOTBAIBI, XBOCTO- 1
ITAMOXPaHM/ININA, KOMOMHYPOBAaHHBIE OTBAJIBL, T. €. PACCMOTPEHBI IIPEUMYILEeCTBEHHO TeXHOTeHHBIe 00pa30BaHUA TOPHOO-
OBIBAIOLIENl TIPOMBILIIEHHOCTH, 6€3 ydeTa Tropasfo 60/IbIIero KoMm4ecTBa TEXHOTEHHBIX MECTOPOX/eHMIT, CPOPMIPOBAHHBIX
IIpefupuATIAMI APYTUX oTpacieil. [IpennosxeHHoe panee [12] BbIfje/leHMe IIPOMBIIIICHHBIX TUIIOB TeXHOT€HHBIX MECTOPOX/e-
HIIT YePHBIX, IIBETHBIX U 6/IaTOPOIHBIX META/IIOB OCHOBAHO Ha UX TeHeTH4YecKoil Knaccudukarun. Tax, Iist mpefIpusTuit Mef-
HOIT OTPAC/IN 1{BETHOI MeTa/UTyPIUH BbIJ/IEHBI CIeAYIOLINe T€0IOr0-IIPOMBIIIIEHHBIE TUIIBL: 1) OTBAJIbl, CBA3aHHBIE C OObIYEI
MEJIHbIX PYZ; 2) XBOCTOXPAHIINIIA 060TaTUTENbHOIO TIPOM3BOJICTBA; 3) OTBAIBI METAJUTYPIrUYECKOro Iepefiena. BakHeimmm
Te0/IOrO-IIPOMBIIIICHHBIM TUIIOM, IIPeICTaB/IAIONIMM B HAacTOsALIee BpeMsi 0COObIT IHTepeC, SIB/IAIOTCSA OTBA/IbI MeTa/UTypriude-
CKIX IIUTAKOB, PACIIO/IOKEHHDIE B IIpefieflaX TaKMX KPYIIHBIX MPeANpYATHI, Kak CpegHeypanbCcKuil Meflell/IaBY/IbHbII 3aBOJ, 1
Kapabamnickuit MemernaBuabHblil KoMOuHAT. CofiepyKaHe O0/Ie3HbIX KOMIIOHEHTOB B IITAKAX MEHO OTPAC/IN [[BETHOI METAI-
JIypruu MOKasaHo B Tabu1le.

IToMyMO yKa3aHHBIX TEXHOT€HHBIX MECTOPOXKJEHNUIT Me/[M, BOSMOYKHBI ¥ BTOPOCTEIIEHHbIE UCTOYHMUKI €€ TIOTydeHNs: TIN-
puTHbIe orapku (copiepxxanue meay — 0,2-0,43 %) U faxke TPYHTBI TEPPUTOPUIT MIPOMBIIUIEHHBIX TPeIPUATII, COfep Kalle
IIBeTHbIE MET/I/IbI B BUJIe MeTa/UIMYeCKMX YaCTUL], IIVIAKOB U B IVIMHMUCTBIX MMHepasax ¥ OpraHuKe B COPOMPOBaHHOM BUJE.

Boiiennenue onpepeneHHBIX T€ONMOTr0-IIPOMBIIIIEHHBIX TUIIOB I KaXK[JOTO BUJla TEXHOT€HHO-MMHEPAIBHOTO CHIPhA, MX
MHOroo6pasye B Bel[eCTBEHHOM COCTaBe U HallpaBJIeHIAX MCIO/Ib30BAHNA MIPeiolpeie/iieT HeoOXOAMMOCTD NX KOMIIIEKCHON
re0JI0r0-3KOHOMMYECKOI OIIeHKH.

MeTtoaoAOrVIsl MCCAEAOBAHM

Teonormyeckne MccaefoBanMsa TEXHOTEHHBIX MECTOPOXKJEHMIT PEITaMEHTUPYIOTCSA B HACTOsAIlEEe BPeMsl METOIMKAMHU Py-
KOBOJICTBA 10 M3y4YEHUIO 1 KOJIOT0-9KOHOMIYECKOI! OLleHKe TeXHOTeHHbIX Mectopokaenmit (yTB. K3 25.02.1994), ognako
OIpefe/IeHHble 0COOEHHOCTI MX BEIIECTBEHHOIO COCTABa IIPEIOJIATAIOT OIpefe/leHHbIe PA3/INyuisi B OL€HKE TeXHOTEeHHBIX
MecTopokeHuit. OHu 6a3MpyIoTCs Ha MCHOIb30BAHUY IINMPOKOTO apCeHaIa METOIOB, IPUMEHAEMBIX B Pas/IMYHBIX OTPACIAX
reosoruy (TEXHUYECKOI MIHEPATIOruy U MeTporpadum, reoxumnu, reopusmuke u gp.), T. €. IOKOOHbIE MCCIeR0BaHMsI TPeby-
10T MHOTOMEPHOTO KOMIIIEKCHOTO IIOfIXOfia K M3y4aeMOMy OOBeKTy, 0COOCHHO IIPM M3YYEHUN BeEIeCTBEHHOTO COCTaBa TeX-
HOTEHHBIX 00pa30BaHWIT ¥ BBIABICHUY YPOBHS 9KOIOIMYecKoro Hebmaronony4ns. OcoOeHHOCTHU MCCIefOBaHNII TeXHOT€HHBIX
MeCTOPOXX/IeHUI! PallMOHANbHO MOApasfeNATCA B Ipefenax ABYX IOC/Ief0BaTeIbHbIX TAallOB. B paMKax IepBOro arama Jc-
CIeloBaHMIT HeoOXoaMMa KalacTpoBas OlleHKa 00'beKTOB, OIIpefie/Aolias BHIOOp 00beKTOB I IepBOOYEPeTHON OLICHKI, B
TOM 4IC/Ie HeOOXOAVMO YIUTHIBATH U IIOTPEGHOCTD B TOM VI IHOM BIJie MIHEPA/IbHOTO ChIPbsi. BakHeriielt 3agadeit 9Toro
9Talla SIB/LIETCA MOTyYeHIe KaueCTBEHHOI U KOJIMYeCTBEHHOI OLleHKY TEXHOT€HHBIX 00pa3oBaHMil, YTO pefoIpeNie/isieT 3Ha-
4YUTeNIbHBIE 00beMbl OIpo6oBanys. CBA3aHO 9TO C TeM, YTO B IOBEPXHOCTHBIX YC/IOBMAX IOJ] BIMSHMEM Pa3IMIHBIX IIPOLIECCOB

CopepxaHue none3HbIX KOMMNOHEHTOB B LINaKax MeaHoOW oTpacnu LBeTHOW MeTannyprum Ypana.
The content of useful components in the slag of the copper industry of non-ferrous metallurgy of the Urals.

CopepxaHwue, mac. %

MpeanpusaTtne, hopmupytoLLiee wnakooTean

Cu Zn S
CpefHeypanbckuii MegennaBunbHbI 3aBof, 0,7-0,9 34 1,33
KupoBrpagckuii MmegennaBuibHbIn KOMBGUHaT 0,59 2,4 0,13
Kapabaluckuin megennaBunbHbI KOMOUHAT 0,7-0,8 34 1,25
MepgHoropckunin MegHo-cepHbIi KOMGUHAT 0,27 0,80 1,10
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PucyHok 1. FleomeTpu3saums HeGONbLLIOW 3areXu Noyie3HOro KOMMOHeHTa B oTBarne. 1 — NpoGypeHHbIE CKBaXXUHbI U MX rMyOUHA; 2 — 3anexb
None3Horo KOMMOHEHTA.

Figure 1. Geometrization of a small deposit of a useful component in a dump. 1 —drilled wells and their depth; 2 — reservoir of a useful com-
ponent.

IPOVCXOUT IIepepacipeielieHNe ONe3HbIX KOMIIOHEHTOB C BO3MOXXHBIM (pOPMMPOBAHIEM 30HBI OKVCTIEHNS 1 0OO0TaIleHHbIX
MeTasIaMM y4acTKoB. Panee [15] ayst mpoBefieHNs aHATUTUYECKUX UCCIJOBAHNUIT TEXHOTEHHBIX 00pa3oBaHNil Ha 9TOM 3TaIle
IIPEJIOKEHO IIVPOKOE JCIIONb30BaHIE SIfIePHO-(I3MIECKIX METOOB: HEITPOHHO-aKTUBAIIVIOHHOIO, PEHTT€HOCIIEKTPAIBHO-
r0, FaMMa-CIIEKTPOMETPIUIECKOT0, KOTOPbIe B KOMIUIEKCE OXBATBIBAIOT OO/IBIION KPYT XMMIIECKIX 37IEMEHTOB.

Eirie ofHOIT 0COOEHHOCTBHIO IIPH OLjeHKE TeXHOTEHHBIX MECTOPOXK/IEHNIT SIB/ISIETCS HEOOXOAMMOCTD OLIEHKI VX BIIVISTHIS Ha
3arpsI3HEHNe IPYPOJHOI OKPYIKAIOIIell CPebl U IIPOrHO3a MOC/IEAYIOIETr0 9KOTOTNUECKOTO COCTOSIHIUS TePPUTOPUN, KOTOPast
TaKKe JJOJDKHA OBITh KOMIUIEKCHOI. [Ipyt 9TOM HO/KHBI OBITh U3YUEHBI B IpefeaX MPUIEraloliX K 00beKTy TeppPUTOPUIL TI0-
YBBI U IOBEPXHOCTHBIE BOJOTOKY 1 3arpsI3HEHME MOJI3eMHBIX BOJ. I/ OLleHKM 3albUIEHHOCTY TEPPUTOPUI BO3MOXKHO OIIPO-
0oBaHIe CHE)XHOTO ITOKPOBA. B 1[e/TOM /151 OLIEHKM 9KO/IOTMYECKOrO COCTOSIHMS TEXHOTEHHBIX MECTOPOX/eHIIT HeoOX0aMMO
JICIIO/IB30BATh BCE MIMEIOIMECS] MAaTepHaIIbl IPOBOAVMBIX paHee Te09KOTOIMYEeCKIX VCC/IEOBAHNIL, B TOM 4ICIIE, B IEPBYIO OUe-
perb, JaHHbIE 9KOIOTUYECKOTO MOHUTOPIHTA.

Ber6op koMmIIIeKca pa3BefOuHbIX pabOT OIpee/sieTCsl pe3yIbTaTaMi IPeJBAPUTENIbHOI OLIeHKM 00BEKTa, OH MOXKET OBITh
OCHOBAH TaK’kKe Ha IAHHBIX O COIEP>KaHMN PENKUX, PEIKO3eMeNbHbIX, 6TATOPOJHBIX METAJIIOB C YYeTOM UX paclpefie/ieHns B
Hpefienax 0TBaIoB, XBOCTOXpaHMINUI 1 T. A. C APYroit CTOPOHDI, IIOTyYeHHbIE JaHHbIE MCCIIEJOBAHNS BelleCTBEHHOIO COCTa-
Ba MOTYT OIIPENENNTD Vi BO3MOXXHbIE TEXHOTIOIMN Pa3pabOTKM U [epepabOTKI TeXHOreHHBIX 0bpasoBanmit. Heobxonnmocts
0oJlee HeTaNbHOTO M3YYeHVsI BBUIB/IEHHBIX IIPY PEBU3VMOHHO-OL[EHOYHBIX PAbOTAaX TEXHOTEHHBIX 3a/IeXKell OIpPeNesIeTCs TEM,
YTO TEXHOT€HHbIE 0OPAa30BAHN B IPOL[ECCe UX CKIAAVMPOBAHNS 3HAYNTEIBHO [IePEMEIIMBAIOTCS I PA3PYLIAIOTCS, IIOBEPraoT-
sl B TIOCIIEAYIOM[EM IIPOLieccaM BbIBETPMBaHMA (OKUC/ICHNS, BBII[ENAYNBAHIA) ¥ MUTPALINYU C BO3SMOXHBIM (POPMIUPOBaHUEM
OT/I/IbHBIX 00OTAIIECHHBIX TT0Ie3HBIMI KOMIIOHEHTaM! y4acTKoB. Ocoboe BHMMaHNe HEOOXONUMO YAeNATh CTAPbIM OTBAJIaM,
nHpopManyA 0 GOPMUPOBAHNU KOTOPBIX MOXKET OBITH HETIOJTHOIA, @ Yallle OTCYTCTBYeT.

IIpy OKOHTYpPMBAaHMM OT/E/NbHBIX 3aJIEKeil TEXHOT€HHO-MMHEPATbHBIX OOBEKTOB pPAIIOHAIIBHO IIPVYMEHEHNE
3D-KoMIbIOTEPHBIX TeXHONOTMIA. IIpuMep OKOHTYpUBaHMA OTHENbHOMN 3a/1eXX) B OTBaJle TOKa3aH Ha puc. 1.

IMoxcder 3aacoB TEXHOTEHHOTO MECTOPOXKAEHNS MOXKET OCYLIECTB/LITHCS KaK C UCIO/Ib30BAHMEM TPAANIIVIOHHBIX METO-
OB, TaK U C IpUMEHEHNeM TeXHOIoruii 6mounoro Mogemposanusa. C IpuUMeHeHHeM HOCTeIHUX 00ecrednBaeTCst BO3MOX-
HOCTb IOCTIeAYIolIell KOPPEKTUPOBKY JAHHBIX, B TOM YNCIIe I Pe3y/IbTaTOB IIOCYeTa 3aIIacoB.

BuiBoab

TexHOTeHHBIE MIHEPA/IbHbIE MECTOPOXKIEHNST 00pa3y0T HOBBIN BUJ MECTOPOXKIAEHNMIL, YTO HPEAIonaraeT u3ydeHne 0co-
OeHHOCTeIT IIPOBOAVMBIX B IIpefe/iax MOK0OHBIX 00BEKTOB re0I0ropasBefodHbIX paboT. B HacTosIee BpeMs OIpefie/ieHbl I1aB-
HBIE T€0/IOrO-IIPOMBIIIICHHbIE TUIIBI TEXHOTEHHBIX MECTOPOXK/IEHNIT, B PAMKaX KOTOPBIX PACCMOTPEHBI I/IABHbIE 0COOEHHOCTH
ux nccrnefoBanmit. C y4eToM pasHOOOPAasHOro cOCTaBa CIATAONINX X 06pa3oBaHMil 0ocoboe BHUMaHME HEOOXOAUMO YeATh
BBIOOPY aHATUTUYECKUX UCCIEOBAHNIT C IIMPOKUM JCIIONb30BaHMEM SA/IePHO-(PU3NIECKIX METOMOB, B TOM YNCIIe TIPK IIPOBe-
IeHUV T€09KOIOTMIeCKUX MccnenoBanmit. Ha cTaguy pasBefouHBIX pabOT HapAALY C TPaJVLIMOHHBIMY METOJAMY IIPU OLlCHKE
3aI1aCOB PEKOMEHYeTCsI IIPYMeHeH Ve KOMITBIOTEPHBIX 3D-TeXHOMOrmiL.
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Technogenic deposits: research features
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Relevance of the work. Technogenic deposits formed in recent decades form a new type of deposits and are currently acquiring special significance,
however, methodological generalizations of their geological studies are still being carried out in a minor way. Based on previously performed studies,
it seems very relevant to generalize the methods used during geological exploration within technogenic deposits.

Purpose. Examination the features of geological studies of technogenic deposits carried out in recent years; determination of the most important
methods for studying their geological structure and material composition of technogenic mineral raw materials.

Research methodology. The paper analyzes the results of previously performed geological studies of technogenic deposits, their classifications,
geological and industrial types to determine the main features of the methodology for their study.

Results of the work. The main geological and industrial types of technogenic deposits, methodological approaches to their study and evaluation are
considered. The example of the study of individual groups and classes of technogenic deposits shows a set of methods used for geological research
of these objects.

Conclusions. The main features of geological examination of technogenic deposits of various geological and industrial types are determined. It
is shown that geological research should be comprehensive; the most important area is geoecological research. Given the diverse composition of
their constituent entities, special attention should be paid to the choice of analytical studies with the widespread use of nuclear-physical methods,
including when conducting geoecological studies. At the stage of exploration, along with traditional methods, the use of computer 3D technologies
is recommended when assessing reserves.

Keywords: technogenic deposits, geological and industrial types, integrated assessment, geoecological studies.

REFERENCES
1. Ozhogina E. G., Kotova O. B., Yakushina O. A. 2018, Mining waste: mineralogical peculiarities. Vestnik IG Komi NTS UrO RAN [Bulletin of the
Institute of Geology of Komi Scientific Center, Ural Branch of RAS], no. 6, pp. 43—49. (In Russ.)
2. Seleznev S. G., Stepanov N. A. 2011, Dumps of the Allarechensky sulfide copper-nickel deposit as a new geological-industrial type of techno-
genic deposits. Izvestiya vysshikh uchebnykh zavedenii. Gornyi zhurnal [News of the Higher Institutions. Mining Journal], no. 5, pp. 32—40. (In
Russ.)
3. Yakushina O. A., Ozhogina E. G., Khozyainov M. S. 2015, Microtomography of technogenic mineral raw materials. Vestnik IG Komi NTS UrO
RAN [Bulletin of the Institute of Geology of Komi Scientific Center, Ural Branch of RAS ], no. 3, pp. 38-43. (In Russ.) https://doi.org/10.19110/2221-
1381-2015-11-38-43
4. Akhmanov G. G., Vasiliev N. G. 1996, On the methodology for the study and evaluation of technogenic deposits. Otechestvennaya geologiya
[Russian geology], no. 10, pp 3—7. (In Russ.)
5. Bykhovsky L. Z., Sporykina L. V. 2011, Technogenic waste as a reserve for replenishing the mineral resource base: state and problems of de-
velopment. Mineral’nyye resursy Rossii. Ekonomika i upravleniye [Mineral resources of Russia. Economics and Management], no. 4, pp. 15-20.
(In Russ.)
6. Sekisov G. V., Zykov N. V. 2012, Osvoyeniye mineral’nykh ob”yektov i metodologiya otsenki [Development of mineral objects and evaluation
methodology]. Moscow, 43 p.
7. Shelagurov V. V. 1996, Technogenic deposits, methods for their study and evaluation. Otechestvennaya geologiya [Russian geology], no. 2,
pp. 34-42. (In Russ.)
8. Tumanova Ye. S., Tsybizov A. N., Blokha N. G. et al. 1991, Tekhnogennyye resursy mineral’nogo stroitel’nogo syr’ya [Technogenic resources
of mineral building materials]. Moscow, 288 p.
9. Tumanova Ye. S., Tumanov R. R. 1998, Mineral’noye syr’ye. Syr’ye tekhnogennoye [Mineral raw materials. Technogenic raw materials]: refer-
ence book. Moscow, 44 p.
10. Kazragis A. 2004, High-temperature dekontamination and utilization of phosphogypsum. Journal of Environmental Engineering and Land-
scape Management, vol. 12, no. 4, pp. 138—145.
11. Winkel P. 2004, Recycling-eine Chance fir die Zukunft. Galwanotechnik, vol. 95, no. 10, pp. 2539-2547.
12. Makarov A. B., Talalay A. G., Khasanova G. G. 2018, Geological and industrial types of technogenic deposits. Vestnik IG Komi NTS UrO RAN
[Bulletin of the Institute of Geology of Komi Scientific Center, Ural Branch of RAS], no. 8, pp. 80-85. (In Russ.) https://doi.org/10.19110/2221-
1381-2018-8-39-45
13. Makarov A. B., Khasanova G. G. 2017, Tipizatsiya tekhnogennykh mestorozhdeniy (na primere Ural’skogo regiona) [Typification of techno-
genic deposits (using the Ural region as an example)]. Modern concepts of the development of science. Collection of articles of the International
scientific and practical conference, pp. 20-24.
14. Trubetskoy K. N., Umanets V. N., Nikitin M. B. 1987, Classification of technogenic deposits and the main factors of their complex use. Kompl-
eksnoe Ispol’zovanie Mineral’nogo Syr’a [Integrated use of minerals], no. 12 (114), pp. 18-23. (In Russ.)
15. Talalay A. G., Makarov A. B., Zobnin B. B. 1997, Technogenic deposits of the Urals, methods for their research and prospects for processing.
Izvestiya vysshikh uchebnykh zavedenii. Gornyi zhurnal [News of the Higher Institutions. Mining Journal], no. 11/12, pp. 20-36. (In Russ.)
16. Rasskazov |. Yu., Grekhnev N.I., Aleksandrova T. N. 2014, Technogenic deposits in the dumps of mining and processing plants of the Far
Eastern region. Tikhookeanskaya Geologiya [Russian Journal of Pacific Geology], vol. 33, pp. 102-114. (In Russ.)
17. Khasanova G. G. 2003, Metodicheskiye printsipy kadastrovoy otsenki tekhnogenno-mineral’nykh obrazovaniy Srednego Urala [Methodologi-
cal principles of cadastral evaluation of technogenic and mineral formations of the Middle Urals], PhD thesis. Ekaterinburg, 17 p.

The article was received on June 28, 2019

* 4 fgg.gpr@m.ursmu.ru
https://orcid.org/0000-0003-4843-3422

** fgg.gpr@m.ursmu.ru

*** talalay@ursmu.ru

62 Makapos A. b. 1 ip. TexHoreHHble MECTOPOXAEeHMS: 0C06eHHOCTU uccnegoBanuin//Mssectua YITY. 2019. Boin. 3(55). C. 58-62.
DO0I110.21440/2307-2091-2019-3-58-62



H3zsecmus Ypaasckozo zocydapcmeenozo 20prozo ynusepcumema. 2019. Bon. 3(SS). C. 63-71

YOK 550.837 https://doi.org/10.21440/2307-2091-2019-3-63-71

[NpeAnoCbIAKM YCMEIHOrO MPUMEHEHMST MPOCTLIX METOAOB SAEKTPOMETPUN
MPY MOMCKAX TAYOOKO3aAETaoILMX KOAYEAAHHDLIX MECTOPOYKAEHMIA

Bagum Muxannosunuy CANMNOXHUKOB*
Ypanbckuii rocyaapCTBEHHBIN rOpHbIN YHUBEpcuTeT, Poccus, ExkatepuHbypr

AKTYaABHOCTBb PABOTBI OMPEAEASIETCSI MOTPEBHOCTBLIO UCMOAL3OBAHMS MO3UTUBHOTO OTLITA MOUCKOB M PA3BEAKM MEAHOKOAYEAAHHBIX PYA B YCAOBMSIX,
KOTAQ paclMpeHmne CLipbeBoi 6asbi MEAHOPYAHO MPOMBILAEHHOCTM YPaAa BO3MOXKHO 3a CHET OOHAPY KEHUsI KPYIHLIX CKOMAEHMI PYA HA AOCTAaTOYHO
GOAbLIMX TAYOMHAX. TPYAHOCTM MOMCKOB TAKMX OOBLEKTOB CBSI3aHDbI C UX CAABOM MPOSIBAEHHOCTLIO MO BCEMY KOMIAEKCY F€OAOTO-Te0M3NYECKUX CBOMCTB,
M ycriex MOXET ObiTb MOAyYEH MPU MOCAEAOBATEALHOM MCIMOAL30BAHMM CEPUM KOCBEHHLIX MPM3HAKOB. Hanboree pearbHO MOXKHO PacCUMTbIBATL HA
BLISIBAEHME KPYIMHBIX PYAHBIX 3aA€XKEN MPU UX MOAOrOM 3aAeraHmu. [AaBHbIM OBBEKTOM UCCAEAOBAHUIM AOAXKHDI SIBASITbCS MOTEHLIMAALHO PYAOHOCHDIE MO
rEOAOTrO-Te0OU3NUECKMM MPU3HAKAM MAAEOBYAKAHUYECKME MOCTPOIKM, a B UX MPEAEAAX — U3BECTHbIE M HOBbIE PYAHbIE MOAsl. Ha craamm msydeHus 3tmx
nocTpoek HanboAee OMPABAAHO MPUMEHEHME MPOCTLIX TAYOMHHBIX METOAOB HA3EMHOM M CKBYKMHHOW SAEKTPOMETPUM.

LleAnto paboTnl SIBASIETCSI AEMOHCTPALIMS TEOPETUHECKMX M MPAKTUHECKMX MPEANOCLIAOK MPUMEHEHMSI MPOCTLIX METOAOB SAEKTPOMETPUM, MO3BOASIOLMX
MOCAEAOBATEALHO BLISIBASITL MPU3HAKM MPOSIBAEHMST TAABHLIX PYAOCPOPMUPYIOILMX SAEMEHTOB PYAOHOCHDBIX CTPYKTYP, MO COBOKYMHOCTU KOTOPLIX M MOYKHO
OBHAPY’KMBATL OTAEALHLIE PYAHLIE 3AA€XKM M MECTOPOXKAEHME B LIEAOM. PacCMaTpyBaIOTCsl MPUMEPDLI MPUMEHEHMSI METOAOB SAEKTPONPOUAMPOBAHMSI,
U3y4YeHWsl BEKTOPOB MPAAVEHTA SAEKTPOMPOBOAHOCTM, METOAA MEAKOMACIITAGHOTO 3aPsIAA C BLIAEAEHMEM AHOMAALHOTO MOAsl, CKBXKMHHOM YPABHOBELIEH-
HOM YCTaHOBKM, F€0SAEKTPUYECKOTO MOAEAVPOBAHMSI PA3PE30B MO AAHHBLIM SAEKTPOKAPOTXKA.

Pe3yAbTaTLI, TOAYYEHHLIE MPY MPUMEHEHUM NMPOCTLIX METOAOB SAEKTPOMETPUM HA KOHKPETHDLIX I0)KHOYPAALCKMX MEAHOKOAYEAAHHLIX MECTOPOXKAEHMSIX,
MO3BOASIIOT MPOAEMOHCTPUPOBATL MPYMEPDLI MOAYYEHMST MOMCKOBO-PA3BEAOHHON MH(POPMALIMK O CyILECTBOBAHUM PYAOHOCHBIX CTPYKTYP U MPOSIBACHUM
MX OTAEALHLIX SAEMEHTOB.

KatoyeBble crOBa: PyAHOE MOAE, PYAOCPOPMMPYIOIIME SAEMEHTbI PYAOHOCHDIX CTPYKTYP, CKBKMHHASI SAEKTPOPA3BEAKA, AHOMAAMSI.

BeA€HME
Cy1ecTByeT 00beKTMBHAA HEOOXOAVMMOCTD YBeINUYMBATD ITyOMHHOCTD OMCKOBBIX PabOT Ha KOTYeaHHOE Opyfie-
HeHne. OfHMM 13 PaKTOPOB, MO3BOAIONINX HAJEAThCS Ha YCIICIIHOE PElleHNe 3TON 3a/jaull, MOXKeT CTaTb 06001eH e
OIIbITA y>Ke IIPOBEIeHHbIX UCCTEOBAHNUIT B YCTIOBIUAX, IPUONIDKEHHBIX K TeM, B KOTOPBIX IIPe/IIoNaralTcs noucku. EctecTBeHHo,
9TO Ha OONBINNX ITyOMHAX MHTEPeC IPENICTAB/IAIT KPYITHbIE 00beKTHI, Pa3paboTKa KOTOPBIX OKKETCs PEHTaOeTbHOIL.

Vcxons n3 TeOpeTHYeCKIX V1 IPaKTIIeCKUX IMPENOChIIOK, Hanbosee peambHO MOKHO PacCUNTBIBATD Ha OOHAPY KeHNe OTHO-
CUTENbHO TT0/IOT03a/IeTAOINX PYIHbIX 3anexeil. [Ipr3Haky MX MPUCYTCTBUA IPOABTIEHBI 0OBIYHO C1ab0, U TT0ITOMY BEPOATHOCTD
TOT0, YTO IORKOOHBIE 00PA30BaHNS ellle He BbISB/ICHBI, BIIO/IHE peanbHa. Hanbosee mepcreKTHBHbI HOMCKHM ITyOOKO3a/Ieraroliyx
KPYIHBIX KOTYeJaHHBIX MecTopokieHuit Ha FO>xHOM 1 CeBepHOM Ypaite, Ifie Majio pasBUTbI PYAOHOCHbIE 30HbI CMATIHA.

ViMest B BULLY TIOJIO>KUTE/IbHBII OIIBIT MOMCKOBBIX pabOT Ha KOTYEaHBI, YAaCTUYHO 000OIIeHHbI B MOHOrpadusax [1-5] u
APYIUX NyOMMKAIVAX, Ilelecoo6pasHo 0OpaTUTh BHUMaHME Ha OCHOBHBIE Te0(U3NIecKIie TPU3HAKY ICKOMBIX 00 BEKTOB, OPH-
eHTVMPOBKA Ha KOTOPbIE MOXKET 0Ka3aThCs ITOIe3HOIL. I/ 3TOro Ione3Ho 06paTUThCsA K HEKOTOPBIM TeOTIOTMIeCKUM U Teopran-
4eCKVMM MOJIe/IAM, HO3BOJLAIOLINM IIO4ePKHYTh IPeAIOChIIKY PeLIeHN TeX WM MHBIX ITOMCKOBBIX 3a/jad.

Pyaochopmupyrolme saeMeHThbl PYAOHOCHBIX CTPYKTYP

Cpasy crenyeT MOf4epKHY Th, YTO IIABHBIM 00'bEKTOM JICC/IEIOBAHMII OIDKHBI CTaTh He OTAEbHBIE PYIHBIE Tela, a KaK yoKe
JaCTMYHO Pas3BeJaHHbIE, TAK I ellle He BbIAB/ICHHbIE KOPHEBbIE Py/HbIE MOJIA. VI3BECTHO, YTO 9TO CHCTEMBI T€HeTUYECKH U MPO-
CTPaHCTBEHHO CBSI3aHHBIX PYJHBIX I MATMATUYeCKMX TeJT, UMEIOINX 001iyie KOpHU. [/TaBHbIE 9/IEMEHTBI 9TUX CPefl: MCTOYHUKI
PYIOHOCHBIX (ITIOM/IOB, KaHAIBI /1A VX TepeMellleHN A, Te0NorndecKye, TEKTOHOPM3NIecKe U IeTpopuandecKyie 06CTaHOBKH,
B KOTOPBIX 00pa3yloTcs pyfHble CKOIIeHusA. OueBUIHO, YTO IPOAB/ICHNUIO 3TUX PYAO(OPMIUPYIOLINX 971eMEHTOB B reoduanye-
CKVX IOJISIX IO/DKHO OBITD yfIe/IeHO OCHOBHOE BHUMAHIIE.

KormuejaHHbIe MeCTOPOXXIEHNS, KaK IIPaBUJIO, PACIIONAralOTCA B Ipefieax MaleoByIKaHNYeCKUX MocTpoek (puc. 1, a, 6). 310
MOTYT OBbITb BY/IKAHOKYTIOJIbHbIE CTPYKTYPBbI, B KOTOPBIX PYAHOE II0/e 3aHMMAeT HeKOTOPbIiT 06'beM BY/IKaHIIeCKOI ITOCTpoiKiL. Py-
TIOHOCHBI OBIBAIOT TAKKe BYTKAHO-TEKTOHMYECKYIE JIETIPECCHH, 0OpaMIeHHbIe BYTKaHUYECKVMM KYTIOJIaMVi OCHOBHOTO VIV KVICTIOTO
cocraBa. Hambornee JacTo komaeiaHHbIe MECTOPOKZICHMA CBA3AHbI C 00pa3oBaHNeM KVICTIBIX 3G Py3MBHO-9KCTPY3MBHBIX ITOCTPOEK.

Pynodopmupyromue sneMeHTs! JU(PepeHIUPYIOTCA IO PU3NKO-MeXaHINYeCKIM XapaKTepPUCTIKAM, & COCTaB FOPHBIX I10-
POJ, CTPYKTYPHBIX 9/IEMEHTOB IIPY 9TOM OTCTYIIAeT HAa BTOPOI IVIAH. DTO OTHOCUTCS KaK K PYFOKOHTPOIUPYIOLUM (fO/Iro-
JKMBYII[YE [TTyOMHHbIE PA3IOMBI), PyIOIOABOMAILMM (IIPUOTKPBITbIE YYACTKM ITTyOMHHBIX PasIOMOB) 11 PYAOpaCIpeNe/soNM
(cycTeMBl TpeINH, OIepsIOlYe PYAOIOABO;IINE PA3IOMBI) KaHaIaM, TaK M K 97IeME@HTaM CTPYKTYPbI, OKa3bIBAIOIIUM HeIO-
CpefICTBEHHOE BIMAHNE Ha GOPMMPOBaHUE PYAHBIX CKoIvteHumit. K mocmegHuM oTHOCATCA pymonoKanusyromye (Opeonsl Me-
TaCOMATUTOB, Pa3BMBAIOIINXCA TI0 30HAM [IPOO/IeHNA, TelmaM OpeKInii U ITacTaM IIOPHCTBIX TIOPOJT) U PYAOOTpaHIIMBAIOIIVIe
(HempoHMITaeMble TITACTHI ¥ Te/la MAjIbIX MHTPY3UH, YIaCTKM CKATVA WM CMEIIeHNs CTOEB, Te/a, CO3/laloliiie MeXaHNIecKue,
TEIUIOBbIe, XMMIYECKIe U APYTIe TUIB 6apbepoB). IIprHIMINaNbHAS CXeMa IPOCTPAHCTBEHHOTO HOJIOXKEHNSI CKPBITOTO KO-
Je[laHHOTO OPY/IeHeHNs [I0KasaHa Ha puc. 1, B.

O6paiasich K yIpoIleHHbIM MOJIE/IAIM NaJIeOBYIKaHMYeCKOI ToCTpoiiku (puc. 1, a, 6), BULUM, 4TO 3TO COOPY)KeHMUe TIpef-
CTaB/IAeT HArPOMOXKIEHUE PasHOOOPA3HBIX BYIKaHMYECKMX IIPOLYKTOB, MECTAMM IIEPEKPBITHIX BY/IKAHOTEHHO-0CA[OYHBIMI
mopogamn. YacTo mocTpoitka 6bIBaeT paspylleHa, M ITOPOJBI ee OCHOBAHNUA OOHAPY)XMBAIOTCA TONMBKO Ha Tepudepun mase-
oBy/nKaHa. IIpu mpocefaHuM LEHTPAIbHOM YaCTU BY/IKAHOB BO3SHUKAIOT BY/IKaHO-IENPECCHOHHbIE NMOCTPOKM C KPYIHBIMM
KaJIbJiepaMH, 3alI0/THEHHBIMM 00/Iee MOIOABIMY By/TKaHMTaMI. Ha saBepiuaronielt CTafuy pasBUTIsI BY/IKAHO-MarMaTIIeCcKOI
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CUCTeMbI B paHee COPMMUPOBAHHYIO CPEly BHEAPSIOTCS Tea MaJIbIX MHTPY3UBHBIX (CYOBYIKaHMYECKNX) TeT M IPOUCXOMNAT
MHDEKLNY aKTYBHBIX Ta30B U PaCTBOPOB € 06pa3oBaHIeM OPeoJIoB IMAPOTEPMATbHO-METaCOMAaTYeCK) M3MEHEHHBIX M MeCTa-
MU MJHepaI30BaHHBIX BYJIKAHUTOB, a TAKXKe PYAHBIX CKoIUTeHMil. COBOKYITHOCTb 9TUX 0Opa3oBaHmit U GopMMUpyeT PyLHOE
II07Ie, B CTPYKTYPe KOTOPOTrO MOTYT OBbITh BBIIE/ICHBI IJTABHBIE PYAO(POPMUPYIOIVE 57IEMEHTEL.

Bce pymodopmMupyromiye 91eMeHThl OT/INYa0TCA aHOMA/IbHBIMM (PU3MYeCKUMIY CBOMICTBAMIA, B IIEPBYIO OYepefb 10 IJIOT-
HOCTY U 37IEKTPONPOBOHOCTY. CKOHIIEHTPMPOBAB BHIMMAaHIE Ha BY/TKAHOT€HHbIX OPOJAX, OTMETHUM, YTO 110 3HAYEHUAM Cpefl-
Heil IJIOTHOCTU JJIA PsAfia U3 IOPOJ, OCHOBHOTO COCTaBa, KUCIIOTO COCTaBa, METACOMATHYECKM MISMEHEHHBIX 1 CIUIOLIHBIX PYJ,
XapaKTePHBI COOTBETCTBEHHO CPeflHME 3HaUeHu 2, 8, 2, 64, 2,5 n 4,2 r/cM?® [1]. O4eBMIHO, YTO CYILIECTBYIOT 6TarONpPUATHBIE
IIPeIOCHUIKY /IS BBIE/ICHNA U pasfie/ieH st IpUOIU3UTETbHO OZHOPORHBIX M JOCTATOYHO KPYIIHBIX TeJl WIN YYacTKOB BYy/IKa-
HUYECKUX IIOCTPOEK, COPMIUPOBAHHBIX 9TVMU IOPOJAMY 10 JAHHBIM IPaBUpPa3BeIKIL.

Haubornee guddepeHnpoBans! By/IKaHOT€HHO-IITY TOHNYECKIE TIOPOJbI IO 9/IEKTPOIPOBOZHOCTI. JTO CBA3AHO C CUJIBHOIL
3aBMCHMOCTBIO VAETBHOTO COMPOTHUBIEHVsI TOPHBIX IIOPOJ, OT MOPUCTOCTH, CY/Ib(UIHOIN MIHEPATU3ALIMI 1 COCTaBa ITOfI3€MHBIX
Boi. Hanpumep, yBemienne koadguiyeHTa IOPUCTOCTY TOPOALI OT 1 10 2 % ¥ TIOBBILIEHME MIHEPATM3ALMY IPVCY TCTBYIOLIIEIt
B IIOPax BOJbI B 2 pasa (UTO IPOMCXOAUT TIPU CTabOM METacoMaTo3e), IPAKTIIECKV He BIVIIONINE Ha Apyrie pusndecKue CBOii-
CTBa U MOYTY He3aMeTHbIE BU3Ya/IbHO, IPUBOAAT K YMEHbIIEHNUIO YIEIbHOTO CONpOTHBeHN:A B 8 pa3. IloaToMy cTaTncTnyeckme
VICCTIEIOBAHNA 9IEKTPOIPOBOJHOCTY Ha KPYITHBIX KOTY€JAHHBIX MECTOPOXK/IEHMAX Ypaia, IO JAHHBIM /IEKTPOKapOTaKa, J0Ka3a-
T CYILIeCTBOBaHMeE IPEIIOCHUIOK LA IETaIbHOTO KapTUPOBAHMA PYSOBMENIAIOIX TOPHBIX IIOPOJ, C BBIABIEHNEM XapaKTEPHON
30HA/IbHOCTH I10 JJAaHHBIM 371eKTpoMeTpyn. Ha ocHOBe pasfeneHns NOpoj, Ha CTaTUCTIYECKY OJHOPOIHbIE IPYIIIbI YCTaHOB/IEHBI
X MOJIa/IbHbIE 3HAYEHMs 10 YeIBHOMY CONIPOTUBIIEHNIO B ThICsTYax OM X M [6, 7]. [I/1s1 ycI0BHO 0603HAYEHHBIX 10 CTEMIEHN 3Me-
HeHuA (1.) TPYII IOPOJ, TUIIMYHBI CIIeAYIOIlVie 3HAYEHVA: MUHepaIM30BaHHbIe 1 M3MeHeHHblIe (0,15), cunbHO n3MeHeHHbIe (0,37),
cpenHe usMeHeHHbIe (1,1), cmabo u3meHeHHble (2,7), HensMeHeHHBIe (8). IlokasaTenbHbI OCpefHEHHBIE XapaKTePUCTUKY OV TIPHU-
CYTCTBUA K>KIOVI IPYIIIBI TOPOJ] B Pa3BeaHHBIX 0/I0OKaX KPYIIHBIX MeCTOPOXKIeHUIA. [/ Tepedlc/IeHHBIX IPYIII IIOPOJ, 3TY JOJIN
COOTBETCTBEHHO PaBHBI, %: 6, 7, 12, 26 11 46. Jl0JI1 CIVIOLIHBIX JOCTATOYHO ITYOOKO 3a/IeTAIOIIX PYL C YeTbHBIM COIIPOTUBIICHIEM
Menbie 1 OM X M OLieHIBAETCS BENMUUMHOI 0KOTIO 3 %. CriefyeT IOf4epKHY Th, YTO OCPeHeH e 3HaYeH!IT B BBIOPaHHbIX [T 13-
YUeHUs MHTePBaJIaX IOUCKOBO-Pa3BeOYHbIX CKBKIH He ITPOBOIM/IOCH U ICXOIHOI MOJIE/bIO Pea/IbHbIX T€0JIOTMIeCKIX Teql Oblra
IBYXKOMIIOHEHTHas CPefia, OTPaKaoIllas N301PpaTebHOCTD MPOUCXOAVBIINX IIPOLIECCOB pyAoreHesa [6].

Kak Buaum, B Ipefienax pyJOHOCHBIX BY/IKAHOTE€HHBIX CTPYKTYP, BMEIIAIOIMX M3BECTHbIE KOM4eJaHHbIe MECTOPOXKEHN A,
CYILIECTBYIOT JOCTATOYHO KPYIIHbIe 0Opa30oBaHNUA CO CIefaMyl OKOJIOPYAHBIX M3MEeHeHMII (B IIPOLYKTUBHBIX IIOVCKOBBIX MaCcCH-
Bax npuoOIusuTensHO 25 % 06beMa) ¢ aHOMAIBHBIMIL CBOJICTBAMI 110 IVIOTHOCTY U 3IEKTPOIPOBOAHOCTH. OHU 3HAUUTENIBHO
IIPEBOCXOJAT [0 pasMepaM PYLHbIE 3a/IeXKU U SB/IAIOTCA BAXHBIM IOMCKOBBIM 00BEKTOM KaK MHIUKATOP MECTOPOXKIEHMIL.

JIns pyfHBIX 11071l XapaKTepHa 3aKOHOMepHas 30HaIbHOCTb. OHa NPOAB/AeTCA IO PANY MPU3HAKOB: MIMHEPAIOTNYeCKNX,
TeOXMMMYECKIX, PUSUKO-MeXaHn4ecKux 1 Ap. CyliecTByeT 30HaTbHOCTD TAKKe MO IVIOTHOCTY M 97IEKTPOIPOBOJHOCTI, YTO
CJIefyeT YYUTBIBAaTh IIPY IOVCKOBBIX paboTax.

MoaeAn, MAAIOCTPUPYIOLIME MPOSIBAEHUE PYAOOPMUPYIOWINX SAEMEHTOB B AHOMAALHLIX TEOU3MYECKMX MOASIX

B OKpeCTHOCTAX PYAHBIX CKOIIEHNUIT C MAKCUMA/IbHOI IVIOTHOCTBIO BMEMIATOIIVIE X IIOPObI OOBIYHO HACHIIIEHBI CY/Ib(u-
JaMU U MMEIOT XOTS I MEHDIIYIO0, HO BCe JKe TIOBBIIIEHHYIO IFIOTHOCTD 110 CPAaBHEHMIO C HEM3MeHEeHHOI1 cpeftoil. CnejoBaTenbHO,
311 06pa3oBaHys yCUIMBAIOT MOMOXKNTETbHYI0 aHOMA/IbHYIO COCTAB/IAIONIYIO IPABUTALIMOHHOTO TIONA Ag, OT PY/IHBIX CKOTIIe-
H1it. OCHOBHYIO YacThb OPEOJIOB METaCOMATUTOB COCTABIIAIOT MOPOJbI C OTHOCUTENBHO MOHVKEHHON IIOTHOCTBI0. OHM 06-
YC/IaBIMBAIOT HOSAB/ICHME OOIIMPHBIX OTPUIIATE/IbHBIX AaHOMAJINIL CUJIBI TSDKECTY, XapaKTEePHBIX /LA PYAHBIX 1ojell. CIOKHDII
BUJ| aHOMa/IBHOTO N0/ Ag JI/IA Op€eo/a METaCOMATUTOB, BMELIAIOIIUX PY/IHYIO 3a/I€XKb, IPOIEMOHCTPUPOBAH HA YIIPOILIEHHON
aHa/MTUYecKol Moperm (puc. 2, a). Takke CIOXKHBI BUJL VIMeeT aHOMaJIbHOe II0Jie B MeTOZe 3apsfia, KOIjja MCTOYHUK TOKa

PucyHok 1. Mogenu ByfikaHOKYNoONbHOMW U BYJIKaHO-AENPECCUOHHOW PYAOHOCHOM CTPYKTYP (a, 6) n cxema NnpocTpaHCTBEHHOrO Noroxe-
HUA CKPbITbIX KONYyeaaHHbIX MecTopoxaeHun (B) (no A. M. ibimkuny, I. A. BocTpokHyTOBY). 1 — ByrnikaHU4YeCKUiA MaccuB NPeMMyLLECTBEHHO
13 Mopoj OCHOBHOIO COCTaBa; 2 — MNyTOHNYECKNe COCTaBMALLME M3 MOPOA, KACIOro coCcTana; 3 — BynKaHOreHHO-0Caf04Hble 06pa3oBaHust, CUH-
XPOHHbIE ByNKaHW3Mmy; 4 — ByfIKaHOr€HHO-0Caf04HbIN KOMMIIEKC OCHOBaHWS; 5 — pyaHble nons; 6 — nopogbl 6e3pyaHbIX KOMMANEKCOB; 7 — NOPOoAbI
PYAOBMELLAOLLMNX KOMMIEKCOB; 8 — OKOMOPYAHbIE 3HAOrEHHbIE FEOXMMUYECKME, MUHEParbHbIE U METacoMaTUYecKe opeonbl; 9 — TEKTOHUYEeCKne
HapyLUeHus, urpatoLLme porb pyaonoABOASALLMX kaHanoB; 10 — pyaHble Tena.

Figure 1. Models of the volcanic dome and volcanic depression ore-bearing structures (a, b) and the spatial pattern of hidden pyritic
deposits (c) (according to A. M. Dymkin, G. A. Vostroknutov). 1 - volcanic massif mainly from rocks of the main composition; 2 — plutonic
components from rocks of acidic composition; 3 - volcanic-sedimentary formations synchronous to volcanism; 4 - volcanic-sedimentary base
complex; 5 - ore fields; 6 — rocks of barren complexes; 7 — rocks of ore-bearing complexes; 8 — endogenous endogenous geochemical, mineral
and metasomatic halos; 9 - tectonic disturbances, playing the role of ore supply channels; 10 - ore bodies.
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IIOTPY>KEH B OPEO/I METACOMATUTOB C IIOBBIIIEHHOII 110 CPABHEHMIO C BMEIIAIOUIMMI II0POJjaMii 3l1€KTPOIPOBOSHOCTbI0. ITpn
CyOropusoHTaIbHO KPOBJIe Opeosia Ha €ro TpaHuI[aX Hab/MoIaloTCA MAaKCUMYMbI aHOMa/IbHOTO noTennynana U, uxcupys ko-
TOpBIE B T/IAHE, MOYKHO OKOHTYPUTD I'PaHNIIbI opeosna. Ecu cpefy M3MeHeHHbIX ITOPOJ, CYIIeCTBYeT I0/IOr03ajIeTalollast pyaHas
3aJIeXKb, OHA CO3JaCT 3HAKOIEPEMEHHYIO (IBYXIIOTIOCHYIO) aHOMAJINIO, KOTOpasi HaK/Ia/IbIBaeTCsl Ha aHOMAJIMIO OT Opeosia, YeM
JIOTIONTHUTENBHO YCTIOXKHSET CyMMapHoe Ttone. Mopenbrbiii rpadux U, 71 Takoi CTPYKTYpbl TIOKa3aH Ha puc. 2, a. B ciyyae Ha-
KJIOHHOTO 3a/IeTaHNsA OpeoJla MAKCYMYMOM aHOMaJ/IBHOTO IOJIAA OT HETO OTMETUTCA TONbKO IPUIIOAHATAA I'PaHNLa Opeona (puc.
2, 6). OrpuratenbHas aHOMa/sA OyAeT HAOMIOaThCs B paliOHe MCTOYHUKA TOKA U OTPY>KEHHOIT 4acT! Opeoria.

CpaBHUTEIbHO IIPOCTO PYJOHOCHBIE OPEOJIbI OKOIOPY/IHO M3MEHEHHDIX TOPHBIX OO, BBIABIAIOTCA IO MSMEPEHMAM BEK-
TOpa IPajifieHTa 37IeKTPOIPOBOJHOCTY € IOMOIIBIO KPeCTOOOPasHOI IIATUNEKTPOLHOI YCTAHOBKM (9MIEKTPOR A, SMUCCHPYIO-
Mt TOCTOSIHHBII TOK J, ¥ [iBe Mapbl NpreMHbIX 971eKTponoB MN (MA = AN)) [4]. [lns onpenenenns HanpasjeHus Hanbosee
Pe3KOTo MajieHNs KaKyLerocs CONPOTHUB/IEHN: B 30He JENCTBIA YCTAHOBKM CTPOAT BEKTOP IO COCTAB/IAIONINM M3MEPEHHBIX
3HaueHuit pasHocTy noteHuanos AU u AU, KoOpIMHATHbBIE OCK /I KOTOPBIX HATIpaB/ieHbl u3 A Ha snekrpopsl N n N,. 3Ha-
YeHMe BEeKTOPa IPaiueHTa 37IeKTPOIPOBOTHOCT BIYMCIIAIOT 110 POPMYTIe

Spx = 2nJ-1(AUY* + AU2* )-12.

MogzenbpHbliT IpYMep BBIABICHNA Opeosia MeTaCOMATUTOB (IIOMyLIap) U PYSHOI 3a1exy (KPYIIbLil AUCK) IO COBOKYITHOCTU
u3MepeHuii BeKTOpoB Op TOKa3aH Ha PUC. 2, T.

ITpu reoduandecKkyx MCCIe[OBAHNAX NOTEHIMATBHO PYJOHOCHBIX CTPYKTYP CIefyeT UCI0/Ib30BaTh BO3MOXXHOCTD KapTH-
pOBaTh KaK MHAUKATOPBI MECTOPOXKAEHMII TaKue pyLopopMMUpYIOLIe 9IeMEHTBI PYIHBIX IIOJIelt, KAKVMIU SIB/IAIOTCA PYAOIOBO-
OALIME U PYOpACIpeneNsionlie pa3pblBHble HapylIeHMsA. JacTO OHM MMEIOT BBIXOJ, K JJHEBHOI ITOBEPXHOCTU U IIPOAB/AIOTCA
KaK IJIOCKMe TPOBOJHUKY, YXOfiAIIMe Ha Iy6uHy. IIpusHakoM sTUX 06'beKTOB ABIAIOTCS IMHEITHbIE OCY OTPUIATEIBHOTO aHO-
MaJIbHOTO IOJIA, IIOJIYYeHHOTO IIpY 06paboTKe pe3y/IbTaToB CheMKY METOIOM MEIKOMACIITaOHOrO 3apsAna (MOIeIbHbII IpMMep
1S IBYX Pas/ioMOB Ha PUC. 2, €), WM Ha TpaduKax rpajjeHTa KaXyllerocs CONpOTUBIEHNA P, METOfIa KOMOMHIPOBAHHOTO
anexTporpodunnposanus [8]. VIHTepIpeTaryst CIOXHbBIX IPapyKOB 91eKTPOIPOGIIMPOBAHNS YIPOLIAETCS IIOC/IE BBIYNUCIIE-
HUS TPajienTa §p Ha OTpesKe, paBHOM pasMepy YCTAHOBOK, M OTHECEHHOTO K Hayaly oTpeska. Ha MonenbHoM mpumepe Hap
BEPTUKA/TbHBIM MPOBOJHMKOM HAG/TIONAETCA COBMa/IEHME YETKIX OTPUILATENbHBIX aHOManit Op, , BBIYMC/IEHHBIX [/l BCTPeY-
HbIX ycTaHOBOK AMN n MNB (puc. 2, fi).

OnbIT NPUMEHEHMsT SAEKTPOMETPUM MPU UCCAGAOBAHUSIX PYAOHOCHDLIX CTPYKTYP

BrisgBNIeHVe ITePCIEeKTYBHBIX Ha PYLOHOCHOCTD ITaJIeOBY/IKaHMYECKNMX HOCTPOEK II0 KOMIUIEKCY Ie0/Ioro-reoduandeckmx
[IPU3HAKOB IOAPOOHO PACCMOTPEHO B psifie CHELMaNbHbIX mybmmKanuit [1, 9, 10], m03TOMY cOCpefoTOYNM BHIMAHNUE Ha BO3-
MO>KHOCTSIX OOHAPY>KeHVsI B HUX PY/SHBIX [OJIEN 1 MECTOPOXKEHMIT MeTOAaMM 37IeKTpoMeTpuit. PaspaboTaHbl 1 B psifie CydaeB
YCIEIIHO IPUMEHAIOTCA 3/IEKTPOPa3BeJOYHbIe TEXHONOTUN, IIO3BO/IAOIINE IIOTYYUTh JAHHbIE O IIPOCTPAHCTBEHHOM pacIpe-
TeNeHNI YENbHOIO COPOTUBJIEHN], a TAKXKe IONAPU3YEMOCTY TOPHBIX IIOPOJ, 110 KOTOPHIM MOYKHO IPOTHO3MPOBATh IIPU-

Ua

2

PucyHok 2. MogenbHble NpUMepbl NPosiBReHUs pyAodopMUPYIOLLMX 3NIEMEHTOB PYAOHOCHbLIX CTPYKTYp (Opeona MeTacoMaTUTOB, Jo-
KanbHbIX TeNn — NPOBOAHMKOB, Pa3pbIBHbIX HapyLIeHWI) B aHOMarnbHbIX reodusanyeckux nonsx. 1 — nonywap (Mogens opeona); 2 — oUCK
(Momenk pyaHoro Tena (a, 6, B) unu pyaonoasoasulero kaHana (r)); 3 — UCTOYHUK ToKa; 4 — BEeKTOpbl rpaaueHTa p; 5 — annuncoua (Moaerns
opeona), 6 — nonynnockocTn (Mogenb rmyBuHHOro pasnoma); 4ns MoAenu a; = = - U - - - — y4acTku rpacpMkoB aHOManbHoOro nons 6e3 BAMsHUSA
pyaHoro Tena.

Figure 2. Model examples of the occurrence of ore-forming elements of ore-bearing structures (halo of metasomatites, local conductive
bodies, discontinuous disturbances) in abnormal geophysical fields. 1 —a hemisphere (halo model); 2 — disk (model of the ore body (a, b, c)
or the ore supply channel (d)); 3 - current source; 4 — gradient vectors pk; 5 — ellipsoid (halo model), 6 — half-planes (deep fault model); for model
a; - - - And - - - - plots of the anomalous field graphs without the influence of the ore body.
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CYTCTBHUe Ha IITyOMHe PYAHBIX 3aexeit [11-15]. OgHaKo 9TO JOCTATOYHO TPYLOEMKIE MCCIeT0BaHMs, TpebyIoliue COMMIHBIX
BPEMEHHBIX J MaTepUalbHBIX 3aTparT. VIX mpuMeHeHNMe ONpaB/laHO Ha CTa[iy PasBelK, KOIa CTOUT 3ajja4a IO OIpefe/IeHNIo
MacumTaboB OpyAeHeHN, CYIeCTBOBaHIE KOTOPOTO I0Ka3aHo pe3y/abTaTaMy 0ypoBoOIT pasBeKIL.

Ha srare >xe HOMCKOBBIX PabOT, KOIIa PyAOIEPCIeKTVBHOCTD M3y4aeMbIX BY/IKAHNYECKIX IOCTPOEK He OLIeHeHa, IPEIoYd-
TEHWsI 3aC/Ty>KUBAET [IPUMEHEHNEe IPOCTHIX, HO JOCTATOYHO ITTyOMHHBIX METO/[OB 3TIEKTPOPA3BeAKIL. B OfHOM 13 TaKIX METOZ[0B
BBITMIOJTHSIETCS OIIpefie/ieHe BeKTOpa IPajyieHTa 9leKTPOIIPOBOJHOCTH C KPeCcTOOOpasHoI YCTaHOBKOI (puc. 2, B), KOTOPBII
JaeT XapaKTepUCTUKY HEOHOPOIHOCTH Cpelbl IPUOMMU3UTENIBHO B IIpefie/iaX MoNyIapa ¢ IIeHTPOM B CepefiiiHe YCTaHOBKY (A)
U PajiiycoM, PaBHBIM HONMypasMepy ycraHoBKU (MN/2). OH MOXKET COCTaBIATb COTHU METPOB, YTO 0OeclednBaeT U3ydeHe
KPYIIHOTO MacC/Ba FOPHBIX IOpofi. CheMKy JOIMYCTUMO IPOBOAUTD IO PEIKOI U HepeTy/IAPHON CeTH M/ BbISAB/ICHMS Ha JVIC-
CJIefyeMOli IUIOIIA/IM [TTaBHENIINX Ie0/IOTNYeCKMX 00beKTOB, K KOTOPBIM OTHOCATCA PYyROPOPMUPYIOLINe 37IeMEeHTDI CTPYKTYP.

LleHHDIIT ONBIT ITOJTY4YeH P M3yYeHUN TePPUTOPIUY, BKIIOYAOLIell MecTopoxaeHne MonopesxHoe [4, 16]. IIpuBeneHHbIi
Ha pUC. 3 IVIaH BeKTOPOB, GMKCHPYIOMINX HAIPAB/ICHNUS YMEHbBIIIEHNS YAEIbHOTO CONPOTUBICHNS I U30IMHUY 3TOTO IIapaMe-
Tpa, IOCTPOEH BCero 1o 15 cTostHKaM ycTaHOBKM. OIHAKO OH HOTHOCTBIO COITIACYETCS C Te0IOr0-reo3nIecKuMI JAHHBIMU
IeTaNbHOI Pa3BelKM PYJHOTO MONA, TaK KaK MMeeT IPU3HAKYU MPUCYTCTBUA CyOMepU/IIOHAIbHOI TeKTOHIYECKOIl 30HBI CMs-
THUA, UTPABIIE POIb PYJONOABOJALLErO KaHasla, ONEPAILIEro JUaroHaaTbHOTO pa3pbIBHOIO HAPYIIEHNU:A CO CIeflaMyi OKOTIOPY/-
HBIX MI3MEHEeHMII ¥ PySHBIX TeTl.

Ha mepcrieKTHBHBIX y4aCTKaX pabOThl OOBIYHO HAYMHAIOTCS C IIPOXOAKY CKBaXXVH. [IepBble CKBaXXITHBI MOTYT He BCKPBITH
pynHble ckorteHus. OfHAKO MO fuarpaMmaM MeTofios anekTpokapoTaxa KC, IIC n M3II MOXKHO 3aMeTUTDb NIPUCYTCTBUE B
paspese IepecedeHNs OKOJIOPYZHO-M3MEHEHHBIX MOpoJ: HU3Kue conporusnenus no KC, munepanmsaunio no MOII un mpu-
3HAKM PY/HON 3ajeXy 1o aHoManbHoMy nomo IIC. [l14 BbIABIeHNSA HalpaB/lIeHNIi, B KOTOPBIX C/IefyeT IPOJO/KATh IIOMCKM,
11e71eCO00pasHO BBIIIOJTHATD M3MEPEHVs [0 CKBa)XXJHE Pa3HOCTY HoTeHIMana AU ¢ IOMOIBIO YPaBHOBELIEHHOI YCTaHOBKIL.
MopenbHbIN IpuMep ee IpYMeHeHNA IIpYBefieH Ha puc. 2, B. B KadecTBe IpON3BOACTBEHHOTO IIPMMepa Ha PIIC. 4 IpefCcTaBIeHbl
pe3y/IbTaThl METOJOB IEKTPOMETPUN O Oe3PYyAHOI CKBaXIHE, IIPOOYPEHHOI Ha Hepudepnn Y3eIbIMHCKOrO KOTIEAHHOTO
MecTOpoXKzaeHu [16].

Ha guarpamme KC (puc. 4, 6) BbIe/IAI0TCSA [Ba MHTEPBaa MOPOJ, C AaHOMAJIbHO HMOBBILIEHHOI JIEKTPOIPOBOJHOCTHIO, HO
Hanboree MHTEpPeCHa MIMpPOKas OTpuIaTenbHas anoManus noins [1C, koTopas MoXeT KaaccuuuMpoBaThes Kak IPOsBICHIE
BJIMAHUA PYJHOTO Tena. [J1d TeMOHCTpaly BO3MOXKHOCTeII BBLAB/ICHN S HAIIPaB/IeHN)A Ha 00BEeKT, C KOTOPBIM CBSI3aHbI aHOMa-
TV 37IEKTPOKAPOTAXKa, BBIIIOTHEHDI M3MEPEeHMIA [0 CKBAKIHE C YPaBHOBEIIEHHO YCTaHOBKOII TPV HECKOTBKIX OPMEHTAIAX
TOKOBOII YCTAHOBKU A B Ha JHEBHOII TOBEPXHOCTN. 3HAUNTE/IbHASI IIOJIOXKITENbHASI AaHOMA/IIS Ha ITyO1He ObUIa TIOTyIeHa [Ipu
OpMEHTHPOBKe TOKOoBOro anekrpopa A Ha C3, 3 u 103, a munumanpusle gyt C (kpusble I 1 2 Ha puc. 4, 6). ITocTpoenHas mo
aHOMAJIbHBIM 3HaueHUsAM AU mis riyOuHbl 435 M HOJIpHAA AUarpaMMa OTpakaeT PyHOIepCIEKTVMBHbIE HAIIPABJICHNUS, YTO

MOATBEPANIN Pe3yabTaThl OKOHTYPUBAHMA PYAHOI 3amexxn V
(puc. 4, a, B) B OKPECTHOCTSX MCCIENYeMOIT CKBaXKIHBL

Eme 6onee mokasaTenbHbl Pe3ylbTaTbl MEKTPOMETPUA
Ha OIHOM U3 LIMPOTHBIX Ipoduieil Y3eIbIMHCKOTO MeCTO-
POXJEHN C JBYXTOPM30HTHON PyJOHOCHOCTBIO (puc. 5). Co-
[JTACHO JaHHBIM HAa3eMHOI 97IEKTPOMETPHUY, Ha 3TOM IIpoduie
OTMeYeHbl TPU3HAKM [TyOMHHBIX MPOBORHNMKOB. Hambonee
OTYET/IVIBO OHY IIPOSIBUINCD Ha rpadiKe peKo IpuMeHsIeMOo
IBYX9/IEKTPOJHON YCTaHOBKM AM, ITyOMHHOCTb KOTOPOI
npubnusntenbHo paBHa 2AM. ClHoXHbIT Buj TpadmKOB Ka-
XKYILETOCs CONPOTUB/IEHUS P, YCTAHOBOK KOMOMHMPOBAHHO-
O 9/IEKTPONPOGIINPOBAHYIS CBS3aH C MEHbIIIEN B 2 pasa IIy-
OuHOI uccnenoBanus (MPUOIMSUTEIBHO BeMMUMHA pasMepa
YCTaHOBOK), HaMOOJIbIIe)l YYBCTBUTENBHOCTBIO K BEPTHUKATIb-
HBIM IIPOBOJHMKAM ¥ Ha/lM4yeM HaJ BEPXHUM PYJHBIM Te-
JIOM HeV3MEHEeHHBIX BBICOKOOMHBIX 1Topof. I1pn Beramcienym
rpajmenTa p _Buj rpaduKoB ypoIaeTcsa ¥ Ha HeM 3aMeTHbI
IBe OTpUIaTe/lTbHbIe AaHOMA/INU OT IPOBOAHMKOB. JIoKambHasA
aHOMaJIMA CBSI3aHA, COITIACHO JaHHBIM JIeTa/lbHON pa3BeKI,
C CyOBepTMKAIbHBIM PYHLOIOABOASAILINM PaspbIBHBIM Hapy-
IIEHMEM, XOPOILIO IIPOSBIEHHBIM B penbede PyCIOM pedKu
VYsenpra. JIpyrasg anoManus, Kak BUJHO U3 F€03NIEKTPUYECKO-
ro paspesa, 00BSICHsIETCS CYI[eCTBOBAHNEM HAaJAPYAHON 30HbI
M3MEHEHHBIX IIOPOJ, 3allajiHee BEPXHeTo pyjgHoro Tena. IToka-
3aTeNbHO, YTO 06€ AaHOMA/INM OT IPOBOJHUKOB COBIIAJIN C T€0-

PucyHok 3. lnaH BEKTOPOB rpagueHTa 3NeKTPONnpoBOAHOCTU Ha
TeppuTtopuM, BKNo4vawLwen mectopoxaeHue MonopgexHoe. 1 —
BEKTOPbI rpagneHTa aneKTponpoBOAHOCTM C pa3mMepoM, COOTBETCTBY-

IOLWMM pagmycy nnoliaan vccrnefoBaHns KpecToobpasHol yCcTaHoB-
KOW; 2 — yCIOBHbIE N30MNUHUK P, (HOPMarbHble BEKTOPbI); 3 — KOHTYPbI
opeorna OKONMOPYAHO-U3MEHEHHbIX MOPOA, BKMIOYAOLEro pyAaHble 3a-
nexu; 4 — TeKTOHNYecKasi 30Ha CMATUS.

Figure 3. The scheme of the vectors of the conductivity gradient
in the territory, including the Molodezhnoye deposit. 1 — vectors of
the gradient of electrical conductivity with a size corresponding to the
radius of the research area of the cruciform installation; 2 — conditional
contours pk (normal to vectors); 3 — contours of the halo of ore-modified
rocks, including ore deposits; 4 — tectonic zone of collapse.

XUMUYECKUMI aHOMa MMM, KOTOPBIE SIB/ISIIOTCS HPU3HAKAMU
OpyZeHeHUsI Ha ITy01He, HO QUKCUPYIOT YYaCTKM HaPY/HbIX
[IOPOJ; C TOBBIMIEHHOI IPOHNUI[AEMOCTBIO VHOITIA B CTOPOHE
OT pyAHbIX Tel. Takoe cOBIajieHMe 3TE€KTPOPA3BELOUHBIX I
FeOXMMIYECKIX aHOMAJINIT MOXKET CTYXXIUTh OCHOBAHIEM JIJIsL
IIPOBEJEHNIS AeTA/IBHBIX IIOUCKOBBIX PaboT.

Ha npumepe passegounoro mpodums (puc. 5) MOXHO
[IPOJEMOHCTPUPOBATh BO3MOXKHOCTb IIPABMIBHO COPUEH-
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PucyHok 4. NeoanekTpuyeckui paspes (a), aMarpaMmmbl 3fIeKTPOMETPUM no 6e3pyaHon ckBaxkuHe (6) n nonsipHasi AguarpamMmma aHomarsb-
HOro nonsi (B), NOCTPOEHHasi N0 U3MepPEeHMAAM C ypaBHOBELLEHHOW YCTaHOBKOMW Ha Y3eNbrMHCKOM MecTopoXaeHUU. 1-4 — nopoapl, knaccu-
PULMPOBaHHbIE MO BENUYMHE 3MEKTPONPOBOAHOCTY Kak OKONMOPYAHO-M3MeHeHHble crabo-, cpeaHe-, CUNbHO-, C CynbgUaHON MUHepanu3auven
COOTBETCTBEHHO; 5 — pyAbl, 6 — YaCTUYHBIVM KOHTYP PYAHO 3anexu B nnaHe, 7 — nonapHasa avarpamma; A,, A,, B, — NomnoxeHne TOKOBbIX 3I1eK-
TPOAJOB B MnaHe.

Figure 4. Geoelectric section (a), electrometry diagrams for a barren well (b) and a polar diagram of an anomalous field (c), constructed
from measurements with a balanced installation at the Uzelginsky field. 1—4 —rocks classified according to the value of electrical conductivity
as ore-modified slightly, medium, strongly, with sulfide mineralization, respectively; 5 — ore, 6 — partial contour of the ore deposit in the plan, 7 -
polar diagram; A1, A2, B2 —the position of the current electrodes in the plan.

THPOBATh TaKue IOVCKM C IIPYMEHeHVeM CKBa>KMHHOI 97IeKTPOpasBefikit. B Oe3pymHOI cKBaXKHe Ha IPaHULle PYIHOTO IIOJIA
OBL/IM BBIIIOJIHEHBI M3MEPEHMsI Pa3HOCTI IIOTEHIIMAIOB C YPAaBHOBEIIEHHOI YCTAHOBKOI fi/is pasHocoB AN = NB, paBHbix 300 u
600 M. [Tpu pacronoxxeHnu TOKOBOTO 37IEKTPOfia A B CTOPOHY PYAHOI YacTy paspesa ObUIN ITOTyIeHbI TOTOXKNTETbHbIE aHOMa-
7MY Ha TITyOUHe, COOTBETCTBYIOLEil 3a/IeTaHMI0 O/IM3IeKAINX PYAHBIX Teq (puc. 5, T). AHOManIusA OT HIKHETO PYJHOIO TOpH-
30HTa IPOSABUIIACH TOBKO TIPM OOMBIIOM pasHoce. Mo#eIbHBII IpUMep Ha PUC. 2, B ABIAETCA TEOPETUIeCKON MITI0CTpanueit
K IPaKTUYECKMM aHOMa/IbHBIM KPVBBIM.

CremyeT MOgYepKHYTD, YTO JAHHBIE CKBAKIMHHOI 91eKTPOPa3BeKN, IOTyIYeHHbIE B IIEPBbIX ITOMICKOBBIX CKBAXIHAX, CIIO-
COOCTBOBA/IN OTKPBITHUIO Y3€IbIMHCKOTO MeCTOPOXKeH 1. [IpeicTaB/IeHHbIE JKe Pe3y/IbTaThl MIeKTPOMETPUN OBUIN HOTYIeHbI
Ha 3aBeplIaoleil CTafu1 PasBefKU MECTOPOXK/IEHNSI IIPM IPOBEIEHNN ONIBITHBIX PA0OT C LIe/IbI0 COBEPILIEHCTBOBAHIIS METOIMU-
KI1 TIOMICKOBOJ CKBR)KMHHOI 3/IEKTPOPA3BENKIAL.

Ha V3enbrmHCKOM ¥ HEKOTOPBIX APYTUX MECTOPOXKAEHMAX ObUIM MOCTPOEHBI Ie03TeKTPUYecKye paspesbl MO JaHHBIM
a7eKTpoKapoTaxa. OHM IOMOTaIOT IPOJeMOHCTPUPOBATh 3aKOHOMEPHOCTH IIPOCTPAHCTBEHHOTO PacpefieleHNs SNIeKTPOIpo-
BOJHOCTH B IpefeiaX PYAHbIX [OIeil. TO M03BOJLsIeT 60jee 0OBEKTVBHO OLIEHNMBATH BO3MOXXHOCTH HA3€MHOI M CKBAXXIHOIL
97IEKTPOPA3BENKI UL BBIABJICHNUA ITyOOKO3a/IeTa0IIX PYAHBIX MECTOPOKIEHMII 10 30HA/IbHO IPOSBICHHBIM OKOJIOPYIHBIM
OpeoIaM € MOBBILIEHHOI 37IEKTPOIPOBOZHOCTHI0. OTHOBPEMEHHO yAeTCs MOMYIUTD JOMOTHUTENbHYI0 NH(OPMALINIO, IPOIN-
BAIOIIYIO CBET Ha MICTOPNIO POPMMUPOBAHNS U3YIEHHBIX 0ObEKTOB.

Ha npumepe paccMarpuBaeMBIX Ie0JIOTMYECKOro ¥ Te0/IeKTPUIECKOTo pa3pes3os (piuc. 5) BUAHO, YTO pyfoobpasoBaHMme
IIPOTEKa/Io B [Ba 3Talla. BHayajle Ha KOHTaKTe JyX PasHOBO3PACTHBIX CYOBYIKAHMYECKMX Tl KICJIOTO COCTaBa, UTPaBILIEro
POJIb PYHOIIOABOAALIETO KaHala, IIOf] HeIIPOHNIIAEMBIM CTI0€M M3BECTHAKOB C(hOpMUPOBATIOCh BepxHee pynHoe Teno. ITocne-
Aylolire aKTUBHBIE (IIONIBI IPUBENN K 00pa30BaHNIO HAIPYAHBIX Te0IEKTPUIECKUX 30H, PUKCUPYEMbIX METOAMI JIEKTPO-
Mmetpun. BriocnencTsun, 6/1arofapsi BHEIPEHNMIO B OTMEUEHHbIT KaHaI Te/la 9KCIUIO3MBHBIX OpeKunit, 06pasoBaiach IOBYILIKA C
9KPaHOM [/ PYJOHOCHBIX PaCTBOPOB BTOPOTO 3Tala PyA00Opa3oBaHus, B KOTOPOII 1 chOpMUPOBATIOCH HIDKHEE PYIHOE TeTIo.
Ha ypoBHe usyueHHOro paspesa pyJHoe Mo/e IPeACTaB/IAeT JOCTATOYHO KPYIHBIN 610K C HepaBHOMEPHBIM pacIpefieNieHueM
PYZ ¥ OKOJOPYZHO-U3MEHEHHBIX MOPOJ, C MOBBILIEHHOM 3/IEKTPONPOBOSHOCTDIO, IEPEKPHITHIX 1 OTPaHMYEHHBIX II0 JIaTepan
HeV3MeHEHHBIMI BHICOKOOMHBIMIY Hopogamu. OOHAPYXUTh TAKOI 00BEKT MOXXHO TOJIBKO C IIOMOII[BI0 METOZOB, 00/Ia/jalommx
6orbIoi ry6rHHOCTBI0. Kak OBIIO OTMeUeHO paHee, Ha OT/E/NBHBIX YIACTKAX CIeAbl [TyOMHHOTO OPYAEHEHMsI MOXXHO OOHa-
PY>KUTD 110 KOCBEHHBIM IIPM3HAKaM.

ITpu oneHKe NMEpPCIEKTUBHOCTY BY/IKAaHMYECKMX IIOCTPOEK HA PYJOHOCHOCTb BaXKHOI 3ajiauell sAB/AETCA OKOHTypUBaHMe
MaccuBa TOPHBIX ITOPOJ, € TIpM3HAKaMy pyfgHOro moys. Kak mokasanm ombIT passenku [1ogombcKoro MeCTOposkieHus, s dek-
TUBHO MPOBEJIEHNE MENTKOMACIITAOHOM CheMKI METOJIOM 3apsA/ia C BBIYMCTIEHEM aHOMA/IbHOJ COCTaB/A0Mel ToTeHnmana U,
IToreHIManpHas YCTAHOBKA, IIPYMEHsIEMas B METOJE 3apsifia, 06eCIIednBaeT JOCTaTOYHO OOJIBIIYIO [Ty OMHHOCTD MCC/IEOBAHMIT
9TUM METOJIOM C BbISIB/IEHIIEM OCHOBHBIX PYLO(OPMUPYIOIINX 37IeMEHTOB PYAOHOCHBIX CTPYKTYP. VIHTepIIpeTarus IaHa n3o-
nvEnit 1 rpadukoB U, HO3BOJIAET BbIABUTD TPAHMUIIbI CKPBITHIX TIPOBOJTHUKOB, KOTOPbIE B TIEPBYI0 OYepe/b CBA3aHBI C OPEOamMin
MeTacOMaTUTOB, a B OIIATONPMATHBIX CTYYasiX C PYAHBIMM 3a/IeKaMI, @ TAKXKe PYAOIOABOAAIINMIY KaHaTAMI.

ITomonbckoe MeCTOpOXKAEHME CPOPMIPOBAIOCH B IIPefieaX CYLIeCTBEHHO paspyIIeHHOl ByTKaHN4ecKolt mocTpoiiku. [Tox
Mo1HoM (400-500 M) ToIel BY/IKAHOT€HHO-OCAaOYHbIX IOPOJ, OOHAapY>keHa CTPYKTypa B Bufie OpaxMaHTUK/IVNHAIY, LIeHT-
pajibHas 4acTb KOTOPOI cpopMUpOBaHa IOPOAMI KIICJIOTO COCTaBa, a IOPOJIbI OCHOBHOT'O COCTaBa BBIABJICHBI Ha Iepudepun
nocTpoiikn (puc. 6, a) [5, 16]. IleHTpanbHYI0 9acTb CTPYKTYPBI COCTABIIAIOT CepUM CYOBYIKaHIYECKVX HOPOJ, OT/IMYAOIIIecs

CanoxHukoB B. M. [Npegnocbifiku ycnewHoro NpUMeHeHUs NpoCTbIX METOA,0B 3/IEKTPOMETPUM NPO NOMCKax rnyboko3anerawwmx 67
KosuefaHHbIX MecTopoxaeHuin///WU3sectua YITY. 2019. Boin. 3(55). C. 63-71. DOI10.21440/2307-2091-2019-3-63-71



HAYKU O 3EMAE B. M. Canosxnuxos / Hzsecmus YITY. 2019. Buin. 3(SS). C. 63-71

PucyHok 5. PesynbTraTbl Ha3eMHOM (B) U CKBaXXMHHOM (r) aNMeKTPOMEeTPUM Ha LUIMPOTHOM pa3Befo4HOM npodune, Afisi KOTOPOro NOCTpPo-
eHbl reonoruyeckun (a) (mo I. B. MNeTpoBy) n reoanekrpnyeckun (6) paspesbl. 1 — Anabasbl; 2 — N3BECTHAKW; 3 — AALMTOBbIE NOPOUPUTDI,
MecTamu 6pekynpoBaHHble; 4 — 3KCMO03nBHbIE BGpekynn; 5 — nunapuToBble Nopdupbl; 6 — aHAe3nTo-AaunToBble NOPOUPUTLI; 7 — cepuumTu3a-
uus, okBapLeBaHue, cynbduansauusi; 8 — pyabl; 9—12 — nopoapl, kKnaccmuumMpoBaHHbIE MO BENUYMHE 3MeKTPONPOBOAHOCTY Kak HEN3MEHEHHbIE,
OKOMOPYAHO-N3MEHEHHble cnabo-, cpefHe-, CUIIbHO U3MEHEHHbIE COOTBETCTBEHHO; XA — reoxuMmyeckme aHomanum.

Figure 5. The results of ground (c) and borehole (d) electrometry on a latitudinal exploration profile for which geological (a) (according
to G. V. Petrov) and geoelectric (b) sections were constructed. 1 — diabase; 2 — limestones; 3 - dacitic porphyrites, brecciated in places; 4 -
explosive breccias; 5 - liparite porphyry; 6 — andesite-dacite porphyrites; 7 — sericitization, silicification, sulfidization; 8 —ore; 9-12 —rocks classified
by conductivity as unchanged, ore-modified slightly, medium, strongly altered, respectively; GHA — geochemical anomalies.

cocTaBoM, Mopdororueit 1 Bo3pacToM. MecTopoxx/ieH e IpefCTaBIseT CO60il COBOKYITHOCTb COMVDKEHHBIX PYAHBIX 3a/Ie)Xelt,
copMMpoBaBIINXCS TIOJ, CYOBYIKAHUYECKVM CUIIOOOPasHBIM TE/IOM, Haubosee MOMOAIBIM U3 CYOBYIKAaHUTOB M CHITPABIINM
POJIb 9KpaHa IjIs PyAHBIX pacTBOPOB. [lof pyAHBIMU cKOIITeHMAMM PUKCHUpYeTCs CynbGUIHAS MUHEPATU3aLy U YXOAALIasd Ha
r1y6uHy 30Ha METaCOMATUTOB. BaxkHyio porb B ux popMMUpOBaHUY U PYFOOOPA3OBAHNY ChITPATIO TEKTOHNYECKOE HAPYILIEHIE,
IOKa3aHHOE Ha pIucC. 6, a.

/3 reodpusnyuecKx IPU3HAKOB 9TOJ PYJLOHOCHON CTPYKTYPBI OTMETUM OOLIMPHYIO 1 MPOTSHKEHHYIO IUIOMAIHYI0 CyOMe-
PUIMOHANIBHYIO MTOJIOXKUTEIbHYI0 aHOMAJINIO IO CUJIBI TAXKECTU, CBA3aHHYIO C TPANONM BYTKaHMYIECKMX IOCTPOEK, OJJHOI 13
KOTOpBIX ABjseTcA U [Tofonbckimit masteoBynKaH. B mpemenax aToil rpaasl 00Hapy>keHO HeCKOJIbKO PYHOIposABIeHWiL. B pajtone
e ITomoMbCKOro MecTopoX/jeHIst OTMedeHa 6oree TOKa/IbHAS OTpPUILIATeIbHAs aHOMAINS, KOTOPYI0O MOYKHO CBSISBIBATh C 00-
MacThio pynHOro moss. Haj IIaBHBIMM PYIHBIMMU 3a/IeXXKaMy MECTOPOX/eHMs B TPaBUTALlMOHHOM IOJIe BBIfIeTIeHa elle 6oee
JIOKaJIbHAS ITOJIOKUTE/IbHAS aHOMAJIVIS, IIPUCYTCTBUE KOTOPOII 3aMeTHO Ha rpaduke Ag 10 IPOONbHOMY mpoduio (puc. 4, a).
OHa oTpa’kaeT BAMAHME IVIOTHBIX PYFHBIX Macc.

Jocrarouno nH(pOpPMATUBHBIM OKa3a/I0Ch AHOMAIBHOE IIOJIE 3apsifia B 6e3pyAHYI0 CKBaXMHY 1 (puc. 6, B), BBIYMCIEHHOE
IyTeM UCKITIOYEHNs U3 M3MePeHHOro noss (puc. 6, 6) HOPMaIbHOI COCTABIIAIONIEN /I MOJEIM ABYXCIOIHOI cpenbl. Tak, Ha
rtaHe u3ommHnit U, MUHYEN TOTOXKNTENbHBIX RHOMANINIT A| OTMEYAKTCS TPAHUIIBL PY/IOTO TIO7IA, B IPEJENIaX KOTOPOTO 7IEKTPO-
IIPOBOIHOCTD TOPHBIX IIOPOJ B HECKOJIBKO pa3 BBIIIIE, YeM 3a ero Ipefe/iaMi. TeopeTudeckas MpefIoChUIKa A1 0O00OCHOBAHMA
TaKOTO BBIBOJA IIPOIEMOHCTPMPOBaHa Ha MOJEIbHOM IIpuMepe (pIiC. 2, a), a pe3y/IbTaThl MIeKTPOKAPOTaXKa HOLTBEPKAAIOT
TIOBbIIIIEHE 10 3/IEKTPOTIPOBOHOCTY TIOPOJI B TIPefieNiax KOHTypa aHomanuu A . [IpucyTcTBie opysieHeHns TpOsABIEHO cabo,
¥ TOIbKO Ha YPOBHE Jla/IbHell OT 3aps/ia rPaHuIle OTMeYaeTCs I0Ka/IbHOe ToBblleHre Ha Tpaduke U, (puc. 6, a). [lononxuTens-
HOe YC/IOXKHEeHMe B rpadUK aHOMa/IbHOTO 1101 BHOCUT TeKTOHNYECKOe HapyIIeHNe, KITacCUPUIpyeMoe KaK PyLOIOABOAIINI
KaHaJl. ITokasaTenbHO, YTO IPY IOMIOXKEHMY MCTOYHMKA TOKA Ha JJHEBHOV IIOBEPXHOCTY B PaliOHe BOCTOYHON I'PAHMIIBI PYHBIX
CKOIUIeHUIT 3aMKCHpPOBaHa YeTKas OTpUIIaTebHas aHOMAJIMsA, OT IVIOCKOTO ITPOBOJHUKA, YXOMSAIIETo Ha ITTyO1HY, XapakTep-
Has J/I1 pa3pbIBHOTO HapyLIeHM, BBIXOZAIETO K JHEBHOI MOBepXHOCTH. Ha nmaHe aHOManmbHOTO NOJIA 3apsifia XOPOIIOo 3aMeT-
HO IPUCYTCTBME OTPULATENBHOI TMHENHONM aHOMaMuu A, C OTBETB/IEHMEM B CTOPOHY BBIJIENIIEMOrO PyIOro moss. Beposruo,
TaK B IVTaHe PUKCUPYETCA PYLONOABOAAIINIT KaHAJL
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PucyHok 6. 'pacbuku reodpmanyeckux nonen Ag n U, no npogonsHoMy npocunio mectopoxaeHus NMogonbckoe (reofniorn4eckuii paspes
no U. b. CepaBknHy u A. M. Kocapesy) (a), nnaHbl M30nMHUi U3MepeHHoro noteHumana (6) 1 aHomanbHoro noteHuvana U, (B) nons
3apsiAa ¢ KOHTYpaMu pyAHbIX 3anexen [2]. 1 — BynkaHOreHHo-ocafouHble Nopoabl; 2 — ByNKaHOKNACTbl; 3—5 — cepun pa3HoBO3PaCTHbIX CyOBYyI-
KaHWTOB KMCOro COCTaBa; 6 — konyedaHHble pyabl; 7 — MeTacoMaTuThbl; 8 — nopoabl OCHOBHOTO cOCTaBa; 9 — pa3pblBHOE HapyLleHune; 10 — 3apsa;
Cepbliii (hoH — 06MacTb NOBbILIEHS ANEKTPONPOBOAHOCTM NOpof; A,, A, — OCY MONOXMTENbHBIX U OTPULIATENbHBIX aHOMarnmii COOTBETCTBEHHO.
Figure 6. Graphs of the geophysical fields Ag and Ua along the longitudinal profile of the Podolskoye field (geological section accord-
ing to I. B. Seravkin and A. M. Kosarev) (a), schemes of isolines of the measured potential (b) and anomalous potential Ua (c) charge
fields with the contours of ore deposits [2]. 1 — volcanic-sedimentary rocks; 2 — volcanoclasts; 3-5 - series of acidic subvolcanics of different
ages; 6 - pyrite ores; 7 — metasomatites; 8 — rocks of the main composition; 9 - discontinuous violation; 10 — charge; gray background - an area
of increasing the electrical conductivity of rocks; A1, A2 are the axes of positive and negative anomalies, respectively.

a

PucyHok 7. lMnaH nsonuHuin aHomanbHoOro noteHuunana nons 3apsaa 1 ¢ BblAeneHHbIMU IMHUAMU OCeN U NPOEKLMAMM PYAHbIX 3anexen
(a), rpachmkm aHoManbHOro noreHuunana nons 3apsagoB 1 n 2 Hapg reonornyeckum (no U. 6. CepaBKUHY) U reoaneKkTpUYeCcKMM paspesamm
(6) mecTopoxaeHusa KO6bunenHoe. 1, 2 — 3apsaabl; 3 — ocagodHble OTNOXeHUs; 4, 5 — cnov Nopog OCHOBHOMO COCTaBa; 6 — KMUCHble BYNIKAHUTbI;
7 — nopofbl OCHOBaHWS BynKaHa; 8 — meracomatuTbl; 9 — pyaHble Tena; 10 — cnabonameHeHHbIe 1 BbICOKOOMHbIE nopogbl; 11 — OkonopyaHO-13-
MEHEHHbIE NMOPOAbI C NOBbILLIEHHOW 3M1EKTPONPOBOAHOCTLIO.

Figure 7. Scheme of isolines of the anomalous potential of the charge field 1 with the marked axis lines and projections of the ore de-
posits (a), graphs of the anomalous potential of the charge field 1 and 2 over the geological (according to I. B. Seravkin) and geoelectric
sections (6) of the Yubileynoye deposit. 1, 2 — charges; 3 — sedimentary deposits; 4, 5 — layers of rocks of the main composition; 6 — acidic vol-
canics; 7 - rocks of the base of the volcano; 8 — metasomatites; 9 — ore bodies; 10 — slightly modified and high resistance rocks; 11 — ore-modified
rocks with increased electrical conductivity.
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V3 npuBopuMBIX reoUsNYecKIX MaTepyanos 1o I1o01bCKOMY MeCTOPO>KIEHNUIO BUIHO, YTO B COBOKYITHOCTH XapaKTep-
Hble aHOMAJIMV IPaBUMMETPUM Y 37IEKTPOPA3BENKM IAal0T OCHOBAHMSA 3aMETUTb IPU3HAKU PYIOHOCHOCTY BYIKaHMYECKOI 110-
CTpOJiKY, 60JIee YITyOlIeHHOe U3Y4eH e KOTOPOIL IPUBEIO K 0OHAPY>KEHMIO IIPOMBIIUICHHBIX PyA. ONBITHBIE pabOTHI Ha TOM XKe
ITomonbckoM pymHOM TIOJIE JOKa3ay CyIeCTBOBAaHME TaKOJ BO3MOXXHOCTH IO JAHHBIM 30H[JMPOBAHNA METO/IOM IE€PEXOIHBIX
IIPOL[ECCOB IIPY YAATHOM PACIIOIOKEHNUI TI€T/IN, HAIIPUMED, C YYeTOM aHOMaINI1, 0OHAPY)KeHHBIX O0/Iee IPOCTHIMI METOLAMIL

He Bcerna mpuMeHeHne MeNKOMACIITaOHOTO 3apsifa MO3BOJISIET TOMTHOCThI0 OKOHTYPUTD TPAaHMIIbI pyAHOro moyst. Hampu-
Mep, B paitone MecTopoxxaernsa IO6ueitHoe, chopMUpOBaBIIerocs B MOHOK/IMHA/IBHOI JaCcTH ITa/IeOBY/IKaHA Ha OCHOBAHNN U3
HOPOJi OCHOBHOTO COCTaBa, PYAOHOCHAS TOJI[A METACOMATUTOB IIOIPY>KaeTcs Ha I0r0-BOCTOK [5, 16]. IToaToMy B aHOMa/TbHOM
T10J1€ 3apsAMIa, IOMEIEHHOTO B CKBOKMHY 760, IIO/IOKUTENbHON aHOMaInel A, OTMETHU/INCD TOJIbKO CEBEPHAA U 3alla/{Has IPaHM-
1Bl pygHOTO 107 (puc. 7, a). O6IMpPHYIO OTPHUIATETHHYI0 aHOMANNIO A, MOYKHO CBA3BIBATH C KPYITHBIM ITyOMHHBIM Pa3/IOMOM,
OT KOTOPOTO HOPMA/IbHO K HEMY IPOTSIHY/INCD PYLOIOABO/SIIVIE PA3PbIBHbIE HAPYIIEHNIsSI, 00€CIIeNBIIIe HOCTYIUICHNS PY/O-
HOCHBIX PAaCTBOPOB B MecTa (popMMpOBaHIs PYSHBIX CKoITeHnil. Kak 3aMeTHO 10 ITaHy aHOMa/IbHOTO HOJLs 3apsifia (puc. 7, a),
HaJl pyAHBIMM 3a/IeKaMI MECTOPO>K/IEHNS HaOMIOAI0TCs TOKa/IbHbIe 3HAKOIIepeMEHHbIe aHOMAINY, OTPaKaIoIlye IBYXIIOIOC-
HYIO CTPYKTYPY aHOMa/IbHOTO I1071s1, XapaKTEPHYIO J/I TOKa/JIbHBIX IPOBOSHMUKOB. MofenbHble IPUMepDI, IIPe/ICTaBIEHHbIE Ha
puc. 2, a, 6, MOMOTAIOT IPVU3HATD IPABUIBHBIMY 3TU BBIBOJIBL.

ITosiB/IEHIIO JIOKA/IBHBIX AHOMA/INIT HaJl PYAHBIMI 3a/IeKaMIL CIIOCOOCTBOBA/IN Te0YIEKTPIIECKIIe HA/[PYAHbIE 30HBI IIOBBI-
ILICHHOII 971eKTporpoBogHoCTI. CyllecTBOBaHNe TaKUX 30H, IIPOfIEMOHCTPMPOBAHHOE Ha IIPOJO/IBHOM I'€0/IOr0-re0I3IIdeckoM
paspese (puc. 7, 6), XapaKTepHO JI/Is1 MHOTYX PYAOIPOsIBIEHII ¥ MHOTA OOHAPY>KMBAETCS HA3eMHBIMI METOfIAMI 37IeKTPOPa3Bef-
Ki. B paccmarpuBaeMoM mpuMepe 610KOBasi re0aneKTprdecKast CTPYKTypa Ha IPOJOTIbHOM Ipoduie IPOsBIIAETCS TOKATbHBIMI
3HAKOIIEPEMEHHBIMY AHOMA/INAMM 1 B II0JI€ 3apsifia, PacIO/IOKEHHOTO Ha JJHEBHOJ OBEPXHOCTH. [IpaBuIbHBII TPOTHO3 MOIOXKe-
HIIS CEBEPHOIT TPaHUIIBI PYJHOTO OIS COCO6CTBOBAM 0OHAPYKEHNMIO CaMoll ITyboKo3aerarolell pyaHoi sanexu VI.

BoiBOADI

Yrry6eHne TeopeTUIeCKIX OCHOB CKBaKMHHOI 9/IeKTPOPa3BelKY Y HAKOIUICHHBII OIIBIT ee IIPUMEHEH Ha F>KHOYpajlb-
CKIMX KOTYEAHHBIX MECTOPOXKIEHIUSX [I03BOJISIIOT TOBOPUTH O CYILIECTBOBAHMY O/ATONPUATHBIX IPEANOCHIIOK I IPOLOI-
JKEHMA HOMCKOB ITyOOKO3a/IeralolX PYJHBIX MECTOPOX/ICHUIT Ha IepPCIeKTUBHBIX TePPUTOPUAX B Mpefenax M3BECTHBIX 1
HOTEHI[MA/TbHO IEePCIIeKTUBHBIX PYIOHOCHBIX CTPYKTYP. [IprBOaNMbIE B paboTe MOJe/IbHbIE M ITPAKTIYECKIe TPUMEpbI IIpyMe-
HEeHUA [/ 9TUX Ileflell KOMIUIEKCa METO/IOB II0IeBOJ U CKBaYKMHHOM 37IEKTPOMETPUM ABJAIOTCA WIITIOCTpaliell BOSMOXKHOCTEN
IIO/TyYeHl IOJIOXKUTEIbHBIX Pe3y/IbTaTOB PelleHN IIPOOIeMbI IIOJCKOB ITy0O0KO3a/IeralolyX KOT4eJaHHbIX MeCTOP OXK/ICHUIA.
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Conditions for successful application of simple electrometry methods
in searching for deep-seated pyrite deposits

Vadim Mikhailovich SAPOZHNIKOV*
Ural State Mining University, Ekaterinburg, Russia

Relevance of the work is determined by the need to use the positive experience of prospecting and exploration for copper pyrite ores in conditions
when the expansion of the raw material base of the copper ore industry of the Urals is possible by detecting large accumulations of ores at sufficiently
large depth. Difficulties in searching for such objects are associated with their weak occurrence over the entire complex of geological and geophysical
properties, and a successful result can be obtained by using a series of indirect indicators. Substantially, one can identify large ore deposits when they
are shallow. The main object of research should be paleovolcanic structures that are potentially ore-bearing by geological and geophysical features,
and within them - well-known and new ore fields. At the stage of studying these structures, it is most justified to use simple in-depth methods of
surface and downhole electrometry.

Purpose of the work is to demonstrate the theoretical and practical conditions for the application of simple electrometry methods, which make it
possible to consistently identify signs of occurrence of the main ore-forming elements of ore-bearing structures, from the totality of which it is possible
to detect individual ore deposits and the deposit as a whole. Examples of the application of electric profiling methods, studying the vectors of the
electric conductivity gradient, the small-scale charge method with the allocation of an anomalous field, a well-balanced installation, and geoelectric
section modelling based on electric logging data are considered.

Results obtained by applying simple electrometry methods to specific South Ural copper pyrites deposits allow us to show examples of obtaining
exploration information about the existence of ore-bearing structures and the occurrence of their individual elements.

Keywords: ore field, ore-forming elements of ore-bearing structures, borehole electrical exploration, anomaly
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[eoxummst AOHHDLIX OTAOYKEHUI pek KpacHOYypaAbCKOro npomysaa

Mwuxaun Bukroposuy LUABAHOB®
CaHkTt-lNeTepbyprckuin rocygapcTBEHHbIN arpapHbii yHuBepcuTeT, Poccus, CankT-eTepbypr

AKTyaABHOCTB pa6oTnl. AoGbiua 1 nepepaboTka MEAHOTO CbiPbsl B paioHe ropoaa KpacHoypaabck CBEPAAOBCKOM OBAACTM MPUBEAM K CYLIECTBEHHOMY
3arpsiI3HEHNIO AOHHDLIX OTAOXKEHU MOBEPXHOCTHLIX BOAOTOKOB. CTOYHbLIE BOALI U aaponpomsmépocm MOonaAaroT B aKBAALHLIE CUCTEMDLI M OKA3bLIBAIOT Cy-
LUIECTBEHHOE BAUSIHME Ha XVIMUYECKMI1 COCTaB AOHHbLIX OTAOYKEHWIA. [AQBHLIMM BOAHBLIMY apTepUsiMM B paiioHe ropoaa KpacHoypaabcka, UCMbITbIBAIOWMMM
3HAYMTEALHOE BAMSIHME HA aHTPOTIOre€HHbIE Harpy3Kku, siBasiiotcsl peku Canaa, AliBa M UX MPUTOKM.

LeAn pa6oTnl. AHAAU3 COAEPIKAHUSI XAALKOPUABHDIX, CUAEPOUABHBIX Y AUTOOMALHBIX SAEMEHTOB B AOHHbBIX OTAOXKEHMSIX MOBEPXHOCTHBLIX BOAOTOKOB B
30HE BAMSIHMSI MEAENAABMUALHOTO KOMOMHATA.

MeTtoaororns nccaeaoBanmii. [IpOBEAEHA KOAMMECTBEHHASI OLIEHKA COAEPIKAHMST XMMUHYECKMX SAEMEHTOB B AOHHbBIX OTAOXKEHUSIX BOAM3N MEAETAABUADL-
HOro KoMbuHata Ha npumepe ropoaa KpacHoypaabcka.

Pe3yAbTaTbl. B XOA€ MCCAEAOBAHMSI YCTAHOBAEHO, YTO BO3AeNCTBME KpacHOYPAALCKOTO METAAAYPIUYECKOrO KOMOMHATA HETATMBHO CKA3bIBAETCS HA XM-
MWYECKOM COCTaBe AOHHLIX OTAOYKEHMI. B AOHHLIX OTAOYKEHMSIX (DOHOBLIX BOAOTOKOB (peKka AiBa B BEPXHEM TE€UYE€HWUM) YPOBEHL 3arpsi3HEHUs1 CPEAHU.
Haunbonaee croxkHast cutyaumst B pekax Kywaike, Copbe 1 COPbUMHCKOM XBOCTOXPAHUAMLLE, B HUX BLISIBAEHBI FEOXMMMYECKME aHOMaAMU. Beaymmn sne-
MeHTamu sieasttotcst As, Cu, Pb, Zn, S, ypoBeHb 3arpsi3HeHMs BLICOKMI M OYeHb BLICOKMIA. OCHOBHBLIM MCTOYHUKOM MOCTYMAEHMS 3arpsI3HsIIOLMX BellecTB
SIBASIETCS1 5-11 TYMNUK, FA€ MPOUCXOAUT OKMCAEHUE PYA U MPOAYKTLI Pa3pyLlieHusl MOCTYMaloT B MOBEPXHOCTHbIE BOAOTOKM U COPLbUHCKOE XBOCTOXPAHUAMLLE.
BuiBoAbI. BuisiBA€HDI BO3pacTaiomye KOHLEHTPALIMM UCCAEAYEMbIX SAeMeHTOB As < Pb < Cu < S < Ba < Sr < Ni < Fe. B 13y4eHHbIX BOAOTOKAX OGHAPY KEHDI
SAEMEHTDI, KOTOPBIE CO3AAIOT HAMPSKEHHYIO SKOAOTMYECKYIO OOCTAHOBKY. 10 MOKa3aTeAId CyMMApPHOTO 3arpsi3HEHMsI UICCAEAYEMbIE BOAOTOKM XapaKTepu-
3YIOTCA BLICOKMM U OYE€HDL BLICOKMM YPOBHEM 3arpsi3HEHMs.

KatoyeBble cA0Ba: MOBEPXHOCTHLIE BOADI, AOHHbLIE OTAOXKEHMS1, KOS(OULIMEHT HAKOMAEHMSI, CyMMAPHbI MOKa3aTeAb 3arpsi3HeHMsI.

BEAE€HME
OKOJI0ro-Teonorndeckye NpobaeMbl TOPHOPYAHBIX PAllOHOB B HACTOsAIlee BpeMs MPefCTAB/IAI0T OOMBIION NH-
Tepec, TakK KakK 00bIva, IepepaboTKa PYIHOTO ChIPbs HETaTMBHO CKA3bIBAIOTCSA Ha XMMMYECKOM COCTaBe BOITHBIX
00BEKTOB. 3arpsA3HAIIYE BelljeCTBA IIOCTYNAIT B OKPY)XAIOLIYIO CPefy C a9pOIPOMBBIOPOCAMY, OCEHAIOT Ha IIPUIETAIOLINX
BOHOC60an, II0CJIE BbINIAJ€CHUA aTMOC(beprIX OCaJIKOB OHIM CMbIBAIOTCA B 6mypKanmme BOJOOTOKMN. Hamrune OTBaJ/IOB, XBOCTOX-
PAHVINIL, IUTAMOXPAHIINIL CIOCOOCTBYET IOCTYIUIEHIIO TsDKEIBIX MeTA/IOB B BofoToKu|1-3]. Hanboree omacubiMu 3arpsi3-
HUTEJIAAMM OKPY>KaIol[eil Cpefibl IPU3HAHbI BellleCTBA XVMIYECKON IIPUPOJBL, B TOM UMCTIe U TsKeIble MeTasUIbl [4].

ITpupopHble BOABI XapaKTepU3YIOTCs ONpefieNleHHbIMU (HU3MKO-XMMUYECKUMI YCIOBMAME. YacTh MeTasIoB, MOCTyIas B
BOJ, BBIIIAJIaeT B OCAJOK, MO0 KOHIIEHTPMPYETCS B TOHHBIX OTIOKEHUAX WIMCTBIMY YacTuLamMu [5-7], 1ubo MUTpUpYIOT ¢
BOIZOTOKOM U ITpU ISMEHEHUN Q)MSMKO-XMMI/I‘JCCKI/IX YC}'[OBI/[I;[ o6pa3yeT KOMIIJIEKCHBbIE COCIVMHECHN A.

B pesynbrare TaKoOM TpaHC(i)OpMaIU/H/I IIpMPOIHBIE TUIPOTIOTNIECKNE CYICTEMbBI ISMEHAKTCA U IIEPEXOAT B TEXHOTCHHbIE
IUIPOIOTMYECKIe CUCTEMbI, KOTOpBIE [IepeCTPaNBAIOTCs U IIEPEXOSIT Ha HOBBII 9Tall pa3Butus. JIro0ble mporeccs! Tpancdop-
Manum 9KOCUCTEMbBI MOTYT IIPUBECTN K HeO6paTI/IMI)IM MISMEHCHUAM B COCTABE€ MOHHBIX OTJIOXKEHMUIA. OHI/I, C O,[[HOI?I CTOPOHDI, 3a
cyeT aficopOIM 1 OOMEHHBIX PeaKIMil ClIOCOOCTBYIOT CAMOOUNIIIEHNIO BOIHOI CPEMIBI, C IPYTOif,— MOTYT ABIATHCSA MCTOYHNU-
KOM BTOPMYHOT'O 3arPsASHEHNS BOJBL.

OKocucTeMbl YpaIbCKOTO peroHa YYBCTBUTENbHBI K aHTpONoreHHbIM Harpyskam. OAO «Casatorop» cOpacbiBaeT cBOU
CTOKM B ITIOBEPXHOCTHBIE BOZBL, @ TAKOKE 3arpsA3HAET a9pOIPOMBBIOpOcaMu BOZOCcOOpHYI0 Teppuropuio. IlonoxkeHue yxynia-
€TCA BBINMAACHMEM KMCITOTHDBIX nox(;[eﬂ, KOTOpbIE B3aMMOHe]7[CTByIOT C TOKCMYHBIMU OTXOJAaMI Hepepa60T1<M I B BUJIEC MEJIKNX
pyderikoB, 06pasyst 60sblie IOTOKM, CTEKAIOT B IIOHIDKEHHbBIE 9/IEMEHTBI peibeda, B Ja/bHEIIIIeM OHI IOCTYIAIOT B IOBEPX-
HOCTHBIE BOJIDI, Tl HAYMHAETCS HOBBIN LMK 711 TSXKENbIX METAJIIOB.

B cBs3M ¢ 9TUM Lie/IbI0 JaHHOIT PabOThI AB/ACTCA M3ydeH)e COBPEMEHHOTO COCTOSHISA TOHHDBIX OTIOXKEHWIT U COflePXKaHI
B HUX TSDKEIBIX METAJI/IOB, a4 TAK)KE VX HAKOIUIEHMS Ha Pa3/INYHbIX YYaCTKax ) HA pa3HOM yHIaJI€eHUN OT koMm6OuHaTa. OCHOBHasI
3ajga4da I/ICCTIeI[OBaHI/HZ HaIllpaBJIEHA HAa BBIABJIECHNE I'€OXVIMNYIECKUX aHOMaJ’II/H‘/'[, KOTOpPbIE CO3AaI0T IKOTOIMYECKYIO0 HAIIPSIKEH-
HOCTDb B paliOHE MCCIEeNOBAaHNA.

Martepuannsl 1 METOADI

O06BbeKTOM M3ydeHNs SABJIAIOTCS HOHHbIE OTIOKEHNS IOBEPXHOCTHBIX BOJOTOKOB. OT6OP Mpo6 IpoBeeH B 30HAX aKKYMY-
TSIV U CMEIIMBAHMA B TeTHMII Tiepuof, (1ionb) B cootBeTcTBuy ¢ TOCT 17.1.5.01 [8].

B OCHOBY MCC/IEAO0BAHNA ITOTOXKXEHO M3YYICHME XVIMNYECKOro COCTaBa MOHHbBIX OT/IOKEHUIA. HOHHI)IC OTIOXKEHUA OT6I/Ipa}II/I
KOBIIOBBIM METOAOM B ITOIMITM/IEHOBBIE ITAKETHI, BHICYIINBAIN IIPN KOMHAaTHOM TEMIIEpAType€ U IIOABEPraaN XMMNIECKOMY
a”amm3y. Ipanynomerpudecknit cocras onpenerm 1o 'OCTy [9], xuMudeckuit cocTaB JOHHBIX OTIOKEHUI — HA PEHTT€HOB-
ckoM gudpaktomerpe XRD 7000.

VccnenoBaHust IpOBOAMIIICH HAa PaBHMHHOI YacTy OaccertHa cpepHero tedenus p. Canppl. OCHOBHOe MUTaHME PeKa MOoNy-
JaeT 3a CUeT ITIaBHBIX IPUTOKOB — pek AriBbl, KmoueBkn, Kymrariku 1 Hussr (puc. 1).

Peka Canpga GepeT Haua/Io Ha CKJIOHe ropsl biarogars, k BOcToKy ot ropoga Kyissl, Ha BeicoTe 250 M Hai ypOBHEM MOPSL.
ITporexaer 1o Teppuropuy CBepaIoBCKOI 06/1aCTH, B OCHOBHOM I10 Ma/I03ace/IeHHOIT 3a00/104€HHOI MeCTHOCTY, Tfje TOYTH He
pacrert sec. Y pexn mpeobmafjaeT CHEroBoe IMUTaHme. YCPEJHEHHBIN PACXOf] BOABI HAa PACCTOSHMUM 36 KM OT ycTbst — 11,5 mM*/c.
ITporekaer no pemosuanbabiM oToxeHusM (dlllsv) mielictonenoBoro nepuona, BepxHee 3B€HO — CeBEPOYPAIbCKIIT HATOPH-
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P CopLuHCKoe XBocTOXpaHMAMUE

p. Canpa B1omanm

PucyHok 1. U3yyaemasa cuctema BOAOTOKOB, TOUKM OTOOpa npob.
Figure 1. The studied system of watercourses, sampling points.

30HT. IImomanp Bogocb6opa 3670xm>. CpegHsa CKOpPOCTh TedeHn:A (KpoMe mepekaros) — 0,5 m/c. ImyOuHsI cpenHue BepXoBbs/
HU30BbsA BOMM3M yCThsA — 1M.

AviBa — nesblit mputok Canppl. [limHa pekn cocTapisaeT 28 KM. B BepxHeM TedeHMU IPOTEKAET 110 3I0BUA/IbHO-IE/T0BIATIb-
HbIM oTIoXKeHMsM (e, dlll-H), B cpenHem TeveHun u B Mecre Brafienus B peky Cangy mo fenoBuaabHbiM oiokeHusM (dlllsv)
IUIelicTOIleHOBOTO Iepuoya. bepera pekn KpyThle, B IOHIDKEHUAX 3a00m04eHHble. B cpefiHeM TeyeHnu 6epera CMbITBI BCIIEACT-
BIe PaboTBI Iparu.

ITputoxu p. AjiBbl — p. KimoueBka, KoTopas mpoTeKaet B 4epre ropoga KpacHoypanbcka, mmpusa pycia 0,5-0,6 M, ryOuHa
0,2-0,5 M, 1 p. Copbst, KOTOpasi 6epeT CBOe HaIaIo B G0OTI0TAX, IPOTSDKEHHOCTH 3 KM, IInpuHa 5 M, IryonHa 1,2-1,5 M, mpoTtekaet
BA01b COPBIHCKOTO XBOCTOXpaHMININA. bepera monorue, mecyaHsle.

Pexa Kymraiika 6epeT cBoe Ha4aIo B TOPOACKOM IIPYAY, bepera KpyTbie, rry6uHa 0,5-1 M. [lnnHa pekn coctasisieT 12 KM.

Pexa HuBa sBisietcs npaBbeiM nputokoM pekn Canppl. O61ast MpOTsXKEHHOCTb COCTaBIAeT 19 KM, IJIoLaab Bogoc6opa
135 xm?, rmybuHa 1,2-1,5 M. [IpoTekaeT ckBO3b Gepe30BO-COCHOBBII /iec. bepera 4acTU4HO HapyLIeHbI AParoil.

CopbMHCKOe XBOCTOXpaHWINILe chOpMUPOBAHO Ha CeBepo-3amaje OT 3aBoja. Ha yccenyeMoil TeppuTOpUY BbIIE/ICHBI
(hoHOBBIE BOJOTOKY, He ITOABEPKEHHbIe TEXHOTCHHOI! Harpyske (Touku 1, 2, 22 u 4), 30HbI cMemyBanu (Touku 8 1 9, 11 n 12,
17 1 18) ¥ IyHKTBI, HAXOJAIMECS B HEIIOCPEACTBEHHOI 61m30CcTH OT KOMOMHATA.

OcHoBHbIE (POHOBBIE BOJOTOKY IMEIOT IOCTOSHHBII MOHHBII COCTAB, BellleCTBa, IOCTYMHaoIIe 13 aTMOChepbI ¢ 6OKOBBIM
CTOKOM, TPaHCOPMUPYIOTCS B pe3y/IbTaTe BHYTPEHHMX IIPOLIECCOB BOJOTOKOB ¥ BOJJOEMOB.

B 30Hax cMenMBaHMA IPOUCXONUT PE3KUIT CKaYOK OKMCIUTENTbHO-BOCCTAHOBUTEIBHOTO MOTEHI[UAIA, I3MEHAITCA PU3u-
KO-XVMMYeCKIe YCIOBNUA, YTO IIPUBOJUT K 0Opa30OBaHMIO HOBBIX BElIECTB, KOTOPbIE HAIPAMYIO MIM KOCBEHHO BO3JE/ICTBYIOT
Ha JJOHHbIE OT/IOKEHNA.

I[Tokasatenp pH JOHHBIX OTIOKEHWIT KOMEOIETCS B IIMPOKOM [Mara3one — ot 2,49 1o 7,25. B GOHOBBIX BOZOTOKAX peaxums
cpefbl IIPEUMYILeCTBEeHHO Cabokucnast. B goHHbIx oTmoxkeHnsax COPbUMHCKOTO XBOCTOXpaHmInia (Touka 21) peakums cpemst
KICTIas, B OTIOKEHIAX 03€P, HAXOMAIIMXCA B HEIIOCPECTBEHHOII O/IM30CTH OT Ipy/a (Touka 20), peaKiyst Cpebl CUIbHOKIUCIIAA.

Kucnas peakuys cpefpl JOHHBIX OT/IOXKEHNI BbIAB/IEHA B TOUKax 10 1 17, B 3TM BOJOTOKY IOIAJAIOT IIPOAYKThI KICIOTHOTO
TUAPONN3a ¢ ONMU3IEKALUX TEPPUTOPUIL, KOTOPBIE BBIIAAIOT B 0CA/IOK.

B cocTaBe JOHHBIX OT/IOKEHMUII IIPEMMYIEeCTBEHHO IIPUCYTCTBYeT IIcaMMuToBas ppaxiys (Tadn. 1), B Heil npeobmafaor
rpy60- 1 CpefHe3epHUCTBIE IIECKN, HO IPYOO3EePHIICTOrO IeCKa MeHbIIIe, MAKCIMYM ero B TOuKe 4, B Toukax 11 u 21 npeobma-
JAIOT MEJIKO- ¥ TOHKO3€PHICTbIE MeCKI. ATIeBPOIUTOBAS I WINCTasA PpaKUNy IPeCTaBIeHbl B He3HAUUTEIbHOM KOITNYECTBe,
MAaKCHMYM aJIeBPOIUTOBOI (PPaKIUM B TOUKaX 3, 12 u 20, Ha MIUCTYIO0 PPAKIMIO IPUXOAUTCSA MeHee 7 %. B JOHHBIX OTIOXKeHM-
AX To4yek 2 u 19 npeobnasaet rpy6006710MOYHBIT MaTepuas pasmepoM 6omee 10 MM.

CogepyxaHue MEJIUTOB U AJeBPOIMNTOB OTPakaeT IUAPOAMNHAMIYECKUI PEKUM PeK: YeM OOJIbllle CKOPOCTb TeYEHs, TeM
MeHbIIIe aJIEBPOINTOBOI Gpakuyy 1 60Iblie ICAMMUTOB.

OpraHnyeckoe BeleCcTBO IOHHBIX OT/IOKEHMII UTPAET AKTUBHYIO PO/Ib B HAKOIUIEHNY XVIMIYECKMX 37IeMEHTOB. V3 maHHBIX
Tab/1. 1 BUJHO, YTO KOHIIEHTPALVsI OPTAHIYECKOTO BeIeCTBA OTIUYAETC HU3KNUM COflepyKaHMeM, YTO, OYeBUIHO, 00YCTIOB/IEHO
TPaHy/IOMETPUYECKIM COCTABOM JOHHBIX OTIOXKEHNIL, Tfie IPeobIafjaloT rpy003epHUCTbIE Y KPYITHO3epHUCTbIe TTeckit. Hanboms-
IIee cofiep>KaHue OPraHNYeCKOro BEIlleCTBa BBIABIICHO B TOUKe 8. B 0CTa/IbHBIX 00bEKTaX ero cofepkaHye He pesbiuaet 2,50 %.
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Tabnuua 1. FpaHynomeTpu4ecknin cocTaB AOHHbLIX OTIIOXEHUMN.
Figure 1. The studied system of watercourses, sampling points.

Touku Pa3mep yacTtuy, Mm

ot6opa pH OpraHquCKt? : 0,25- 0,05 0,01- 0,005—
npo6 Beuecreo, % >10 10-2 2 025 o5 0,01 0005 o001 <0001
1 5,66 2,03 38,80 4345 2,50 0,42 0,21 4,44 2,94 0,58 5,00
2 5,13 1,14 100,00 - - - - - - - -
3 2,49 0,90 - 1,05 4,00 22,90 8,82 55,29 0,59 0,59 6,76
4 6,82 1,82 12,40 15,95 36,20 22,25 1,50 412 0,88 1,76 5,00
5 5,89 1,37 20,00 18,30 5,15 19,70 11,85 18,53 1,77 3,53 1,17
7 7,25 1,82 6,50 33,70 20,35 25,30 5,33 7,06 0,88 0,30 0,58
8 5,80 12,66 - 12,43 7,20 19,24 24,20 11,60 2,54 15,35 7,44
9 5,85 1,53 - 41,90 27,95 22,00 3,45 412 0,00 0,29 0,29
10 4,08 1,12 - 7,95 27,15 42,45 9,12 9,70 1,48 1,76 0,29
1 6,27 1,84 - 1,35 1,25 20,90 52,97 14,71 3,53 4,71 0,58
12 6,62 1,09 - 0,85 0,75 8,15 31,43 4559 5,88 5,88 1,47
13 6,36 1,53 - - 1,15 18,15 30,70 31,18 5,00 7,94 5,88
15 6,93 1,09 - 14,25 26,70 42,75 7,18 7,65 - 1,47 -
16 5,62 2,15 12,30 15,55 19,30 20,50 23,23 7,94 0,29 0,88 -
17 4,55 1,68 - 1,65 11,30 66,55 16,38 3,53 - 0,58 -
18 5,32 1,24 24,55 7,00 3,75 15,00 16,76 28,82 0,30 2,35 1,47
19 5,50 1,65 100,00 - - - - - - - -
20 2,75 1,12 - - - 1,05 12,48 82,95 0,30 3,22 -
21 4,86 0,99 5,40 74,85 15,45 2,75 64,08 2,32 - - -
22 575 1,72 - 1,60 2,90 29,10 24,93 17,06 9,41 11,18 3,82

I XapaKTepUCTUKY COReP>KaHMA XUMUYIECKIX 37IEMEHTOB B JOHHBIX OTIOKEHIUAX MCTIO0/Ib30BaINCh JAHHbIE CPETHETro COo-
IepyKaHNUs MUKPOSTIEMEHTOB B JOHHBIX OTIOKEHMAX YPaIbCcKOro pernona [10] 1 Kmapku XuMudecKyx S71eMeHTOB, o BuHorpa-
IoBy, B muTocdepe [11].

CozeprxaHus XanbKOQIUIbHBIX, TUTOGUIBHBIX M CUIePO(IIbHBIX 97IEeMEHTOB B OT/IOXKEHVISAX U3YYEeHHBIX BOJOTOKOB IIPei-
CTaBJIeHBI B Ta0JI. 2, B pacrpe/ieieHNH VX [0 TeYEHNIO peK HabMTIofjaeTCs olpefieNieHHasi HepaBHOMEPHOCTb.

B ¢oHoBBIX BOfOTOKAX (peka AiiBa, Touka 1, 1 B BepxHeM TedeHuy peku Cayppl, Touka 22) cofiepyKaHme XanrbKO(UIbHBIX
97IEMEHTOB He3HaYNUTebHO IIpeBbiiiaeT GOHOBOE. BBICOKIE KOHI[eHTpalny BbISIB/IEHDI I/IsI IMHKA U CBMHIA (TOoUKa 1), HMHKA U
Menu (Touka 22). st nTouIbHBIX 971eMEHTOB TOJIBKO I/IsL CTPOHLNA U 6apus (Touka 1) u mo xpomy (touka 22). HesnauntenbHoe
IIpeBbILIeHIe 00YCIaBMBAETCS He TOIBKO IIPYPOSHBIMY TeOXVIMIYECKVIMY TIPOLeCCcaMit, HO 1 PaclipOCTPaHIOLVIMICSA Ha 3HA4M-
Te/IbHOE PACCTOsHNE adpOIpOMBbIOpocamu komOuHaTa. Kpome nepeuncieHHbIX (akTOpOB, Ha HAKOIUICHVIE 9IEMEHTOB CYIeCT-
BeHHO€ BJIVIsIHIE OKa3bIBAET IPAHY/IOMETPUYECKIIT COCTAB OTI0XKeHuIL. [Ipeobmaganne Menknx ¢ppakuuit crocobcTByeT copormm
TSDKETIBIX METAJIUIOB, YTO TaK)Ke 0TpaxkeHo B [12]. CumepoduibHbIE 9/1eMEHTHI He TIPEBBIIA0T (GOHOBOE 1 KTAPKOBOE COTEPIKaHIIE.

[/t XapaKTepUCTUKY TEXHOTeHHBIX T€OXMMMUIECKIX aCCOLMALIMII B JOHHBIX OTIOKEHNUAX PacCIMTaHbl KOADDUIIEHT KOH-
uentpamuy K (tabm. 3) [13], koapdurment nakonnenus R _P. Mokcxama, nokasatenb N, XapaKTepusyIouuii KOmndecTBeHHbI
COCTaB TE€XHOT'€HHOJI IeOXMMMYECKOl aCCOLMALVIM M OTPAKAIOLIMII YJC/IO BXOAALINMX B Hee XMMMYECKUX 37IeMeHTOB [14], u
CyMMapHBIII TIOKa3aTe/lb XMMUYECKOTO 3arPASHEHNA Z .

Kak BuiHO 13 JaHHBIX TA0L. 3, aKTVBHEE BCErO MTPOMCXONUT HAKOTUTEHIE CTPOHIIVSL, Gapus 1 cBMHIEA (TOUKa 1), a Tak)Ke KOOastb-
Ta [yt Touky 22. ITo moKasaTeo CyMMapHOTo 3arpsisHeH s (POHOBbIE BOJOTOKY OTHOCSTCS K CPEIHeMY yPOBHIO 3arpsisHeHst [15].

OCHOBHBIM MICTOYHMKOM IIOCTYIUICHMS 9JIEMEHTOB B [IOBEPXHOCTHBIE BOZOTOKY SIB/IAIOTCA OTBA/IBI IOPOJ BOMM3M CTAaHI[UN
«Mepp» Ha 3aIIaHOI OKpayHe TOPOiA, OTKY/A IOCTIe BbIafieHNst aTMOC(EPHBIX 0CaZKOB MIPOLYKTHI OKUCIEHNS PYL B IOHHOM
¢dbopMe ¢ BpeMEeHHBIMM PYCIOBBIMY IIOTOKAMM TPAHCIIOPTUPYIOTCS B IIOHVDKEHHBIE 97IEMEHTEI perbeda.

B pexe Kymraiike ycTaHOB/IEHO HauBBICIIee COfiep>KaHMe XaTbKOPUIbHBIX 9/l1eMeHTOB (Touknu 7, 8, 9 u 10), mpeBbliieHue
OTHOCKUTENBHO (POHOBOTO COTEPXKAHMS COCTABISET COTHU Pas. JIMTOpuIbHBIE 97IEMEHTDI, TaK1e KaK CTPOHLMIT 1 6apuil, He-
3HAYMTEIBHO MPEBBIIAIOT (POH. [JaHHbIe TAO/. 3 CBU/IETENBCTBYIOT, YTO B peke Kylaiike akTiBHee BCero HAKAIIMBAIOTCS MeJb,
MBIIIBSIK, CBUHEL], Cepa, LMHK, a TaKKe KoOanbT. [lokazaTerp CyMMapHOTO 3arpsisHEHsI CBUIETE/IbCTBYET 06 OUeHb BBICOKOM
ypOBHe 3arpsisHeHs1 (Touka 8) 1 BBICOKOM (Touku 7, 9 u 10). BHu3 no teyeHuto npu BrageHnu B peKy Caay IpOUCXOfUT pas-
OaB/ieHMe KOHLIEHTPALMIL META/I/IOB, YaCTh COPOMPYeTCs TUAPOKCUAMY >Kejle3a ¥ YHOCUTCS fanblie. B atux toukax (13, 15 u
16) — He3HauYNTEIbHOE TIPEBBIIIEHNE KOHIIEHTPAL[MY XaTbKOMUIbHBIX 31eMeHTOB.COpbMHCKOE XBOCTOXpaHmuine (Touka 21)
OPraHM30BaHO B 1o¥iMe peky Copbu ITyTeM BO3Be[jeHN A IVIOTMHBI 13 CYI/IMHKA 1 IIpefHa3Ha4eHO J/IA CKIafPOBaHM XBOCTO-
BOII IIy/IBIIBL, IUIOLIA/b XBOCTOXpaHmuina 500 ra. VI3 xBocroxpaHumina gebaraHcoBble BOAbI MOMAfAl0T B peKy Copbio [16].
Benyiinmu anemeHTaMu JOHHBIX OT/IOKeHNUIT ABMIAI0TCA As, Pb, Ba, Co, Sr 1 S, ypoBeHb 3arpsisHeHMs1 04eHb BbICOKMIT. ToHKas
B3BeCb XBOCTOXpaHMINIIA NonafaeT B peky Copbio. Menkue Ipyabl BOKPYT XBOCTOXPaHMINIIA, BO3HUKAIOIME B TIOHMYKEHHbIX
97IeMeHTax penbeda 3a CueT CKaIIMBalOLIelics BIary, HOCTYIAoLIell ¢ OTKOCOB XBOCTOXpaHWINIIA (TouKa 20), XapaKTepusyIoT-
cs HakorwteHueM Pb, As, Ba, Co u Cu, ypoBeHb 3arpsi3HeHNs BBICOKUIL. B XapKoe IeTO OHM IepeChIXaloT, ¥ TOHKOJUCIIEPCHBIE
YaCTUIIBI BETPOM pa3BeBaIOTCs Ha O/M3/exaliye TaHanadToL.

Eije onnH 06'beKT, pacIionoXeHHbIIT Ha 3HAYNTE/IbHOM PACCTOSHNUM OT MUCTOYHIKA 3arpsisHenus (Touka 4),— KpacHoypais-
CKO€ BOJOXPaHM/INIIE, IOHHbIE OTTIOXKEHMA TaKXXe XapaKTepU3YIOTCA FeOXVMIYECK aHOMAJIbHBIM COfiepyKaHMeM 37IEMEHTOB.
Benyummu xummndeckumu sneMeHTaMu ABs0TCsA Pb, As, Zn u Ba. YpoBeHb 3arpssHeHMst BBICOKMIL. Takoe cofep>kaHime, BO3-
MOYKHO, CBSI3aHO CO CTPOMUTENbCTBOM AaMOBbI, I7ie MCIIONb30BaIICh IOPOADL, COfEpIKaliie CYIbpIUIHbIE PYADL.
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B uncnuTene knapkoBoe codepxaHue, B 3HaMmeHaTene (hoHOBOE CopepXaHue.
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Ta6nuua 3. Nleoxumuyeckme accoumaumm B AOHHbIX OTIOXKEHMUSAX.
Table 3. Geochemical associations in bed deposits.

Toukn

otbopa 3HaueHust K, XMMU4ECKNX 3I1EMEHTOB N, R, Z, 3a>r/g::f::m:|
npo6

1 Sr,,—Ba,~Pb,.~(Cu-Ni), 5 19,59 24,49 CpepHuit

2 Co,.—(Sr-Ba),,~S,,—Cu, ~(Zn-Mn),(Cr-Ni), 9 11,85 13,33 Cpegnni

3 As, —Pb,,~S,—Ba,~Cu,~Zn, ~Sr~Fe-Ni, 9 146,64 165,09 OueHb BbICOKUIA

4 Pb,,,~As,,.~Zn,~Ba,~(Sr—8)~Zr~Fe,~(Ni-Mn-Cr), 11 85,10 93,64 Bbicokwit

5 Pb, —~(Sr-Ba),~Zn,~(Cu-Zr),~(Ni-Cr), 8 7,67 10,24 [onycTumbiin

7 As,,,~Sy~Pb,,~Cu,~Zn,~Ca, —Ba—~Co~Sr, 9 56,69 63,78 Boicokuit

8 Cu,,—Pb,~Zn, —Co,~S,~Zr~Sr,~Ni,~(Fe-Y), 10 392,98 436,65 OyeHb BbICOKMI

9 As,.—Pb,,—Cu,~Zn,~Ba, ~Co,~Sr ~Zr, ~(S-Ni),~(Fe-Cr-Y), 13 45,48 49,27 Boicokuii
10 As,,.~(Pb-Ba), —Sr, —Co,.~Zn.~(Cu-Ni), 8 30,79 35,19 Bbicokuii
1" Pb,.-As,~Zn,—Ba,,~Cu, ~Sr, ~Co,,~Zr, ~S.~(Ni-Ga), 1 18,27 20,75 Cpeanni
12 Ba,,—~(Pb-Co),,~Zr, ~Sr~Ni~(Cu-Cr), 8 10,07 11,52 CpepgHuii
13 (Co-Pb),~Ba,,~Sr,~Zr, ~Zn~Cu,-Ni-Y, 9 13,05 14,68 CpepHuit
15 Cr,,—~Co,.~(Ba-Sr),,~(Ni-Zr), ~(Zn-Cu-Mg), 9 14,53 16,34 Cpegnni
16 Ba,~Sr, ~Zr,~Zn,~Co, ,—Cr,—Ni~S,-Y, 9 15,71 19,22 Cpeannit
17 As,,,—Pb,,—-Ba, ~Sr, ~Co,,~(Zr -8-Cu),~Cr,~(Fe-Ni), 11 73,76 81,14 Bbicokuit
18 As, —Pb,-Ba, -Co,~ Sr—Cu, S~ Zr—~Zn,NiFe, 1" 79,55 87,60 Bbicokuin
19 Ba,~Co,—-As,~Pb, ~Zr ~Sr, —Ni,—~(Zn-Cu-8), 10 13,28 14,75 CpepHuit
20 Pb,~As,,.—Ba,—Co,~Cu, ~Sr ~Zn, ~-S ~Zr—~(Fe-Ga), 1" 84,12 92,53 Bbicokuin
21 As,,—~Pb,,~Co,~Ba, -Sr,~-S,~Cu,,~Zn~Zr, ~Fe.—(Ni-Ga), 12 67,36 73,49 Bbicokuii
22 Ba,~Co,.~Sr,,~Pb, ~(Ni-Zr),~Zn,—Cu, 8 9,64 14,59 CpeaHuii

Kc — koadhrumMeHT KOHLEHTPaLUN XMMNYECKOTro anemeHTa; N3 — KONMYECTBEHHbIN COCTaB TEXHOrEHHOW reoxmmMmmuyeckon accoumnaumm; Rx — ko-
adppumumeHT PMokexama; Zc — cymmapHbI nokasaTteflb XMMUYeCKOro 3arps3HeHus.

Kc — concentration coefficient of the chemical element; Na — is the quantitative composition of the technogenic geochemical association; Rx — R.
Moxham coefficient; Zc — the total indicator of chemical pollution.

BbIBOADI

1. B cocTaBe JOHHBIX OTTIOKEHMN TIpeobrafaeT ncaMMnuToBast ¢ppakius (rpy6o- u cpefHe3epHUCTbIE TTeCKM). ATIeBPON-
TOBas U WINCTas GpaKLyy IpefcTaBaeHbl B He3HAYNTENbHOM KoydecTBe. CopjepskaHiie OpraHNIecKoro BelljecTBa B IIpefjeax
2,50-13,0 %. Peak1iys cpefpl JOHHBIX OTIOXKEHMIT CTAOOKICIIast, ¥ TOJIBKO B OTTIOXKEHUAX, OfIBEP>KEHHDIX TEXHOTEHHOMY BO3-
TeICTBUIO, — KMC/Iast I CUJIBHOKUCIAS.

2. B paiione Bo3gericTBusi KpacHOypanbcKoro MeeriaBiibHOro KOMOMHATA N3YYeHHbIe 7IeMEHThI 00pasyoT BO3pacTaro-
Iiye PSIAIBI [0 UX CPEFHEMY COfIePXKAHNIO B M3YYEeHHBIX BOFOTOKaX As < Pb < Cu < S < Ba < Sr < Ni < Fe. [Tony4enHsle faHHbIE
CBUAETENBCTBYIOT O (71007 CaMOOUMIIAOIIIell CITOCOOHOCTH PEK B 30HE TEXHOTEHe3a.

3. Teoxmummdeckoe 30HUPOBaHME PeK BBIBIU/IO METAJIIBI, KOTOPbIE CO3AI0T HANIPSDKEHHYIO 9KOTIOTMYECKYI0 0OCTAHOBKY Ha
uccnenyemoit reppuropuu ais pex Kyuraiikn — Cu, As, Pb, S, Zn; Copbu - As, Pb, S, Ba u TexHonmorndeckoro npyza — As, Pb, Ba,
Co, Sr, S. B dponoBbIx BofoTokax Zn, Pb u Cu.

4. lonnble otnoxenus pek Kymraitky, Copbu 1 TEXHOTOTMYECKOTO IPY/ia IO ITOKa3aTe/l0 CyMMapHOTO 3arpsA3HEHM XapaK-
TEpPU3YIOTCsl BBICOKMM U OY€Hb BHICOKVMM YPOBHEM 3aTpsA3HEHNA.
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Geochemistry of rivers bed deposits of the Krasnouralsk industrial hub
Mikhail Viktorovich SHABANOV*
Saint-Petersburg State Agrarian University, Saint-Petersburg, Russia

Relevance of the work. Extraction and processing of copper raw materials in the area of the town of Krasnouralsk, Sverdlovsk Region, led to signif-
icant pollution of bed deposits of open watercourses. Wastewater and airborne emissions enter aquatic systems and have a significant effect on the
chemical composition of bed deposits. The main waterways in the area of the town of Krasnouralsk, which have a significant impact on anthropogenic
pressures, are the Salda, the Ayva and their tributaries.

Purpose. Analysis of the content of chalcophilic, siderophilic and lithophilic elements in the bed deposits of open watercourses in the zone of influence
of the copper smelter.

Research methodology. A quantitative assessment of the content of chemical elements in bed deposits near a copper smelter was carried out using
the example of the town of Krasnouralsk.

Results The study found that the impact of the Krasnouralsk metallurgical complex negatively affects the chemical composition of bed deposits. In
the bed deposits of regional watercourses (the Ayva river in the upstrem), the level of pollution is average. The most difficult situation in the rivers
Kushayka, Sorye and Sorya tailings, they revealed geochemical anomalies. The leading elements are As, Cu, Pb, Zn, S, the level of pollution is high
and very high. The main source of pollutants is the 5th dead end, where ore is oxidized and the products of destruction enter the surface streams and
the Sorya tailing dump.

Conclusions. Increasing concentrations of the studied elements As < Pb < Cu < S < Ba < Sr < Ni < Fe were revealed. In the studied watercourses,
elements have been discovered that create a tense ecological situation. In terms of total pollution, the studied streams are characterized by high and
very high levels of pollution.

Keywords: open water, bed deposits, accumulation factor, consolidated figures for pollution.
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MeToA CBsI3M KAHAAOB B TEOPUUN SK3O0Ir€HHLIX reocbw3wqec1<wx cnucrem

Buktop Bopucosuy CYPHEB' 2",
Bepa BopucosHa MATKOBA',
Omutpuin Bnagummnposuy UCITAMIAJNIUEB'

" Ypanbckuii rocyqapCTBEHHbIN rOpHbINA yYHUBEpCUTET, Poccusi, EkatepuHbypr
2Ypanbckuii hefepanbHbiii yHUBEpcuTeT, Poccusi, EkaTepuHGypr

AKTyaAbHOCTB pa6otnl. 10 OLeHKaM CrieumaamcToB Poccusi OBAAAAET BECObMA 3HAYMTEALHLIMM 3aracamy BLICOKOBSI3KMX HETEN (OKOAO 7 MUAAMAPAOB
TOHH), AOObIYA KOTOPOW MPOU3BOAUTCSI MOCPEACTBOM TEMAOBOTO PA30rpPeBa COAEP)KMMOTO AOBYIIKM MAM MAACTA MEPErPETbiM BOASIHLIM MApOM C
MOCAEAYIOLIEN OTKAYKOM MOAYUMBLIErOCs (haromAa. pouecc A0BbIUYM BLICOKOBSI3KOM HE(PTU, OAHAKO, SIBASIETCSI AOCTATOMHO TPYAOEMKMM. 10 Ha3BaHHLIM
npuYMHaM paspaboTka METOAOB MOHUTOPUHIA AOBLIUM BLICOKOBSI3KOM HEPTU aKTyaAbHA.

Lean pa6otpl. Pa3paboTka TEOPETUYECKMX OCHOB CENCMUYECKOTO MOHUTOPUHIA MPOLIECCA AOBLIYM BLICOBSI3KON HETH.

MeToAororMs paccmaTprBaeMoli B AQHHOM CTaTbe TEOPUM OCHOBAaHA Ha MOCTyAaTe€ O ABYXKAHAaALHOM XapakTepe MpoLecca B3auMOAEVICTBYS
OrPaHNYEHHOTO OObEKTA (CMCTEMBI) C BHEWHMM MUPOM. Yepes nepBbiii KaHAA MPOU3BOAMTCSI BO3AEHCTBME HA OOLEKT BEKTOPHOrO BOAHOBOTO MOASl, B
AAHHOVI paboTe — 3TO yrpyroe BOAHOBOE MOAe. Yepes BTOPOii KaHAA MPOU3BOAMTCSI BO3AENCTBME HA OBLEKT CTALMOHAPHOIO CKAASIPHOTO TMOASI, B AAHHOW
paborte — 310 TENAOBOE MoAe. Takum 06pPa3omM, PACCMATPUBAETCS TEOPUsI PACCESIHMSI YIPYTVX BOAH OOGLEKTOM, HAXOASIUMMCST [MOA BO3AECTBMEM BHEWHETO
CKAASIPHOTO (TEMAOBOTO) MoAsl. CKaASIPHOE MOAE B MaTepuare OBLEKTA MHAYLIMPYET MPEABAPUTEALHBIE YIPYTMe HArpsKEHMs!, KOTOpbLE hUrypupyioT
Kak OTKAMK OBbeKTa Ha 3TO BO3AENCTBME. BTOpMUYHOE TEMAOBOE MOAE, CyIECTBYIOWEE BO BHEWHOCTM OObEKTa, HE paccmarpuBaetcs. Takum obpasom,
obwasi CaMOCOrAACOBAHHAs! 3aAa4a ABYXKAHAALHOTO B3aMMOAEVICTBUSI OOLEKTA C BHEWHVIM MOAEM MOABEPraeTcsl MPOLEAYPE PACLIENAEHMsI KAHAAOB U
CBOAWTCSI K PACCESIHMIO YIPYTOM BOAHBI OBLEKTOM C MATEPUAALHBLIMY MAPAMETPAMM, (PYHKLMOHAALHO 3aBUCSIUMMU OT BHELIHETO TEMAOBOTO BO3AEMCTBMSI,
TO €CTb OBwWwast HEAVHEHAs (PU3MYECKAs CUCTEMA C PACMIPEAEAEHHBIMM MapamMeTpamm “OBLEKT — BOAHOBOE MOAE — CKAASIPHOE MOAe” PacCMaTpUBaETCs!
Kak Mapamerpuyeckast CMCTEMA, YTO MO3BOASIET CyLIECTBEHHO YMPOCTUTL AATOPUTM M YMEHBIINTL TPEOYEMBIE AAsSI YUCAEHHOTO MOAEAMPOBAHMST PECYPChI.
B KkayecrBe MOAEALHOVM 3aAaauu AAsl TEOPUM, KOTOPYIO MPEAMNOAAraeTcsi AOBECTVM AO MPAKTUYECKOW peaansaumy B BMAE€ AArOpUMTMAa M KOMIMAEKCa
BLIYMCAMTEABLHLIX MPOrPAaMM, BLIGPAHA BAXKHASI AAsI IPOMBICAOBOM UM PA3BEAOHHOM r€O(M3MKM 3aAa4a CEMCMMYECKOTO MOHUTOPUHIA COCTOSIHMSI AOBYLIKM
C BLICOKOBSI3KOM HETLIO MPU PA30TPEBE AOBYLIKM MOABOAMMbBIM M3BHE TEMAOM. ABTOPbI MPEAMOAATalOT B AAAbHEMIEM 0606wmTL TEopHIo, paspaboTtarh
AATOPUTM M CO3AATh KOMIAEKC BBLIYMCAUTEABHLIX MPOIPAMM 3AEKTPOMArHUTHOTO MOHMTOPMHIA COCTOSIHUSI OBLEKTA, HAXOASIErOCs MOA BO3AENCTBMEM
BHEWHETO CKAASIPHOTO (TEMAOBOIO) MOASI, & TAIOKE TEOPMIO B3AMMOAECTBISI O6LEKTA C BHELWHMM MVMPOM MOCPEACTBOM HECKOABLKMX KaHAAOB. Arsi Goree
MOAHOTO MOHMTOPMHIA MPOLIECCA €r0 MATEMATUYECKYIO MOAEAb CAEAYET OOOOWMTL A0 CyLECTBEHHO MHOTOKAHAALHOTO YPOBHSsI, TO €CTh PACCMOTPETD
MAaTEMATUHYECKYIO MOAEADL “OBBLEKT — YIPYroe BOAHOBOE MOAE — SAEKTPOMArHUTHOE BOAHOBOE MOAE — TEMAOBOE MOAE — MOAE CTATUYECKOTO Harpy keHws”.
O6O6WEHHAsI HA HECKOALKO TMOAEV TEOPMSl MHOMOKAHAALHOTO B3aVMOAEWCTBUMsI OOLEKTA C BHEWHMM MUPOM MOXET ObITb MCMOAL3OBAHA M AAsI
MaTeMaTMYECKOTO MOAEAVPOBAHMSI B APYTMX OBAACTSIX (OU3MKM M TEXHUKM, HAMPUMEP, B AE(DEKTOCKOMMUM.

PesyabTatbl. B cratbe paspaboTaHa Teopusl MHAYLIMPOBAaHUsI MPEABAPUTEALHBIX HAMPSDKEHMI B MATEPUAAE M3Yy4AEMOrO OOLEKTA MOA AECTBUEM BHELIHETO
CKAASIPHOTO (TEMAOBOTO) MOAsl. TTOAy4EHbI HOBLIE MATEMATMHECKME BLIPKEHMS AAS MAPAMETPUHYECKMX 3ABUCMMOCTEN MATEPUAALHBIX MAPAMETPOB OOLEKTA OT
Temreparypsbl. [prBeaeHa 0606WwEHHAs1 (hOPMa MHTENPAALHOMO aHAAOTA ypaBHeHUsl AunMaHa-LLBMHrepa AAsl pelueHust MPSIMO 3aAa4M PACCEsIHMSI YIPYTUX
BOAH OOLEKTOM C MPEABAPUTEALHLIMY HAMPSHKEHUSIMU, MHAYLIMPOBAHHLIMM B MAaTEPUAAe OOLEKTA MOCPEACTBOM BO3AEMCTBUSI HA HETO BHELIHETO TEMAOBOTO MOASL.

KatodeBble cAOBa: paccesiHusi TEOPWsl; YIPYrMe BOAHDI; CEMICMUYECKME BOAHDI; MPEABAPUTEALHBIE HATPSKEHMS!; BLICOKOBSI3KME HETU; CEMCMUYECKM
KOHTPOAb; MaTeMaTnyeckoe MoAeArpoBaHmue; Aunmana-LLBuHrepa ypasHeHue; MHTErPaAbHble YPaBHEHMSI.

BEAEHME

DK30reHHbIE NAPAMETPUUECKME CUCTEMBI KaK HYAEBOE MPUOAMIKEHME METOAA CBSI3M KAHAAOB

OO6BeKTOM MCCTIeOBAHIA JAHHO CTaThy ABJLAETCSA BechbMa 001Iias MaTeMaTidecKas MOJie/lb TeTepOreHHO YIpy-
TOil Cpefbl, HAXOJALLENCA II0J, BO3JEICTBMEM BHEIIHNUX II0 OTHOLIEHNUIO K PACCMaTpPUBAEMOMY 061;eMy Cpefbl BO3MYLEHNIL,
4acTb KOTOPBIX IPUBOJUT K 3aBMCYMOCTI MaTepMa/IbHbIX IIapaMEeTPOB CUCTEMbI OT BHEIIHMX BO3JeICTBUIL. PaccMaTpuBaerca
reTeporeHHas Cpefia, B3aMOAECTBYOLAsl C YIPYTMMM BOTHAMU OT BHEIIHETO II0 OTHOIIEHMIO K pacCMaTpuBaeMOMy ee 00be-
MY MCTOYHMKA. [IpaKTuuecKuii MHTepec MpefCcTaB/IsAeT Cydall, KOrjga Ha MCCIefLyeMblil 00beM Cpelbl AelICTBYET ellje BHEIIHee
TOIIOJIHUTE/IbHOE BO3MYIIIeHNe, IPUBOJsIIee K M3MEHEHUIO MaTeplaIbHbIX lTapaMeTPOB 3aK/II0YeHHOIT B 00beMe cpefbl. Takum
BO3MYIIIEHMEM MOYKET BBICTYIaTh, HAIIPMMeEP, TEMIOBOI MTOTOK.

YMeCTHO OTMETUTb, ITO UCCIEAyeMas B CTaTbe MaTeMATNYeCKasi MOJe/Ib MMeeT OOIbIIoe 3HAYeHNe KaK /It Te0/IOTUH BO-
o611ie, TaK ¥ I reoPU3NKM B YACTHOCTH, HAIIPUMED, [T CEICMOIOTU ¥ IMHAMMYECKOI celicMOpasBenku. B katecTBe Mo-
Ie/IbHOI 3aa4M IJIs1 pacCMaTpPUBAEMOI TEOPUM B JAHHOI CTaThbe BBIOpAaHa 3ajiada CeliCMIIeCKOro KOHTPOJIA Ipoliecca JoObIan
BBICOKOBSI3KOI1 He(TI B IPOMBIC/IOBOI reodusnke. OObeKTOM MCCIeTOBaHNS SIB/IAETCS MOZeIb He(TSIHOM IOBYIIKY C BBICOKO-
BA3KOJ He(pThI0, B3aMMOJEIICTBYIOLIEl C BHEIIHVMMY UCKYCCTBEHHBIMY CEIICMUYECKUM U TEIUIOBLIM IOJISIMIU.

C TOuKM 3peHus oOLIell TeOPUM CUCTEM, pacCMaTpyBaeMas B TaHHOJ CTaTbe MOJE/Ib TeTepOreHHOI YIIPYTroil cpeibl, B3a-
VIMOJIEVICTBYIOIIEN C BHEIIHMM YIPYTMM BOTHOBBIM ITOJIEM, SAABJIA€TCA MOJEbIO 9K30T€HHOI ITapaMeTPUIeCKOil CCTEMBI C pac-
IpefeNIeHHbIMI CTPYKTYPHBIMU ITapaMeTpaMy, B3aMOJEICTBYE KOTOPOJ C BHEUTHMM MUPOM OCYILECTBIIAETCA IMOCPENCTBOM
IBYXKaHa/MbHOTO mporecca. O6BeKTOM MCCIEHOBAHNS CITY)KIUT BbIieIeHHBI 06beM cpefbl. Uepes yCIOBHO [TepBBbIil KaHAT OCY-
I[eCTBIIACTCS MEXaHIYEeCKOEe B3aMMOJEIICTBIE 00bEKTA C BHEIIHNMM MUPOM ITOCPEACTBOM ITAAIOIMX Ha 00beM CPefbl YIPYIUX
BO/H. Yepes yCc/IOBHO BTOPOIT KaHasl OCYIIECTBIAETCA KOMIIO3MIIMOHHOE BO3/IEICTBME HAa CTPYKTYPHbIE ITapaMeTpPhbl CUCTEMbI
MTOCPECTBOM TEIIOBOTO MOTOKA 13BHe. [Ipn 9ToM pusmuecKkmit CMBIC/T KAHATIOB MOYXKET OBITh OMMCAH TaK:
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1-i1 KaHa/I: Ha BXOJ CUCTEMBI IIOAETCSI MEXaHIYeCKoe BO3/elicTBIe (YIpyras BOTHA), HAa BBIXOZIE PETMCTPUPYETCS TakKe
MeXaHIYeCKNUII OTKIMK (yrpyras BOTHA);

2-1 KaHaJI: Ha BXOJ, CYICTEMBI IIOIaeTCSI HeMeXaHYeCKoe BO3/ieiiCTBIe (TEeIOBOII IIOTOK), Ha BBIXOJIe PETMCTPUPYETCA TaK-
’Ke HEMEXaHMYECKII OTKIMK (TEIIOBON MOTOK).

C ¢usndeckoit TOUKU 3pEHNsT, 0UEBUIHO, ITO MEX/Y 000VMI KaHATaMM B3aNMOAEICTBIUS CYIeCTBYeT 0OpaTHas CBA3b,
CTIefICTBYIEM KOTOPOIL SIB/ISIETCS HEOOXOAUMOCTD pellleHus], B 00leM CTydae MaTeMaTIIecKy HelMMHEeTHON (CaMOCOI/IacoBaH-
HOJI) 3a/ja4) HECTALVIOHAPHOI TEPMOYIIPYTOCTH.

YkasaHHas 3aj1a4ua AB/IAETCSA HEJIVHEIHOI U, CTIelOBaTe/IbHO, AITOPUTM €€ PeIleHIsI JOCTATOYHO CI0XKeH B peanusanuu. [1o aToit
IIpYYMHE IPENCTaB/IAETCA OIPaBJaHHbIM BBECTV HEKOTOPbIE YIIPOLIAOLIyie IPEAIIONIOXKEe N, @ UMEHHO: /I yIPOLeHNA a/ITOPUTMa
YJC/IEHHOTO MOJI/IMPOBAHIA YMECTHO «Pa3opBaTh CBA3b» YKa3aHHBIX KaHAJIOB, OTKA3aBIINCh OT CAMOCOIVIACOBAHHOCTI J OCTaBUTh
TOJIBKO «OJHOCTOPOHHIOIO CBSI3b», T. €. PACCMATPMBATD CBSI3b, HALIPAB/ICHHYIO OT OffHOTO KaHa/Ia K IPYTOMY, HO He HA0OOPOT.

C ¢msndeckoit TOYKM 3peHNsI TAKYIO MPOLEAYPY «Pacliel/IeHIs KaHAIOB B3aMMOJEIICTBIsI» MOXKHO OIPaBJaTh, €C/IM Ka-
HaJIbl BO3ZIEIICTBISI Ha MCCTIENYeMBIil 00beKT TEXHIYECKY BO3MOXKHO ITOAPA3e/INTh YCIOBHO HAa OCHOBHOM (CHM/IBHBIN) KaHAT U
Ha BCIIOMOTATe/IbHBII (C/1abblit) KaHan. CUIbHBI KaHAI «YIPAB/IseT», HAIPUMep, OTK/IMKOM CHCTEeMbI KaK 11eJIOr0 Ha BHEIIHee
MeXaHJYeCKoe BO3JEIICTBHUE, a CIa0bIil KaHaJI «yIpaB/sgeT» 3MeHEHMeM CTPYKTYPHBIX IIapaMeTPOB CUCTEMbI IIOf] BIMAHUEM
BHEIIHUX BO3JEVICTBUII HEMEeXaHIYeCKON MPUPOABL ¥ TEM CaMbIM BHOCUT «IIOIPaBKI», BOSMOXKHO, CYIIeCTBEHHBIE, B MeXa-
HUYECKUI OTK/IMK CUCTeMBbI, IpUYeM HeMeXaHIYeCKUII OTK/IMK CHCTEeMbI SB/IACTCSA BeCbMa MaJIbIM, He MIMeeT CYIIeCTBEHHOIO
3HAYeHMs /11 HaOJTIOfiaTesis 1 Ha BBIXOJle CUCTEMBI He PErUCTPUPYETCAL.

OmncanHasi paHee IpOLeAypa pacLelIeHisi KaHaJIOB B3aVMOJEICTBISI CUCTEMBI C BHEIIHVIM MUPOM MO>KET OBITh OXapak-
TepM30BaHa KaK Hy/eBOe IPUO/IVDKeHNe B METOE CBsI3M KaHAJIOB 1 IIEPEBOANT OOIIYI0 HEMMHENHYI0 MaTeMaTUIeCKYI0 MOZEb
CHCTeMBI B K/IacC ITapaMeTpUYeCcKUX MOZEIel, YTO 3HAYUTENbHO YIIPOIIAeT pa3paboTKy M peanusalio alrTOPUTMOB PacyeToOB.
Takum 06pa3om, B paMKax [apaMeTPUIeCcKOl MOJIe/NN B3aMO/IeICTBIIE CHCTEMBI C BHEIIIHUM MYPOM ITPOUCXOMUT Yepe3 Cr1abblit
U CHJIBHBII KaHAJIBI CBA3M, @ YaCTUYHASI CAMOCOITIACOBAHHOCTD YUNTBIBAETCSI TOCPEACTBOM BBOAVMBIX CIIEIA/TIbHBIM 00pasomM
MIPOLIEAYP M3MEHEHNS TapaMeTPOB CUCTEMBI TIOf AefICTBIEM CTaboro KaHaja.

AKLEHTBI U CBSI3b C MPEALIAYLIMMM paboTtamu

OnucaHHYI0 CUTYALNIO WITIOCTPUPYET puUC. 1, 13 KOTOPOTO BUIHO, YTO Ha BXOJIE CHICTEMbI MMEETCH iBa KaHasla BO3JEICT-
BN, @ Ha BBIXOJje YUUTbIBaeTCA PaKTUUECKI OJVH KaHaI OTK/IVKA.

VI3BeCTHO, 4TO MaTeMaTIIeCKOe MOJIE/IVPOBAHNIE MCC/IEyeMOTO SIBJIEHNSI B O0LIIeM C/Tydae IOfpasfie/isieTcsi Ha TP OCHOB-
HbIX cTagymu [1]:

1) paspaboTKa MaTeMaTNIeCcKOi MOZEMN 00BEKTa NCCIEOBAHIL;

2) pa3paboTKa MaTeMaTH4eCKOIl MOZIE/II IIPOLiecca IBOTIOLNI 00DeKTa;

3) pellieHMe OCHOBHOII 3aJa4M MCCIeNOBaHMA.

B nanHOIT cTaThe BHUMAaHME aKI[eHTUPOBAHO B OCHOBHOM Ha MEPBOIl 1 BTOPOIL CTAAMSX MaTeMATIYeCKOTO MOJIE/TMPOBAH
paccesaHus yIpyrux BOJIH F€TEPOreHHON CPelOll, MCIBIThIBAOIIEN BHELIHE BO3JEICTBIA HEMEXaHNYECKO IIPUPOJbI, A MIMEH-
HO, Ba)KHeJIIIeT! /I TeOPETUIeCKOro OIMCAHNA 3a/jade 9/IeMEHTAPHOIO aKTa PacCesHMA BOTH Ye[UHEHHO HEOTHOPOLHOCTBIO
[2-4] ¢ yaeTOM BO3MOXXHOTO HEMEXaHIYEeCKOT0, B TAHHOM UCC/IeOBAHIY TEIUIOBOIO BO3/Ie/ICTBIA.

@opmasbHO JaHHAS CTAaThs NPOJO/DKAET M Pa3ByUBaeT HAa HOBOM YPOBHE IIOHMMAaHMs MeXaHM3Ma BHEIIHUX BO3/IEICTBUI
Ha CHUCTEMY MY MpefIIecTBYoLeil paboThl [4], B KOTOPOI TPaKTOBaIaCh TEOPHs B3aMMOZEICTBIS IIpeABapUTeIbHO HATIPsI-
JKEHHOTO YIPYroro o6beKTa ¢ BHeIlIHeil cpefoii. B pabote [4], ogHako, Qpusndyeckmil MexaHN3M BO3HMKHOBEHNUA B MaTepuae
paccenBaroniero o6’beKTa IpefiBapuTeIbHbIX HAPSDKEHMIT He KOHKPETU3MPOBAJICS, a caMa Teopusi ObUIa OrpaHnYeHa TOIbKO
JIMHEHBIM IpubIDKeHreM, 6e3 Kakux-1mbo 060CHOBaHWIT MOCIefHero. B nanuoil pabore 6e3 HapyuIeHns: OOL[HOCTY BHMN-
MaHNe aKIeHTUPYETCs Ha OfHOM M3 BO3MOXKHBIX BAPMAHTOB (PM3MUECKOrO0 MeXaHM3Ma BOSHUKHOBEHMs B MaTepuaje pacceu-

Cnabblin kaHan Bo3aencTeust CuvnbHbI kaHan

(BHeLUHWI TennoBoON NOTOK) ?TKJWIKa cucTembl )
paccesiHHoe none

I

CNCTEMA

Cnabbli kaHan
OTKNUKa
CUCTEMBI

CunbHbIN KaHan
BO34ENCTBUSA
(napatowiee none)

PucyHok 1. KaHanbl B3auMoaencTBUsA CUCTEMbI C BHELUHUM MUPOM.
Figure 1. Channels of interaction between the system and the outside world.
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BaIOI[ero 00'beKTa IpefiBapUTENbHbIX HAIPSHKEHUIT — TEIUIOBOM BO3JEICTBIMM Ha 0OBEKT, KOTOPBII peannsyercs Ha IPaKTUKe
B HEKOTOPBIX 3a/ja4aX pasBefJOYHON M IIPOMBICTIOBOII reodu3nku. [TocTpoeHHbI MaTeMaTNYeCKNIT allapar, TPaKTys OTKINK
00beKTa Ha COBMECTHOE BO3JIEIICTBIE — MEXaHIYEeCKOe I HeMeXaHM4eckoe — KaK JIBYXKaHa/IbHBII IIPOLecC JIETKo 00001aeTcs
Ha C/Ty9art OO/IbIIero 4rc/ia 9K30reHHbIX BO3/IEICTBIUII Ha TapaMeTpbl 00beKTa 1 MOXKET OBITh HEIIOCPEACTBEHHO JCIIONb30BaH
TAKOKe [/IS1 OIMCAHNS APYIUX (PUSMUECKMX MEXaHV3MOB BOSHUKHOBEHISI IPEABAPUTEIbHBIX HAIPSDKEHNIT B MaTepuaie 00bek-
Ta, CIIEAYIOMNX U3 0OIUX 3aKOHOB TepMopuHaMuk [1]. Takum obpasom, faHHas paboTa, 6ymyun ¢popmaabHO 06061IeHIEM
upelt 1 MeTofi0B paboThI [4], MCIIONIB3YeT MOHATHA U TEPMMHOIOTHIO YKa3aHHOI PabOTBI, HO ABJIAETCH IO CYIIECTBY OTHOCTHIO
CaMOCTOATE/IbHBIM UCCIEJOBAHUEM.

[Tpymep 3K30reHHONM CUCTEMDI, AKTYaALHOM AASI MPOMDBICAOBOM reoOU3nNKu

B xadecTBe 060CHOBAHNS AKTYA/IBHOCTH V1 IPAKTIYECKOIT 3HAYMMOCTH MOJIE/IV TeTePOTeHHOI CPefbl, NCCIERYeMOIl B JaH-
HOI1 paboTe, IpMBefieM TOIbKO OIVH IIPUMepP CUCTEMBI, B3aNMOJEICTBYIONIel C BHEIIHEN CPefoll IIOCPEACTBOM IBYX KaHAJIOB.

B paborax [5-10] oTMeuaeTcs, UTO «B CBSI3U C MCUYEPIaHMeM 3aIacoB JIETKMX HedTell B MUPOBOIl JOObIUe B MOC/IERHNUE
TOZIBI YBEMYMBAETCSA JOJLS TPY[HOM3B/IeKaeMbIX HepTell C aHOMAIbHBIMM (PUSNYECKVMU CBOJICTBAMH, B YACTHOCTY C BBICOKOI
BA3KOCTDIO». VI3 IIpMBefieHHBIX B paboTe 5] JaHHBIX CIIElyeT, YTO TaKye He TV COCTABIIAIOT HECATYIO YaCTh MUPOBOI 10O,
KOTOpast eXXETOLHO BO3PACTAET, U IIPY COXPAHEHMN TEMIIOB IIpUpallieHNs JOObIYY Ha CYIIeCTBYIOIIeM YPOBHE IIPOTrHO3UPYETCA
yBe/IndeHue JOObIYY TPyLHOU3B/IeKaeMoil HeTu B Mype K 2030 I. B yeTbIpe pasa. Tam xe ykas3aHo, uTo Poccusa obmapaer Bech-
Ma 3HAYMTE/IbHBIMM 3aIIacaMy BsISKUX HeTell, 0Ko/mo 7 MIpA T. TpafuiinoHHbIMY palioHaMu JOOBIYM TaKuX HeTell sIB/ISI0T-
cs 3anmagHast Cubups, CeBepublit KaBkas, Ypamo-IloBomxbe, Tumano-Iledopa, prdem Hapsay ¢ yBeTUdeHeM JOMU Z0OBIYN
TPY/HOM3B/IEKaeMBbIX HeTell C BHICOKOI BA3KOCTDIO HAOMIOAETCs YBeNUYeHNe TTyOMHBI 3a/leraHyst IPOJYKTUBHbIX I71aCTOB,
YXyAIIeHNe KOJIEKTOPOB ¥ YCIOXKHEHNe T'e0lOTMYeCKOTo CTpoeHMsA. VIHTepec K BBICOKOBA3KMM HeTAM YBETUUMBACTCS IO
Mepe pocTa IieH Ha He(Th ¥ B CBA3M C HAYABIIMMCS IePYOJOM UCTOLIEeHMA MHOTMX KPYIIHBIX M MEJIKUX POCCUIICKUX HeTAHBIX
MecTOpoXXeHmit. B pabore [5] yrBepskpaercs, 4To 3a c4eT pa3pabOTKM 3aIacoB BA3KMX Hedreil Poccusa Moria OBl eXKerogHo
mosy4arb 10 25-30 MIH T He(TH [OMIOTHUTENBHO.

EcTecTBEeHHO, YTO TeXHMKA JOOBIUY BBICOBSI3KOI He(TU OTINYAETCS OT TeXHUKN JOObI4N yierkoit Hedrin. He BraBasich B 1mogi-
POOHOCTH, OTMETHM, YTO OCHOBHBIM CIIOCOOOM JJOOBIUY BBICOBA3KON He(TU SBJIACTCS MPeABapUTEIbHBI Pa3orpes IIacTa UIn
noByIIKHM (C7Mabblil KaHa/I CBA3U B Halllell MHTEPIIPETALNN) C TIOCTIeAYIolell OTKAuKOl MOoMyJarolerocs (uiona ¢ TOomyCTUMON
BA3KOCTBIO [9]. EcTecTBeHHO, 4TO Ipoliecc pa3orpeBa HO/DKeH ObITh KOHTPOIMpPYeMbIM. OFHUM U3 CIIOCOO0B KOHTPOJIA AB/IACTCS
Hab/IofeHe aHOMa/IbHBIX Te0(pV3MYeCKIX II0JIell, HOABILAIONXCSA B pe3y/IbTaTe B3aMOMIC/ICTBIA 00beKTa C IEPBUYHBIM IIOTIEM,
TeHepypPyeMbIM UCKYCCTBEHHBIM BHEIIHVM VMCTOYHUKOM (CWJIBHBI KaHa/I CBA3U B HAIell MHTepIIpeTaluy). B kadecTBe Takmx
TOJIell MOYKHO UCIIOIb30BaTh TPAAUIIMOHHO IPUMeHsieMble B reo(pusNKe MO, a MIMEHHO, CelICMITIeCKOe VU 37IeKTPOMAarHIUTHO
nore. B maHHOIT cTaThe paccMaTpMBaeTCs CTydail B3aMMOJEICTBY M3y4aeMOro 06beMa reTepOTreHHON CPeibl C CeiCMIIeCKIM
TI0JIeM, CO3/JaBaeMBIM JICKYCCTBEHHBIM YIIPABIIAEMbIM MICTOYHIKOM, PACIIONIOXKEHHBIM BO BHEITHOCTY M3y4aeMOTro OOBEKTA.

Ha puc. 2 npuBenieHa ynpoleHHas cxeMa KOHTPOJIA HOObIUY BBICOKOBSA3KOM HepTy 13 HeTAHON noByIIKY. [ pasorpesa
BBICOKOBS3KOI He(TH B JIOBYIIKE MCIO/Ib3YeTCs BCIIOMOTaTe/IbHas (TeXHIYecKass) CKBaXIHA, 4epe3 KOTOPYIO B JIOBYLIKY 3aKa4u-
BAETCs Pa3OrpeBaoIuit (IION, KaK IPABIUIO, BOASIHOMN Hap. ITOT map BeIPaOATBIBAETCS YCTPOIICTBOM, KOTOPOE YCIIOBHO OTMe-
JeHO Ha PUCYHKe KaK IaporeHeparop. ITap sakaumBaeTcs B JIOBYIIKY, pasorpeBaeT He()Tb 1 B pe3y/IbTaTe pasorpesa 0Opasyercst
«ITy3BIPb» Pa3orpeToro ¢yonsia ¢ BA3KOCTBIO, ZOMYCKAIOIEl OTKAUKY Yepe3 CKBXIHY, 0003HAYeHHYIO YCIOBHO KaK «IIPOJYKTO-
Basi». Bech mporecc KOHTPONMPYETCs MOCPEACTBOM PErMCTPALMY IPUEMHUKOM BTOPMYHOIO CEMICMIYECKOTO IO7Is, TOAB/IAOLIe-
TOCs B pe3y/IbTaTe paccessHyA IePBIYHOrO (IIafaloIiero) Mo JTOBYIIKO. VICTOYHMKOM IIEPBUYHOTO MOJIA ABJIAETCSA FeHepaTop, B
KavyecTBe KOTOPOro Ha puc. 2 n306pakeH BUOPATOP, U3y UAIOLNIT TAPMOHIYIECKIIT CUTHAT (YCIIOBHO). IIyHKTVPHBIMY U IITPYX-
ITYHKTYPHBIMI IMHVAMI YC/IOBHO TTOKa3aHbI IIEPBIYHbIE CE/ICMITYECKIIe BOTTHBI OT MICTOYHMKA — IAJIAIOLIEro MO/, M BTOPIYHbIE
celicMIYecKyie BOTHBI — T107Ie, PACCeTHHOE IOBYIIKOI. OTMETNM, YTO pIIC. 2 AB/IAETCA TONBKO WIMIOCTPaLMell CUTyallui, UMeIoLIelt
MeCTO B IIPaKTHKe JOOBIUY BA3KOI HeTH, U HU B KOeJT Mepe He IIPEeTEeHIyeT Ha CTaTyC TEXHNYECKOTO IIPOeKTa.

OTMeTHM, 4TO PaCCMOTPEHHBII B 9TOM ITyHKTE IIPYMep He SABJIACTCS YHUKANIbHBIM, HO ABJIAETCSA Hauboree IpefCTaBUTeNb-
HbIM. OTMeTVM TaK>Ke, YTO B KaueCTBE 30H/IMPYIOIIETO 0/ MO>KHO UCIIO/Ib30BATD MHBIE OIS, HAIIPYIMeEP, 3/IeKTPOMAarHUTHOE
norte. I[TpudeM B c/ry4ae MCIIOIb30BaHMA LA 30HAVPOBAHNA 37IEKTPOMArHUTHOTO II0JIA YAACTCA, I0-BUAMMOMY, M30€XXaTh MHO-
I'MX TeXHUYECKMX CIOXKHOCTeN, CBA3aHHBIX C TeHepalyeli IIepBUYHOrO IO/ M MHTepIpeTannell BTOPUYHOro (paccesHHOro)
o VIcceoBaHuUIo 9TOro MoAxoaa 6yzeT MocBsilleHa Caefyolas paboTa aBTOPOB.

HeTpynHo BupieTh, 4TO IPUBEJEHHBII IIPUMep IIOTHOCTbIO COOTBETCTBYET OIMCAHHOIN paHee Ipoleype Paclel/IeHNs Ka-
HaJIOB B3aIMOJIEJICTBMA CUCTEMBI C BHEIUHEN CPeNoil B CUTyaluy, KOIZla KaHa/lIbl B3aMMOJENCTBMA MOXKHO NOAPA3JeNnTh Ha
CUIBHBIN 1 crmabelit (puc. 1).

Mapamerpuryeckasl 3aBYCMMOCTb MATEPUAALHLIX MAPAMETPOB OOLEKTA MCCAEAOBAHMS! OT TEMIEPATYPbI

[TapameTpuyeckne MOfIe/N 9K30T€HHBIX CHCTEM C COCPEIOTOUYEHHBIMM TTapaMeTPaMy XOPOIIO M3BECTHBI, HAIIPUMep, apa-
MeTpIYeCcKie 3aBUCUMOCTH 7IEMEHTOB STeKTPUIECKOIT LIeT U UX CIeACTBYSI OMMCcaHbl B pabore [11], a paboTa [12] mocBsiena
KOHKPeTHOMY IIPJMMepy MaTeMaTI4eCKOr0 MOZIe/IMPOBAHIS TeMIIePAaTyPHOI HeCTaOMIbHOCTY MHAYKTUBHOTO I3MEPUTENIbHOTO
npeoOpasoBaTers B 97IEKTPOPas3BefKe.

HanoMHNM B CBA3M C 9TUM, YTO [ PACUYETOB /MEKTPUIECKNUX LIeTIell B paMKax ITapaMeTpUdecKoil MO A1 9/IeKTpude-
CKOTO COIIPOTMBJIEHM B JOCTATOYHO IIVPOKOM Jyarnia3oHe Temreparyp ¢ € [0, 600] °C npuMeHseTcsa ycTaHOBIEHHAA SKCIIePU-
MEHTaJIbHO TeMIlepaTypHasd (IlapaMeTpudecKas) 3aBUCHMOCTD Bupaa [11]

R(t) =R, [1+k e +kP8 + kP (1 -100) ],

e MOCTOAHHDBIC KOS(l)q)I/II_II/IeHTbI MMEIOT C/1eAyomye 3Ha9€HNA:

(1)

k" =3,9083 x 1072°C", k? =-5775x107°C?2 k¥ =-4,183 x10'2°C*,
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PucyHok 2. YnpolieHHasi cxeMa celCMUYeCKOro MOHUTOPUHra A06bIYN BbICOKOBSI3KOW HedhTh.
Figure 2. Simplified seismic monitoring of high-viscosity oil production.

V3BecTHO, 4TO B TeMIlepaTypHoM AuamnasoHe ¢ €[0, 300]°C yka3aHHYIO 3aBMCYMOCTb MO>KHO 3aMEHUTb YIIPOLIeHHOI Pop-
MYJION C KBaIpaTUYHOM 3aBUICIMOCTBIO
Y P R(t) =R, [1+ &Vt + k¢ ], )

a B 60JIee «peamICTYHOM» iala3oHe TeMieparyp t € [-20, 60]°C c BBICOKOI TOYHOCTBIO CIIpaBelINBa IMHelHasA 3aBUCYMOCTD

R(t) =R, [1+k, (t-1,)], 3)

HetpynHo BumeTs, 4To Kak GpyHKIus, 3afaBaemMas popmymnoii (1), Tak u 6omee mpocteie pyHkunu (2) u (3) Ha MHOXKeCTBax
coero ompenenenns [0, 600], [0, 300] u [-20, 60] cOOTBETCTBEHHO ABMIAITCA MHOTOYIEHAMM ¥ MOTYT TPaKTOBAaTbhCs Kak
MmHorouieHs! Teropa st dpyskumu R = R(f) COOTBETCTBEHHO TPETHETr0, BTOPOTO ¥ IIEPBOTO IIOPSI/IKOB.

JeiicTBUTENBHO, HU3NYECKI OIIPABAAHHBIE JONYIEHVIsI OTHOCUTENBHO ToBefeHust GyHKImM R = R(f) B MasIoi OKpeCTHOCTHI
oTMedeHHoI TouKn ¢, € [0, b]°C, mpuHaIexamest [OmyCTUMOMY C GpU3IIecKoit TOUKY 3penns mpomexyTKy (0, b) *C nsmeHeHns
mapameTpa (TeMIepaTypsl), IPUBOAAT HAC K BHIBOAY O TOM, UTO 9Ta (PyHKUus sABseTcs auddepeHimpyemort GyHKImell Kaacca
N [13], rme N — HaTypa/lbHBIIl IOPsOK, 3HAYEHUE KOTOPOTO BbIOMpPAETCs MCXOMs U3 YCIOBUIT (PUMUYECKON JOmycTUMOCTH. Tak
KaK Jajbllle, OCHOBBIBAsCh Ha SKCIIEPMMEHTA/IbHBIX IAHHBIX, OyeM IpelnoaraTh, 4To pU3NYeCK! HOCTATOYHbI /IS PelleHNs
IIOCTAB/IEHHBIX 3a/ja4 HEBbICOKMe 3HaueHVsI N, TO 1jefeco0OpasHO PaCIIMPUTh KIACC UCCIeRyeMbIX GyHKumit o N° cunras Bce
¢bynxumy udpepeHIpyeMbIMI «OeCKOHEUHO», MHBIMU CIOBAMU, CTO/IBKO pas, CKOIBKO TpeOyeTcs /LA pellleHNA JaHHOI 3aadll.

OCHOBBIBasICb Ha IPMBENEHHBIX COOOPAKEHISIX, OyfeM IPUIep)KMBATBCS ITOJIEBOI KOHLIEMIINM, COITIACHO KOTOPOI BCe
MaTeMaTHIIecKyie BBIBOABI fjajiee OyyT IPOBOAMUTHCS B PAMKAX KJTACCIYIECKON TeOPUIL IOJIsL, OIHVM U3 C/IEACTBIIT KOTOPOIL SIB/IAETCS
BO3MOYXHOCTb TIPEJICTaB/IeHNsI (YHKIMOHANbHBIX 3aBUCHMOCTEl, BXOMAIIMX B MATEeMAaTHYECKYI0 MOJENb CUCTEMBI, (OpMyIoit
Teitnopa mmu gaxke cymmoii psga Teitnopa. Takne GyHKIMM B MeXaHUKe CIUIONTHON CPefibl HA3bIBAIOTCS MOMIEBBIMM (QYHKIMAMMY [1].

PaccMoTpuM Telepb IapaMeTpUYEcKyo (TapaMeTp — TeMIeparypa) 3aBUCYMOCTb MaTepyaIbHbIX IIAPAMETPOB CIUIOIIHOIL,
B 00IIeM crryvae aHM30TPOIHONM YIIPYTOM Cpefbl, KOTOpas sIB/ISETCS CUCTEMOI C pacIipefieieHHbIMY IapameTpamu. bormee
IIPOCTOII C/Ty4ail M30TPOIIHON HEOXHOPOMLHON YIIPYroil Cpembl, KOIfa Cpefla XapaKkTepusyercs HapaMeTpamm Jlame A, pL u
MAaCCOBOIl IUIOTHOCTBIO, SIB/IAIOIINMUCSA CKAIPHBIMU (QYHKLUMSAMY TEMIEPATYPhI, MOXET ObITh PAaCCMOTPEH KaK YacTHBIIL
CIIy4ail 13y4aeMOl MOJIENIN.

Kak usBecTHo [1], ueanbHas CIUIOMIHAA YIPYTrasA cpefja XapaKTepy3yeTcs YIPYTMMU MORY/LAMMU, WIV MOTY/IAIMU YIPYTUX
IO/JAT/IMBOCTENL, M MACCOBOI IVIOTHOCTBIO. B 00111eM CiTydae IMONTHOCTBIO aHM30TPOIIHON CPefbl B MO/ JIMHEIHOM YIPYTOCTI
(B JaHHOJT CTaTbhe PACCMATPMBAETCS TONBKO MOJE/b (PU3NUECKY IMHEIHOI YIIPYTOCTH) MMeeT MeCTO 00001eHHBIT 3aK0H [yka
(mamee mpocTo 3aKoH [yKa), SIB/LTIOLVIICS IMHETHBIM IIPUOTIDKEHIEM B PA3/IoxKeHNnH (GYHKI[MOHATBHOI 3aBUCUMOCTH

T,=1,(5) @
CBSI3BIBAIOIIE)l KOMIIOHEHTBI TEH30pa HAIIPSDKEHUI th u TeH3opa gedopmarit S, B pan Teitnopa [...]. 910 pasnoxenne nmeer BUf
1ot 1| oT )
T (SH):(T.) + | = S 45| ——— SS +...
i i/ sy=0 1! 5Skl K 2! asmn asm K mn

Ski=0 Ski=0, Spn=0
OTMeTI/IM, 4YTO B (5) JICIIOJIb3OBAHO COI/TIAllIEHNE O CYMMI/IPOBaHI/H/I: II0 ABa>KIbI HOBTOpHIOHIeMYC}I VMHJAEKCY IIpefIonaracTcAa

cymmupoBanue ot 1 o 3. 910 cornantenne 6bUIO BBEEHO DIHIITEHOM /IS MHAEKCOB, IOBTOPSIOINXCS OfUH pa3 BHU3Y U
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OfiMH pa3 BBepXy. Ml fjajiee UCIIO/Nb3YeM €ro U Is CIy4Yasi MHIEKCOB, HAXOMALIMXCS B OfHOM onoxeHun. Kpome atoro, s
0603HaYeHNsI CBEPTKY TEH30POB OYIET MCIIONIb30BaHO TOYKA MEX/[Y KOMIIOHEHTaMI COOTBETCTBYIOIINX TEH30POB.
ITo ompepe/ieHNIO CIUIONIHON YIPYroi cpensl [1, 6] mepBoHaYanbHas KOH(UIYpALVsl CPefbl BOCCTAHABINBAETCS, KOTAA
[IepPeCTAIOT [IeIICTBOBATH BHEIIHIIE CHJIBL, IO3TOMY
(Tg) si=0=0 (6)

BBO,Z[H 0603HaYEeH NS 1A Monyneﬁ[ YIIpYTOCTY IIEPBOTO, BTOPOI'O 1 TaK Jajnee IMOPAITKOB

o, 1 o,
c.. = > C“ = 7 LR
il oS, sm0 ik as,.0S, S50
u yuntbiBad (6), nepenuem (5) B Bupie
sz (S) = Ciiki Syt Ciikimn S Sy Foee - )

Pasnoxxenne (7) sABIAETCA OCHOBOJ TaK HasbIBaeMOIl TeOMeTPUYECKM HeMTMHEIHO Teopuy ynpyroctu [14], kotopas B
JAQHHOII CTaTbe PaCCMAaTPUBATHCS He OyfieT.
YaurbiBast, 4TO B IMHENHOI TEOPNY YIPYTOCTH AehOPMALINY BEIPOKAIOTCS Yepe3 KOMIIOHEHTbI BeKTOpa CMellleHst (GopMyIioi
L ou  ou
S == +
w2 ok axt
IepenuineM pasnoxenye (7), OrpaHN4MBAsACH IMHEHBIMYU YWIeHaMU 110 fedopMaliaM, B ClIeAyIolleM BIe:

( ) 1(ou ou low au |1 |ou ou 1o 1 o
’1;' S.) = Cijkl 2 ox’! +axk + Cijklmn 2 ox' +8xk 2 ox”" +ax"' tee = jcijkl ox + jcijkl 0x +
1 out our 1 ou*  ou 1 o  ou™ 1 ou  ou 1 out 1 ou'
+thjk1mn ox  ox +Zcijk1mn ox  ox" +Zcijklmn ox< ox" +Zcijk1mn ox<  ox" T 7cijkl ox +7cijkl ox"*
Vcnomnp3yst COOTHOLIEHNS CUMMETPUN AJIst MORYJIel yrpyroctu [15]
G = Ciwe S = Cine
3aIMLIeM /I TEH30Pa HALIPSDKEHMIT CTIefyolee BbIpaXKeHme
1 out 1 ou' 1 ou' 1 ou' 1 ou 1 ou' ou'
T;j - 7Cijkl 6x +7Cijkl ax - 7Cijlk 6x +7Cx’jkl ax - jcxjkl 6x +76ijkl ax - ijkl 6x ’
Takum 06pazom, 06061eHHbIIT 3aKoH [yKa IepemncpBaeTCst B M3BECTHOM Bupe [16]
ou'
7:; = Cijkl ox" - (8)

IIpuBeneHHbIe BbIlIE XOPOLIO M3BECTHbIE I MHOTOKPATHO ONMCAHHbBIE B TUTEpaType TPUBMATIbHbIE BBIKIA/JKM IIPU3BaHBI
IIOMOYb B TIOHMMaHUN na}leeI?mmx npeo6pasoBaHI/H71 " HE HCCYT, 10 KpaﬁHeﬂ Mepe, II0Ka HOBOM I/IH(l)OpMaLU/H/I.

B pamMkax mpeonorny MHOTOKaHa/IBHOCTH IIpoLiecca 3aKOoH Iyka (8) 110 OTHOIIEHMIO K paccMaTpyBaeMOll 9K30TeHHOI CYCTeMe
ABJIAETCA MaTepI/IaHbeIM ypaBHeI-meM, OIIVICbIBAKOIIIVIM OHHOKaHaIIbHI)II/uI Hpouecc B TOM CMBbICJ/IE, YTO BCHOMOI‘aTeIII)HbH/“I (CHaébIﬁ[)
KaHal BSaVIMOHeiICTBM}I CHCTEMbI 11 BHEIIIHETO Mmpa 3aKprT, TO €CTh BHEIIIHNI TEIJIOBOJ IIOTOK B HCO,[[HOPO,[[HOCTI) BEIIECTBEHHOI'O
COCTaBa, OIVCHIBAIOLIYIO MICCTIERYeMbIll 00BbEKT, OTCYTCTBYeT (HEOFHOPOJHOCTD He pasorpeBaertcs). [Ipyu Hammumm cmaboro KaHama
B3aJMOZEJCTBISA QYHKIMOHATbHAS 3aBUCUMOCTD (8) ZO/DKHA OBITb 000011IeHa U B IPOCTENILIeM C/Tydae MOXKeT ObITh 3alicaHa B BIie

7 (o) = € (6)% ©)

v
rme O - abcomoTHas TeMmIleparypa, KOTOpas B 3aBUCHMOCTU OT MCIIO/Ib3YeMOIl CHCTEMBI MOXKET ObITb BBIPQ)KEHA B
COOTBETCTBYIOIIMX €IMHUIIAX.

PaHee MBI IIPVHSAN B Ka4eCTBE OCTY/IATa, YTO BCe TEOPETUIECKIIE TIOCTPOEH s Oy T IPOU3BOAUTHCS B paMKaX K/IaCCIYECKOI
TEOPUM TI0JIA, CIIEHICTBUEM KOTOPOIT ABJIACTCS BO3SMOXKHOCTD IPENICTABIeHA (PYHKIINIA, OIMCBIBAIOMINX MAaTeMAaTNUeCKyI0 MOJie/b
U3y4aeMoi CUCTeMBl, psafoM (dpopmynoir) Teitnopa. Crenys MpUHATOI KOHLEIILNY, CYUTAEM, YTO KOMIIOHEHTDI TeH30pa MOyl
YHPYTOCTH Cy) ABNAIOTCA TIOEBBIMM (yHKLIMAMM M MOTYT OBITD IIpeiCTaBJIeHbI B BUJe CyMMBbI pszia Telnopa:

ac, o', .
c, (o) - c, (o,) +% ;g’ (6,)(6-8,) +%%(eo)(e—eo) .

[ocTymupys cymiecTBoBaHMe pedepeHCHOTO 3HAYEHNs TeMIepaTypbl O P HOPMaTbHBIX YCTIOBMAX U TIofaras, uto 6, = 0,
3amenuM psij Teitnopa (10) psagom MakiopeHa:

(10)

() -, 0)+[2) oo & 2 (oo v
Cijkl 0 :Cijkl 0] + ;W6+5W06 + ...

oc .
B dopmynax (10) u (11) Bemmuuusl __* - 9T0 MpOMSBOAHBIE KOMIIOHEHT T€H30pa MOLY/IElt YIIPyTrOCTH II0 TeMIIepaType.

c
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Pasnosxenne (11) MOXXHO IepernucaThb B Bufe:

1 ac 1 Oc 1 Oc
0) = 0)|1 (00 0 x’kl{() 0+ . (12)
€ ( ) € ( ) +c,.jk,(0) 20 ) +2!Cijkl(0) 00 )+2!Cijkl(0) 00* )

P f 1 apcijkl 0 (13)
1¢,u(0 W( ),

BBops 0603HaueHM

IepenuineM pasnoxenne (12) B crepyomteM Bupe:

_ (1) Q2
€ (xl,xz,xwe) =< (xl,xz,xS,O)[1+[3€ 0+p.70 +]

Brionue o4eBupgHO, 4TO pasnoxkeHne (14) 06061aeT 3KCIEPUMEHTAIBHO YCTAaHOB/IEHHbIE TeMIIEPATyPHbIE 3aBUCUMOCTH
Bupa (1) A1 971eMEHTOB CUCTEMBI C COCPEIOTOYECHHBIMM TTapaMeTpaMy (9MeKTPUYECKOII LieN) Ha YIPYTYIO CIVIOLIHYIO CPeny —
CUCTeMY C pacIpefe/leHHbIMY IIapaMeTpamyl (IIapaMeTpbl CUCTEMbI 3aBUCAT OT IIPOCTPAHCTBEHHBIX KOOPAMHAT).

Temepp MbI Ipy oMol pasnoxeHust (14) moxem 3amucarb 0600meHHbIT 3akoH [yka B (opMe, KOTOpast SIBISIETCS
OCHOBOJ! Ja/IbHEIINX TeOPeTIYeCKIX BBIBOJOB. /I 3TOro IOACTaBMM B IMHEIHYIO CBA3b HAIIPsKeHU ¢ fepopmanyamu (9)
pasmnoxenne (14), B pesy/IbTaTe HOTyINM

(14)

T (9) =<, (O) [1+[3E”6+ﬁ(f’62+...]%:— = [ch,(0)+cuk,( )[3(:)6+c[jk,(0)[3£2)62+..1%;— (15)

y

3akon Iyka B Buge (15) OymeT MCrIOnb30BaH [ajee /ISl HOAYYEHVsI OCHOBHOTO YPaBHEHMs PACCEsHMs YIPYTUX
(celicMmYecKuX) BOTIH Ha 00'bEKTE, TIOBEPTHYTOM TEIUIOBOMY BO3/IEIICTBIIO, B PAMKAX KOHIIEIIIINY BYXKAHA/IbHOTO ITO/IXO/A B
IpUOIVDKEHUHN «PaClielUIEHNsT» KaHAIOB B3aUMOLIEICTBIA.

Hocurteanb matematnyeckoi MoaeAr oObeKTa MCCAGAOBAHMSI

OCHOBBIBAsICh Ha BBIBOAAX MPEAbIAYIVX ABYX IYHKTOB OTHOCUTENBHO (DM3MYECKOI MO/ TeTePOreHHOI Cpefibl, Aaiee
OyneM CYNTaTh, YTO MOAY/IU YIPYTOCTH U MACCOBask INIOTHOCTD M3y4aeMOli Cpefbl sB/ISI0OTCA (PYyHKIMAMI IPOCTPAHCTBEHHBIX
KOODPJMHAT, T. €. 3aBJUCAT OT pacIIpefie/ieHNs BelljeCTBa B HEOIHOPOLHOI cpefie, 0OYC/IOBIEHHOTO HAaIMYMeM PacCceMBaIOLIIX
06bexTOB (6€3 yueTa TEIIOBOrO IIOTOKA M3BHE), & TAK)XKe (PYHKIVSMI [IPeABAPUTEIbHBIX HAIPSDKEHNUII B Cpefie, 00YCTOBIeHHBIX
TEIUIOBBIM BO3JEIICTBIEM Ha paccenBaoliye 0ObeKThl. B aHHOI cTaThe paccMaTpuBaeM TOMBKO 3a/jady PAacCesHVsI HA Yemu-
HeHHOM 00bekTe (puc. 3).

Ha puc. 3 BBefieHbI crepytone 0603Hauenus: V, — HEOJHOPOTHOCTD, 06YC/IOB/IEHHAs OTIMYAONINMCA OT pOHOBOII Cpe-
Jibl BelleCTBEHHBIM COCTaBOM CPEJIbI — COOCTBEHHO PacCeMBaloLINili 06beKT; V, — HeOHOPOJHOCTD, 06YC/IOB/IEHHAsA HaTIYIeM
II0/I51 MHAYLVMPOBAHHBIX TEIUIOBBIM BO3ZENCTBIEM HAIPSDKEHMII B M3y4aeMOM OObeKTe. BHEIIHA MyHKTUPHAS JIMHYUS — 9TO
ycnoBHas rpannia 3¢ pexTiBHOro 06beMa HEORHOPORHOCTH V) 32 IIPENIENaMIt KOTOPOTO HAXOAUTCA POHOBAS CPEAA € IOCTO-

SHHDBIMU MaT€pMaJIbHbIMI ITapaMeTpaMu ©)

= 5 C =C .
P po > ik ik
TaKI/IM 06pa3OM, HpeﬂHOHaFaCTCH, 4YTO B (bOHOBOVuI Cpe,ue HeT MHﬂyHMPOBaHHbIX HaHPﬂX(eHVH‘/'[, aee BeLlIeCTBEHHbII?'I COCTaB
HpeIIHO}IaFaeTCH ITIOCTOAHHBIM.

B npneaine appexTuBHBIL 06beM HEOTHOPOLHOCTI MOXKET OBITD IIPEICTAB/IEH CIeAYIOMUM 00pa3oM:
def

Vo = Vo VL,
OpHAKO /151 YMC/IEHHOTO MOAENMPOBaHNsA YIOGHO momarath (pyc. 3), 4T IONHBI 06'beM HEORHOPOFHOCTH

V.UV, ccV, (16)

agp”
T. €. Le/KoM 3akymoder B V. Ionsrie 3¢ PeKTUBHOrO 06'beMa HEOTHOPOJHOCTI, BBEIEHHOE BIIepBbIe B paboTax [5], 0o3Bo-
JINT B [faJIbHEIIIEM [IPU IIPOBEEHNU BBIK/IAZIOK OTKA3aThCsl OT omepaunu AuddepeHnnpoBaHyst 060061eHHbIX GyHKINIL, 9TO
3HAUUTENbHO YIPOCTUT BCE BHIBOJBI.

B nuneitHOI Teopuu paccesHMe YIPYTUX BOTH HEOGHOPOIHOCTIMY '€ TEPOT€HHON CPeJibl OIMChIBAETCA TEOPHEll BO3SMYyIIle-
HUII I711 ypaBHEHNA

cu o sy ,- (17)
e +pf .

IIpennonaraercs, 4TO B OJHOKAHAIbHOM TEOPUM PACCEAHMUA MOLY/IM YIPYTOCTU 3aBUCAT OT KOOPAMHAT TOYEK CIUIOIIHON

Cpenpl, T. €.
( ) 4
ijkl

(x],xz,xs,o) = Ac (x],xz,x3,0), (18)
ijkl

Benmuuanabr AC kP 3aBMCAILLNIE TOJTPKO OT IIPOCTPAHCTBEHHDBIX KOOPAMHAT, Ha3bIBAIOTCA BapyanusAaMU, VIN QD}IYKTyaHI/IHMI/I
MOI[y)IeI/I pryI‘OCTI/I VI IO3BOJIAIOT CMOZE/INPOBATD HAMNYINIE B Cpelie HeO]IHOpOI[HOCTeI/I BE€IIECTBEHHOI'0 COCTaBa [2]

9 = (x X, , X )
ikl ikl 1277273
n MOFYT 6bITb HpeHCTaB}IeHbl B BHUIE
0

ijkl ijkl
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awpirans

PucyHok 3. OnpegeneHue 3accekTMBHOro o6bema paccerBaroLlein HEOOQHOPOLHOCTM.
Figure 3. Determination of the effective volume of dispersing heterogeneity.
Ecnm y4yecTb 3aBMCHMOCTD MOJY/IEN YIPYTOCTU OT MHAYLMPOBAHHbIX HANIPSOKEHUI B Cpefie, o6ycn03neHHbe X TeMIlepa-
TYPHOI 3aBUCUMOCTbIO, TO UX CIIEAYeT PACCMAaTPUBATh KaK (byHKL[MM YeThIpeX HE3aBMCUMBbIX IIEPEMEHHBIX
=c (x X, X 9)
ikl g N1 22 s E e (19)
Torga B MMHENTHOM l'IpI/I6J'II/I>KeHMI/I BmecTo (18) MaTepuajibHble ITapaMeTPhI CPeibl MOXKHO IIPENCTABUTD B BUJIE
0
€ (x1 » X,5 X, 9) =<, + € (x1 » X, Xy 0) + ACW (xl » X, Xy 6) , (20)
B (bopMynax (20) IepBOE C/IaraeMoe — MOJY/IM YIIPYTOCTY OJJHOPOJHOI (1)OHOBOI7I Cpefibl, BTOpO€E ClaraeMoe — Bapuarumn
MOJLy/Iell YIIPYTOCTH, 06ycn0BneHHb1e HEOJHOPOJHOCTHIO BEIIECTBEHHOI'O COCTaBa:

0

b
ikl (21)
T. €. HAJIM4MEM B Cpefie paccenBaomux 06bexToB (popmyna (18)), a TpeTbe crraraeMoe — 9TO BapMalMy MOAYIIENl YIPYTOCTH,

06YC]'IOB]'ICHHbI€ HaIM4MeM TEIZIOBBIX ITPOLECCOB, BbI3bIBAIOUIVX ITOABIEHNE MHAYIVMPOBAHHBIX (Hpe,[[BapI/ITeHbeIX) HampsoKe-
HUII B paccenBarouem oObeKTe

Acw (xl,xz,xs,O) = (xl,xz,xS,O) -

0
Acijkl (xl X, Xy 9) = (JCl X, Xy 9) —
Cyuerom (14) mua Acijkl (x5 X, X, 0) moMy4aem:

(]

(xl, X,, X, 9) —c =c (xl, X, X, 0) [1+B(:)6 +[3(f)92+...} - C:kl' (22)

ijkl ijkl

Ac-m (xl,xz,x3,e) =c
i

ikl

B dopmynax (22) Bemnamupi ¢, (x,, x,, X,, 0) ONPENENAIOTCA 13 3aBUCUMOCTEl MOZLyIelt ynpyrocTu (19) Hpu «HOPManbHbIX
ycnoBusax 0 = 0» /11 HEOMHOPOLHOIO PacCeUBAIOIIEro 00BEKTa, T. €. olpeesAoTca popmysoit (18):
0 (23)

b0 T TC, T Acw (xl,xz,xa, 0),

€ (x1 » X,5 X, 0) =c, (x1 » X, Xy 9)
npu4yeM i Cijkl (Xl, xz, x3) B OﬁIJ.[eM ClIyqda€ MOXXET BBIIIOTHATHCA OJHO 13 TPEX COOTHOIIIEHUIL:

Ci (xl, X, X5, 0) < C:J)'kl (xl, X5, xa),

Ci (xl,xz,xS,O) > cs_kl (xl,xz,x3),

0
o (xl, X5 X35 0) = Cyy (xl, X, x3),
ITpoBops HeclOXKHbIE BHIK/IA/IKM ITyTeM KOMOMHMPOBAHMA IIOJTYYeHHBIX coOoTHOMIeHuMI (20), (21), (22) u (23), mony4uaem:

0

0
< (xl,xz,x3, 6) =c + AC,-,-H (xl,xz,x3, O) + Acijkl (xl,xz,xa, 6) = {(20),(22)} =c, tc, (xl,xz,xs,o) _

ikl

0 0 0

—c, t e, (xl,xz,x3,0) [1+[3§1>e +Bf)ez+...] —c, =C, (xl,xz,x3,0) [2+B<j)e +[3§2>92+...] —c =

ikl ijkl ijki

0 0

(xl,xz,x3,0)} [2+B(j>e +B§Z>ez+...] —c =2 + c:kl [1+[3§1>e +Bf)ez+...] +20c (xl,xz,x3,0) +

ijkl ijkl ijkl ijkl

= [c? +Ac

0 0

+Ac (xl, xz,xs,O) [1+[3§1)9 +[3(f)62+...] ¢ =c tc [1+[3?)6 +B(C2)62+...] +Ac (xl,xz,xS,O) x

ikl ikl ikl ikl
0, a2 _ g R0z 0, a2
x| 3+B,70+B,.70" +... ¢ 2+B70+B70° +... | + AC"kl X5 %,,%,0] | 3+BO+B0"+... |.
ij yl
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Hocurenb maTematuyeckoit Moaenmn O6’beKTaI/ICCJ’Ie,[IOBaHI/IH IIpeacTaByM CIEAYIOIIMMMN MAaTEMAaTNIE€CKNMM COOTHOILIEHMAMM:

0
¢ (xl S X5 Xy e) =c [2+[3§1>e +B70 +... ] + Ac (xl S X5 Xy 0) [3+ﬁf_”e +B70 +... ] : (24)
ij ij ij
K cootHomenuam (24) cregyer fo6aBUTb aHAJIOTMYHOE COOTHOIIEHYE J/I1 MACCOBOI INTOTHOCTIL:

P (x1 LX), X, 6) =p, [2 + ail)e + qE2)92+...] + Ap (x1 VX, 5 X, O) [3 + a‘j’e + a£2)62+...] . (25)
W3 (24) u (25) BUIHO, 9TO C yIETOM TEMIIEPATYPHBIX 3aBUCUMOCTEN (IYKTYaly MaTepuaabHbIX TAPAMETPOB IPUOGpeTa-
0T CIIE[YIOLIMIL B

pe (0)=c (2.6)-c =c [14p0+p%0 +...] + ac (x,x,%,0)[3+p"6+p70"+..]: (0

ijkl

Ap (;Cg) = p (;Ce) -p, =p, [1+a£‘)9+q£2)62+...] + Ap (?c O) [3+a£1)9+a£2)92+...J : (27)

I/ie /1A KPaTKOCTU 3aMUCH UCTIONb30BAHO 0603HAYEHNE X <> X, X, X,.
CootHouenns (24)-(27) 3aaloT MaTeMaTYecKyio MOfieIb 00'beKTa, KOTopast UCIONIb3YeTCs B JaHHON CTaTbe JJIA IOCTpOe-
HUA TeOpI/H/I yeIH/[HeHHOI‘O aKTa paCCCHHI/IH yTIpyI‘Oﬁ (Ce]?[CMI/I‘IeCKOﬁ[) BOJIHBI B Hy}IeBOM HpI/I6III/I)KeHI/H/I HBYXKaHaHI)HOI‘O MeTonaa.
Maremarnyeckasi MOAEADL MPOLIECCA PACCESIHMS YNPYIMX BOAH OOGLEKTOM C MHAYLIMPOBAHHLIMM TEMAOBLIMM HAMNPSDKEHNUSIMU
PaccMoTpuM Temephb MOCTPOEHNe MaTEMATIYECKOI MOJEN PACCesIHN YIIPYTHUX BOTH OTPaHIYEHHBIM 00'beKTOM, OCHOBAH-
Hble Ha [IPefbIAYIINX BbIBOAX. [Ipu aTOM OyzeM MCIoNb30BaTh pesyabraTel pabor [2-5].

YpaBHeHUA pacIpoCTpaHeHNA YIPYTUX BOH /i1 HEOGHOPORHOI Cpefbl B KOMIIOHEHTHOI ¢popMe umeror Bup (i, j, k, [ =1,
2,3) [1]: .
U 0 ou' i
p —atz = _6)(2 Cijkl _k_ax + pf . (28)

OrpaHn4uMm, Kak 3TO MPUHATO, MOZE/b MPOLiecca PacCcesiHNs, IPeAoaras sl BCeX MOeBbIX QYHKIINIT M BHEIIHUX CIT
BpPEMEHHYIO0 3aBUCUMOCTD Buja exp (—iwt). Takoe orpaHndeHe yIpoliaeT MaTeMaTHYeCKIUII allllapat ¥ COOTBETCTBYET BO3MOXK-
HOCTSAM 9KcIepuMenTa. Torna ypaBHeHue (28) mpumer BU

0 ou' 2 i i
_ _ - _ (29)
pv [Cw ax"} + po u pf .
YunreiBas B (29) obuiee npencTasienye GpyKTyaLyii MaTepuaibHbIX IIApaMeTPOB cpenbl Bupa (18), mocie mpoCThIX mpe-
06pa3oBaHmii MOKHO TIONYIUTh
o U 0 2 i 0 (a) ou' 2 i 0 fi (a) f
CijkIW'Fp(DU +W Acijkl XW +Apc0u = —-p —ApX

i
N

o 0U 0o 2 i 0 ou' 2 i 0 f i (30)
C —=xt+tpoOU =——5]|Ac (7()—,7 - A (Y()mu— .
w axox P ox’ i OX P P
Cucrema ypaBHeHui1 (30) AB/IgeTCA MOZEIBIO IIPOLiecca paccesHV YIPYIUX BOJIH HEOZHOPOIHBIM BKJIIOYEHMEM V,, mo-
MelleHHBIM B OJHOPOfiHYI0 cpefly V.. MOXHO cKasaTh TakxKe, 4TO ypaBHenus (30) ABNAITCA MOJIENbIO IPOLECca PACCEesHNS
YIPYTUX BO/H B HEOIHOPOIHOI cpefie V=V U V..
Oynxuus [puna uddepeHnnanbHOTO OmepaTopa B eBol YacTit (30) ABIAETCA pellleHNeM YpaBHEeHNsA
0 62 0 2 (31)
¢ =G +poG =-5 8(7(—”).
ik OX'OX ik P ij i X
IMony4enne peutenns ypasHenus (2.9.7) — ¢yuxunu [puHa AjIst yIpyrux BOIH — BeCbMa IPOMO3JIKO,  €r0 IIOAPOOHBIIL
BBIBOJI IIpUBefieH B pabore [16]. 3anmuieM IMIb KOHEUHBI pe3ynpTaT — QyHKIMIo [puHa 1 HeOrpaHMIEHHON M30TPOIHOII

cpepbl:
- ) ,exp(ik.r) 52 exp(ikpr) exp(ik.r)
G (5x2a) - 4mpo” h"ks r } B [ax axn]( r ro ) (32)

3peco k , k - BOmHOBBIE YMC/IA 151 IPOAO/BHBIX ¥ IIONEPEIHBIX BO/IH, COOTBETCTBEHHO.
3anmceiBas popmanbHOe pelteHre ypaBHeHus (30) Kak cBepTKy (yHKuny [prHa 1 MCTOYHUKOB B IpaBoit yactu (30), mo-
TydaeM

u (x) = [If 6—‘; Acwkl(z)% ap(R)ow(R)1 6 (%0) & +0 [ £7(X) 6 (% %0)ax. 49

HamoMHuM, 4To BTOpOe caraeMoe B IIpaBoit yacT (33) MHTepIpeTHPYeTCcA KaK pelleHNe YpaBHeHUA

0 azul 0o 2 0
+tpou =-p f

PR
ikl 6xj OX,
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71 OIMICBIBAET PACIIPOCTPAaHEHNE BO3MYILIEHNA OT MCTOYHMKOB IIOJIA, COCPENOTOYCHHDIX B obbeme V, B OIIHOPOHHOI/UI cpene B
OTCYTCTBME BKIIOUEHINA ¥ HA3bIBAE€TCA B TEOPUN paCCGHHI/IH TIATAIOIVIM VIV TIEPBMYHBIM II0TIEM:

ui =p _[”f G, xx (o)dx

ITepBoe craraemoe B (33) 00yCIOBIIEHO Ha/MM4MeM BTOPUYHBIX MCTOYHMKOB — (IIYKTyalyii MOZY/IeN YIPYroCTI Ac " (7()
U IJIOTHOCTU ApP B 06BeMe HeOIIHOPOHHOCTI/I V| — U Ha3bIBa€TCsl PACCEAHHBIM I10JIEM

o () m (%)~

Vi p]kl axi

Takum 06pa3oM, B IIPEATIONIOKEHUY IMHETHOCTH IPOIlecca pacCessHNs II0JTHOE BOTHOBOE IT0TIe u (x) (i=1,2,3)B06bEME
cpenpt V=V U V, NpPENCTaBIAETCS B BUJIE CYMMbL

#ap(X )W (X) G (%,%,0) & .

ip

~ in (_ scat (|
ulx)=u x)+ u x). (34)
1 1 1
OTMeTI/IM, qTO pacceHHHoe I10J/1€ DOJI>)KHO YJIOBTICTBOPHTL YCTIOBI/I}O I/ISHY‘{GHI/IH 3OMMCP(1)C}II)I[3., COCTOHI.I.[eMy B TOM, 4YTO Ha
0eCKOHEYHO ya/leHHOI TIOBEPXHOCTH ) [
[im —u. X
XH—)OO
Kl ¥

Hannune B ypaBHenun (33) wieHa ¢ IIPOM3BOSHBIMY OT (PYHKIINIT, KOTOPBIE B 00I[eM C/Iydae MOTYT MMeTb PaspbIBBI TIep-
BOT'O POJia, @ UMEHHO YIEHOB BUJIa

0 o\ 0y, .
a}r ACPJ“(XI)axI (p, ], k,l = 1,2,3)

k
IIPUBOAUT K CEPbe3HBIM BBIUMC/INTENbHBIM TPYSHOCTAM B CTy4ae HEOJHOPOTHOCTEI CPefibl C pe3KMMU TPAaHUI[AMU. DTU TPY/-
HOCTH YAAeTCs IPEOf0/IeTh, €C/IU IIPYMEHNUTD IIPOLEAYPY IPefeIbHOTO epeXofa, PpeIoKeHHYIo B pabote Pao u Varatharajuly
[3-5, 11]. IIpuMeHeHue 9TOI POLIEAYPHI IPUBOAUT K MHTETPATIbHOMY YPaBHEHMIO CTIEAYIOIIEro BU/a:

~ n (- ~ ~ o ou, b o ~ -
u (x,m) =u (x,m) w Ap(% )o’u, (%,0)G,, (X% ,0)- AC”’“(Xl)axi (x,m)axl G, (X%, 0)+(%)dx . 35)
]

YpaBHenue (35) I03BOJIsAET BHIYUC/LATD [IOTIE, PACCESTHHOE OO'BEKTOM, B OFHOKAHA/IbHOI (B paMKaX MPUHATON T€PMITHOJO-
I'VIM) TEOPUIM pacCesTHUS.

ITycTb Temepb paccMaTpuBaeTCA MaTeMaTu4ecKas MOfieTb By XKaHa/IbHOTO ITpoIiecca ¢ KaHa/IaMU, CBA3b MEX/Y KOTOPbIMI
pasopsana. Torga, yunTbiBasd B ypaBHeHUM (35) Hamume KpoMe (IIYKTyaluil, 06yCTOBIEHHBIX HEOTHOPOJHOCTDIO BEIeCT-
BEHHOI'O COCTaBa, TaKXKe QIyKTyaLuii, 00yCIOB/IEHHBIX BHEIIHMMI BO3IEICTBIAMM HeMeXaHN4eCKOll (TeIlIoBOII) MPUPOLEL,
MO)KeM IIepemcarb ypaBHeHue (35) ¢ yaeToM dopmyi (26) u (27) B crepyioleM Buze:

o (%0) = u (%0)+ m ([ (X)(1ro0+a%0 +.. }rap(X,0)(3+a0+o"0" +..) |o'u, (X )G, (X,X,0)-

au, oG, (36)
e, (1482045707 . )c, (R ,0)(3+B00+ 0 )Ja—xi(i.m)w(i,x,m)}dxl.

HamoMHNM, 4TO 10 MOBTOPAIOIIEMYCS IBAXABI MHIEKCY B ypaBHeHUN (36), Kak 1 BO BCeX IPeALIeCTBYIOMNX GOpPMyIIax 1
COOTHOIIEHVISIX, IPOU3BOANTCS CYMMIpPOBaHNe B TIpefenax 1 < 4, j, k, [ < 3.

YpaBHenue (36) focTaToYHO TPOMO3fIKOe. ETo MOXXHO HECKOIBKO YIIPOCTUTD, OTPAHNYMBAsACH KOHEUHBIM YMC/IOM YICHOB
B pasnoKeHUM QYHKLIMOHATBHBIX 3aBUCUMOCTAX MaTepMalbHbIX ITapaMeTpoB B psj Teimopa mo Temneparype. Hampumep, B
JIVHETHOM IpUOIVDKeHNN ypaBHEHMe IPUMeT, O4eBUJIHO, CTIe YOI BUJ:

u (7(,(0) =u ( ) M{[po (1+0L()9)+Ap()(l O)(3+oc )]mzup(fg,m)Gip()?,X,O)—

(37)

. o au, oG, )
—[ijkz(lﬁLBc 0)+Ac,, (% ,0)(3+B6 ):| i (x oa) = ~ (%%, m)} oX .

YpaBHeHue (36) — 9T0 NCKOMOE YpaBHEHIe, OIVIChIBAIOIIIee paccessHIe YIIPYTYX BOIH YeUHEHHBIM 00bEKTOM, HaXO[AIIVIM-
s TIOJ], BHEIITHVM TeIUIOBBIM BO3ZeEIICTBMEM, B paMKaX KOHIIEIIMM ITapaMeTpPUIeCcKNX CUCTeM. YpaBHeHMe (36) IO CylecTBy
ABJIAETCSA CUCTEMON TPeX MHTETPAIbHbIX ypaBHeHui1 Tua @penronbma. PelteHne KOHKpeTHOI 3a1aun € IOMOIIBIO 9TOTO YPaB-
HEHVISI MO)KHO HaXOMTh OFHUM V3 M3BECTHBIX YMCIEHHBIX MeTOROB [13].

BuiBOALI 11 3aKkAOHEHME

B crarbe paspaboTaHa Teopus paccesHNs YIPYIUX BOTH 00'beKTOM C IIpefiBapUTe/IbHBIMIU HAIPSDKEHNUAMY, MHAYLMPOBaH-
HBIMI B MaTepuasie paccenBaresisi HOCPEACTBOM TEIUIOBOTO KaHasIa CBsI3Y C BHENTHUM MupoM. [IpejioskeH criocob pacriernieHns
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MeXaHIYeCKOTO ¥ TEIUIOBOrO KaHA/IOB BHEIIHNX BO3EIICTBIIL, OCHOBAHHBIIT Ha Ppu3ndecKyt 060CHOBAHHOM IPEIIOIOKEHNN O
c1aboCTH TEIUIOBOTO KaHasIa, MHAYLMPYIOLIETO IpefABapUTeIbHble HAIPSDKEHNS B MaTepuajie pacCenBaolero 00beKra.

MogenbHoit 3apadelt 11 pa3pabOTaHHON TeOPUM IIOCTYXKIIA 3a/jada KOHTPOJIA JOObIYY BBICOKOBA3KOI He T 13 IpenBa-
PUTEIBHO pa3orpeToli IOBYIIKY, MIMeIoIasg 00/IbLIOe 3HaUeHNE [LA IIPOMBICTIOBOJI Te0(U3UKIL.

IIpepyraraemast B cTaTbe TEOPUSI IO3BOISIET B PaMKax (PU3MIECKN 0O0OCHOBAHHBIX IIPEIOIOKEHNIT CBECTI PelIeHIe BeCbMa
CJIOKHOIT B BBIYNMC/IMTE/IBHOM IUIAHE HEJIMHEITHOI 3a/1a4M O B3aMMOJIICTBIN M3y4aeMOro 00beKTa C COIPSDKEHHBIMMU (P13MUeCKH-
MI IOTSIMU (CKaJISIPHOE TEIIOBOE IT0/Ie — BEKTOPHOE YIIPYroe BOMTHOBOE I07Ie) K PEIICHNIO [BYX He3aBMCHUMBbIX 3a4ad — 3a1adunl
0 B3aMMOJEVICTBIY 00BEKTA C TEIUIOBBIM II0JIEM 1 3afladli O B3aMMOJEICTBIY 00BEKTa C BOTHOBBIM ITo7IeM. Takoe paclerneHue
KaHAJIOB B3aMIMOJIe/ICTBIA TIO3BOJIIET MePEBECTY MaTeMaTHYeCKyI0 MOJie/b M3y4aeMol CUCTeMBI M3 K/Iacca CIOXKHBIX HeluHell-
HBIX MaTeMaTIIECKIX MOJIeTIell B K/IaCC 3HAUNTEIBHO 60/Iee IPOCTHIX IIapaMeTPIIeCcKIX Mofiesiert. TeM caMbIM 3HAYNTEIBHO YIIPO-
IIAeTCS a/ITOPUTM pacyeTa OTKIMKA CHCTEMbl Ha BHEIITHee BO3JIEJICTBIIE, UTO MTO3BOIAET Cepbe3HO COKPATUTb BPEMs PAcueTOB C
L[e/TbI0 KOHTPOJIS IIPOLIECCOB, IIPOUCXOMAINX B 00 beKTe nccenoBanus. [[puMeHNTeNbHO K MOJE/IBHOI 3a/jade MOYKHO CKa3aTb,
YTO pesKoe COKpallleHle BpeMeH) PAacueToB NMPUBOAUT B IEePCIeKTUBE K COOTBETCTBYIOLIEMY COKpAIlleHNI0 BpeMeH! KOHTPOIA
3a pasorpeBoM HepTy B JIOBYIIKE, a C/IEOBATEIbHO, HOSIB/LIETCA BO3SMOXKHOCTD OIIEPATMBHOIO KOHTPOJIA 32 IMPOLIECCOM JOODbIUML.
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The relevance of the work. The relevance of the proposed theory is justified, for example, by the fact that, according to experts, Russia has very
significant reserves of viscous oils (about 7 billion tons), the production of which is carried out by heat heating the contents of the trap or reservoir
with superheated water vapor followed by pumping-out of the resulting fluid.

Purpose of work. Development of the theoretical foundations of seismic monitoring of the production of high-viscosity oil.

The methodology of the theory considered in this article is based on the postulate of the two-channel nature of the process of interaction of a limited
object (system) with the outside world. Through the first channel, an action is made on an object of a vector wave field, in this work it is an elastic wave
field. Through the second channel, a stationary scalar field is exposed to the object; in this work, it is a thermal field. Thus, the theory of scattering of
elastic waves by an object under the influence of an external scalar (thermal) field is considered. The scalar field in the material of the object induces
preliminary elastic stresses, which appear as the response of the object to this effect. The secondary thermal field existing in the exterior of the object
is not considered. Thus, the general self-consistent problem of the two-channel interaction of an object with an external field undergoes a channel
decoupling procedure and reduces to scattering of an elastic wave by an object with material parameters functionally dependent on external thermal
action, i.e., a general nonlinear physical system with distributed object-wave field parameters “Scalar field” is considered as a parametric system,
which allows us to significantly simplify the algorithm and reduce the required for numerical simulation resources. Ideally, the algorithm and program
for numerically solving the scattering problem should be brought to a state that allows for numerical simulation on a personal computer.

As a model problem for the theory, which is supposed to be brought to practical inplementation in the form of an algorithm and a complex of com-
putational programs, the problem of seismic monitoring of the state of a trap with high-viscosity oil during heating of the trap by external heat, which
is important for field and exploration geophysics, has been selected. Further, the authors propose to generalize the theory, develop an algorithm and
create a complex of computer programs for electromagnetic monitoring of the state of an object under the influence of an external scalar (thermal)
field, as well as the theory of interaction of an object with the outside world through several channels. For a more complete monitoring of the process,
its mathematical model should be generalized to a substantially multichannel level, that is, consider the mathematical model “object — elastic wave
field — electromagnetic wave field — heat field — field of static loading”. The theory of multichannel interaction of an object with the outside world,
generalized into several fields, can also be used for mathematical modelling in other areas of physics and technology, for example, in defectoscopy.

Results. The paper discusses the theory of process of interaction of a limited object (system) with the outside world, which is carried out through two
information bearer channels. Through the first channel, a vector wave field is applied to the object (it is an elastic wave field in this work). Through the
second channel, a stationary scalar field is exposed to the object (it is a thermal field in this work).

Keywords: scattering theory; elastic waves; seismic waves; pre-tensioning; high-viscosity oil; seismic control; math modelling; Lipman-Schwinger
equation; integral equations.
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Study of genesis of productive series based on integrated well data
(in case of Pirallahi field)
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Azerbaijan State Oil and Industry University, Baku, Azerbaijan

Relevance. It is known that over than 90 % of oil produced in Azerbaijan is extracted from the South Caspian Basin. The South Caspian basin is one of
the largest deeply buried basins. Sedimentation process here is characterized by high rate as 25 km for 150-170 min years (0.6-0.7 km/mln years).
For the last years due to wider scope of exploration works in the South Caspian basin and evaluation of its hydrocarbon perspectives the study of
genesis of Productive Series gain more interest.

Purpose of work. The purpose of the work is to study genesis of sediments and sedimentation environment on the basis of quantitative and
qualitative interpretation of logging curves, make correlation of facies in various wells and perform comparative analysis.

Research methodology. Applying “Quantitative and qualitative models of log facies” on the basis of well logging data the analysis of lithology, facies
and genesis of sedimentary rocks in Pirallahi structure have been done and results were derived. Within the framework of the study by use of Neuralog
software based on LL, SP, GL, NGL and other log types the data have been transformed into the LAS format, then the permeability, porosity, oil and
gas saturation, bulk clay coefficient alteration models have been designed by use of Petrel software.

Conclusions. Study of sedimentation environment constantly draws the interest of geoscientists due to the direct dependence of structure and
identification of oil and gas traps on sedimentation environment. This paper deals with study of genesis of Productive Series deposits based on
quantitative and qualitative analysis of logging curves. The study target is Kirmaky suite across Pirallahi field of Absheron oil-gas bearing region.

Keywords: facies analysis, log facies, genesis, flow, bar, coastal plain.

elevance
R In Azerbaijan more than 90 % of oil is produced from fields of the South Caspian basin. The South Caspian basin
is one of the basins subsided to the large depths.

Sedimentation process here is characterized by high rate and reaches approximately 25 km per 150-170 million years (0.6-
0.7 km/mln years). Characteristic features of the South Caspian basin involves compression of its sedimentation components
and overpressure in some areas [1]. The major role in the III period sedimentation played fluvial-deltaic, avandeltaic sediments,
turbidites and contourites accumulated mainly in river deltas, faults and paleogeographic plains [2-5].

In general, the morphology of negative relief (river-channels, channel, cliffs) where sediments are accumulated depends
mostly on dip angle, sediments thickness, climate, tectonic features, etc. [6]. Reservoirs generated at various time periods and in
changing environment vary in time depending on morphology of negative releif (river, river-bed, cliff). Thus, fluvial-deltaic system
is not constant through a definite stratigraphic unit. The problem consists in generation of facies alteration and unconformity
surfaces in fluvial systems [7].

Purpose of work

In this respect, the study of sedimentation environment and genesis of sedimentation process is always in the sphere of
interest of petroleum geoscientists. For the last years the lithological traps are also studied along with structural and stratigraphic
traps.

This study is devoted to analysis of genesis and environment of sedimentation process done through quantitative and
qualitative interpretation of logging curves.

The study target is Kirmaky suite in sections of conditionally numbered wells X1, X2, X3, X4 and X5 in Pirallahi area.

Productive Series (PS) deposits of Absheron oil-gas bearing region consist mostly of alternation of sandstone, sandstone
clay, aleurolites, argilltes and clay layers and have vast hydrocarbon reserves. It is known that Productive Series in Pirallahi field
consists of alternation of sand, sandstone, aleurite and clay. Its maximum thickness is 1380 m. Due to erosion of upper part of PS,
it is mainly represented by lower part (Gala, Post-Kirmaky, Kirmaky, Upper-Kirmaky sand, Upper-Kirmaky clay suites). Of these
the oil presence is identified in Post- Kirmaky, Kirmaky and partially in Gala series (in the south Pirallahi fault) [8].

According to results of geophysical studies covering Kirmaky suite of PS in Pirallahi area the study of genesis of PS deposits
drives attention from the point of view of hydrocarbon presence.

It is known that several factors influencing the form of logging curves must be taken into account while facies interpretation.
These include granulometric composition, porosity, clay content, brine water, drilling mud composition, borehole diamater, etc.
In this respect, analysis of spontaneous polarization and GL (Gamma Log) curves for evaluation of sedimentation are not clear
[9, 10].
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Research methodology

Well logging techniques applying jointly with quantitative evaluations, well logging curves, effective porosity of layers, curves
of variation of bulk clay versus depth allow to derive more accurate lithological composition, as well as genesis and sedimentation
environment of deposits. In distinction to other techniques this method is based on accurate values of oil-field geophysical
parameters while analysis of lithological characteristics of rocks [11].

Due to this, comparative analysis of lithological features of rocks in Kirmaky suite (Productive Series) by use of “quantitative
and qualitative models of log facies” allowed to derive their genesis and the results is expounded in this paper [12, 13].

The Table shows effective porosity and bulk clay in reservoir layers defined by use of log diagrams across studied sections.

Based on Table the bulk clay and effective porosity versus depth histograms has been drawn and genesis of sediments has
been studied by the display forms of these histograms. By display form of these histograms the conditional well N1 section in
Binagadi field is characterized for genetic origin of rocks as the following (Fig.1).

It can be seen from Fig. 1 that rocks of Kirmaky suite in conditional X4 well section in Pirallahi field consists of alluvial
and deltaic sediments which are characterized by gradual replacement of near-coastal marine facies by flow-originated facies in
upward direction. Flow-originated facies are overlaid by thin bar facies, replaced again by flow facies. Near-coastal marine facies
are observed at 459-467 m depth interval. These facies are again replaced by flow-bar originated facies.[14, 15]

Similar analysis has been done for sections of conditionally numbered wells X1, X2, X3 and X5 of Pirallahi field.

It can be seen from the Fig. 2 that Kirmaky suite rocks studied in conditional X1 well consist of alluvial and deltaic deposits
with upward gradual replacement of bar-originated facies by coastal plain facies. Coastal plain facies are also overlaid by flow and
bar-originated facies. At 775-625 m depth interval the coastal plain facies are alternating with flow-originated facies. From 625 m
depths the bar-originated, coastal plain facies are observed.

Fig. 2 displays correlation of similar facies of Kirmaky suite in sections of conditionally numbered wells X1, X2, X3 and X5
of Pirallahi field. It can be seen from the figure that flow and bar orginated, as well as coastal plain facies are traced along well X5
section. However, it must be noted that coastal marine facies are observed only in two various intervals of X4 well section. These
features of sedimentation process can be related to sea level regression and transgression.

Evaluation of effective porosity and bulk clay variation in rocks versus depth according to integrated interpretation of log diagrams
acquired for well sections of Pirallahi field.

OueHka 3¢hpheKTUBHON NOPUCTOCTU M BapuaLmu MUHbI B FOPHbIX NOPoAAax B 3aBUCMMOCTU OT FMyOGMHbI COrMacHO MHTErPUPOBaHHON
VHTepnpeTauMy KapoTaXHbIX AuarpaMmm, NonyyYeHHbIX ANs CKBaXXMHHbIX y4acTKOB MecTopoxaeHus Mupannaxw.

Number Top Foot Porosity Clay
1 555.6 559.0 0.225 0.075
2 559.7 561.9 0.224 0.173
3 565.3 566.5 0.222 0.186
4 567.0 568.2 0.192 0.268
5 568.9 570.5 0.209 0.277
6 572.8 574.1 0.185 0.354
7 577.2 581.7 0.167 0.353
8 590.2 591.3 0.199 0.324
9 596.0 597.2 0.189 0.328
10 606.2 607.5 0.164 0.309
1 608.6 611.1 0.182 0.286
12 613.7 617.1 0.163 0.352
13 619.9 621.1 0.177 0.355
14 624.9 629.6 0.159 0.353
15 634.9 639.1 0.194 0.221
16 643.3 645.4 0.201 0.358
17 646.4 648.4 0.217 0.224
18 649.6 651.9 0.181 0.357
19 652.9 657.8 0.158 0.350
20 663.2 667.7 0.154 0.359
21 670.7 673.0 0.159 0.355
22 676.1 676.9 0.206 0.352
23 680.5 685.0 0.168 0.350
24 697.0 699.7 0.167 0.349
25 702.2 704.7 0.184 0.188
26 706.9 709.1 0.203 0.169
27 710.4 713.2 0.169 0.354
28 718.5 720.4 0.207 0.295
29 721.8 723.2 0.175 0.350
30 725.7 727.0 0.204 0.317
31 734.5 736.0 0.191 0.353
32 737.2 738.5 0.198 0.336
33 748.6 749.8 0.229 0.294
34 751.1 754.0 0.177 0.351
35 756.4 759.3 0.160 0.349
36 765.0 766.5 0.172 0.319
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Figure 1. Analysis of lithological characteristics of rocks
attributed to Kirmaky suite (KS) of Productive Serie (PS) studied
in conditional X1 well section in Pirallahi field. KClay — clayiness
coefficient; K — porosity coefficient.

PucyHok 1. AHanu3 nMTONOrMYECKUX XapaKTepUCTUK Mopoa,
oTHocsAwmxca k Kupmaku ceute (KC) npoayktusHoun Tonwwm (MT),
MU3yYeHHOM B YCNOBHOM pa3pe3e CKBaXuHbl X1 MecTopoxaeHuUs
Mupannaxw. Kclay — KO3 PULMNEHT MMMHUCTOCTY; Kmp — KO3 prumneHT
NMOPUCTOCTW.
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The study also covered analysis of sedimentation
environment by GL curves with further correlation (Fig. 2).
Comparative analysis of Fig. 2 and Fig. 3 by use of quantitative
analysis allowed to group sediments as flow-originated, bar and
coastal facies. Based on features of GL curves these groups have
been further divided into sub-groups of facies.

For conditionally numbered X1 well Upper-Kirmaky sand
suite involves mainly bar-originated facies. Gala suite facies
are featured as the following: 525-575 m depth involves bar-
originated facies, 575-625 m depth interval consists of coastal
plain and bar originated facies, 675-725 m depth interval
involves bar-coastal-flow facies, 725-775 m depth interval
consists of alternation of bar-flow-coastal-bar facies.

Facies variation in section of conditionally numbered
well X2 is observed only is Gala series: 400-450 m interval
consists of alternation of bar-flow-bar facies, 450-500 m - bar-
coastal marine-flow facies, 500-550 m depth interval - flow
originated facies.

Similar to X2 the section of conditionally numbered
well X3 is interpreted only for Gala suite. 450-500 m depth
interval involves bar facies, 500-600 m depths interval involves
alternation of bar and flow originated facies, 600-650 m depth
interval the coastal-bar-flow originated facies and 650-700 m
depth interval bar-flow originated facies are observed.

Gala suite has been analysed for conditionally numbered
X4 well. The interpretation sequence is as the following:
300-400 m depth interval is characterised by alternation of
flow-bar facies, 400-450 m depth interval consists of bar-flow
originated-coastal facies, 450-500 m depth interval consists of

coastal — bar, at 500-600 m depth interval the flow originated facies are dominating.

Sedimentation environment of Gala and Post-Kirmaky suites has been analysed for section of conditionally numbered
X5 well. Facies vary as the following: 450-500 m involves bar-originated facies, 500-600 m depth interval is featured by the
dominance of flow originated facies and we may observe the alternation of coastal plain and bar facies also. At 600-700 m depth
interval of Gala suite the alternation of bar facies is observed. In Post-Kirmaky suite and at 750 m depth interval the coastal plain

facies were identified.

Bulk clay and effective porosity are dynamic parameters of reservoirs. These two parameters are depends on some factors.
There are intensive and dynamic relation between these parameters. Fig. 4 shows the correlation relation between bulk clay and
effective porosity for any 1st well sections of Pirallahi field on studied KS suite.

o o
"
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Figure 2. Lithlogy and facies of Kirmaky suite (KS) rocks of Productive Series (PS) studied based on well data from Pirallahi field. K
clayiness coefficient; Kpur — porosity coefficient; PK — Post-Kirmaky; KUS — Kirmaky Upper Sand; KUC — Kirmaky Upper Clay.
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Puc. 2. llutonorusa v dauun nopop kupmakckon cButbl (KC) npoaykrtuBHon cepum (MC), M3yyeHHbIX HA OCHOBE [AaHHbIX CKBaXWH C

mecTtopoxaeHus Mupannaxu. K
BepxHun Mecok; KBIN — Knpmaku BepxHsia MmuHa.

— KO3(PUUMEHT rmmnHucTocTh; K

- koadpdpumumeHT nopuctoctu; MK — Moct-Kupmakm; KB — Knupmakun
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Figure 3. Analysis and tracing of facies based on qualitative interpretation of data acquired from well sections of Pirallahi field. K

clayiness coefficient; Kpor — porosity coefficient.
PucyHok 3. AHanu3 n oTcnexvBaHue daumii Ha OCHOBE Ka4eCTBEHHOW MHTEpPNpeTaLnmn AaHHbIX, MONy4YeHHbIX U3 CKBaXMHHbIX Y4acTKOB

MecTtopoxaeHus Mupannaxu. K, — koaduumeHT rmuHncTocTh; K — KoadbnLMEHT NOPUCTOCTH.
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It can be seen from dependence graph that regression equation K = -2,537 K _ +0,7689 characterized between bulk clay
and effective porosity with high correletion coefficient (r = 0,716) is getting. This correletion relation is also significancy for
dividing litotypes of cross-section. As can be seen from the figure that litotype with 35,9 % of bulk clay has 15,4 % of porosity, the
effective porosity of the lithotype with a bulk clay of 7.5 % was estimated at 22.5 %.

Integrated well logging data acquired in five wells in the study area have been processed by use of Neuralog software and
data acquired by LL, SP, GL, NGL and other log diagrams have been transformed into LAS format. Then by use of Petrel software
package the permeability (Fig. 5), porosity (Fig. 6), oil-gas saturation (Fig. 7), bulk clay (Fig. 8) models have been designed
applying appropriate formula. It can be seen from Fig. 5 that the scale is logarithmic and permeability varies within 10-100 mD
range.

Fig. 6 displays porosity characteristics in various wells. The lowest porosity value is within 2—-10 %, while the highest value is
within 22-34 % range.
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Figure 4. Correlation relation between bulk clay and effective porosity for any 1st well sections of Pirallahi field.
PucyHok 4. CooTHOLLEHMEe KOpPensAuun Mexay rmmHoi u 3dceKTUBHOM NOPUCTOCTLIO ANA NioGbIX y4acTKOB 1- CKBaXWHbI MECTO-
poxaeHus Mupannaxu.
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Mermsbility

Figure 5. Permeability model of Upper-Kirmaky sand (UKS), Gala suite (GS), Post-Kirmaky (PK) and Lower part of PS deposits.
PucyHok 5. Mogenb npoHuuaemocTy BepxHe-kupmakckux neckoB (UKS), Mana-ceutbl (GS), MocT-Kupmaku (PK) n HkHen yactn mectopoxaeHun NMC.

Figure 6. Porosity model of Upper-Kirmaky sand (UKS), Gala suite (GS), Post-Kirmaky (PK) and lower part of PS deposits.
PucyHok 6. Moaenb nopuctoctu BepxHe-kupmakckoro necka (UKS), Mana-ceutel (GS), MocTt-Kupmaku (PK) u HxHen yactn mectopoxaeHui NC

Figure 7. Hydrocarbon saturation model of Upper-Kirmaky sand (UKS), Gala suite (GS), Post-Kirmaky (PK) and lower part of PS deposits.
PucyHok 7. Mogenb HacbILLeHWs yimieBoAopoaaMu BepxHekmpmakckoro rnecka (UKS), Fana ceursl (GS), Moct-Kupmaku (PK) v HvbkHel YacTi MeCTOPOXAEHWI
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Figure 8. Clay content model of Upper-Kirmaky sand (UKS), Gala suite (GS), Post-Kirmaky (PK) and lower part of PS deposits.
PucyHok 8. Mopenb copepxaHusi MyHbI B BepxHe-kupMmakckoM necke (UKS), Mana-ceute (GS), MocT-Knpmaku (PK) v HYKHEN YacTy MECTOPOXAEHUIA
nc.

Fig. 7 depicts one of the most important characteristics of reservoir rocks as oil-gas saturation. The lowest oil-gas saturation
values vary within 10%-20% ranges while the highest value vary within 60-70 % ranges.

Fig. 8 is designed on the basis of calculated quantity-clay, negatively impacting reservoir rocks. The highest clay coefficient
varies within 0.35-0.48 and the lowest value varies within 0.07-0.18 range.

Conclusions

1. Based on well log data the quantitative and qualitative analysis has been done, sedimentation environment were evaluated,
correlation diagrams have been drawn for facies variation across wells with further comparative analysis.

a) Based on quantitative analysis of X1, X2, X3, X4, X5 wells it is possible to trace bar-originated facies in the upper part of
the diagram. Futher down the bar-originated facies are replaced by flow-originated and coastal facies. However, coastal marine
facies are rare along well section.

6) Interpretation done on the basis of qualitative analysis of X1, X2, X3, X4 wells displays good correlation. Thus, temporary
flows of speedily flowing rivers are dominating. Facies of coastal, offshore bar, shallow parts of plain rivers in a meander form and
some other types are met here. Regressive flows (bars) are observed at lower borders and partially at upper borders. At the lower
borders transgression is replaced by regression.

2. Porosity, permeability, clay, oil-gas saturation modeling results have been analyzed by use of Neurolog and Petrel software
packages. It has been derived that permeability varies within 10-100 mD, the lowest value of porosity varies within 2-10 % ranges
while the highest value varies within 22-34 %, the lowest value of oil-gas saturation varies within 10-20 %, the highest value varies
within 60-70 %, the highest value of clay content varies as 35-48 % while the lowest value varies within 7-18 % ranges.
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M3y4yeHune reHesmca npOAYKTUBHDLIX TOALL MO MHTErPUPOBAHHLIM
AAHHLIM CKBAKUH (Ha mectopoykaeHuu [Mupasraxm)

Kudpaat AnaganH KEPUMOBA®
PenxaHkcaHum Awap TAHUEBA™

AzepbangxaHcKnin rocyaapCTBEHHbIN YHUBEPCUTET HeTH 1 NpombiLLneHHOCTH, baky, AsepbanaxaH

AKTyaArbHOCTB. U3BecTHO, 4to 6oree 90% AobbiBaemoii B AzepbariakaHe Hedptn AobbiBaeTcs u3 KOxHo-Kacnuiickoro 6accerta. KOxxHo-Kacnmickuin
6acceiiH SIBASIETCS OAHUM M3 KPYMHEWmX rAyboKo 3aaeraiommx 6acceiiHoB. [TpoLecc ceaMmeHTaLmm 3aech XapakTepuU3yeTcsl BLICOKOW CKOPOCTLIO - 25
KM B TeyeHne 150-170 maH AeT (0,6-0,7 KM / MAH AeT). B mocaeaHMe roabl B CBSI3M C yBEAMHEHMEM MACIITAOOB reOAOropasBEACUHbLIX PaboT B KOXKHO-
Kacnmickom 6acceite v OLIEHKOV MEPCMEKTUB €r0 YTAEBOAOPOAOB M3yHEHME FEHE3NCA MPOAYKTUBHDBIX TOALL BbI3LIBAET MHTEPEC.

LleAan pa6oTui. Lleabio paboTbl SIBASIETCS U3yYEHME FEHE3NCA OTAOXKEHUI M OCAAKOHAKOTAEHMSI HA OCHOBE KOAMYECTBEHHO U KAYECTBEHHOM MHTEPIPETALIMM
KPMBbLIX KQPOTaKA, KOPPEASILIMU (haLIMil B PA3AMYHBIX CKBAXKMHAX M MPOBEAEHUST CPABHUTEALHOTO aHaAM3A.

Mertoa nccaeaoBanms. VIcnoabsysi «KOAMYECTBEHHbIE U KAYECTBEHHLIE MOAEAM KAPOTAXKHLIX (PALM» HA OCHOBE AAHHDLIX KAPOTAXKA CKBKMH, ObIA
MPOBEAEH aHaAM3 AUTOAOTMM, haLMil M reHe3nca OCAAOYHLIX MOPOA B CTPYKType [Mpasraxu u MoAydeHbl pesyAbTatbhl. B pamkax mccaeaoBaHus c
MCMOAL30BaHMeM nporpammHoro obecneverust Neuralog, ocHoBaHHoro Ha LL, SP, GL, NGL 1 Apyrux Turax KapoTaxa, AAHHbIE ObIAM MPeobpasoBaHbl B
cpopmar LAS, 3atem 6bian paspaboTaHbl MOAEAM MPOHMLIAEMOCTU, MOPUCTOCTU, HEPTEra30HACLILEHHOCTU, U3MEHEHUSI KOS(PMLIMEHTA OBLEMHOM FAMHbI
C UICMOABL3OBAHMEM MPOrPamMMHOro obecriedeHus Petrel.

3akaoyenme. VisydyeHne CpeAbl CeAMMEHTaUMM MOCTOSIHHO BbI3LIBAET MHTEPEC r€OAOrOB M3-3a MPSIMOM 3aBUCMMOCTM CTPYKTYPbl M MAEHTUMKaLMmM
HedbTerasoBbiX AOBYLIEK OT CPEAbl CEAMMEHTAaLMM. AaHHasi CTaTbsl MOCBsEeHa U3YYEeHUIO reHe3nca MeCTOPOXKAEHUI MPOAYKTMBHOW TOALIM Ha OCHOBE
KOAMHYECTBEHHOTO M Ka4yeCTBEHHOTO aHaAM3a KpMBLIX KapoTtaka. LleAbto mccreaoBanusi sieasiercs ceuta Kupmaku Ha mectoposkaeHun [upasraxmu
AniepoHCKoro HehTerasoHOCHOrO paroHa.

KatoueBble cAOBa: (halManbHLIA aHAAU3, KAPOTaXKHAas! ddaLmsi, FeHE3UC, A0DbIYA, JKMAQ, BeperoBasl paBHMHA.
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Pe3yALTaThl TEOPETUYECKMX U AADOPATOPHBIX MCCAEAOBAHMIA
CracaTeAbLHOTO KOMIMAEKCA AASl YTOABHDIX WAXT

Pyctam lOcycoeuy YPASBAXTUH",
Omutpun AnekceeBuy FOHTMEUCTEP**

CaHkr-lNeTepOyprckuii ropHein yHuBepcuteT, Poccusi, CaHkT-INeTepbypr

AKTYaALHOCTB PaBoTLl OBYCAOBAEHA BO3MOYKHOCTBIO CO3AAHMSI CMACATEALHOTO KOMIAEKCA AASI IPOBEAEHMST CKOPOCTHBIX MOA3EMHDBIX BLIPAGOTOK MAAOTO
ceyeHust (2,25 m), rAaBHOM 3aaayeit KOTOPOTO SIBASETCS 3BaKyaLMsl WaXTePOoB, 3aCTUTHYTLIX aBapueil.

Lleab pa6oTnr: OGOCHOBAHME CHMAOBBIX M KOHCTPYKTMBHBIX MapamMeTPOB MMAPOAOMKPATOB MEPEABMIKKM CACATEALHOTO KOMIAEKCA MPU MPOXOAKE 3Ba-
KyaUVOHHOM BLIPABOTKM MO MACCMBAM MOPOA MEPEMEHHOM KPEMNOCTH, KPOBASIM PA3AMHHOM YCTOMYMBOCTM HA OCHOBE YCTAHOBAEHHDLIX 3aBUCUMOCTEN
KOHCTPYKTVBHDLIX MAPAMETPOB TAKOTO KOMIMAEKCA OT AQBAEHMS1 KPOBAM Ha MEPEKPLITUS AASl yBEAUYEHMST CKOPOCTU MPOXOAKM KOMMAEKCOM 3BaKyaLMIOHHDLIX
BLIPAGOTOK MAAOTO CEYEHMSI B CAOXKHDBIX FOPHO-TEOAOTMYECKMX YCAOBUSIX.

Meroaororns nccaeaoBaHms. VICMOAL30BaH CUCTEMHDIA MOAXOA, BKAIOHAIOWNI AHAAUTUYECKME U BLIMUCAUTEALHLIE METOALI C MPYMEHEHMEM MaTeMaTh-
4ECKOrOo MOAEAMPOBAaHMSI, & TAK)KE KAACCUYECKMX MOAOYKEHNIM TEOPETUYECKON MEXAHMKM.

PesyanTatii M mx npumeHeHyne. TeOPeTNUECKM YCTAaHOBAGHO YCMAME MEPEABMIKKM CracaTeALHOro KOMIAEKCA OT MAcChl €€ 4YacTei, KPernocTi MOopoA,
BLIPAKAIOILENCS B YCTAHOBUBILEMCS PEXXMME CTEMEHHOM 3aBUCMMOCTLIO OT BDEMEHM M Liara NePeABM>KKM, NMPUYemM TEOPETMYECKOe 3HaYeHNe BEAMHYMHDI
KO3hhuLIMEHTa CONPOTUBAEHMST ABVKEHMIO CMACATEALHOTO KOMIMAEKCA HAXOAMUTCS B MHTEpPBaAe 0,46, 4TO MOATBEPIKAAETCS SKCMIEPUMEHTAALHO C MCMOAL-
30BaHMEM AABOPATOPHOTO CTEHAA.

BLIBOALI. PaccMOTPEHDbI OCOBEHHOCTH PABOTh CNACATEALHOTO KOMIAEKCA MPY PASAMYHLIX KPEMOCTSIX MOPOA B BLIPAGOTKE, MPEANOKEHBI PEKOMEHAALIMM
0 BLIGOPY CMAOBOTO OOOPYAOBAHMSI KOMIMAEKCA.

KAloyeBble CAOBA: CracaTeALHbI KOMIMAEKC, Waraiowas Kperb, CKOPOCTb MPOXOAKM, KOI(DULMEHT COMPOTUMBAEHMSI ABMXKEHMIO, FOPHOCNACATEALHLIE
paborbi.

BEAEHME
Vronb — BaKHEIINIT pecypc B 9HepreTUIecKoM baaHce MHOTMIX CTPaH MUpa, B vactHocty Kuras, Mupnn, CIIIA,
Poccnu [1], HO ero o06bIYa COMPOBOXKAAETCA TSHKEIEHIINMI YCIOBUAMY PAOOTHI U PUCKOM /1A KUSHU HIAXTEPOB.
Mepbl, IpeAnpyHUMAaEMBbIE /718 IPeOTBPallieH s aBapUITHBIX CUTYalMil Ha YyTONbHBIX IIAXTaX, 3AMETHO CHU3/IN aBAPUITHOCTD
Ha HUX, HO 3ajiaua CIIaCeHMs JTIofiel ITO-ITPeKHEeMY OCTaeTcs aKTyalnbHolt [2-8].

JIJIs1 axT aKTyasbHbIM SIB/SIETCST CO3JAHME CIIACATENBHOIO KOMITIEKCA, COCTOSAIIEr0 13 GBICTPOCOOPHBIX Y3/I0B 06/IerdeH-
HOTO TUIIA, IPY YCIOBUM, YTO CKOPOCTh IPOXOAKYU 9BAKYAL[MOHHOI BBIPAOOTKY CIIACATEIbHBIM KOMIUIEKCOM BBIIIIE, YeM 1P
IIPOBeJeHNN BBIPAOOTKYU PYUHBIM CIIOCO60M. VICIonp3oBaHme CracaTe/IbHOrO0 KOMIIIEKCA CYIIeCTBEHHO CHM3UT TPABMOOIIAC-
Hble CUTYAINH [/ TOPHOCIIAcaTesnell, HaXOfAIIUXCS B 30He prcKa. KOHCTPyKINs criacaTelbHOTO KOMIUIEKCa 3aIllaTeHToBaHa [9].

MeToAOAOI VISl UCCAEAOBAHMS

TeopeTuyeckue McCIeoBaHMsA CITACATENbHOTO KOMIIIEKCA A ONpefeeHNs PallMOHaIbHBIX TAPaMeTPOB CUIOBOTO 060pyHO-
BaHVISI IIPY TTePEMEHHOIT KPEIOCTI IIOPOJ; B 3a00€ OCHOBAHBI HA PEIIeHN YPAaBHEHST GaTaHca CIT IIPY TIePEefIBYKKE HATPY)KEHHOTO
Komiekca [10-13]. V3 puc. 1 BUjHO, YTO TOYHOE ONpe/iefieHie BeMMHbI CHIbl F| T03BOMAET 060CHOBATh CXeMy HArpysKi Iepe-
KPBITIIT KPEIN U ee OTPAXICHNIL, PACCINTATh OCHOBHBIE KOHCTPYKTHMBHbIE IIAPAMETPBI JACTell KPelll, Ha OCHOBE KOTOPBIX 000CHO-
BaHHO BBIOPATh CUII0BOE 000pPYHOBaHIe (TMAPOLVIIMH/PDL, MACTOCTAHIINIO, COSIUHNUTEIbHbIE V1 KPeIlesKHbIe 97IeMEHTbI I IIp.)

PucyHok 1. Cxema npouecca nepemMelleHUsi CEeKLMA cnacaTeribHOro Komnriekca npu ycraHoBUBLUEMCS peXxume paboTbl.
Figure 1. Diagram of the process of moving sections of the rescue complex at steady state operation.
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PucyHok 2. BapuaHTbl Harpy>eHusi cnacaTenbHOro Komnriekca. a — OTCyTCTBME BHELUHUX Harpy3oK Ha NepekpbITUsi komnnekca; 6 — Harpy-
YKEHME CO CTOPOHbI KPOBMY BbIPabOTKN; B — HArpy>eHne co CTOPOHbI HOKOB BbIPabOTKU; I — HArpy>KeHue Co CTOPOHbI KPOBMNM 1 BOKOB BbIPabOTKM.
Figure 2. Loading options for the rescue complex. a — lack of external loads on the floors of the complex; 6 — loading from the side of the roof;
B — loading from the side of the working sides; r — loading from the side of the roof and sides of the working.

Ha puc. 2 mpeficTaB/ieHbl BapMaHTbl HATPY)XEHNUSI CIIACATEIBHOTO KOMIUIEKCA IIPY PasMIHbIX BAPUAHTAX OOPYILIEHNS KPOB-
7t 1 6OKOB BBIPAOOTKIL.

O671acTh BIVISTHIS TOPHOI BBIPAOOTKIL Ha [IEPEKPBITIIS CEKIVI KOMITIEKCA, BBI3BAHHAsI [Iepepacipeie/ieHyieM HalPsDKeHNUI
B MAacCuBe IOPOJ, 3aBIUCUT OT (OPMBI U HaMOOIBIIETrO IMHETHOTO pasMepa | cedeHnst BBIPAGOTKIL. 30HA TPELMHOBATOCTH IIPU
HATpy>KeHNN ITePEKPHITUIT CEKINIT KOMIUIEKCA He YIUTBIBA/IACH, IOCKO/IBKY HAMIPSDKEHMSI B MACCUBE TPELINHOBATHIX IIOPOJ He
IIPEBOCXOMAT Ipefie/ IPOYHOCTI 1 He BO3AENCTBYIOT Ha IIEPEKPHITHUS KOMIUIEKCA.

ITpy ABIOKEHVM KOMIUIEKCA B YCTAHOBMBIIEMCS PeXIVIME C OCTOSIHHOI CKOPOCTBIO0 (pOpMYyIIa YCUINst EePeBIDKKY CIaca-
TE/IBHOTO KOMIUIEKCA [IPUMET BU:

F =G,k (1)

wk i conp’

- KO3 UIIMEHT COPOTUBIEHNS TIEPEMEIIEHNIO YaCTell KOM-

conp

TIe Gmi — BeC TOJIOBHOI W/IV KOHLIEBOJ YacTell KOMIUIEKCa; k
unexca, k= 0,4-6.

3HaueHMs Koo uieHTa COMPOTUBIEHNs ePEMELEHNI0 VIMeeT IIMPOKNUIT AUAla30H BapbMPOBAHNs, 0OYCIOBIEHHBII
BAPMAHTOM HArpy>XeHus Komivtekca (puc. 2). ITo pesynbrataMm TeopeTH4ecKIX MCCIeFOBAHMII OLpefieieH MHTepBal 3HAYeHNUIT
K03 duIMeHTa CONPOTUBIEHNS [IePeMeLeHNIO CIIacaTe/IbHOTO KOMIUIeKCa:

1) OTCYTCTBYE BHEIIHMX HATPY3OK Ha IIePeKPbITUsA KOMIIIeKCa (puc. 2,a) k= 0,4-0,6, onpegensercs no gpopmyne [14]:

kconp = l’l' > (2)

rme |u - KOB(I)(bI/ILU/IeHT CONIPOTUBJ/IEHNA NEPEMEIIEHNIO CTA/IbHBIX HOBCPXHOCTCI?I OCHOBaHUI CEeKIUM Kpemnn 1o mopone, | =

0,4-0,6.
2) HaTpY>KeHMe CO CTOPOHbI KPOB/HM BbIpaboTky (puc. 2, 6) k = 0,5-3, onpepensiercs no popmyne [14]:

co!

2 (gp2alb)
Ko =W 1H— ), 3)

K i

I7ie ¢ - yCKopeHne cBobofHoro magenus, g = 9,8 H/Kr; p — m10THOCTD HOPOJ, KI/M?; a — IONyIposeT CBOAA, M; I, b — inHa, BbI-
coTa CBOJa 00PYIIEHNSI, M.
Bricora cBofa 06pyueHys onpenernsercs 1o popmyne [14]:

a
b=—, (4)
e f - koaduument Kpermoctn mo kraccudukau M. M. IIpoToibsKoHOBa A/ CBA3HBIX IIOPOJ, U KO3 GUIMEHT BHYTPEHHe-

To Tpe€HMA OJ11 MATKUX IIOPO[.

3) Harpy’>keHue co CTOpPOHBI 60KOB BeIpaboTK (puc. 2, B) k= 0,4-0,85, onpexnensaercs mo popmyrne [14]:

conp

gphzl ,90" —¢
2(2 o' %)

rzie h - BbIcOTa BBIPAOOTKIY; O — yros crion3aHmst 60KOBBIX OPOJ; (0 — YLOJI BHYTPEHHETO TPeHs], ¢ = arctg f.
4) HATpy>KeHIe CO CTOPOHBI KPOB/M 1 60KOB BbpaboTku (puc. 2,1) k= 0,5-6, onpegensercs no popmyne [14]:

90° + hl (90° -
2| gp2al (a+h)ctg(2(pJ 2 &(Zbl +h)tg ((pj
2

2 6)

o = M| 1H
" G G

mK i K i
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Beicora cBoma 06pyuieHus onpenensiercs o Gopmye [14]

90° + ¢
. (a+h)ctg T )

f tgo
I/ie a, — MOMYTIPOJIET CBOJIa €CTECTBEHHOTO PABHOBECUS, M.

Pesynbrarsl 11epBOro uK/Ia SKCIEPYMEHTOB TIO3BO/IV/IM IIOCTPOUTD IMarpaMMy 3aBUCUMOCTH ycums nepensimkkn F , H,
OT BpeMeHU t, ¢, IPU IIOCTOSHHOM 3Ha4eHMI CKOPOCTH TepeaBIbKKM v = 0,1 M/c u mare nepensiokku [ = 0,2 M (puc. 3).

Yeunme nepenBuyKKY CEKIIMY CITACaTeIbHOTO KOMIIIEKCA ITPY NTEPEXo/ie OT ITapaMeTPOB MOJIe/IN K TapaMeTpaM OpUIMHAajIa
ompegessieTcsi mo Gpopmye

F =Fk, (8)

H

rae km — MacIITaOHbI KOC—)(I)(bI/IIH/IeHT; FM — 9KCIIEPVIMEHTA/IbHOE 3HAYECHME YCUIVIA IIEPENBIDKKI MOIEIN CIIACATEIbHOIO KOMITIEKCA.
Macmrabublii K09¢GUIMeHT onpefenaeTcs no Gpopmye

k =—" )

Ijie m_— Macca CeKIMY CIacaTeNbHOr0 KOMIUTEKCa (OpUTHMHAT); 71 — MAacCa MOJIE/N CEKIIMM CIIacaTelTbHOTO KOMIITIEKCa.

Hambonbinee sHaueHMe yCUIUA MepeBIDKKA MOJEIN CIIacaTe/IbHOTO KOMITIEKCA IIPOSAB/IAETCS IIPU HATPY>KeHMN GOKOBBIX
CTEHOK U TIePeKPBITHII MOJIE/ KOMIITIEKCA CO CTOPOHBI KpOB/IM 1 60KOB BhIpaboTKu (puc. 3, 11. 4) u cocrasnser (F = 233,78 H).
C ygerom macmrrabuoro koaddurmenta (k = 500) mpu mepexozie OT MApaMeTPOB MOENN K TApaMeTpaM OPUTVHA/IA 3HAYEHNIS
YCUVA TePeABVIKKI CEKIIMM CITACATeTbHOTO KOMIIIEKCa M KO3 UIMEHTa CONPOTUBTIEHNS TIePeMELIeHNI0 COCTABANT F =
1169 xkHuk = 5,9), 4ro mopTBepXKAaeT 3HaUeH s, 0Ny YeHHble TeopeTnydeckn (F =120 kHu k_ = 6).

O60ocHOBaHVe BLIGOPA MMAPOAOMKPATA LIAratollei Kpernm

Ha pic. 4 mokasaHa HOMorpaMMa OIpefielieHysl TUIIOB IUAPOLOMKpaTa Ha OCHOBE OIpefie/IeHHOTO IHTepBaia MU3MEHEeHUA
K09 puIMeHTa CONPOTUBIICHNA TIepeMeleHNIO IIaralollell Kpelly B 3aBUCYMOCTY 0T K09 uIleHTa KperocTy IOpoy € yde-
TOM METO[YIKM BBI6OpA OCHOBHBIX XapaKTePUCTUK TUPABINIECKNX IWINHAPOB [15] mpy MCronp3oBaHny mapaMeTpuIecKmx
PALOB OMaMETPOB IOPILHEN U JaBIeHNI IMIPABINYeCKO CUCTEMBI.

Tl ynpoleHns yKasaHHbIX (OPMYIT 3aBUCUMOCTb K09 dUIeHTa COIPOTUBIeHN: TTepeMelenuio anemenTos IICK mpu
Harpy>XeHMI CO CTOPOHbBI KPOBINU 1 GOKOB BBIPAOOTKM (pic. 4, 1I. 4) MOXKeT OBITh BhIpa>KeHa CTEIIeHHOII 3aBUCUMOCTbIO BUIA
kconp(f) = 4,3959f %2 mpuyem mapameTpst 4,395 1 —0,802 ycTaHOBIEHBI METOJAMY AILIIPOKCYMALIMM Y YIUTBIBAIOT BIIMAHME HA

BEJIVYMH MAacC, JeVICTBYIOMIMX Ha IepeKPBITIA KOMIUIEKCa, IpefCcTaBIeHHbIX B popMyax (1)-(7).

B cooTBeTCTBUM C KPEMOCTHIO TOPOF, B BoIpaboTke 1o mmkane M. M. IIpoTogpsikoHOBa BEIOMpPAETCsl HaMOO/IblIIee 3SHAYEHIE
K09 uIeHTa COIPOTUBIEHNS IIePeMellleHNUI0 LIIaTafolell Kperu, KOTOpPOe COOTBETCTBYeT HeO/IarompusaTHBIM [TOPHO-Te0JI0-
TMYEeCKMM YC/IOBUSAM, TIPY KOTOPBIX 3HAYEHMs BEPTUKATIbHOI M GOKOBBIX HATPY30K, EICTBYIOLINX Ha MePEeKPhITH, HOKOBbIE
CTEHKU KPeIlu O CTOPOHbI KPOBIIN 11 60KOB BBIPabOTKY, MaKcuManbHbL. Ha ocHoBe k09 pumeHTa CONpOTUBIIEHN TepeMele-

cor

Fu, H
3007

250
200
150
100/

50|

0 0,5 1,0 1,5 2,0 2,5 t,c

PucyHok 3. 3aBMCUMOCTU yCUnuUs NnepeaBUXKA MOAENM Kpenu B o6pa3uax U3BECTHAKOBLIX MOPOA OT BpeMeHU. 1 — 6e3 HarpyeHusi Mo-
Oenv; 2 — npy Harpy>eHum 60KOBbIMY Harpy3kamu, AeNCTBYOLMMI Ha BOKOBbIE CTEHKM MOAENMN KPENWU CO CTOPOHbI 6OKOB BblpaboTku; 3 — npu
Harpy>eHuv BepTUKanbHOW Harpy3koW, AeiCTBYIOLWEN Ha NePeKpbITUS MOAENN CO CTOPOHbI KPOBMNYU BbIPABOTKKM; 4 — NpU Harpy>eHun BepTukarnb-
HOW 1 GOKOBLIMW Harpy3kamu, ENCTBYOLLUMMW Ha NEPEKPbITUS, BOKOBbIE CTEHKM MOAENU KPEnu CO CTOPOHbI KPOBMM 1 GOKOB BbIpaboTKu.

Figure 3. The time dependence of the effort of moving the props model in the samples of limestone rocks. 1 — without loading the model;
2 — when loading with lateral loads acting on the side walls of the props model from the side of the working sides; 3 — when loading with a vertical
load acting on the overlap of the model from the roof of the mine; 4 — when loading with vertical and side loads acting on the overlap, the side walls
of the props model from the roof and side of the mine.
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KoadhdpumumeHT conpoTuBNeHns nepemMeLLeHuno Harpy3aka Ha rugpoumnungp F, kH
nepeKpbITUiA cekummn Kpenu Keonp
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KoaddmumeHT kpenoctn no knaccudmkaummn [OunameTp nopLuHsa ruapounnmHgpa d, Mm

M. M. MpoToapsikoHoBa f

PucyHok 4. Homorpamma onpegeneHusi TUNOB rMAPOAOMKpaTa Ha OCHOBE CUIOBbIX NapamMeTPoB rMAPOLMUIIMHAPOB B 3aBUCUMOCTU OT
koadppmumneHTa KpenocTu nopop B BbipaboTtke no wkane M. M. MpoTtoabsikoHoBa. 1 — rpaduk TeopeTnyeckon 3aBUCUMMOCTI KoaddprumneHTa
KpenocTu nopof oT koaduLmeHTa CoNPOTUBNEHUS NEPEMELLEHNIO LLAratoLLel Kpenu Npy OTCYTCTBUM Harpy3ku Ha NEpPEKPbITUS U CTEHKW Kpenu;
2 — npu Hanu4Mn GOKOBBIX Harpy3ok, AeNCTBYHLMX Ha GOKOBbIE CTEHKM KPEMU CO CTOPOHbLI BOKOB BbIPAGOTKM; 3 — NpU HanU4unM BepTUKarbHOW
Harpysku, Ae/CTBYIOLLEN Ha NEPEKPbLITUS KPEM CO CTOPOHbI KPOBIM BbIPAGOTKM; 4 — NpU Hanu4ynvM BepTUKarbHON U GOKOBLIX HArpys3oK, AencCT-
BYIOLLMX Ha NePeKpbITUSi, GOKOBbLIE CTEHKM KPEnu CO CTOPOHbI KPOBMY U GOKOB BblpaboTku; 5 — 3aBUCUMOCTb YCUNUS NEPEABIKKM OT AnaMeTpa
NOPLUHSA NpW AaBneHuu B ruapaenuyeckor cetn 63 Mla; 6 — 50 MIMa; 7 — 40 MIMa; 8 — 32 Mla; 9 — 25 MIMa; 10 — 20 Mla.

Figure 4. Graphic chart for determining the types of advancing ram based on the power parameters of hydraulic cylinders depending
on the rock strength coefficient in the mine according to the M. M. Protodyakonov scale. 1 is a graph of the theoretical dependence of the
rock strength coefficient on the resistance coefficient to the movement of walking props in the absence of load on the floors and walls; 2 — in the
presence of lateral loads acting on the side walls of the props from the sides of working; 3 — in the presence of a vertical load acting on the roof
props from the roof of the mine; 4 — in the presence of vertical and lateral loads acting on the overlap, the side walls of the props on the side of the
roof and the sides of the mine; 5 — dependence of the driving force on the diameter of the piston at a pressure in the hydraulic network of 63 MPa;
6 — 50 MPa; 7 to 40 MPa; 8 — 32 MPa; 9 — 25 MPa; 10 to 20 MPa.

HIIIO LIATaolell Kpely BhIOMpaeTcs TUPOJOMKpAT IIePeABIDKKI Kpenn (¢ yueToM KoaddulmeHTa 3amaca), o6ecredyBaolyii
Heo0XOfuMOe yCHIve IIePeABIDKKI B 3aBUCYMOCTY OT AyiaMeTpa MOPLIHA IMAPOLOMKpaTa U JaB/IeHNUA B ITUAPaBIMIeCKON CeTH.

Tak, HanpuMep, IpK KPEmoCTy MOPOf B Beipabotke 1o mkane M. M. ITporogpsikoHoBa f = 1 MakcuManpHOe TeOpeTnde-
CKOe 3HadeHue K09 PuIjneHTa CONPOTMBIEHNS [TepeMELIeHIIO IIIarafomlell Kpenn kcmp = 6, KOTOPOe COOTBETCTBYeT Hebaro-
HPYATHBIM TOPHO-TEOJIOTMYIECKUM YCIOBIUAM, TIPY KOTOPBIX 3HAYEHMsI BEPTUKANbHON U OOKOBBIX HATPY30K, AEMCTBYIOMINX Ha
HePEKPBITHS, 60KOBbIE CTEHKV KPEIM CO CTOPOHBI KPOB/IN ¥ HOKOB BIPAabOTKM, MaKcuManbHbl (Toukn 1.1, 1.2 Ha puc. 4). Ilpn
M3BECTHOM 3HaueHMy KoauimeHTa CONPOTUBICHN Kpelu OIpefenseTcs Heobxonumoe pabodee ycuue, pasBuBaeMoe Ii-
npozoMkparom nepeasiokky kperu (F, = 120 kH) (touka 1.3 Ha puc. 4). [TanbHeliinee onpezieienne yCumms HepeBIKKI KPeTn
OCYIECTB/IAETCA ¢ ydeToM Koadduunenta samaca k, = 3 [15] 1 KomyecTsa ruipoflOMKpPaToB 1 = 2, 06eCIeunBaroInX mepe-
ABIDKKY Kpenu. Takum 06pasoM, ycune rTugpoIOMKpaTa fo/DKHO 6bITh He MeHble 180 kH (Touka 1.4 Ha puc. 4).

B cooTBeTcTBMM € TapaMeTPUUYECKUMU PAJAMU JUaMeTPOB MOPIIHEN TUAPONVINHAPOB I HOMMHAIbHBIX JaB/I€HUI B I'M-
IpaBIMYeCKON CeTH 3HaUeHNMe YCUINA TUAPOLOMKpaTa IepeBIDKKI Kpely yTouHseTcs (Touka 1.5 Ha puc. 4, F = 196 kH) npu
IMaMeTpe HOpLIHA ruppogoMkpara d = 100 MM (Touka 1.6 Ha puc. 4) ¥ JaB/IeHUY B IUAPaBANdecKoi cety p = 25 MIla.

Boibop ruipooMKpara mepeBIKKI OCHOBBIBAJICS HA MaKCMMa/IbHOM PacieTHOM 3HadeHnn KoadduijmeHTa ConpoTnBie-
HIA TIepeMEIIEeHNIO IIaraolel Kpenmu kmnp = 6, COOTBETCTBYIOI[EM HeOIaronpyATHBIM TOPHO-TeO/IOTMYECKIM YCIOBUAM, IIPU
KOTOPBIX 3HAUEHsI BEPTUKAIBHOI 1 GOKOBBIX HAIPY30K, IEVICTBYIOLNX Ha IE€PEKPBITIs, HOKOBbIE CTEHKM KPEM CO CTOPOHBI
KpOB/U U 6OKOB BBIPAOOTKIM, MAKCUMAa/IbHbL, Y HAMMEHbIIIEM 3HaYeHIN fUiaMeTpa IOPLIHS 1 JaBlIeHNs B ITMAPABINYIECKON CETI.
Tem cambIM 06ecIIeunBacs BLI6OP MamorabapuTHbIX U OBICTPOCOOPHBIX Y3/I0B KOMITTIEKCA 0O/IerYeHHOTO THIIA.

3aKkAtoueHve

IIpennokeHa KOHCTPYKIMA CIIACATETLHOTO KOMIIIEKCA HA OCHOBE pacyeTa 6a30Boro mapamerpa F , pacCYIMTaHHOTO aHa-
JIUTUYECKY C TIOATBEPK/IeHNeM Tab0paTOPHBIX 9KCIEPUMEHTOB. [JaHbI aJITOPUTMBI I HOMOTPAMMBI I10 OTIpeJe/IeHNI0 CUTTOBBIX
IapaMeTpOB KOMIIIEKCA. PacyeTsl TOKasay, 9TO /1A IIMPOKOTO CIIEKTPa PAa3/IMYHbIX 110 KPEIIOCTHU I APYTUM II0Ka3aTe/IAM Mac-
CUBOB MOXeT ObITh paspabOTaH YHUBEPCAIbHBII KOMIUIEKT 000PYAOBAHNS /st CO3/JaHNs CIIacaTeIbHOTrO KoMirtekca. OCHOB-
HBIMJ TOCTOMHCTBAMM TaKOTO KOMIUIEKCA SIB/ISIIOTCS BBICOKAsl CKOPOCTD IIPOBefIEHNUs aBapUITHO-CIIAcaTe/IbHbIX BbIPabOTOK,
npocToTa paboThl U COOPKI, @ TAK)Ke BO3MOXKHOCTD OBICTPOII JOCTaBKY YacTell M y37I0B KOMITJIEKCa K MeCTY Hadasia IPOBeeH s
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CIIacaTe/IbHOI! OIlepalyiL, HOCKONbKY Macca Hanboree TsDKeNbIX y37I0B He IpesbiinaeT 200 KT, 4TO M03BOJIAET TOPHOCTIACATENAM
HEPEHOCUTD STH Y3/Ibl BPYYHYIO IO HamboJee TsDKEbIM ydacTKaM BbIpaboTky. OcCHallleHMe TOPHOCIAcaTe/NbHbIX IOApase-
JIEHMII TaKVM KOMIUIEKCOM ITO3BOIUT CHUSUTD BpeMs IPOBeeHs ClIacaTe/IbHBIX paboT, a TaK)Ke CHU3UT TPAaBMATU3M Cpeny
TOpHOCTIacaTeIen.

JINTEPATYPA
1. Mucapenko M. B. MepcnekTrBbl Npon3BoacTBa 1 NoTpedneHus yrms B mupe, Poccun n Kysbacce // Yronb Kystacca. 2013. Ne 5(031). C. 8-12.
2. [opoBoOV OTYET NO AeATENbHOCTU hefeparnbHON Cry0bl MO 3KOIOrMYEeCKOMY, TEXHONOIMYECKOMY M aTOMHOMY Hazgsopy B 2017 rogy // Pepe-
panbHas crnyx06a no aKonormyeckomy, TEXHONIOrMYeckoMy U aToMHoMy Haasopy. M., 2018. 420 c.
3. Nenux C. I., Pogumos B. B., bopsssk B. E., Llanosanos B. . AHan13 nHXeHepHbIX pelleHnid Npu cnaceHny niofen Ha waxTtax «3anagHas-
Kanutanshas» OO0 «KomnaHusa «Poctosyronb» // TMAB. 2005. Ne 2. C. 191-193.
4. ®epopuH B. A, WaxmatoB B. A., AHdepoB b. A. TexHonornveckne acnekTbl pa3paboTKn MOLLHbBIX MOMOrMX YrofbHbIX NAAacToB B CIOXHbIX
ropHo-reonoruyecknx ycnosusix Kysbacca // TMAB. 2013. Ne 11. C. 24-27.
5. Fiscor S. 2010, Rescuers work to free chilean miners. Engineering and Mining Journal, vol. 211(8), pp. 24—26.
6. Kral S. 2010, Remarkable rescue unfolds. Mining Engineering, vol. 62(9), P. 96
7. Gamez-Montero P. J, Salazar E., Castilla R., Freire J., Khamashta M., Codina E. 2009, Misalignment effects on the load capacity of a hydraulic
cylinder. International Journal of Mechanical Sciences, vol. 51, issue 2, pp. 105-113. http://dx.doi.org/10.1016/j.ijmecsci.2009.01.001
8. Yong X., Yang J., Shang J., Xie H. 2015, Design and optimization of a new kind of hydraulic cylinder for mobile robots. Proceedings of
the Institution of Mechanical Engineers, Part C: Journal of Mechanical Engineering Science, vol. 229(18), pp. 3459-3472. https://doi.
org/10.1177%2F0954406215570106
9. YcTporcTBO Ans NnpoBeaeHust cnacatesnbHbix paboT / KOHrmewctep . A., YpasbaxTtuH P. HO., Cokonosa I". B.: nat. 2612165 Poc. ®enepaums;
3asBr. 26.04.16; ony6n. 02.03.17, Biorn. Ne 7.
10. Yungmeyster D. A., Urazbakhtin R. Yu. 2017, Rescue complex for coal mines. IOP Conf. Series: Earth and Environmental Science, vol. 87,
issue 9, pp. 1-6. https://doi.org/10.1088/1755-1315/87/9/092032
11. KopwyHos I. U., FOHrmenctep . A., JlaBpeHko C. A., Cabutos A. 3., YpasbaxtuH P. 0. Komnnekc ans cnacartenbHbix paboT Ha waxTax npu
3aBanax // lopHoe obopynoBaHue 1 anekTpomexaHuka. 2015. Ne 3. C. 3-8.
12. OHrmenctep O. A., Arowkos O. I, YpasbaxtuH P. HO., MBaHoB A. B. PaunoHanbHas KOHCTPYKLUMS KOMMneKca Ans cnacatesbHblX paboT Ha
waxtax // Mup TpaHcnopTa u TexHonorndeckmx mawmH. 2015. Ne 2. C. 56-64.
13. CabutoB A. 3., Ucaes A. W., tOHrmericTep . A., YpasbaxtuH P. HO. PaunoHanbHas KOHCTPYKUUST KOMMJeKca Ans cnacaTtenbHbiXx paboT Ha
waxtax. ObocHoBaHVe KOMMNOHOBKM NapaMeTpoB nepdopaTopoB-yAapHUKOB Af1S1 UCMONTHUTENbHbIX OpraHOB NPoxXoAyeckux kombaHos // FopHoe
obopynoBaHue 1 anekTpomexaHuka. 2016. Ne 4. C. 17-22.
14. l'opHoe Aeno: sHUMKN. cnpaBoyHuk. T. 4. [poBeaeHue 1 kpenneHne ropHbeix BelpaboTok / pegkonn. H. M. Mokposckuin (0TB. ped.) u gp. M.:
Yrnetexusgart, 1958. 464 c.
15. Narepes A.B., Narepes N.A. MogenunpoBaHune pabo4nx npoLeccoB B ApOCCENbHO-PErynIMpyeMoM rmaponpmMeoae MaHUnynsLUMOHHbIX CUCTEM
MOBUINbHBLIX MaLUWH NPV pa3fenbHOM ABUXKEHUU 3BeHbeB // HayuHo-TeXHUYeCknin BECTHUK BpsiHckoro rocynapctBeHHoro yHuBepcuteta. 2018.
Ne 4. C. 355-379.

Cmamabsi nocmynuna e pedakyuro 07 masi 2019 .

102 YpasbaxtuH P. l0., FOHrmeiicTep [1. A. Pe3ynbTaTtbl TeopeTUYECKUX M 1abopaTOpPHbIX UCCIEA0BAHUI CNacaTenbHOro KoMMieKca ans
yronbHbix WwWaxT// N3sectusa YITY. 2019. Boin. 3(55). C. 98-103. DOI 10.21440/2307-2091-2019-3-98-103



R Y. Urazbakhtin, D. A. Yungmeister/ News of the Ural State Mining University. 2019. Issue 3(SS), pp. 98-103 ENGINEERING SCIENCES

YOK 622.285.4: 624.191.6 https://doi.org/10.21440/2307-2091-2019-3-98-103

The results of theoretical and laboratory studies of the rescue complex
for coal mines

Rustam Yusufovich URAZBAKHTIN*,
Dmitriy Alekseevich YUNGMEISTER**

Saint-Petersburg Mining University, Saint-Petersburg, Russia

Relevance of the work is due to the possibility of creating a rescue complex for conducting high-speed underground workings of small cross section
(2.25 m2), the main task of which is the evacuation of miners met with an accident.

Purpose of the work: substantiation of the power and structural parameters of the advancing ram of the rescue complex while drifting excavation
working along rock masses of variable strength, roofs of various stability based on the determined dependences of the structural parameters of such a
complex on the roof pressure to increase the speed of drifting by the complex evacuation workings of small section in difficult geological conditions.
Research methodology. A systematic approach was used, including analytical and computational methods with mathematical modelling, as well as
the classical principles of theoretical mechanics.

Results and their application. Theoretically, the effort of advancing the rescue complex from the mass of its parts and the rock strength was deter-
mined; it is expressed in the steady state as a power-law dependence on the time and step of the movement, and the theoretical value of the coeffi-
cient of resistance to movement of the rescue complex is in the range 0.4-6, which is confirmed experimentally using laboratory stand.
Conclusions. The features of the work of the rescue complex at various rock thickness in the mine are considered, recommendations are suggested
for choosing the power equipment of the complex.

Keywords: rescue complex, walking props, drifting rate, coefficient of resistance to movement, mine rescue operations.
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OnpeaeAeHre HaMpsKEHHO-A€POPMUPOBAHHOTO COCTOSIHUSI CUAOBOTO
TMAPOLIMAVHAPA B PEXMME AMHAMUYECKOTO Harpy>KeHusl

DeHuc AnekcaHgpoBud NMNOTAXOB®
MeTepOyprckuin rocyaapCTBEHHbIV YHUBEPCUTET nyTern coobueHna Mimnepatopa Anekcangpa |, Poccusi, CankT-INeTtepbypr

AKTYaABHOCTB PA6OTLI 3aKAIOHAETCSI B COBEPLIEHCTBOBAHNM METOAOB PACYETA CMAOBBIX TMAPOLIMAMHAPOB, HEOOXOAMMOM AASI MOBBILIEHMS] HAAEKHOCTH,
ONTUMM3ALIMM KOHCTPYKTMBHOIO MCMIOAHEHMSI SAEMEHTOB M SKCMAYATALMOHHLIX PEKMMOB PABOTbI TMAPOLIMAVHAPOB AOPOXKHbIX, CTPOUTEALHDLIX U MOALEM-
HO-TPAHCMOPTHLIX MawuH. HanboAbLmii ke MHTEPEC MPEACTABASIIOT METOADLI MCCAEAOBAHMST AMHAMUYECKMX PEXXMMOB PAbOThl TMAPOLIMAMHAPOB.

Lleab pa6otii. Hactoswast pabota nocesilieHa YCTAaHOBAEHMIO 3aKOHOMEPHOCTEN A€CPOPMUMPOBAHMSI SAEMEHTOB CMAOBOTO MMAPOLIMAMHAPA BO BPEMEHM,
HaXOASIIErocsi B AMHAMMYECKOM PEeXMMe HarpyskeHusl. MiccaeaoBaHus MPOBOASITCSl HA MPYMEPe OAHOCTYTNEHYaTOro AByCTOPOHHErO AEVCTBUMsI TMAPOLIN-
AVHAPA BbIBEIUIMBAHMSI JKEA€3HOAOPOXKHOTO IPy30roAbeMHoro KpaHa «Cokoa 80.01».

MerToasl nccareaoBanms. [oBbILIEHVE TOHHOCTU PACHETOB AMHAMUYECKOTO B3AMMOAEMCTBYSI SAEMEHTOB MMAPOLIMAMHAPA OBECNe|YMBAETCsl 38 CHET YMEHDb-
LIEHMS YUCAQ AOTTYLIEHUI U UCTTOAL3OBAHUST YNCAEHHDLIX METOAOB, OPUEHTUPOBAHHLIX HAa cOBpemMeHHble DBM. HanpsikeHHO-AehopM1pOBaHHOE COCTOsI-
HUE KOMIMOHEHTOB M'MAPOLIMAMHAPA OTNPEAEASIETCSI METOAOM KOHEYHbLIX SAEMEHTOB B HEAMHEHOM AVHAaMUYEeCKOM aHaamnse cpeabl Simulation nporpammbt
CATIIP SolidWorks ryTem MOAEAMPOBAHMsI 3aAAHHBIX YCAOBUIM PaBOThi TMAPOABUTATEASl. TEMMEPATYPHbLI PEXXMM MMAPOLIMAMHAPA OrpeAeasieTcs: B Flow
Simulation SolidWorks (MeToA KOHEYHBIX 06LEMOB).

Pe3yarTaTel. TpUBEAEHDI PE3YALTATbLI AHAAM3A YMCAEHHOTO MCCAEAOBAHMSI HECYILEN CTOCOBHOCTU CUAOBOTO TMAPOLIMAMHAPA, HAXOASILETOCs B AHAMMYE-
CKOM PeXXMMe Harpy>kKeHusl. B YncA€HHOM MOA@AM yUTeHDI: BAPUAHTLI KOHTAKTUPOBAHUS COMPSIPKEHHDLIX SA€MEHTOB M'MAPOLIMAMHAPA B 3aBMCMMOCTU OT KOH-
CTPYKTUBHBIX 3a30POB MOABV)KHLIX COEAMHEHMM, OBPA30BAHHLIX B PE3YALTATE AEMCTBUSI TEXHOAOTMYECKMX M SKCMAYATALMOHHLIX (PAKTOPOB; COYETaHMe
MPOAOCABLHBIX M MOMEPEYHbIX AMHAMUYECKMX Harpy30K; HEAMHEMHbIE XapakTePUCTUMKU HarpshKeHne—AehopmaLimsl MaTepuand; BAMSIHUE TeMrepaTypHOro
PEeXKMMa rMAPOABUTraTeAsl. B pamkax YMCA€HHOTO MCCA€AOBAHMSI TMAPOLIMAVHAPA OTNIPEAEAEHDI MapaMeTPbl PACIPEASAEHUS HAMPSPKEHMI M SKBUBAAEHTHLIX
AePOPMALIMIA IITOKA U TMAL3bI LIMAMHAPA B (DYHKUMM BpeMeHu. B pabote Takke onpeAereHbl MPOCTPAHCTBEHHAS TPAEKTOPMSI MECTA KOHTaKTa C HaMbOAb-
LWMMUN KOHTAKTHLIMU HAMPSDKEHMSIMU COTIPSDKEHUST «BTYAKA—3€PKAAO TMADL3DLI» U «MOPLWEHL—3€PKAAO TUAL3L TMAPOLUMAMHAPA U BAUSIHUE TEMIMEPATYPHOro
PEXKMMA TMAPABAMYECKOTO arperara Ha Hecyuyto CriocOBHOCTL TMAPOLIMAMHAPA.

KaroueBble croBa: ruapoumavHap, MK, HAC, aechopmaumsi, MPOYHOCTb, FPY30MOALEMHDIM KPaH, AMHaMMKa.

BEAEHVe
CuIoBble TYPOLVIIMHPHI BCEBO3MOXHBIX KOHCTPYKIMIL U TUIIOB IIVPOKO IPUMEHSIOTCA B PAa3IMYHbIX OTpa-
CJIIX MAIIVMHOCTPOEHMs, B YaCTHOCTU — B IPMBOJIAX VICIOTHUTENTbHBIX MEXaHM3MOB JJOPOXKHBIX, CTPOUTENBHBIX U
[O/yBEMHO-TPAHCIIOPTHBIX MalH 1 obopynosauns ([ICIITM).

COBOKYIIHOCTb KOHCTPYKTMBHBIX, TEXHOTIOTMYECKIX U 9KCIUTYaTallIOHHBIX aKTOPOB, OKA3bIBAIOLINX BO3/EIICTBIE Ha I
apomynaapst JCIITM, npuBoput K fedopManysiM: LITOKA, HAIIPAB/ISIOLIEN BTYIKY, TOPIIHS, IUIb3bl ¥ YITIOTHUTE/IbHbIX Y3-
JI0B. B 4acTHOCTY, TUMMYHBIMY IOBpeXAeHMAMY (fedexTaMu) IUIb3 ABIAITCA JJUIUIICHOCTI U KOHYCHOCTY, PUCKY, BMATHHEL,
3a/JUPBbI, TPELIVHBL; a IITOKOB — M3HOC TOBEPXHOCTEN, KOPPO3Wsl, LIaPANIMHBI, PUCKH, 3aJ1Pbl, UCKpuBIeHue [1].

CrrenoBaTe/IbHO, SKCIUTyaTallMOHHAA HAIe>KHOCTD IMIPOLVUINHPOB 3aBUCUT He TOIBKO OT Hale>KHOCTH YIVIOTHUTE/IbHOTO
yana [2, 3], HO 1 OT mapaMeTpoB Hecy1elt (Harpy304HOIT) CIIOCOOHOCTH 37IEMEHTOB TuApoaBuraress [1, 4].

Hecymas cmoco6HOCTb CHIOBBIX THMAPOLMINHAPOB OIMChIBAETCS HANIPsDKEeHHO-fedopMupoBanHbiM coctossHueM (HIIC)
ero KOHCTPYKTVMBHBIX 9/IEMEHTOB B Pas/IMUHBIX PeXXMMax Harpy>keHus. Hanbompuimit MHTepec NpencTaB/saioT Hanbosee Heba-
TONPMATHBIE YC/IOBYSA PabOThI IMAPOLVIIMHAPOB, KOTZIA TEKYIIMe 9KCIUTyaTallIOHHbIe HAIIPsDKEHN MaKCUMabHBI [4, 5]. Takum
peXMMaM Harpy>keH!sA COOTBETCTBYIOT pacyeTHBIe CXeMBbI C 9KCLIEHTPMYHBIMIU IIPOJOIBHBIMY COKMMAIOMIVMMY Harpy3KaMu 1
MIOTIePEeYHBIMI CUIAMI.

IToMuMO 3TOT0, KOHCTPYKTVBHbIE 3a30PbI B OABIDKHBIX COSUHEHNSX «IITOK—HAIIPAB/LIONast 6yKca» I «IIOpIIeHb-3epKa-
710 TUAPOLMINH/Pa» IPUBOJAT K ITePEKOCY MPOFOIbHBIX OCeiT ITOKA U LVIMHAPA, KOTOPDII YCUIMBACTCS P IKCLIEHTPUYHOM
¥ TIOIIEPEeYHOM IIPMIOXKEHNM HATPy3K [5]. B 3aBMCHMOCTH OT [TO/TOKeH Vs IOPIIHS B TU/Ib3e, OT AUAMETPOB 1 3a30POB J/IeMEH-
TOB I'MAPOLVIIMH]PA TEOPETUIECK) BO3MOXKHBI TPV BapyaHTa KOHTaKTUpoBaHus [6]. IlomumMo aToro, TeMmiepaTypHble BO3/eii-
CTBIA TAKOKe OKa3bIBAIOT 3HAYMTEIbHOE BIVITHYE Ha 9KCIUTyaTal[IOHHbIE ITapaMeTphbl IMAPOIUINHAPa. OCHOBHBIM MICTOYHUKOM
Harpesa TUPABIMIECKOTr0 arperara siB/IseTcst paboTa CUJI TPeHNs B YIVIOTHEHSIX MOPIIH U MITOKa [7].

[Tpobeme HamEeXXHOCTH pabOTHI CUIOBOTO TUAPOLMINHAPA TMAPOIPUBOLOB MAIINMH U MEXaHM3MOB B HACTOsIee BPeMs
HOCBSIIIIEH Psif] MCCTIETOBAHMIL, CBI3aHHBIX C A/IbTePHATVBHBIM KOHCTPYKTVBHBIM MCIIOJTHEHVEM 9/IeMEHTOB; OIpeieieHIeM KO-
7e6aHMIT B 3aBUCUMOCTH OT BMJa Harpy>XKeHysi; oOecIiedeHneM repMeTHYHOCTH; BIMSIHIEM KOHCTPYKTUBHBIX 3a30POB, Kpellye-
HIIT, [IePEKOCOB CONPSDKEHHBIX 37IEMEHTOB, XECTKOCTH Y3/I0B, TPeHMsI KOHTaKTUPYIOLINX 57IeMEHTOB Ha KPUTUYECKYIO Harpys-
KY, yCTOYMBOCTD, IPOYHOCTD U YCTAJIOCTHBII pecypc IMAPOLVIINHAPA U eT0 KOMIIOHEHTOB [8-12].

BmecTe ¢ TeM BOIPOCEHI, CBSI3aHHBIE C M3y4YeHNeM TeMIIePaTyPHBIX I JUHAMIYECKX PEeXXIIMOB paOOThI CHJIOBBIX TU/POLI-
JIMHPOB, B U3BECTHBIX MYOIMKALVAX PACCMATPUBAIOTCS HEJOCTATOYHO MIOTHO.

B TexyimeM 1ccefoBaHNM pacCMaTPUBAETCS OFHOCTYIIEHYATHIN IBYCTOPOHHETO AeCTBIUS IMAPOLMINH/D BhIBELIBAHNUS
JKeIe3SHOJOPOXKHOT0 Ipy3onogbeMuoro kpana «Cokorn 80.01». [TpegnonaraeTcs, YTo TMAPOLMIMHAP — TPEThEro BapuaHTa KOH-
TaKTMPOBAHI: 3a30p MEXAY HOPLIHEM ¥ [M/Ib30J1 paBeH 3a30PY MeX/y IITOKOM U BTY/IKOJ; OffHOBPEMEHHBII KOHTAKT «II0p-
IIeHb—3€PKAJIO TM/Ib3BI» U «HATIPAB/IAIOIIAs BTY/IKA—IIITOKY.

COBOKYIIHOCTb BHEIIHMX (PaKTOPOB ¥ HAarpy30K, KOTOpPbIe BO3[ENCTBYIOT Ha IMAPOLINHAP BBIBELIMBAHNA B IIpoLiecce
9KCIUTyaTaLMH, XapAaKTePU3YeTCsl HeleTePMIHIPOBAHHOCTBIO, T. €. OTCYTCTBMEM XOPOLIO OIIPefie/IeHHOI SIBHOI (PYyHKINU OT
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Bpemenn. CriejoBaTe/IbHO, Pe3yIbTAThI JeMICTBIII TAKIMX COBOKYITHOCTEN BHEIIHNUX (PaKTOPOB M HATPY30K TAK>Ke ABJLAIOTCS He-
JeTepMUHMPOBAHHBIMH.

Crarmdeckye Harpy3KM ABJIAIOTCS TOCTOSHHBIMI 1 HEM3MEeHAeMBbIMU BO BpeMeH!. [109ToMy cTaTidyecKnil aHamms CuiIoBo-
IO TU/IPOLVIIMHAIPA He MOXKeT JJaTh HayboJIee TOYHOTO IPEACTaBICHNA O pea/IbHON KapTYHe HarPy>KeHMs 571eMEeHTOB TYpOLI-
TVHTAPA.

IToMuMmo 3TOTO, pacIpefeeHIe MoIelt HarpsHKeHNIt 1 feopManuii B KOHCTPYKLUAX, KaK IPaBIIo, HeogHopoxrHo. [Toarto-
MY HaKOIUIeHIe OBPEeX/IeHIIT TPOTeKaeT B Pas3TNYHbIX TOYKaX HEONUHAKOBO, CIeJOBATE/IbHO, HECYIIas CIIOCOOHOCTD 9/IeMEH-
TOB — 9TO QYHKIIMA He TONbKO BPEMEHM M CUJT, HO U KOOP/IMHAT.

Takyum 06pa3oM, JOCTATOYHO MONHAsA MHPOPMALVA O XapaKTepe HarpPy>KeHUA 9IeMEHTOB IMIPOLVIINHPA MOXeT ObITh
IIO/Ty4YeHa C IIOMOLIBIO pelleHys feOpMalIOHHBIX 3a/ja4 B TPEXMEPHOIT IIOCTAaHOBKE, YYMTBIBAIOIINX BaAPMAHTbl KOHTAKTUPO-
BaHN COIIPsDKEHNII, MaTepuasl KOMIIOHEHTOB, TYUIIBI HATPY)KeHIs, MHEPIVIOHHbIE CVUJIBI, CUIBI IeMIIYPOBaHN, HallpaBJIeHIe
U BEIMYMHY CUJIOBOTO (paKTOPa, CKOPOCTb M3MEHEHS JIelICTBYIOLIel CUIb (CIT).

Pacyet nasmeHenust HAC ruapoumavHApa B MPOCTPAHCTBE

COBOKYITHOCTDb Harpy3oK, BO3HMKAIOIIUX B IIpoljecce paboThl KPAHOB Ha >KeNe3HOTOPOXXHOM XOJY, BCIE[ICTBIIE HEPaBHO-
MEpHOTO BHEJPEHMs ONOPHBIX 9IEMEHTOB B IPYHT, IPOCAJKV BBIHOCHBIX OIIOpP, TpaHChOpMAaLVM Afpa ONVPaHKs OLIOPHOIO
KOHTYPa, IHEPILMOHHBIX HATPY30K IPUBOANUT K CMEI[EHNIO OTOJIOBKA IITOKA OIMOPHOTO IMAPOLVINHAPA, YTO B CBOI0 OYepefb
IIPUBOIMNT K ITOABJICHVIO 3HAYNTEIbHOTO M3TMOAI0I[er0 MOMEHTA CIJIBL, IIPVMJIOKEHHON K OTOJIOBKY IITOKA. B pesynbrare sToro
BOSHMKAIOT M3/IOMBI, OCTaTOYHBIE M3IMOHBIE AeOpMAIUIL IIITOKOB, MECTHAs IIACTUYeCKas flepopMariist CTEHOK TUIIb3.

Hamnbonee monHoe npepcrasnerye o HIC cumoBbIX TUAPOLVIMHAPOB MOTYT JaTh UCCIAELOBAHNUSA, B KOTOPBIX HPYMEH-
I0TCA AMHAMMYECKIe MaTeMaTIyecKe MOJIe/IM B COUeTaHUM C YMCTIeHHBIMU MeTOJAMY, OPMEHTUPOBAHHBIMM Ha COBpEMEeHHbIe
9BM [13]. Haubonbuiee pacrpocTpaHenye 1o penrennio 3afad o HIIC ameMeHTOB KOHCTPYKLMY HOMTYYMI METOJ, KOHEUHBIX
aneMeHTOB (MKO), KOTOpBIII YHMBeEpCaJIeH IT0 OTHOLIEHNIO K TeOMeTPUY UCCIIeyeMOoil 00/IacTy U peoyioruy gedopMIpOBaHIL
marepuaina [13].

B cTpenoBbIX TOBOPOTHBIX KpaHAaX pacIpefie/ieHe Harpy3Kl Ha OIIOpBI IMeeT IIepeMeHHbI XapaKTep — B IIpoliecce Bpa-
I[eHVs TOBOPOTHOI IIaT(GOPMBI MPOUCXOAUT LIVKINYECKIII IIPOIlecC TpaHCGOPMaLUy OIOPHOTO KOHTYPa, T. €. IIPOoliecc Io-
CIIefIOBAaTE/IbHOTO HAIPY>KEHVS M PasrpyKeHus omop kpaHa [14]. Onopa, pacronoxeHHas O1yKe K IEPeHOCHMOMY IPy3y, Ha-
IPy>KaeTcs CUIbHee, la/blile — clabee; B OTAEIbHBIX CTy4asx HaOMIOLaeTCs OTPBIB HaVIMeHee HarPy>KeHHOI OIOpHI OT paboyeit
IIOBEPXHOCTH — B 3TOM CITydae MeeT MeCTO TPEXOIOpHas CXeMa OIVpaHMSL.

C nemnbio onpepnenenna HIC onOpHBIX THPOLVINHAPOB IPY30I0LbeMHOI MAIIVHbI B Ka4eCTBe (PYHKLUYM BPEMEeHN B -
HaMIIeCKOM PeXXIMe HaTrPy)KeHNsI IPOBOANTCS HeTMHEITHOe AMHAMITYecKoe ICCIefjoBaHue ayTpurepa B cpefe Simulation mpo-
rpammbl CATIP SolidWorks. HenmHeitHbIl fyuHaMUdecKiit aHaIu3 O3BOJISAET YYeCTh He TOIBKO AMHAMMUKY HATPY>KEHN, a TaK-
Ke HeJIVHelHble XapaKTepMCTUKU HalpshKeHne—aedopManusa MaTepuana u 6onpiane fedopMaiyy 37IeMeHTOB KOHCTPYKINU
[15, 16]. B HenMHeTHOM AMHAMIYECKOM aHaJIV3e VICIIONIb3YeTC sl MHKPEMEHTHBIN METOL «yIIpaB/IeH)sI HaIPY3KOIi», a B Ka4eCTBE
UTepPaIOHHON cxeMbl — anroputM Heiorona-Padcona (NR) [15].

B pmaHHOIT cpefje BBIHOCHAsSI OIIOpa KPaHA HATPYXKAIOTCS CHIOBBIMU (PAKTOPAMI, NMPEACTAB/IIOMVMI COO0I BpEeMEHHBIe
3aBUCHMOCTH PeaKIil BHIHOCHBIX OIIOP IO TpeM KoopAMHaTHEIM ocsiM X (Fx = f(t)), Y (Fy = f(t)), Z (Fz = f(t)); ocobeHHOCTbIO
TAaHHBIX BPeMEHHBIX 3aBMCYMOCTE ABJIAETCA TO, YTO OHM IOTydeHbI C y4eTOM HOfAT/IMBOCTY TPYHTOBOTO OCHOBAHMS, KECTKO-
CTM 97IEMEHTOB IPY30IObEMHOTO KpaHa 1 MHEPLMOHHBIX Harpy3oK (moppobuee — B pabote [17]). Takum o6pasom, rugpouu-
JIVHTP BbIBELIVMBAHMSA B IIPOLIeCCe SKCIUTyaTal[y HelIPpephIBHO HAXOANTC IO IeICTBUEM HeTIMHEIHBIX CUJT, UI3MEHIOIIMXCS 10
MOZY/IIO, HAIIPABJIEHNIO ¥ CKOPOCTY IIPVTIO>KEHMAL.

B pesynbTaTe IpOBeeHHBIX pacyeToB ornpezeneHo BpeMeHHoe HIC KOHCTPYKTMBHBIX 9/1eMEHTOB Ay TPUTIepa >Kele3HO/0-
PO>KHOTO IPY30IO/bEMHOT0 KpaHa B IIpoIlecce AMHAMIYECKOTO HarPy>KeHNUA.

B xauecTBe mpuMepa B Tabnuie u Ha puc. 1 mpefcraBneHo BpeMeHHOe n3MeHeHre HIIC compsikeHMs «HAIIpaBILAIOLast
BTYJ/IKa—3€PKaJjlo TMIb3bl» IPOM3BONBLHOTO CedeHMA ruapoummmupa. Ha puc. 1 mpeficraBieHo cpaBHeHMe BpeMeHHbIX M3MeHe-
it HIC npoTtneononoxupix Todek 1), u T, sepkasna ruib3bl TUAPOLUINHTPA.

AHa/u3 U3MeHeHM s HalIPSDKEHHOTO COCTOSHMA KOHCTPYKTVBHBIX 9/IeMEHTOB IMIPOLVINHAPA BO BpeMeHu (Tabmija, puc.
1) mokasbIBaeT, 4YTO MAKCHMaJIbHOE Harpy>kKeHue TYIb3bl IMAPOLUINH/PA /IS IPOM3BOIBLHOTO MOMEHTA BPEMEeH! IIPOVICXOINUT
B PasHBIX TOYKAX COMPSDKEHMs «BTYIKa—-3ePKajIo TM/Ib3bl» B IIPOLIecce BPAIeHNs IIATGOPMBI; T. €.TOYKa KOHTAKTa C HanOOoIb-
VMY KOHTaKTHBIMY HAIPsDKEHVMAMMU CONPSDKEHNA «BTYIKa—-3€pKalo IMIb3bl» M3MEHAET CBOE MO/I0YKEeHNE B 3aBYICMOCTH OT
COBOKYIHOCTU (DaKTOPOB, [IENICTBYIOIIMX B KOHKPETHBII MOMEHT BpeMeHM. [ToMumMo artoro, nHTepBan Bpemenn 18-21,5 ¢, B
KOTOpOM 0, > 0, (puc. 1), TeKyIero pac4era COOTBETCTBYET MOMEHTY CMEHBI OIIOPHOTO KOHTYPa IPY30MO/beMHOTO KPaHa.

Ha ocHOBe pe3y/bTaToB IIpOBEEHHBIX PaCueTOB CTPOUTCA IOBEPXHOCTD lepopmMannii (B kadecTBe IpuMepa — 1o ocu X)
OCY IITOKA TUIPOLVIIMHAPA BO BpeMeHM (pIc. 2), aHaIM3 KOTOPOI! IOKa3bIBaeT, 4YTO B pe3y/IbTare [IeiiCTBIA IOIIepedHoro (To-
pusoHTanbHble cunbl F = f(t)) n ipopionbHOTO (BepTHKanbHble cubl F, = f(t)) COBOKYIHOTO Harpy KeHNs MPOUCXONUT HEPABHO-
MepHOe UCKPUBJIEHIE IITOKA TUAPOLMINH/PA BO BpeMeHN. C IIe/bIo JTyUIIero BOCIPUATAA: Ha OCU MITOKA 0603HAUeHBI TOUYKI
¢ HoMepamu 1-15, KOTopble TaK)ke 0003HaUYeHBI Ha OJIHOJ OCH IIOCTPOEHHOI TOBEPXHOCTM; Ha PIIC. 2 IPYBEJieHA OffHA 1 Ta XKe
TpeXMepHasi IOBEPXHOCTb, HO C Pa3HbIX PaKypCOB.

CTONT OTMETUTD, YTO VICKPUBJIEHNE IITOKA IUAPOLVIIVHAPA B pe3y/IbTaTe JUHAMIYeCKOTO HaTrPyXKeHs VIMeeT crienugude-
CKMII BUJ: B IIPOMEXXYTKe BPEMEHN IIPUMEPHO 710 17 ceKyH/ibI Hanboee AeOpMIUPYETCs LieHTPaIbHAS YACTh IITOKA; IIPU 9TOM
B MOMEHT BpeMeH! IPUMepHO13,5 CeKyH/| OrOTIOBOK LITOKA 110 ocu X IPaKTHUIeCKM He AepOPMUPYETCs, a HaUMHAs IPUMEPHO C
17 cexyH/pI Hanborbliee MepeMelleHe MIMeeT OTO/IOBOK.

ITo aHanorMm ¢ MpefCTaBICHHBIMY pe3yabTaTaMy (Tabnuia, pyuc. 1) MOXHO O0TOOPAsUTD (B CEYEHUM M B IIPOCTPAHCTBE)
usmeHenue HJIC Bo BpeMeHU 111060r0 BEIOPAHHOTO y371a (TOYKY) MM COBOKYITHOCTH Y37I0B (TOY€K) 97IeMeHTOB IUAPOLVIINHAPA
BbIBENIVBaHMA IPY30IIO0beMHOTO KpPaHa B ATHAMIYECKOM PeXXIMe HarPy>KeHIA.
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N3meHeHune HOC Bo BpemMeHU CONPsiKEHUA «HanpaBnsioLas BTyNKka—3epKano runb3biy».
Change in strain-stress state in the course of “liner— cylinder tube wall” coupling.
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The rod, piston and other elements are hidden or transparent; 1 — cylinder tube, 2 — guide liner.
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PucyHok 1. CpaBHeHue BpeMeHHbIX 3aBucumocTeit HOC Touek T, u T, 3epkana runb3bl rmgpounnuHapa. B obnactax aniopbl, oTMe4eH-
HbIX KPacHbIM LBeTOM, HanpsikeHus = 36,01 MMa.

Figure 1. Comparison of time characteristic of the strain-stress state points T1 and T2 of the cylinder tube. In the areas of the diagram
marked in red, the stress is = 36.01 MPa.

ITo pesyabpraTam FUHAMIYECKOTO pacdeTa IOCTPOEHbI IOBEPXHOCTH HAIPSDKEHNUIT 1 9KBUBAJIEHTHOI Ae()OpMaLiny T/Ib3bI
TU/IPOIM/IMH/IPA BBIBEIIMBAHNUSA B MECTE KOHTAKTA C HANIPABIAOIIEI BTY/IKON B 3aBUCUMOCTHU OT COYETaHUI BEPTUKATBHBIX F
¥ TOPU3OHTaIbHBIX FHarpysok (puc. 3).

B pesynbrare pacdyera 6bIIM ONpefie/ieHbl IPOCTPAHCTBEHHbBIE TPAEKTOPYM U MECTa KOHTAKTa C HAMOO/IbIIMMY KOHTAKTHBI-
MM HaNpsOKEHVAMY CONPSDKEHNUS «BTYIKa—3ePKao IMIb3bl», KOTOPOE YIIPOIIEHHO IMPeNCTaBIeHO B BIfe TOUKM (puc. 4, a), u
IIepeMelLeHyIsI OTOJIOBKA IIITOKA THAPOLVIMHPA TIOf] AeVICTBIEM AMHAMUYECKIX HArPy30K (puc. 4, 6).

AHanorn4Hble pe3y/nbTaThl pacdeTa KOHTAKTHOTO B3aMMOJIEVICTBIUA CONPSDKEHMS «BTY/IKAa—-3€PKaIo TM/Ib3bl» IIOTyIeHbl I
TS CONPSIKEHMS «IIOPIIEHb—3EPKA/IO TU/Ib3bI IVIMHPAY.

3a30pbI CONPSKEHHBIX 37IEMEHTOB TUAPOLMINH/PA, a TAKKe [IefICTBJe TOPU3OHTAIbHBIX HATPY30K Ha OT0/IOBOK IUPOLIN-
NMHJIPA BBIBEIIMBAHMA IPY30IO'beMHOT0 KpaHa BCIe/ICTBIE HepaBHOMEPHOTO BHEIPEH N OLIOPHBIX 37IEMEHTOB B IPYHT, TPaHC-
¢dhopManyu Afpa OMMpPAHNA OIIOPHOTO KOHTYPA U HEPIMOHHBIX HarPy30K IPMBOJAT K YBETNYEHNIO PEaKINil B TIOABVKHBIX
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PucyHok 2. NoBepxHocTb gedopmanni LUITOKa rMAPOUUUHAPA BbiBELUMBAHUS.
Figure 2. The surface of deformation of the jacking hydraulic-cylinder rod.

COTIPSDKEHMAX «BTY/IKa—3€PKajIO IMIb3bI» U «IIOPIIEHb—3ePKasIO IMIb3bl», KOTOPbIE ABIAITCSA IPUYMHON BOSHUKHOBEHVS KOH-
LIeHTpaLUil HalpsDKeHuit U gedopManuil. 9To B CBOIO 04Yepefb BeleT K IIOBBLIICHHOMY aJTre3VIOHHOMY M3HOCY U YBETNYEHIIO
TedopManyii 371eMeHTOB COIPsDKEHWIT TUIPOLVIIMHAPA; BMECTe C TeM IIOBBIIIAETCA BEPOSATHOCTD MICKPYUBJICHNA Y 3aK/IVTH/BA-
HIIA IITOKA B IMINHJIPeE.

Pacuer HAC ruapoumAMHApa € y4€TOM TeMIePaTyPHOro PeXKMMa rMAPaBAMYECKOro arperara

IToBbIIIEHHBINT N3HOC KOHTAKTHOTO B3aMMOJENCTBUA JeOPMUPYEMbIX T/l KOMIIOHEHTOB THAPOLVIIMH/PA TIPUBOIUT K
HarpeBy TMpaBIM4ecKoro arperara. Kak MsBecTHO, ¢ IOBBIIIEHNEM TeMIEPAaTyPbl MeXaHIYeCKIe CBOVICTBA KOHCTPYKLIMOH-
HBIX MaTepyaIoB U3MEHAIOTCS, HAaIIpYIMep, MX IVITACTUYHOCTD, KaK IpaBWIo, yBenuausaercs [18]. [Tpu Bo3peiicTBUY M3MeHEeHN
TEeMIIepaTypbl Ha TeJId, OTPAHIIEHHBIE B BOSMOXKHOCTH CBOOOIHO HepOPMUPOBATHCS (CHKMMATHCS VTN PACIINPSITHCS), @ TAKXKE
B C/Iy4ae pa3HUIIbI TeMIIepaTyphl B pa3/IMYHBIX TOYKAX KOHCTPYKIUY Y IIPY PA3HBIX CBOMCTBAX MaTepuala jieTauell BOSHUKAIOT
TeMIlepaTypHble HanpsbkeHus [18]. CrnefoBarenbHO, I3MEHEHIsI TEMIIEPATyPbl MOTYT IIOBJIEYD 3a COOOIl 3HAUNTEIbHBIE M3Me-
HeHMA To71elt AeopMaLny ¥ HAIPSDKEHUIT B KOHCTPYKIIVINL.

PaccmarpuBaeTcsi BBIHOCHAS OIIOPa XKeIe3HOJOPOXKHOro KpaHa «Cokor 80.01» ¢ TUpOLMIMHAPOM BbIBELIMBAHA IIEPBOTO
BapMaHTa KOHTAKTVPOBAHIA COIPSDKEHHBIX 9/IeMEHTOB (KOHTAKT «IIOPIIeHb—3€PKajIO TUIb3bI»).

C 1e/1bI0 OIIpefeIeH s TEIIOBOTO PeXXMa paboThl IUPOLMINHAPA BBIBEIINBAHIS IIPOBOAUTCS pacyeT B (QYHKIMOHAIE
Flow Simulation SolidWorks, gBikeHye 1 Termoo6MeH TeKy4deil Cpeibl B KOTOPOM MOJeNMPYeTCs Ipy oMol ypasHennit Ha-
Bbe—CTOKCa, ONMCHIBAIOMINX B HECTALMOHAPHOII TOCTAaHOBKE 3aKOHBI COXPaHEHNS MaCChl, MMITY/IbCa U SHEPIUU 9TOIL cpefsl [15,
19]. B Flow Simulation B kadecTBe 4MCIEHHOTO METOJA MCIIO/Nb3yeTCsT METOR KOHeYHBIX 06beMoB (MKO).

Ha nepBoM sTane Ha3HA4ar0TCA OOLIVe HACTPOVIKY MOZAE/II: THUII M1 IapaMeTphl aHA/IN3a, TeKy4le CPebl, MaTepyaJl 9/IeMEHTOB
ayTpurepa, yCIOBY Ha CTeHKAX, HaYa/IbHbIe U IPaHIYHbIe YCIOBUA. [IpUMeHAIOTCA Clenyone TeKydue Cpebl: BCeCe30HHOe I'-
IpaB/mdecKoe 3aryueHHoe Macio (BMI'3) mia BHyTpeHHNX HOOCTel IMAPOLVIIMHAPA; BO3LYX — /LA OKpY»Kaloleil cpenbl. Tak
kak BMI'3 orcyTcTByeT B 6ase maHHbIx mporpammsr SolidWorks, To cosgaetcst «Mareprast I0Ib30BaTesIsi», HACTPOEHHBII COITIACHO
OCHOBHBIM XapaKTepUCTHKaM IIPUMEHAEMOro rujpapindeckoro Macia [20]. [paHMIHBIMUY HadaMbHBIMU YCIOBUAMM SIBIISIIOTCS:
JlaB/ieHVe 1 TeMIieparypa nopuiteBoii P, T , mrokoBoit P , T, monocreit u okpyxatworeii cpesl P, T, , TeMIiepaTypa KOHCTPYK-
i T

Jlanee Ha3HAYAIOTCA Le/IM TTPOEKTA MCCIENOBAHMSA, TIAPAMETPDI CETKM, TIPOBOAMTCA CEPMs PacyeTos, B Kotoppix T = T =
2932 K, a T = T = 293,2...413,2 K. PesynpTarsl TeII0OBOTO pacyeTa TMPOIVINHIPA MPENCTABIEHBI Ha puC. 5, a. AHamus3
TO/TyYeHHBIX JAHHBIX (pyC. 5, a) TIoKasa, 4To B cnydae AT = T — T, > 0 Hab/m0faeTCss HepaBHOMEPHDbIil HarPeB 3/IEMEHTOB
ayTpurepa.

C 1erbio OIpefieNieHNs BIUAHMA TEMIIEPaTyPHOTO PeXXJMa Ha HEeCYIIYI0 COCOOHOCTDb TUAPOLVIMHAIPA PE3yIIbTaThl Tep-
mudeckoro uccnenosanus u3 Flow Simulation SolidWorks BkIo4aroTcs B akTUBHOE HEMMHEIHOE NVMHAMUYECKOE MCCIEL0Ba-
HUe aHa/Iu3a Hecyleil ciocobHocty ayTpurepa B Simulation SolidWorks (puc. 5, 6). Takum o6pa3oM, B pac4eTHOI MOZIEIN
Simulation yunrsiBaroTcs Teriosble addexTsr 1 apdext maBmeHus sxupkoctu u3 Flow Simulation. B atom ciyuae sHaueHust
TeMIlepaTypsl rpaHeit TBepAbix Ten Flow Simulation comocTaB/stioTcst ¢ KOHEYHO-9/IEMEHTHOI CETKOI TBEP/OTEIBHOI reoMe-
TPUU BBIHOCHOIT onopsl Simulation.

Takum 06pasoM, 3HAYNTEIBHBIN HePAaBHOMEPHBIII HarpeB TU/PaBIMYeCKOro arperaTa B mpoljecce Harpy>XeHMs OKasbIBaeT
CYLeCTBEHHOE BIMSAHME Ha feOpMalNio 97eMeHTOB ruapopumaapa. Tak, npu AT = 100 HanpsDKeHNs IMIb3bl IWIMHAPA B
MecTe KOHTaKTa C IOPIIHEM yBEeUYMBAIOTCA Ha = 25 %.
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PucyHok 3. MoBepxHOCTH HanpsiXKeHWUW (a) M aKBMBaneHTHou Aedopmaunm (6) runb3bl rTMAPOLMIMHAPA BbiBELMBaHUSA B MeCTe KOHTaK-
Ta C HanpaBnALWEeN BTYIIKOWN.

Figure 3. The surface of the stresses (a) and equivalent deformation (6) of the cylinder tube of jacking at the point of contact with the
guide liner.
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PucyHok 4. MNepemelleHre TOYKM KOHTaKTa «BTYJKa—3epKario rMnb3bi» (a) U OrorioBKa LUTOKa rMapouMnuHapa BbiBewnBaHusA (6) B
npocTpaHCcTBe; * — yCrIoBHOE 0603Ha4YeHne NOBEPXHOCTM MIb3bl LMNMHAPA.

Figure 4. Moving the “liner — cylinder tube wall” contact point (a) and the rod head of the jacking hydraulic cylinder (b) in space; * - sym-
bol of the surface of the cylinder tube.
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PucyHok 5. Pe3ynksTaTthl TENNOBOro pacyeta rugpouunuHapa. a — pacnpegeneHve temneparypbl aytpurepa npu AT = 100; 6 — 3aBUCUMOCTb
HanpsKeHU Mnb3bl MMAPOLMUIMHAPA BbIBELLVMBAHMS B MECTE KOHTaKTa C NMOpLUHEM OT pa3Huubl Temnepatyp AT.

Figure 5. The results of thermal calculation of the hydraulic cylinder. a — is the temperature distribution of the jack pad at AT = 100; b — the
dependence of the stresses of the cylinder tube of jacking in the place of contact with the piston on the temperature difference AT.
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BbIBOADI

B pesynbrarte aHa/mM3a B3aMMOJIEVICTBYUA CONPSDKEHHBIX 9/1EMEHTOB CMIOBOTO TV/POLVUIMH/IPA BbIBELIVBAHA IPY30IOLb-
€MHOTI'O I(paHa B IMHAMUNYECKOM pe>1<1/[Me HaI‘py)KeHI/IHZ

- YCTaHOB)'[eHa Ka4deCTBECHHasA KapTI/IHa N3MEHEHUA HHC I‘I/II[pOIH/ITH/IHI[pa BO BpeMeHI/I;

— YCTaHOBJIEHO HepaBHOMepHOe Jie(hopMIpOBaHNe LITOKA IMAPOLVUINHPA B IPOCTPAHCTBE;

- OIIpefesieHa IIPOCTPAHCTBEHHAS TPAEKTOPHS MeCTa KOHTAKTA C HAaMOOMbIINMY KOHTAKTHBIMI HATIPSDKEHVSIMIL COTIPsIKe-
HIISI «BTY/IKa—3€PKaIo TU/Ib3bI» U «IIOPIIEHb—3ePKasIO IM/Ib3bI»;

— YCTaHOBJIEHO, YTO B MOMEHT TpaHchOpMaLiy OIOPHOTO KOHTYpa IPY30I0AbEeMHOI0 KpaHa IIPOMCXOAUT XapaKTepPHOe 3Me-
HEHVE MHTCHCUMBHOCTU U TOYKIM MAaKCMMA/IbHOTO KOHTAKTa COHpH)KeHHbIX 9JIEMEHTOB CMJIOBOT'O I‘I/II[pOLH/I]'II/IHJIpa BbIBCIIMBAHU A,

— OIIpefeNIeHO BIVIAHNA TeMIIepaTypHOTO peXXVIMa IUPAaBIIIecKOro arperaTa Ha HeCyIyIo CloCOOHOCTD TUIpOLVIIMHAPA.

TaKI/IM 06pa30M, B Hpouecce BKCH}IyaTaHI/II/I I‘I/IHPOIH/UII/IHHP BbIBCIIIMBAHUA rpysonom;eMHoro KpaHa HAaXOOUTCA B CIIOX-
HOM HAaIPSDKEHHO-Ae()OPMUPOBAHHOM COCTOSIHUM, OOYC/IOB/IEHHOM [IeICTBIIEM COBOKYITHOCTH HETMHEHBIX BEPTUKATbHBIX I
TOPU30HTA/IbHBIX HaTPY30K U B3aVIMOJEVICTBYIEM CONPSKEHHBIX 5JIEMEHTOB IMAPOLVIMHAPA B 3aBUCUMOCTY OT KOHCTPYKTUB-
HBIX 3a30POB ITOJBYDKHBIX COEIVIHEHMIT; B CBA3K C 9TUM BOSHMKAIOT HepaBHOMepHbIe AeopMaliiy IITOKA U TY/Ib3BI TUAPOLI-
m/mupa BO BpeMeHI/I n KOOpJII/IHaTaX.

MCHOJ’II)SOBaHI/Ie HVIHaMVI‘{eCKOﬁI MaTeMaTI/I‘{eCKOIU/I MOJenM 1I103BOJINIIO HO)IY‘{I/[TIJ HpI/IBe,I[eHHbIe pesyanaTbI; 6)1ar0)1ap5{
3TOMY IIpUBeJeHHbIe pacyeThl IPUHIVINMAIBHO OTAMYAIOTCA OT pAfa APYIMX UCCIEfOBaHuIi, B KoTopbix onpenenenne HIC
TUAPOLVIIMHJPA ONIPEJENAETCA MOJ, NeICTBUEM CTaTUYECKN MPUIOKEHHON HarPy3KIL.

AHanorn4Hble MCCAETOBaHMA MOXKHO IIPOBECTH I BCEX TUIIOB CMJIOBBIX T'MJIPOLVUIMH/IPOB JIOPOXKHBIX, CTPOUTEIbHBIX
¥ IOL'bEMHO-TPAHCIIOPTHBIX MAIIMH 1 000PYLOBaHMs, Pe3y/IbTAaTbl KOTOPBIX MOTYT OBITH MCIIO/Ib30BAHBI B MEPOIIPUATHX 110
IIOBBIICHMNIO HAEKHOCTI pa60T131 I‘I/IJIpOLII/[}II/IHJIpOB.
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Determination of the strain-stress state of a power hydraulic cylinder
in nonstationary loading mode

Denis Aleksandrovich POTAKHOV"

Emperor Alexander | St. Petersburg State Transport University, Saint Petersburg, Russia

Relevance of the work is to improve the methods for calculating power hydraulic cylinders, necessary to increase reliability, optimize the structural
design of elements and operational modes of operation of hydraulic cylinders of road, construction and carrying and lifting machines. The methods
for studying the nonstationary loading modes of hydraulic cylinders are of the utmost interest.

Purpose. This work is devoted to determination the patterns of deformation of the elements of a power hydraulic cylinder being in a nonstationary
loading mode. Research is conducted using a single-stage double-acting hydraulic cylinder of the jacking rail crane “Sokol 80.01” as an example.
Research methods. Improving the accuracy of calculations of the dynamic interaction of hydraulic cylinder elements is ensured by reducing the num-
ber of assumptions and using numerical methods oriented to modern computers. The strain-stress state of the components of the hydraulic cylinder
is determined by the finite element method in a nonlinear dynamic analysis of the Simulation medium of the SolidWorks CAD program by modelling
the specified operating conditions of the hydraulic motor. The temperature regime of the hydraulic cylinder is defined in Flow Simulation SolidWorks
(finite volume method).

Results. The results of an analysis of a numerical study of the bearing capacity of a power hydraulic cylinder in a dynamic loading mode are pre-
sented. The numerical model takes into account: contacting options for the mating elements of the hydraulic cylinder, depending on the structural
clearances of the movable joints formed as a result of technological and operational factors; a combination of longitudinal and transverse dynamic
loads; nonlinear stress — strain characteristics of the material; the influence of the temperature regime of the hydraulic motor. As part of a numerical
study of the hydraulic cylinder, the parameters of the distribution of stresses and equivalent deformations of the rod and cylinder liner as a function of
time are determined. The authors also determined the spatial trajectory of the contact point with the highest contact voltage of the “liner — cylinder
tube wall” and “piston — cylinder tube wall” coupling and the influence of the temperature regime of the hydraulic unit on the bearing capacity of the
hydraulic cylinder.

Keywords: hydraulic cylinder, FEM, strain-stress state, deformation, strength, crane, dynamics.
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KOHTMHYyaAbHasi KOHUENUMsT CABUTOBOM A€3MHTErPALIMU TBEPALIX TEA

AHppen BuktopoBuy XXKABKO*
Ypanbckuii rocygapCTBEHHBIN rOpHbIN YHUBEPCUTET, Poccusi, ExkatepuHbypr

AKTYaALHOCTL TeMBbI MCCAEAOBAHMF. BOMpPOCH MPOYHOCTM MATEPUAAOB SIBASIIOTCSI OCHOBOTOAATAIOWMMY B AIOOOI TeXHMYecKkoi Hayke. OcobeHHyto
AKTYaALHOCTb BOMPOCD! PA3PYLIEHMS] UMEIOT B TOPHOM AEAE, TA€ OCHOBHbBIE TEXHOAOTMHECKME MPOLIECCHI HAMPABAEHDI HA Pa3pyLeHMe FopPHLIX MOPOoA (By-
peHve, B3pbIBAHME, ADOBAEHME U T.A.), & TEXHOAOTYS AOOBIUM (CUCTEMDI PA3PABOTKM) MAV BEAEHMSI FOPHBLIX PABOT BLIGMPAETCS U3 YCAOBMS! YCTOMUMBOCTU
(MPOYHOCTM) FOPHOrO Maccmaa.

Lleab pa6oTbl. PaboTa MoOCBsILEHA YCTAHOBAEHMIO 3aKOHOMEPHOCTE MAACTUHECKOTO AECDOPMMPOBAHMST M AE3MHTErPALIMM FOPHLIX MOPOA (TBEPALIX TEA)
Ha OCHOBE VX MPEACTABA€HMs1 CMAOWHOM (KOHTVHYAALHOW) CPEAOVA.

Mertoanl nccreaoBaHmM, Pe3YALTATLI M BBLIBOALI. ABTOPOM MPEAAAraloTCsl HEKOTOPbLIE HOBLIE 3AKOHOMEPHOCTM MAACTUYECKOTO A€(DOPMMPOBAaHNSI,
MOAYYEHHbIE AHAAUTMYECKM HA OCHOBE KOHTMHYAALHOW MEXaHWMKM PaspylleHusl, CPeAU KOTOPLIX (hyHKUMM MOBEPXHOCTM TEKYYECTU U MAACTMHECKOro
MOTEHLMAAA, KPUTEPUI MPOYHOCTU TBEPALIX TEA, YPABHEHME, OMPEAEAsioLiee COOCTBEHHLIM MOMEHT OGAOKOB (OBPA30BaBLIMXCS CTPYKTYP) MPY MAACTUYE-
CKOM A€(POPMUPOBAHUM, AMHAMUYECKMNE YPABHEHUS! (S3BOAIOLIMOHHDLIE) MOBEAEHMsI (PPArMEHTUPOBAHHLIX CPEA, BAPUALIMOHHDIA MPUHLIMI A€3MHTErpaumm
TBEPALIX TEA, KPUTEPUI POCTA VAW TOSIBAEHMSI TPEWMHBI HA ADOOM MacTabHOM (MEpPapXMYECKOM) YPOBHE, TECHO CBSI3aHHDIA C (DYHAAMEHTAALHBIM
MapameTpoM MEePAPXMM FTOPHLIX MACCHMBOB U YMCAOM Duamsi. BoisiBA€HbI, OOLSICHSIIOTCSI M OOCY>KAAIOTCSI HEKOTOPbIE SAPPEKTLI U SIBA€HUSI MPOTEKAHMsI
NPOLIECCOB, MPOMUCXOASIIIMX BO BPEMsl NMAACTUHECKOTO A€(DOPMMPOBAaHMsI, A€3MHTErpaUmMmn (AeCTpyKUmMm). B YacTHOCTM, NMoKasaHo, B TOM YMCA€ 3KCre-
PUMEHTAALHO, YTO FAABHLIM MPU3HAKOM MAACTMHECKON A€hOPMALIMM HA CTAAMM YNIPOUYHEHMS SIBASIETCSl YacTUYHAs MAU MOAHAs (Ha NMpeAeAe Yrpyrocru)
rnotepst yaeps>kvpatowero 3ppeKra or BHYyTPEHHEro TPEHMsl Ha MAOWAAKAX MUKPOCABUIOB MOA AEMCTBUEM MUHMMAALHOTO FAABHOTO HArpPSKEHUs U ero
MOCTENEHHOE YCUAEHME B MPOLIECCE YNPOYHEHMSI, YTO SIBASIETCSI CAEACTBUEM SIBAEHMST AMAQTAHCHM, T. €. YBEAMYEHMsI OObeMa B HAMPABAEHUN MUHUMAAL-
HOTO FAAQBHOTO HaripsbkeHust. [TokasaHo, YTO C KOHTUMHYAALHBIX MO3ULIMIA PA3BOPOT CABUTOBLIX MAOLIAAOK (CTPYKTYPHLIX SAEMEHTOB) — 3TO HEU3BEXKHOCTD,
OTKAAADLIBAIOLASI MOMEHT Pa3pyLIEHMs], MPY OTCYTCTBUM POTALMOHHOM AehopmaLimm GYAET MPOUCXOAUTL OAHOMOMEHTHDIV Cpe3 obpasua. IMeHHO 3TMm
OBLSICHSIETCS GAU3OCTL MPEAEAOB YIPYrOCTM U MPOYHOCTM AASI XPYTKMX MATEPUAAOB. TO €CTh HAMEYEH KPUTEPUIM PASAEAEHUsI MATEPUAAOB HA XPYTKUE U
MAACTMYHbIE. YKA3bIBAETCS HA BO3MOXKHLIVE MEXAHM3M SIBAE€HMsI IEPEXOAA OT HAKOTMAEHMS1 OGLEMHLIX MOBPEXKAEHUM B MPOLIECCE MAACTUHECKOTO A€(POPMM-
POBaHMs K POCTY MaryCTPAALHOV TPELMHDI (3aMMPaHie AeCPOPMALIMOHHO aKTUBHOCTH) U COOTBETCTBYIOILEE MAAEHME HAMPSDKEHMIA, KOTOPbLIE MOTYT BObLITh
OBLSICHEHBI C TOV MO3MLIMM, YTO B MOMEHT MPOPACTaHusi (COGCTBEHHO PA3PYILEHMS) MUKPOTPELLMHLI COPUEHTUPOBAHDLI MOA OAHMM YTAOM, AAALHEViee
M3MEHEHME X OPUEHTUPOBKM (Pa3BOPOT) HEBO3MOXKHO (POCT YMPYroro CONPOTUBAEHMSI) U B CUAY KOHLIEHTPALIMI HAMPSPKEHMI MPOUCXOAUT UX COAU-
HEeHMe MO MPUHLUMIY aHU3OTPOMHOM CPEADI.

KaroueBble croBa: ¢hyHKLMS MAACTUHECKOTO MOTEHLMAAA, KPUTEPUI MAACTUHHOCTM M MPOYHOCTU, AMAQTAHCKS1, MapameTP Uepapxmum, BapUaLMOHHbIN MPUH-
UMM, MOMEHT BAOKOB, ypaBHeHue sin-fopaoHa.

BEAEHMEe
JlaHHas CTaThs SIB/ISIETCS IPOJOJDKEHIEM U 000061eHIeM paboT II0 BOIIPOCY MCCIE[OBAHNMS 3aKOHOMEPHOCTE!
Ie3MHTETPALNY, IVIACTUIECKOTO HeOPMIPOBAHL, Pa3PYLIEHNsI TOPHBIX HOPOJ (TBEPABIX T€/I) HA OCHOBE IPeACTaB-
JIHUS TBEPHOTO Tejla CIUIOMIHOM (KOHTMHYANbHOI) cpefoit. PaboTa sAB/IAETCs MONMBITKOM OOBSACHUTD HEKOTOpPBIe 9 deKThI U
ABJICHN, He TIOTy4MBIINE OKOHYATeIbHOTO 000CHOBAHNA, C KOHTMHYa/IbHBIX TO3UIINIL. B 4acTHOCTH, KIIacTepuU3aliio SHePIuu
(MO3aMYHOCTD HANIPSHKEHHO-Ae(POPMUPOBAHHOIO COCTOSHY), MEXaHU3M AMIATaHCUU M CBSI3AaHHOE C HMM OTCYTCTBME KpUTe-
PV IVTACTUYHOCTI U IIPOYHOCTY, MiepapXU4eckoe CTPOeHIe TOPHBIX MAaCCYBOB, COOCTBEHHBIN MOMEHT (CIIMH) IIpY IIacTIYe-
CKOM 1e(pOPMMPOBAHNUI U PA3BOPOT 6JIOKOB FUCKPETHBIX CPefi IIpK paspylIeHny (II0Tepy yCTOMYNBOCTI) 1 T. A.

0Oc060 X0UeTCsT OTMETHUTb, YTO IPUBEIEHHBIE PE3YIbTATHI SIB/ISIIOTCS CYTy00 aHAIUTIIECKIM, eAMHCTBEHHBIM MOAE/IbHBIM
TOIYIieH/eM SB/IAeTCA KOHTMHYa/IbHOCTD cpefbl. IIpy aToM 1ony4yeHHble pe3y/IbTaThl COTOCTAB/IAIOTCA C pe3y/IbTaTaMy 9KCIle-
PYIMEHTAIbHbIX JAHHBIX.

B mpaxTyKe rOpHOTO Jieya, a TaKKe IPYTUX TeXHNYECK)X HAIPaB/IeHNAX BO3HUKAET 3a/ja4ya MO OLIEHKe YCTOUMBOCTU OT-
KOCOB COOPY»eHIT (60pTa KapbepOB U OTKOCHI OTBAJIOB, XKe/IE3HOLOPOXKHBIE 1 aBTOOPO>KHBIE HACKIIN, OTPayk/JaIoLe TUIPO-
TeXHUYEeCKUe COOPY)XeHMA I T. [i.). PaccMaTpyBas 0TKOC TOPHBIX IIOPOJ, KaK CIUIOIIHYIO CPey, aBTOpP paspadoTa TeOpUIo X
pacdeTa I pa3/IMYHbIX TOPHO-Te0o/IorndecKux ycnosuii [1]. IlomyueHHBI B X0z MCCIefoBaHMil MeXaHNKO-MaTeMaTH4eCKII
anmapart MOCIY>KIWI QyHIaMeHTaIbHOI OCHOBOI! 711 yCTaHOBJICHNS 3aKOHOMEPHOCTE! Ae3MHTeTPaLii, INIACTUIeCcKOoro fedop-
MUPOBAHNA M Pa3pyLIeHNA TBEPABIX T/l KAaK CIITIOIIHOM CPeJibl.

EAVHDIZ aHAAUTUYECKUI KPUTEPUIA CABUIOBOM MAACTUYHOCTY U MPOYHOCTU TBEPALIX TEA U TOPHLIX MOPOA

Vtak, 6€3 [OCTaTOYHO OOLIMPHBIX BBIBOLOB, C KOTOPBIMY Y/TaTe/Ib MOXKET O3HAKOMUTBCA B paborax [1-3], B paMmKax Mo-
Je/yt CIUIOIIHO Cpefbl, 00/Iajatoleil BHYTPEHHNM TPeHneM ¢ u crervieHreM C, aHATUTUYeCKH [IO/Ty9eH, 9KCIIePUMEHTATbHO
IIPOBEPEH U MOATBEP>KTeH [4] eMHbI KpUTepHil INTACTUYHOCTY (Ha CTafiuy YIPOYHEHNA) ¥ IPOYHOCTU TOPHBIX IOPOJ (TBep-
IBIX TeJ) TIPY CABUTE:

— B KOMITOHEHTAaX [JIABHDBIX HAMIPSKEHUI G, G

g 9o, |(,, 89ko, ) (1)

0 b
C

=0,-2C || 1+

3

T:C(1+Sin‘l’)+%csin¢ln§(l_k)cn +2kCCOS(P|
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OIIpeeNALINIL:
npu k = 0 — GyHKIMIO I/IaCTHYECKOTO ITOTEHIIMAIA M HAYa/IbHYIO0 IIOBEPXHOCTD TeKY4eCTH (Ipefes YIPYroCTn) /st TOPHBIX
TOPO, C TIACTVYECKUM XapaKTePOM pa3pylLleHNs;

npu 0 < k £ 1 — mpefiest IPOYHOCTY TOPHBIX IIOPOJ, U IIPefiesl YIPYTOCTH ISl TOPHBIX ITOPOJ, C XPYIIKMM XapaKTepoM paspy-
menus (k=1 - sin @);

npu k — 1 — TeOpeTNIecKyIo HpefebHY0 MOBEPXHOCTD VTN HpefeN MPOYHOCTH IIpK cABUre (Cpese), COBNAJAIIYIO C
kputepuem Kynona (Coulomb, 1773).

/1 meiicTBUTENBHO, MCTIONb3Ys BhIpasKeHNe (2), TTOTydnM:
limt= 01- C+t
limt = ol +tg¢o,.

IIpenenbHble moBepxHOCTU KpuTepyes (1), (2) mpegcTasieHst Ha puc. 1, 2.
Kpurepnii (1) MoxxeT 6BITb IIpe0OpasoBaH Tak>ke K BUAY:

o, —

03
—=C+tggpo_, (3)
2
I7ie G_— HOpMajIbHOE HaTpsiKeHue (abcrmcca), COOTBETCTBYIOIIee CPEfHEMY TeOMETPUYECKOMY 3HAYEHUIO OT KacaTe/TbHbIX Ha-

TIPsKEHWI B TOUKAX ¢ abcrmccamn ko, n G,
o ! o o o
A ecu mepeiiTu K pUBENIeHHbIM HaNpskeHuaM: 0 =0+ C ctg ¢, To kputepmit (1) mpuMeT ClIeyIomiit POCTON BULL:

6,— 03 O]—0- ', ,
12 3= 12 3:Tmax:tg(p (kGS) -0y =1gp o (4)

roe o’ - CpefHeE TEOMETPUIECKOE 3HAUYEHME ITPMIBENEHHDBIX HaHpH)KeHI/Iﬁ.
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PucyHok 1. NoBepxHOCTU NnacTuyeckoro AecpopMMpoOBaHMsi B KOOPAUHATHOM MJTIOCKOCTU KOMMOHEHT rMaBHbIX HanpskeHWN.
Figure 1. Plastic deformation surfaces in the coordinate plane of the primary stress components.
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PucyHok 2. MoBepxHOCTH NnacTuyeckoro AeopMUPOBaHUA B KOOPANHATHOW NMOCKOCTU KOMMOHEHT HanpsiKeHW Ha nnolyagke cpesa.
Figure 2. Surfaces of plastic deformation in the coordinate plane of stress components at the shear area.
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OTMeTuM, YTO IMHENHbI KpuTepnit KynoHa B IpyBefieHHBIX HANIPSDKEHMAX VIMeeT BUL:

’ ! ! !
01_63261_03:‘5 :S.n(pcl+c3
2 2 mex 2

3aMeTyM, 4TO 3aBUCHMOCTD, ITOR0OHYIO (3), B KauecTBe KpuTepysA npodHocTy npepnaran O. Mop, OffHaKO BMECTO CpeJJHEero
reOMeTPIIECKOro (IPOHOPIIOHAIBHOT0) HOPMAIbHOTO HaIpshKeHns (3) pekoMeHoBanach GyHKIus (B IepBOM IpUOIIIKe-
HIM IMHEIHAs) OT CPefjHero aprdMeTIIecKoro I/laBHbIX HanpspKeHuit. CpaBHUBasA BbIpaxkeHns (4) u (5), IPUXOAUM K TOMY Xe
BBIBOZTY. KpoMe Toro, 3aBMCHMOCTD (4) MMeeT sIBHOE CXOICTBO C 3aKOHOM CYXOTrO TPeH!sA AMOHTOHa.

OTMeTuM it 06LIHOCTY, YTO YpaBHeHMe (2) ABIAeTCS pelleHneM clefyoero fuddepeHIaabHoro ypapHenns [2, 3]:

(5)

B xpurepun (1) 1 (2) BXOGUT TaK Ha3bIBaeMblil TapaMeTp YIPOYHeHMA K, Hy>Katomuiica B MHTeprnperanym. O pusndecknx
IIPEIOCBUIKAX €r0 BBefleHN: Ooree MogpoOHO pedb MOJeT fjajee, a Ha JaHHOM 9Talle MOSACHUM HeOOXOAMMOCTD €ro IIpUBJIe-
YeHMS C JIOTUUECKIUX TTO3UIINIL.

Koadduument ynpounenus k BBOFUTCA B pacieTHYIO CXeMY IOCPECTBOM BBIPayKeHUIL:

o, = GICOSZ\P + k03sin2\p;1 = 0,5(01 -0, )sinz\p, (6)

I7ie \y — YTO/l HAK/IOHA TI/IONIA/IKM CPe3a K MUHMMA/IbHOMY I/TABHOMY HATIPSXKEHUIO G,

Berpakenue (6) ¢pusndeckn 03Ha4aeT, YTO B IIPOLIecce YIIPOUHEHIsI MUHMMAIbHOE IIaBHOE HAIIPSDKEHNe He B IIOJTHOI Mepe
HepefaeTcss Ha HOPMasb K IIOLIafKe CABUTA, YTO CHIDKAeT 3¢ (deKT BHYTpeHHero TpeHus (Iogo6HO MOPOBOMY HaBIEHMIO).
Taxum o6pasom, mpefaraeTcsi HOBbI GU3MUECKNMII aCIIeKT IPOTeKaHNMs Ipoliecca IIacTIdeckoro gedopmuposanus (yupod-
HEH1) TOPHBIX ITOPOJ, IIPY CABUTE: ITIABHBIM IIPM3HAKOM IIACTUYECKOI AedopMaLuy Ha CTafuy YIPOYHEHUA SABIIACTCS Ya-
CTUYHAs WM IONHaA (Ha Ipefiesie YIPYTOCTH) NOTeps YAepKMUBaolero aggexTa OT BHYTPEHHEro TpeHMs Ha IVIOMIAIKaX MU-
KPOCIBUTOB IIOJ Ie/iCTB/eM MIHIMA/IbHOTO IVIABHOT'O HAIIPSYKEHNA U €r0 IIOCTEIIeHHOE YCYICHNE B IIPOLiecce YIPOYHEHN, 4TO
SABJISICTCS CTIECTBIEM sIBJIEHMS ANIATAHCUN, T. €. YBeIMYeHNsI 00beMa B HAlIPaB/IeHNY MUHMMA/IbHOTO IJTABHOTO HAIIPSDKEHMA.

VITaK, mist HIOHMMAaHMS CMBIC/IA BBELeHHOr0 K03 puijneHTa OTBETUM Ha BOIIPOC, Y€M OT/INYAeTCsl MUKPOCIBUT B IIpoLiecce
IJIaCTUYeCKO feopMaryy obpasiia OT CBIUra YacTeil TOro XKe 0Opasiia py OKOHYATETbHOM pasfie/leHIy ero Ha yacTy (pas-
pyuienu). V1 B IepBoM U BO BTOPOM CJIy4ae IIPOMCXORUT Cpe3 U BBIIOMHAETCS Npefie/IbHOe YCIoBye, Hanpumep KynoHa, npu
9TOM M3BECTHO, YTO IIOBEPXHOCTDb TeKy4ecTy (IIpefie/l YIPYyroCTu) JO/DKHA HAXOAUThCA BHYTPU (HVDKe) IPele/IbHOI IOBEpX-
Hoctu (puc. 2). Takum 06pasom, IPUXOAUM K IIPOTUBOPEUNIO: C OFHOI CTOPOHBI, IIOBEPXHOCTD TEKYIeCTH HO/DKHA COBIIA/IATh
C TIpefieNIbHOIL, a C [PYTOIL, IIpefiesT YIPYroCTI BCerfia HIDKe Mpefie/ia IPOYHOCTH, HO PV OfMHAKOBBIX 3HAUEHNSIX CLIEIUICHNS I
yI7Ia BHYTPEHHEr0 TPeHMs 3TO HEBO3MOXKHO (YC/IOBUE CIIelMaqbHOTO IpeeIbHOTO PaBHOBECUs OTCYTCTBYeT). EAMHCTBEHHOII
IPUYMHON JaHHOIO HECOOTBETCTBY ABJISIETCS Pas/ndle B llepefady HOPMaJIbHOTO HAIIPsDKEeHVS Ha IJIOLaKe CABIUra Ha Ipe-
Iesie yIIpyrOCTH U Ha Ipefiesie IPOYHOCTH. VI ieiicTBUTENbHO, cornacHo kputepuio KynoHa, mpefenbHoe KacaTelbHOE HAIIpsiKe-
HJIe 3aBUCUT TOJIBKO OT CLIeIUICHMA, YIIa BHYTPEHHEro TPEHUA U HOPMaJIbHOTO HalpsDKeHuA. IIpy MoCcTOAHCTBe IepBbIX LA
Pa3HBIX MACIITAOHBIX (MePAPXUIECKIX) YPOBHENL, YTO /L1 KOHTHHYA/IBHOI CPEJBI CIeIyeT CUMTATh AKCMOMATIIHBIM, PA3/INIIs
B IIpefie/IbHBIX 3HAUEHMSIX KaCaTeNbHBIX HAPSDKEHMIT 0OBACHSIOTCS TOMBKO PasnndrieM HOPMaIbHBIX HanpsDkeHuit. [Tapamerp
yrnpouHeHus k B 3aBUCHMOCTH (6) IpM3BaH yYUTHIBATh JaHHOE HecOOTBeTCTBMe. HopMabHOE HampspKeHe Ha IIOLaKe COB-
ra OIpefie/sIeTCs BeMMYMHaMI [TIAaBHBIX HAIIPSDKEHMIL M YIJIOM ee HakoHa. OfHAaKO MMEHHO aHOMaJIbHOCTD AeOpMIPOBaHIs
B HallpaBjIeHU} MMHMMAaJIbHOTO IJITABHOTO HAIpsDKeHMs (Pa3HOCTb 3HAKOB HANPsDKEHMA U JedopMaluy) ABIAETCA IPUIMHON
BBeJIeHNA ITapaMeTpa YIIPOYHeHNA k B KadeCTBe MHOXUTE/IS K MIHVMa/IbHOMY IVIaBHOMY HanpspkeHuio (6). Kpome Toro, mpe-
Herbl M3MeHeHUst mapaMeTpa yrpounenns 0 £ k < 1 gemaroT yZ06HbBIM ero MCI0Ib30BaHIE MMEHHO B Ka4eCTBe MHOXKIUTEJIS, a He
YMEHbBIIAeMOTr0 K MUHMMAa/IbHOMY IJITABHOMY HAIIPsDKEHUIO, KaK [P y4eTe IIOPOBOro [JaB/IeHM.

B cBs13u co ckazaHHBIM HEOOXORMMO yKasaTh ellle Ha OHO HECOOTBETCTBNUE B (PEHOMEHOIOTMYECKOI HayKe 110 BOIIPOCaM
IIPOYHOCTM TBEPABIX TeJl ¥, MPeX/e BCETo, TOPHBIX HOpof. eo B TOM, 4TO IMAcIopTa MPOYHOCTH, IOCTPOEHHbIE CIIOCOO0M
KOcoro (IIpsIMOTro) cpesa U ¢ UCIIONb30BaHMEM KpyroB Mopa, T. e. clIoco60M CTabMIOMeTPUYECKMX VCIBITAaHWI, CUIBHO OT-
nuyatorca [5]. TlacmopT Ha Kocoit cpes B IIIOCKOCTH G, T TIOJIOXKE CBOETO 0OBEMHOTO aHa/IoTa, T. €. PACIIONIOKeH BHYTDPM Ia-
criopra 06'beMHBIX MCIBITAHUIL I OKOHTYPUBAET MEHBIIYI0 00/1acTh. YOeUTeIbHBIX 00bACHEHNUIT JAHHOMY HECOOTBETCTBIIO
IO CEeTOJHSIIIHETO JHS He JaHO, TeM He MeHee IPeAIIOYTeHNe OTAACTCs IMEHHO IAaCIIOPTY IIPOYHOCTH, TONTYyIeHHOMY CTabuIo-
METPUYECKIMI MCIBITAHMAMM C TOCTPOeHNeM KpyroB Mopa [5]. Ilpu ncrpiTanmsAx Ha KOcoit (MIPsIMOIT) cpe3 B 9KCIIEPUMEHTE
HETIOCPE/ICTBEHHO N3MEPSI0TC KOMIIOHEHThI HATIPSOKEHNIA G, T, 110 3HAYEHMAM KOTOPBIX HEIIOCPEICTBEHHO CTPOMUTCS MACTIOPT
npoynocTy. IIpy cTabumoMeTprdecknx MCHbITAHUAX KOMIIOHEHTHI HATIPSKEHUI G , T HEIOCPEIICTBEHHO B 9KCTIEPUMEHTE He
n3MepsroTcs. [lapagoKe 3aK/II09aeTcss B TOM, 4TO IPY CTAOMIOMETPUIEeCKUX UCIIBITAHNAX OIIPENEIIIOTCS IIpefieibHble ITIaBHbIe
HaIIPsKEHNA G, G, a TIACTIOPT CTPOUTCA B OCAX G, T. B CBA3K € 3TMM HECOOTBETCTBMUE JAHHBIX MACIIOPTOB IIPOYHOCTI MOXKET
OBITH 06BACHEHO TONHKO HEKOPPEKTHBIM MEePECIeTOM TPe/ieTbHBIX I7TABHBIX HAMPSKEHU G|, G, B CUCTEMY KOOPAIMHAT G , T.
HertouyHocTp 3aK/moyaeTcsi B TOM, UTO IIPY IlepecyeTe UCIIONb3yeTcsl ypaBHeHue (6) ¢ mapaMeTpOM YIIPOYHEHNUs, PABHBIM -
Hute (k = 1), 4TO 9KBUBaJIEHTHO IIOCTPOEHMIO ormbarolelt (acropra IpoOYHOCTH) C UCIIONb30BaHMeM Kpyros Mopa. B peit-
CTBUTENIBHOCTH 9KCIIepYIMEHTA/IbHbIe JaHHbIe TOKA3bIBAIOT [4], 4TO K09 PUIMEHT yIpOUYHEeHNA Ha Ipefiesie IPOYHOCTH, KaK
[IPaBUJIO, 3HAYNTENBHO MeHblIlle eqyHnibl (k < 1).
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Dusnyecknit CMBIC IapaMeTpa YIIPOIHEHMs kK KPOeTCsI B IIpollecce AUIaTAHCUM, KOTOPBIIT 1 OT/INYaeT CBs3HbIE, IIIACTHY-
Hble VI XPYIIKMe MaTepuaIbl IpY [eVICTBUM HA HUX Harpy3ku. VIMeHHO mumaTaHcueil 00 bACHAETC pasynpoYHeHe TOPHBIX II0-
Pox B mnactuyeckoit pase. COIlacHO CErORHAIIHNM NPeACTaBIeHIAM [6-12], pumaTaHcKs cBA3aHa ¢ 00pa3oBaHyeM IIOMIAT0K
MUKPOC/IBUTOB ¥ TPUMBIKAIOIIMX K HMM TPellHaM OTPbIBa, NTapajieTbHbIM MaKCUMaTbHOMY ITTABHOMY CKMMAIOIEMY HaIlps-
JKEeHMIO (Ha30BEeM TAKOIl MEXaHM3M AMIATAHCUY [IOCTYIIATe/IbHBIM). YianeHne 6eperoB paspbIBHBIX TPELNH, Pa3BUTIE MUKPO-
TPELIMHOBATOCTY BHYTPU MOPOMbI C COOTBETCTBYIOUMM yBe/lIMYeHNEeM ITYCTOTHOTO NPOCTPAHCTBA 1 MPUBOAUT, 110 MHEHMIO
YIIOMSIHYTBIX aBTOPOB, K JVIATAHCUN, T. €. YBEIUYEHMIO 00'beMa B HAIIPaB/IeHU [Je/ICTBISI MUHIMATBHOTO IJTABHOTO HAIIPsDKe-
HUs (1 061eMy yBenM4yeHU0 o6beMa) MOy AeliCTBIEM IPUIOKEHHOTO JeBUaTOPHOTO HalpspKeHusA. Kak oTmevaeTcs B pabo-
Te [12], 60/IBIIMHCTBO TPELVH, ONPeRe/IAOIINX JUIATaHCHIO, IOUTY NapajIe/IbHbl MaKCUMaIbHOMY IJIABHOMY HAaIIPs>KEHUIO.
Kpome Toro, sHepreTidecku BbITOfHEE pacTy TPELIMHAM PACTKEHIA, IIPY 3TOM TPEIVHBI OTPBIBA T€HEPUPYIOTCS TPELTHAMMI
coBura [12]. VI3 moc/meHero HEMOHATHO, YTO 3HAYMT SHEPTETUUECKN BBITOJHEE, I KAKOB MEXaHM3M 0Opa3soBaHUS OTPBIBHBIX
TPeIUH IIOf] BANAHNEM CABUTOBBIX.

[TocTymaTebHBIM XapaKTepOM IIPOTEKAHISI IPOLiecca AUIATAHCHUH, T. €. CKOTIb>KEHMEM 10 MUKPOTPELIHE, MOXXHO 00bsIC-
HUTDb 00pa3oBaHle OTPHIBHBIX TPELIVH 1033/ CABUTOBBIX, OBHAKO TAKOJ MeXaHV3M IIPOTeKaHN IIACTUYECKOI AedopMarm
He 00bACHAeT MHOTUX APYIUX 3P PeKTOB.

1. YacTryHas Wi OJIHASA [IOTeps yHep>KuBalolero aggeKxTa oT JeiiCTBIA MUHMMAaIbHOTO IJITABHOTO HaIlpsKeHu . Bospa-
craHue 9Toro apQeKTa, T. €. pOCT mapamerpa k 1o Mepe YIPOIHEHNS BIUIOTD A0 IIPefe/a IPOYHOCTH (IIapaMeTp yIpodHeHust k
Ha IIpejiesie IPOYHOCTH BCEria BhIIIIe, YeM Ha Ipefiesie yIpyroctu). To ecTb BOOOIIe HEsICHO, 3a CYeT 4eT0 (13NIeCcKU BO3pacTaeT
k, 1. e. upet ympouHeHue.

2. IToyemy IIpu ZOCTATOYHO OZHOPORHOM HAIIPSDKEHHOM COCTOSIHUM B 00pasiie He MPOMCXOANUT IIPOPACTAHIe MUKPOCHBHI-
TOB JI0 TIOJIHOTO cpe3a 06pasLia Ipy yBeIMYMBAIOIeMCs IeBUaTOpe HAIPSDKEHNUIT BO BpeMsl YIPOYHeHM?

3. OTCcyTCTBUE AVMIATAHCUN TIPY OFOHOOCHOM VCIIBITAHNN U ee yCuyleHne (yBenndenne 00'beMHbIX M3MEeHEeHNIT) IIPU POCTe
60KOBOTO 0OXKATNS (MIHIMAIBHOTO IJTABHOTO HAIPSDKEHIST) 10 HEKOTOPOTO IIpefiefia i CHIDKEHNe {0 HyJIsI ([I0JTHOe OTCYTCTBIE
IVJIaTaHCUY) IIPU HEKOTOPOM IIpefie/IbHOM 3HAaUeHNM MUHMMAJIBHOTO HalpsDKeHns [8].

[To-BunyMoMmYy, CyliecTByIOIlee BO33pPEHIe Ha MEXaHNU3M ITACTUYECKOro eopMIpPOBaHNsI HY)KIAaeTCsl B HEKOTOPOM J10-
HOJIHEHV VIV MOV UKALIIL.

Bompoc, o cyTy, 3KBUBaJICHTHBIII IIePBBIM ABYM, 3afiaeT B cBoeli crarbe I1. B. Makapos [13]: kak IOBpeXaeHHas cpefa
MO>KeT ObITh IPOYHee MeHee IIOBPEXAEHHOI [PV MEHBIINX HEYIPyrux fedopMansx?

VI peiicTBUTENBHO, IIOYEMY XKe He 06pa3yeTcsi MeraTpelinHa B 06pasiie, Befib HAIPSHKEHHOE COCTOSIHUE SIB/IIETCS JOCTATOY-
HBIM /I 3TOTO, 60/Iee TOro, OHO HeIPephIBHO BO3pacTaeT (yBenudeHre AeBraTopa HampspkeHnit). C KIacCHYecKnx MO3UIINI
IOCTYIATe/IbHOTO XapakTepa IIacTYecKoi fedopmanuy Ha 3TOT BOIPOC BPSIZ /I1L MOXKHO OTBETUTD. [I0mbITaeMCsl OTBETUTD
Ha 9TOT BOIIPOC, OCTaBasiCh IIPU ITOM B CYIyOO KOHTMHYa/IbHBIX PaMKax, T. €. He Ipuberas K HEOZHOPORHOCTH, 3€pPHAM, Je-
papxum fiesyHTerpanyu u T. 5. ITycTb B KaKoii-TO MOMEHT BpeMeHM HauMHaeTcs IacTudeckas gedopMarysa obpasia rOpHOI
TIOPOJIbI M/IM TBEPHOTO TeJla, MPOABIAIONIAACA B BOSHUKHOBEHII MUKPOCHBUTOBBIX IJIOIIA/JOK 107, OTIPE/Ie/IEHHBIM YTJIOM, CO-
OTBETCTBYIOIIMM KOHKPETHOMY YPOBHIO ¥ XapaKTepy HaPAXKEHHOTO cOoCTOoAHMA. [IoBbllIeHne meBraTOpa HAPSKEeHWI TPU
IIOCTOSHCTBE IPOYMX IPYTUX IIapaMeTPOB NO/DKHO IIPUBECTH K IIPOPACTAHUIO MUKPOCIBUTOBBIX IIJIOIIA/IOK BIUIOTD [IO IOTHOTO
cpesa obpasua (pasmeneHns Ha [Be 4acTH), OFHAKO 9TOTO He IPOUCXOINT, a 0Opasel] Ipogo/DKaeT HaKaIIMBaTh B CBOeM 00b-
eMe MUKpocABUrU. OODBACHUTD 9TO SIBIEHNE MOXKHO TOJIBKO IIePeOPUEHTHPOBKOIL MM M3MEHEHVeM yIia HaK/IOHa CABUTOBBIX
wromaznok. To ecTb MeXaHM3M pasBOpOTA IVIOIAJIOK Cpe3a IPEIATCTBYeT pa3BUTIIO MarXCTpalbHON TpelHbI B o6pasue. Ho
TaKas IepeopUeHTNPOBKaA JO/DKHA IIPYBOAUTD K PAa3phIX/ICHUIO BHYTPM 00paslia, OCTeCTBIUA 9TOTO pa3pbIX/IeHN Y IPUHATO
HasbIBaTh AurataHcueil. OTCIOa CTAHOBUTCS MOHATHBIM ¥ MEXaHM3M YBe/IMYeHNs TapaMeTpa YIIPOdHeH st k, OH 06yC/IOB/IeH
KaK pas AMIaTaHCKell, T. €. paCK/IMHUBAHIEM — BHYTPEHHVMU CTOYHMKAMI HOBBILIEHNs CIBUTOBOI TPOYHOCTH. TakuM o6pa-
30M, BpallleHlle CABUTOBBIX IUTOMANOK (CTPYKTYPHBIX O/IOKOB) 11 SIBIEHNME AVIATAHCUM — 9TO HeM30eXKHOCTD, He0OX0aMast st
COXpaHeHMs CIVIOLIHOCTY BCell MeXaHM4IecKolt cucteMsl (06pasua). To ecTb cucTeMa mepeq paspyLieHneM CTPEMUTCS UCHIONb-
30BaTh BCe MMEIOIINECS PeCypChl I MPeJOTBPalleHNs 3TOTO.

ITo-BMaMMOMY, OIMCAHHBI MEXaHU3M IUIACTUYECKOro AedOpMIPOBaHYA NIPUCYIL MaTepuanaM IVIACTIYeCKOTo paspylie-
HyA. [I19 MaTtepranoB XpyIKOro paspylIeHus, I KOTOPBIX Npeie/l yIPYTOCTY MPaKTUIeCK) COBIAAET C MIPEEeNioM IPOYHO-
CTH, 3apOMBILIASICS MUKPOTPEIIHA C yBeMIeHNeM JeBUaTOPa HAIIPSHKEHNIT OBICTPO IIPOpPACTaeT.

B pa6orax [2, 3] mokasaHo, YTO HAKJIOH IUIOIIAAKM cpe3a (MMKPOCABUTa) K MUHUMAIbHOMY ITIABHOMY HANpsDKEHMIO Ha
PasIMYHBIX CTAAMAX YIPOYHEHMS OIpefensieTcs mo popmyre:

7)

MaxcuMarnbHOE 3HaY€HMe YT MpUHUMaeT Ipu k = 0, YTO J/I HEeKOTOPBIX TOPHBIX NMOPOJ] COOTBETCTBYET HavasIy IIaCTU-
YeCKOT0 yIpOYHeHu (IpefieN YIPyrocTu), a MUHMMaIbHOe Ipy k = 1 u cocTaBseT 3HadeHue /4 + ¢/2.

Bocnonp3oBaBumich ypaBHeHUeM (1), yros Hak/IOHa IUIOIaAKy caBura (7) BbIpasyM depes apaMeTphl IacIopTa IIPOYHO-
CTU U KOMITOHEHTBI ITABHBIX HAITPSKEHNIL:

V= 2(C+tg<P01) 791078 01;03 =Ctg\|J(C+tg(p01)- ®

0,—0

1 3

YpaBHeHue (8) daxTUdecKy IpefcTaBIfeT co60i KpUTepuil IIACTUYHOCTI U IPOYHOCTY, BBIPXKEHHBI Yepe3 HaKJIOH
CIBUTOBOJ IJIOMIAJKM K MMHVMMA/IbHOMY ITTaBHOMY HaIIPsDKEHUIO.
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Takym 06pa3oM, /s BBLIOTHEHISI YCIIOBMS IIPENe/IbHOTO PaBHOBECHS Ha 00pa30BaHHBIX 1 BHOBb 00pa3yeMbIX B Ipoliecce
IJIACTVYECKOTO YIPOYHEHMsI CABUTOBBIX IVIOLIAIKAX HEOOXOAIMO, YTOOBI YTOI Y B IIpoLiecce YIPOYHeHMs yMeHblIancsa. Ecin
10 KaKo¥-1160 IpuyYMHe 9TOr0 He IPOMCXONUT, IPOM30JieT cpe3 Bcero obpasiia, MO-BUAMMOMY, 110 JOCTaTOYHO KPYTHIM
yrnoM. Takum 06pa3oM, Mbl IPUIUIY K BayKHENIIIEMY BBIBOAY, YTO (U3MYECKON OCHOBON YIPOUHEHNS WIU ero MeXaHN3MOM
SIBJISIETCSI PA3BOPOT CBUTOBBIX IUIOLIA/IOK, YTO U TI03BOJISIET MTOBBIIIATD IIPefieN IPOYHOCTH (IIpefie/ibHOe MaKCUMaIbHOE I7IaB-
HOe HaIlpsDKeHNe). YMeHblIeHNe yI7Ia HaK/IOHa BHOBb HMOABJIAIONIVXCSA CIBUTOBBIX IUIOLIATIOK OTHOCUTEIbHO Ha4a/IbHbBIX TaKoKe
00BSICHSCTCS YIPOYHEHIEM, T. €. yBeTMUeHeM HOPMaTbHOTO HATIPsDKEHMsI Ha CABUTOBOII ITomagke. [locTymarebHBIM Xapax-
TEPOM AMIATAHCUY SIBJIEHME YIPOYHEHVsI OOBSICHUTD HEBOSMOXHO.

B rTaxoM ciydae morepro yaepxxusaoero a¢dexra MuHMMaIbHBIM [TABHBIM HAaIIpsDKeHJEM Ha Ha4a/IbHOV CTalMM IVIaCTI-
4eCKOro e OpMIPOBaHNA MOXKHO 00BACHUTD POPMUPOBAHNUEM, BCIEACTBIE Pa3BOPOTa CABUTOBBIX IUIOLIATOK, CTPYKTYPHBIX
aneMeHTOB (puc. 3). To ecTb OKayiM/IAIONINE MYUKPOCABUTOBYIO IVIOMIA/IKY OTPLIBHBIE TPEIVHbI He I03BO/IAI0T MIHIMAIbHOMY
I7TaBHOMY HAIIPsDKEHMIO YBEIMYUTH HOPMa/IbHOE HAIIPsDKEHME Ha IJIOIAZIKe Cpesa.

Tenepp mombiTaeMcsi pasobparbcs, KaKyl poab B Ipoliecce OMIATAHCUM UTPaeT MUHMMAIbHOE IVIABHOE HAIlpsDKEHMe.
YBenyudyeHue MUHMMA/IbHOTO HAIPSDKEHVS OT OIIbITA K OIBITY IPMBOAUT K O0/ee KPYThIM yI/laM HaK/IOHAa MUKPOTPELVH Ha
IIpefiesie YIPYTOCTH, YTO MOXKHO JIETKO IIPOBEPUTD, UCIIONb3YA GopmMyny (8). IT0, B CBOIO OYepelib, O3HAYaeT OOJIBILINIL YIO/
PasBOPOTA IVIOMIATIOK, @ 3HAYUT GOIBIINIT IPUPOCT 06 BeMHBIX Hedopmaruit. OTHAKO 0YEBUIHO 9TO UMeeT CBOIt pemen. [Tocte
HEKOTOPOTO IIOPOrOBOT0 3HAYEHISI MUHIMA/IbHOTO [JIABHOTO HAIIPSDKEHIS Pa3BOPOT O/I0KOB B IIPOLIECCe YIIPOYHEHsI OTPaHM-
YMBAETCH, BIVIOTD 0 ITOJTHOTO 3ampeTa. B 3ToM ciyyae MaTepuan paspyllaeTcsa Kak ItacTudeckas cpefa. Iy mpoBepKu JaHHOI
rumoTess o popmyite (8) O6pIIM pacCUNTAHBI YITIBL Y HA TIpefesie YIPYTOCTH M IIPOYHOCTH [i/IsI TOPHBIX IIOPOJ, IIPY Pa3IMIHbIX
COOTHOUIEHVSX G /G| C UCTIO/Ib30BAHNEM JIAHHBIX MoHorpadu [6]. AHaNIN3 MONMYYEHHBIX Pe3yIbTAaTOB (B CUTY IPOMO3IKOCTH B
IaHHOII paboTe He IPUBOAATCS) O3BOJIACT CAEATH CIEAYIOIe Ba>KHbIE BHIBOJIDL:

1) mpaKTM4eCKN IJIs BCeX MPeNCTaBIeHHDIX TUIIOB TOPHBIX IIOPOJ, TOYKM 9KCTPeMyMa JJI YITIOB Pa3BOPOTa M OTHOCUTE/Ib-
HBIX 00beMHBIX TehOpMaIiil COBIIA/JAIOT, T. €. MAKCMMa/IbHbIE 3HAUEHNsI Pa3BOPOTOB IUIOIIA/[OK VI MaKCHMAaJIbHbIE 3HAYEHVIS
00BEMHBIX M3MEHEHWIT IMEIOT MECTO IIPY ORMHAKOBBIX 3HAYEHVSIX 0,/G;

2) 71 K&KZOTO THUIIA TOPHBIX IIOPOJ POCT yITia IIOBOPOTA IUIOLIALOK OT OIBITA K OIIBITY BefeET K YBEeNNIeHNI0 06 beMHBIX
VM3MEHEeHU;

3) UL TOPHBIX IIOPOJ, C MOAY/IEM YIPYrocTy (OIpefeneH Ipyu oqHOOCHOM ucnbiTanuu) E = 60 x 10° ITa n 6onee yris pas-
BOPOTA, KaK IIPaBUJIO, He NIPeBbIIAIOT Ay = 1°, focTUras pu 3TOM JjId MeHee )KeCTKIX MaTepuaioB, HallpUMep, AJid LieMeHTa,
BEMYMHEI Ay = 4°,

IIpuBeneHHbIE BRIBOLBI, XOTb 11 KOCBEHHO, HO ITO[TBEP>K/IAIOT BbICKA3aHHOE PaHee IIPEJIIONIOKEHNE.

Takym 06pasom, B mpolecce MIACTUYECKOTO YIIPOUYHEHNS HEIIPEPhIBHO 00Pa3yOTCs IIOMAIKI MUKPOCIBUIOB, KOTOPbIe
CMHXPOHHO MEHSIOT CBOIO OPMEHTHMPOBKY 110 OTHOLIEHUIO K HAIIPaBJ/IEHNIO IVIABHBIX HANIPsDKeHMI. To eCTh Ha MOMEHT JIOCTIDKe-
HUA Ipefiefia IPOYHOCTY BCe IUIOIANKM COPMEHTUPOBAHbI K ITABHBIM HaIPsO)KeHMAM IPYMEPHO 1of] ofiHuM yrioM. IIpopacra-
HIe TeHepalbHOrO pasioMa Min o0beHeHIe MUKPOC/IBUTOBBIX TPELINMH IPOUCXOUT 32 IPEe/IOM IIPOYHOCTY TOT/A, KOTa
9Heprum B 06pasije 1 KOHIEHTPALVs TPEeLINH JOCTATOYHBI I/IsI UX YKPYIHeHWs. [IpyriMMu Cl1oBaMu, BO3SMOXKHBIN MEXaHNU3M
sSIBTIEHVSI TTepeXoja OT HAaKOIUIeHMsI 0OBEMHBIX MTOBPEX/EHNUIT B Mpoliecce IIACTIYECKOTO feOPMUPOBAHNUSA K POCTY Maru-
CTpa/IbHOM TpeLMHbI (3aMypaHne feOpPMaIOHHO aKTUBHOCTM) U COOTBETCTBYIOLIee MafieHNe HAPsDKEHUIT MOTYT OBITH
OOBSICHEHDI C TOJ MO3ULIMY, YTO B MOMEHT IIpOpacTaHysi (COOCTBEHHO paspyLIeHIsI) MUKPOTPELIVHbI COPMEHTUPOBAHDI MO
OJIHUM YIJIOM, JajIbHellllee I3MeHeH1e (Pa3BOPOT) MX HEBO3MOXeH (POCT yIIPYroro COPOTHUBIIEHN) U B CYITY KOHL[EHTPALiA
HAIPsDKEHVIT IPOVCXORUT X COENVHEHNe [0 IPYHINITY aHN30TPOIIHOI Cpefbl 1 COPOC HAKOMMBIIENCS B 06beMax yIpyroit
sneprun. Ec/iu 1o kaxoit-mubo nmpudnte pa3BuTHs F€HEPAIIBHOTO PasoMa He 00pasdyeTcst (HeZOCTaTOYHAsI KOHIIEHTPALVS M-
KPOTPEIINH), B OKPECTHOCTU MUKPOAePEeKTOB OYeT MPOJ0/DKATh HAKAIIIMBATHCS YIIPYTas SHEPIs, UTO, II0-BUAMMOMY, MOXKET
IIPUBECTU K AMHAMNYECKOMY paspyLIEHUIO.

Ypasuenus (7) u (8) ompenesnsieT KuHeMaTH4eCKie XapaKTEPUCTUKY pasBOPOTa CABUIOBBIX IUIOLIAKOK (yron pa3sopora). Op-
HAKO OCTAeTCsI HETIOHATHOI AMHAMIKA Pa3BOPOTa OJI0KOB, @ MMEHHO MPYPOJia MOMEHTA CUJI, BHI3BIBAIOIIETO JAHHBII PasBOPOT.

O nprpoAe 1 BeAUYMHE COOCTBEHHOTO MOMEHTA BAOKOB (CABUIOBbIX MAOIIAAOK) MPY MAACTUYECKOM A€CPOPMUPOBAHNUM
KOHTUHYYMa

KpacHoit HUTBIO B BOIIPOCaX IIACTUIECKOTO fepOpPMUPOBAHNUS U TPOYHOCTH [13-16], TeOTEKTOHMKM, CEIICMOTIOTIH, T€0-
¢busuky, reomexauuku [17-23] u gp. mpOCTEKMBAETCS T€3UC O BUXPEBOM IIPOTEKAHUY IIPOL[ECCOB IIACTIYECKOT0 fedopMupo-
BaHMA U PaspyLIEHNsA MAaTEPUAJIOB U TOPHBIX IIOPOJ, POTALIMOHHOM XapaKTepe JIBVDKEHMA TEKTOHNYECKUX IJIAT, BOJTHOBOM Xa-
pakTepe nepepacrnpefieieH)s Halps>KeHMIT B MacCUBE, BOMHAX KPYTU/IbHOM IONAPU3al iy, HEMVHENHBIX BOTHAX MaATHUKOBOTO
THUIIA, pPaCIPOCTPAHEHNN 11 IiepepaciipeieieHny SHeprun feOopMaIIOHHOTO MIPOoIecca B BUie MeJIEHHbIX e opMalMOHHBIX
VIV TEKTOHMYECKMX BOJH U JIBVDKEHUI U T. [I. JIpyTuMu cioBaMm, npoLecc AeCTPYKINM, lepepacipeeNieHNs HalPs>KeHUI 1
BOJIHOBBIE ITPOLIECCHI TPOTEKAIOT B BUJI€ TPAHCIALMOHHOIO CMELIEHNA CTPYKTYPHBIX 9/IEMEHTOB U X Pa3BOPOTA, T. €. II0 CXEME
CIOBUT + IOBOpOT [13-23].

['taBHOII TpO67IEMOTE TP CO3TAaHNM MOZierelt ieopMupoBaHusa OIIOYHOI Cpefbl ABIAETCS OTCYTCTBIE (HU3NUECKOI MHTep-
IIpeTalyy HOsABIeHNsI COOCTBEHHOIO MOMEHTA CHJIbI re0610KkoB (crmHa). CornmacHo uccnegoBanysaM A. B. Buxynuna [17, 18] o
reOTEeKTOHNMKE, MOMEHT CUJIBI CBsI3aH ¢ BpaiieHueM 3emmn. ViccmenoBatenssmu [19, 20] aHHBI MOMEHT BBOAMUTCS TOCPEACTBOM
NIpUBJIeYeHNsI HECMMETPUYHOTO TeH30pa HanpspKeHnit (Mexanuka Koccepa). Bipouewm, Takoit MofXoy FOCTaTOYHO KaTeropud-
HO KpUTHUKYeTCs B paboTe [17], ykasbiBaeTcst Ha 6e30Ka3aHHOCTD UCIIOIB30BAHMS HECUMMETPUYHOTO TeH30pa B paMKax Teo-
PUM YIPYTOCTH, Ha OTCYTCTBHUE (PU3NIECKOr0 CMBICTTa MOMEHTHO TEOPUH YIPYTOCTH C TEPMOAMHAMIYECKOI O3MINI, @ TAK)XKE
Ha HeypaBHOBEIIEHHOCTb KMHETUYECKOI0 MOMEHTA BCEro Tefa 1 T. A. B pabore [14] ykaspiBaeTCs, 4TO Ha CETORHAIIHNI IEHb,
BBIJY OTCYTCTBUA JaHHBIX O IPUPOJe COOCTBEHHOTO MOMEHTA 6JI0KOB, YMCTO (eHOMEHONOIMYECKY €T0 MOXKHO pacCMaTpUBaTh
KaK ITpOM3BeJIeHNe KacaTe/IbHOTO HANIPsDKEHNSA Ha JIIVHY IJIOMIAKM CIoBUTA.
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PucyHok 3. Mogenb nnactu4yeckoro aecopMmmpoBaHusi obpasua.
Figure 3. Model of plastic deformation of the sample.

W meitcTBUTENIbHO, TOKA Cpefla HaXOAUTCA B YIPYTOil CTangyu e OpMUPOBAHNA, B KXK/IOI ee TOUKe BBIIIOTHACTCA 3aKOH
MIAPHOCTH KacaTe/IbHbIX HAIPsIKeHMI, IPY BBIIIOTTHEHNY KOTOPOTO YPABHOBEUIMBAIOTCA MOMEHTBI CIJI, OJHAKO IIpM IOsIBIe-
HMM IUIOIAZIOK MUKPOCABUTOB (OTHOCUTEIbHOM IIepeMellieHIN JacTell Te/la) peaKIuy Iepepacipee/aioTcs Tak, YToObl bomee
3G PEKTUBHO MPEMATCTBOBAT PA3PYLICHNUIO, YTO IPUBOAUT K HAPYIIEHNIO 3aKOHA ITAPHOCTY KacaTelTbHbIX HAMPsXKEHMIT U BO3-
HMKHOBEHMUIO aKTVBHOTO MOMEHTa CU/I. DTO COOTBETCTBEHHO IPUBOAUT K IEPEOPUEHTUPOBKE OCENl IMTaBHBIX HAIPsOKEHUII B
OKPECTHOCTH IUIOLIafAKY CABUTa. Takoe mepepaciipefiesieHte CBA3aHO C IOsIBJIEHVEM TPEHNs [0 GeperaM TPeLHBL.

B paMKax IpoBefIeHHBIX MCC/IENOBAHMNIA TI0 CO3/IaHMIO TEOPUM YCTOMYIMBOCTY OTKOCOB KaK KOHTMHYa/IbHOM CPeJibI 10 METO-
Ly TIpefieNibHOrO paBHOBecKst [1] aBTOpoM ObIIO JOKa3aHO, YTO Ha CTA/UM IIACTHYECKOrO Ae(pOPMIPOBAHNS MATEPUATIOB, T. €.
IPY CABUTE 110 TpelyHe (MUKPOTpeIlIHe), 001Iast yrpyras peakuus SO/DKHa ObITh HallpaB/IeHa Tak, KaK IOKa3aHo Ha puc. 4, a
ee MOJIY/Ib OIIpefieNiAeTCs o (popMyIIe:

R:(T—tgq)on—C)lcosq), 9)
rfie | — mvHA IOIAKY Cpe3a.
OTMeTHM, 4TO TIPM TAKOM HAIIPABIEHNN IEVICTBYS PeaKLns COBeplIaeT MIHUMA/IbHYIO PabOTy [Py HepeMelleHnH JacTel
tena [1]. [pyrumu cioBamu, MMHUMUSUPYETCS paboTa YIPYroi peakLuy Iy IIACTUYECKOM He(pOPMUPOBAHNUIL.
Cormacto puc. 4 u 3aBrcuMocty (9), B TOYKe BO3HUKAET AKTUBHbII MOMEHT CUJIbI, PABHBIIT:

M=(T—tg(pcn—C)lcoscprsin(9—<p), (10)

Ifie ¥ — paguyc (cpegHuMit monypasmep) 610ka; 9 — yroa Hak/IOHa IDIOLMIANKY K OCH, COBIAJAIONIeNl C HallpaBjIeHNeM AelICTBUA
MUHUMA/IBHOTO [JIABHOTO HAIIPSDKEHVSE, B HAYa/IbHbIIT MOMEHT 3aPOXK/IEHNUS COBUTOBOI VIO KA.

AedropMaLIMOHHBIE BOAHDI M BOAHBI HAMPSPKEHMI B TOPHLIX MOPOAAX Y MACCMBAX

B mocrnepHme rojpl Bce Gonpliee NpUMeEHEHNE B Pas3/IMYHbIX 00/IaCTSIX HAYKVM HAaXO[UT TaK HAa3bIBAEMOE ypaBHEHME sin-
Topnona, umu 6onee obiee ypasHenue Kieitna-Topgona [18-21]. Ero ucrnonb3oBaHye B CEIICMOIOIMY M TeOMeXaHMKe 00bsC-
HSIETCsI T€M, YTO OHO JIM€eT PelleHNsI B BIjie KMHKOB, OpP13epOB, YeHEHHBIX BOIH (COMMTOHOB), OBICTPBIX U MEIEHHBIX KHO-

i

PucyHok 4. Mogenb nnactuyeckoro aecopMmmupoBaHusi obpasua.
Figure 4. Model of plastic deformation of the sample.
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UJATIbHBIX BOJIH, 1 K&XK/IOMY U3 HMX COOTBETCTBYET CBOJI XOJ] 9BOMIOLMN CUCTeMbI 6JIOKOB 1 pasntoMoB. Kpome Toro, comuron
sin-TopoHa MOXKeT OCTaHaBIMBATbCA 63 U3MEHEHMA CBOEI TOIOJIOTUM ¥ BHOBb IIPUXOAUTD B ABIDKeHMe. Ho camoe rmaBHOe
CYILLleCTBOBaHMe TAKOI'O POJa BOJIH B TOPHOM MacCHBe, OIMChIBAeMbIX YpaBHeHVeM sin-TopnoHa, OATBep>XaaeTcst IKCIIepyMeH-
TaJIbHBIMU reo(PU3NIeCKUMU UCCIefoBanusamu [21].

bynem paccMarpuBaTh 06pasel; TOPHOI IOPOABI KaK Cpefy, Ha MAKpOYPOBHE B KOTOPOI IIPOMICXOAUT IIACTUYECKOE Tede-
Hite (MeX6/IOKOBbIE TTOIBIDKKI), @ HA MUKPOYPOBHE (B CTPYKTYPHOM 9/IeMEHTE) COXPAHSeTCs YIIPYTas CBssb, T. €. TMHEIHAs
CBA3b ME&XJY MOMEHTOM CUJIBI ¥ KPMBU3HOI rpaHeit 610koB [20]. TTokaxkeM, Kak IONMy4NUTb ypaBHEHe, OIIChIBAIOLIee TMHAMMU-
JyecKoe MOBeJieHNe TaKoil cpebl. VcXopsa us TeopeMbl 06 M3MEHEHUY KMHETUYECKOTO MOMEHTa

(11)

2

IZS—(T—tg(pq1 —C)lcosq)rsin(S—q))—Mx—My,

t2

r7ie I — MOMEHT MHePIUI CTPYKTYPHOTO d71eMenTa; M,, M — MOMEHTBI YIPYroro ConpOTHUBIICHNA.
MoMeHTBI yIIPyroro CONpOTUB/IEHNA ONPEeNA0TCA U3 COOTHOLIEHMIA:

12
0 09 09 0%9 0%9 (12
M, =E[—A9;A8, =—dx~a—;M, =A—;M =B—,
Ox X X Ox )y
rie EJ — 5kecTKOCTb cpefibl; A, B — yIpyro-reoMeTpiudecKie OCTOSHHBIE; d — pa3Mep 97IeMeHTa BIOJIb OCH X.
Taxum o6pasom, ypaBHenne (11) ¢ yaetom 3aBucumocreii (12) 6yzer umeTh BUL;
(13)

0’9 0’9 0’9 ,
I—+A +B—=(r—tg(p0 —C)lcosq)rsm(S—(p).
ot Ox oy’ "

Ypasrenue (13) npepcTapiseT co6oit ypaBHeHNe sin-IopfioHa 11 MMeeT psifi peleHNIt, COfePIKAILX B TOM UICTIe MeJ/IeHHbIE BO/THBL

AHaZOrM4YHO MOYXKHO IIO/TYYMUTDh YPAaBHEHM, OIpefleIAoLINe IIOCTYIIaTeTbHOE CMELeHNE CPe/ibl BIOMb IIOLIAJJ0K MUKPOC-
IBUTOB, IJIs 3TOTO HeOOXOAMMO UCIIONb30BaTh BTOPOI 3aKOH HploToHa.

BapuaumoHHLIM MPUHLMI CABUTOBOM A€3MHTErPAaLMmM TBEPALIX TEA

Kak 13BecTHO, B pa3/JIMYHBIX OTPAC/IAX 3HAHMI (eCTeCTBEHHbIe, TeXHIYEeCKVe, TyMaHUTAapHbIe HAyKM) CYIIeCTBYIOT HaM-
Oortee 001IIIe 3aKOHBI, ONpefeNAolINe TOBEeIeHNe CICTeM 0e3 [eTalbHOrO UX paccMOTpeHus. [Ipy 9ToM HeKOTOpas Belndn-
Ha (QYHKIMOHAI), KaK IPaBIIO, OIpeNe/solNas paboTy MM SHEPIuIo, CTPEMUTCA K 9KCTpeMyMy. Takue o6liye IPUHIIAIIBI
Ha3bIBAIOTCA BapMalMOHHBIMU. VIMeoTcs Takue NPUMHLMIIBI M B MeXaHMKE Pa3pyLIeHNs, OHU ONPEMIENIAT TPAEKTOPUIO UM
TeOMETPUIO [TOBEPXHOCTEN! He3uHTerpanyy. Apropamu [24, 25] MOBEPXHOCTY [e3MHTErpalliyl PacCMaTpUBAIOTCA KaK reofe-
3MYeCKIe JIMHUY Ha ITIOBEPXHOCTHU Tena. Kpome TOro, cfieflaHo NpeIooyKeHNe, 4TO 9/1eMEHT J/IMHBI TPEIIMHDI OIpefieAeTCs
[IpOM3BefleHNeM IMHEITHOTO 9/IeMEeHTA IIOBEPXHOCTI Ha HEKOTOPYIO (DYHKI[NIO, 3aBIUCSIIYI0 OT HANPSDKEHHOTO coCTosiHMs. Ha
OCHOBe JaHHOTO IIOIXOAa OBbIIO PelleHO HeCKOTIbKO YaCTHBIX 3a/jad 110 HaXOXKAEeHNUI0 (GOpM IIOBEPXHOCTEN fesyHTerpanyu. B
JaCTHOCTH, /I PABHOMEPHO PACTSHYTOTO IJIOCKOTO Te/a, aBTOPLI [24, 25] B KadeCTBe IOBEPXHOCTeI Ae3MHTErPALIUN TIpeJIa-
ral0T COBOKYITHOCTD ITPaBIJIbHBIX IIECTUTPAHHUKOB. VIHTYNTMBHO aBTOPaMI YTBEPKAAETCS, YTO IIOBEPXHOCTH JIe3MHTETpALlN
VIMEIOT HaMIMEHBIIYIO JUIMHY U OXBaThIBAIOT HaMOOJIBIIYIO IIOLAb Pa3pPYIIEHN, OfHAKO U3 YaCTHDBIX IIPMMEPOB OKa3aTh 3TO
He IIPe/ICTAB/AETCs BOSMOXKHBIM. C JIpyroii CTOpOHbBI, aBTOpaMM allpMOpY IOBEPXHOCTD JIe3MHTETPALlMM PacCMaTPUBAETCA KaK
reofie3nvecKast IMHIs, I09TOMY MIHMMAIbHOCTD [JIMHBI IOBEPXHOCTH Ae3MHTEerpanun ObUIa 3aBefoMo obecredena. Kpome
TOTO, pelllaeMasi BapMalyioHHas 3afjada (PpyHKIMOHAI) He YYUTbIBaJIa CBOJICTB paspyllIaeMoOro Marepuana (TOIbKO HaIlpsKeH-
HOe COCTOsIHUE), UTO /I CABUTOBOTO XapaKTepa paspylLIeHns KpailHe BaXKHO.

B pabotax [2, 3] aHa/mUTHYECKN TIOTydYeH BaPMALVIOHHBI IPUHIINII, OMpPefe/ Lol (GyHKINIO II0OBEPXHOCTH (TPaeKTo-
puio) paspyurenys. ®opma HOBepXHOCTeI! CABUTOBOIL Ie3HTEIPALly B TBEPABIX Te/axX (TOPHBIX IIOPOJaX) OIpeeNaAeTcsl MaK-
CUMabHOI paboroit BHemHNX XV 1 06beMHbIX X(W — U) cu Ha OTHOCUTEIBHOM HepeMellleHNN YacTeil Tela Ipu cpese, Ipu
3TOM MUHMMM3SUPYETCs SHEPIs, 3aTpadlBaeMasd Ha CO3jaHle JaHHBIX IIOBEPXHOCTEI X21N:

J-V(x,y,y')dn + J.[W(x,y,y') - U(x,y,y’)]dS

N

2

— max
’ (14)
J.Zn(x,y,y’)dl

L
rie A= W - U - yzenpHas pabora 00beMHBIX cABUTaOMMX W yaepxxuBaomyx U cil Ha BO3MOXKHOM ITepeMelleHIN CUCTEeMbI
IIpU CABUTOBOI ie3MHTerpanyy (CABUIOBBI IIOTEHI[MA OTCeKa); V — yhenbHas paboTa IOBEPXHOCTHBIX CIJL; 21 — yHelbHas
HOBCPXHOCTHaH 3Hepr1/1;1 paspymeHI/m €OVHNIbI NJINTHDBI TpeILU/IHI)I HpI/I cpese; d}’l — 9JIEMEHT HarpyerHOﬁ HOBerHOCTI/I Tela.

HaHHbII?I HpI/IHLU/III AaHaJIOTNYEeH HpI/IHLU/[Hy MI/IHI/IMyMa JUCCUIanmnm SHCPI‘I/H/I COBpeMeHHOﬁ KOHLECIINNN €CTEeCTBO3HAHNA
[26]: ecrtu BO3MOXKHO MHOXECTBO CLieHapyeB IIPOTEKaHNs IPOLIecca, COIJIACHBIX ¢ 3aKOHAMM COXPAHEHSI ¥ CBSA3SIMI, HaTIOXKeH-
HBIMU Ha CUCTEMY, TO B pea/IbHOCTH IPOLiecC IIPOTEKAeT 110 CLieHApUI0, KOTOPOMY OTBEYaeT MIHUMA/IbHOE paccessHle SHEPINH,
T. €. MUHV/IMaJIbHBIN HPI/IPOCT SHTpOHI/II/I.

To ecTb ecut porecc Ae3nHTerparyy (UCCUITALI SHePIUN) Hen3OeKeH, TO OH Oy/ieT IIPOTEKAaTh C MIHIMA/IBHBIM pacce-
stHueM 9Hepruu. JIpyrum Tpe6oBaHeM BapUaIjMOHHOrO IpuHIuIIa (14) sIB/IsIeTCs: OKOHTYPUBAHIE, II0 BO3MOXXHOCTH, OOIbIIIe
YIPYTOi SHEPTUM.

V3 mpuuumma (14) cefyoT FOCTaTOYHO BaXKHbIE BBIBOABL. EC/IN BHEIIHsIsI HATPy3Ka ITOCTOSIHHA, @ 00'beMHBbIe CHIIBI OTCYTCT-
BYIOT VI IMJ MOXKHO IIpeHeOpedb, TO B OFHOPOHOI Cpefie TOBEPXHOCTAMI Je3UHTEerpaLyy OyAyT SB/LATbCS IIOCKOCTH (pUC.
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5, a). IIpuMepoM sIB/IAeTCA AesMHTerpars obpasiia FOPHOIT TOPOABI MOf, HATPY3Koii (puc. 5, 6), MaccuBa FOPHBIX TIOPO, TIO Aeii-
CTBMEM TeKTOHMYECKMX HanpspkeHnit. OTMETUM, YTO JAHHBI Pe3y/IbTaT COBIAIAET CO CTATUKON CBIIy4ell Cpefbl, Ifie IIepBoe 1
BTOPOE CeMeICTBA XapaKTepPUCTUK IIPU OTCYTCTBUY COOCTBEHHOTO Beca BHIPOXKJAIOTCA B I30TOHA/IbHBIE CYCTEMBI IIPSAMBIX.

Paccmorpum cirydaii, Korga A 1 1) IOCTOSHHBL, @ BHEIIHAA Harpy3Ka OTCYTCTBYeT. B 3TOM ciry4ae pellleHyeM BapyalJOH-
HOro ypasHeHUst (14) Ipyu OTCYTCTBUM JOIIOTHUTEIbHBIX YCIOBUIL A7Ist 06'beMHOIT 3a/5a4u sIB/IsIeTCst chepa, a B IVIOCKOM CIydae
— OKPY)XHOCTbD. JJaHHBIII pe3y/lbTaT ClefyeT U3 TaK HasbIBaeMOIl M30IepuMeTpIIecKoll 3agaun (3afada [IMgoHbI) 1 3aKOHa ee
B3auMHOCTHU. To ecTb py UKCUPOBAHHOI [IHE MaKCUMA/IbHYIO IIOMIA/[b OKOHTYPUBAET OKPYXXHOCTb U, HA0OOPOT, IIpu
3aJJaHHOJI IJIOIA/IV OKPY>KHOCTD MMeeT MUHMMATbHBII IIepyMeTp.

JmuTenpHOe BpeMs pK pacyeTe YCTONYMBOCTI OTKOCOB JCIIONIb3YeTCs HOBEPXHOCTD CKOMbXXEHMS B BUJE YT OKPY)XKHO-
cru (puc. 5, B). B melicTBUTEIBHOCTH €€ OTHe/IbHBIE YaCTH O49eHb 61m3Ku 1o GopMe K Ayram OKpyXHOCTel [1].

AHaJIOTMYHO IPOUCXOAUT (HOPMUPOBAHIIE KOIbIIEOOPA3HBIX I€PEHAIPSDKEHHBIX 30H BOKPYT [IOfI3eMHBIX TOPHBIX BbIPabo-
TOK — sIBJICHIE 30HAJIbHOII fe3uHTerpanun (puc. 5, r), T/ae OT/e/IbHbIE CABUIOBbIE TPEIMHBI CBOEI COBOKYITHOCTBIO (JTOMaHast
JIMHMA, BKIIOYAOLasl CIBUTOBbIE ¥ OTPBIBHBIC TPEIVHBI) B 30HAX /Ie3MHTETPAli OKOHTYPMBAIOT IIOBBIIICHHBII TOTEHIINATT
(HabmogaeTcs AMCKOBaHNE KePHA), MMHYMUSYPYA J/IMHY 30H Ae3MHTETPALVIN.

Takym 06pa3oM, ITOBEPXHOCTAMM Ae3MHTETPALM MUHMMUSUPYIOTCS IUTomany (06beMbl) ¢ IOHIDKEHHBIM IOTEHIIMATIOM
(mractTudeckue) U yBeIMYMBAIOTCS IVIOMIA/IN € IIOBBIILIEHHBIM IIOTeHLIMAIOM (TlepeHaNpshKeHHbIe, YIIPYTIe, SHeproeMKue ooa-
CTN), IpM 9TOM MUHUMM3MPYETCS SHepTs, 3aTpadyuBaeMas Ha CO3/[JaHNe IIOBEPXHOCTE Ae3MHTerpany (1X A/IMHA).

B pabore [27] mpuBORUTCs CIeAyIOMnit IPUMep: eC/IM Ha CMeCh IBYX Pas/IMYHbIX Fa30B HAJIOKUTD TPAINEHT TeMIIePaTy B,
TO OIVH 13 Ta30B KOHIIEHTPUPYeTCsl BOIMU3M ropsiueil CTEHKM, a BTOPOIT — BOMM3M XONIOAHOI. B pesynbraTe Takoil KmacTepusa-
IV SHTPOIINSA CMeCH CTaHOBUTCSA HIDKe, YeM B TOM C/Ty4ae, KOr/fja cMech Obla 651 offHOponHoIL. [To-BuuMomy, KiacTepusaris
9HEPIMU B TBEPABIX TeJlaX IOBEPXHOCTAMN Ae3MHTETPALIVIM 110 CTeIIeH) SHEPTOHACHIICHYA UMeeT II0J0OHYIO IIPUPOLY.

ITpuMedaTeNIbHO, YTO LA CHITYyYMX TOPHBIX I0pof (¢ = 0) mpolecc fAesuHTerpanyy OygeT MPOAUKTOBAH SKCTPEMYMOM
YJCTIUTENIA BhIpaXKeHuIt (14), KOTOPBIIT BBIpaXkaeT He YTO VIHOe KaK BapMallMOHHbI IpuHInn Jlarparka (IIPMHIUII MMHUMYMa
IJISL CMeILleHMIn).

Vcnonb3ys 3aBucuMOoCTb (14), a TakxKe pe3ynbraTshl paboThl [1] aHaIMTUYECKM TOKa3bIBaeM, YTO PafNyC KPMBM3HBI IIO-
BEPXHOCTM CIBUTOBOII Jle3NHTErpaliuy IPONOPLMOHATIeH Pa3HOCTH [TIaBHBIX HAaIpsDKeHMit (papnycy Kpyra Mopa) u o6paTtHO
IIPOIIOPIYIOHAIEH 00 BeMHOI cule TT071 (00 BEMHOMY BeCy), KOTopasi CO3flaeT JaHHbIe Ipefie/IbHbIe HallpsDKeHMA:

[R|= [1+ev]” 0,0, ) (15)
gotgy Y

IJie Y — yrojI HaK/IOHA IUIOLIAKM Cpe3a K MUHMMA/IbHOMY IJIABHOMY HAIPSDKEHUIO, KOTOPBIN B IIepBOM IPUOIVKEHNN MOXKHO
IPUHATH PaBHBIM T/4 + ¢/2.

Takym 06pa3soM, KpUBM3HA IIOBEPXHOCTY AE3MHTETPALVIN ABJIACTCA MHANKATOPOM BY/ja HAIIPSDKEHHOTO COCTOSHYSA U €ro
M3MeHeHNA B Telle. VI3 Bepakenns (15) ciefyeT, 4To IOCTOAHHAA KpUBY3HA (paiyc) 03HaYaeT OCTOSHHYIO Pa3HOCTD ITTABHBIX
HaIPsKeHNIT MV OFHOOCHOE HAIIPs)KeHHOE COCTOAHME B KK 1011 TouKe. /1A neanbHO CBA3HBIX HOPOJ, VI MAaTE€PHAIOB IIOBEPX-
HOCTBIO JIe3MHTerPaLiny sIB/ISIeTCs INIOCKOCTb. V3 3aBucumMoctu (15) TakKe C/lefiyeT, 4TO 4eM IpOYHee MaTepuasl, TeM KpUBIU3HA

.
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PucyHok 5. Mpumepbl Ae3auHTerpaumn. a — e3uHterpauusi TBEpAoro Tena nrockoctamu; 6 — paspyLueHve o6pasLoB ropHo Nopofbl; B — Kpy-

rMoUMUIMHAPUYECcKas MOBEPXHOCTb CKOMNBXEHUS; I — 30HanbHas Ae3VHTerpauus.
Figure 5. Examples of disintegration. a — disintegration of a solid by planes; 6 — destruction of rock samples; B — a cylindrical sliding surface;

r — zonal disintegration.
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HIOBEPXHOCTH CABUTOBOI Te3MHTeTPal)i MeHbLIIe.

MapameTp Mepapxmm Npu A€3MHTErpaLMm FOPHLIX MAaCCUMBOB MAM KPUTEPUI POCTa TPELUMHDI

MHOTOYNC/IeHHBIMY UCCIENOBAHUAMY HOKa3bIBAeTCA, YTO CYIIECTBYET HEKOTOpas PyHaMeHTalIbHas KOHCTAHTa, B CTPO-
TOM COIJIACHY C KOTOPOJI IIPOMCXOANT [e3MHTerpalyis, paspylleHue (Lpo6ieHie) FOpHBIX OPOJ, U APYTUX MaTepuasnos [28].
Cunraercs, 9TO UMEHHO 3aKOHOMEPHOCTD IIPY HAE3MHTETPALUN AB/IAETCA IPUYNHON MepapXn4ecKoro CTPOeH TOPHOTO Mac-
cuBa. JlaHHast KOHCTAHTA OIIpefie/isIeT KPUTEPUIl pOCTa TPELINHbI, T. €. POPMIUPOBAHNUE CTEAYIOLIETO HePAPXINYECKOTO YPOBHSI
CTPYKTYypbI MaccuBa. To ecTb i GOPMUPOBAHNSA WV IIPOPACTAHNSA TPEIVHBI [UIMHOI, COOTBETCTBYIOLIEN i + 1-My ypOBHIO
Mepapxui, HeoOX0IMM IOIEePeyHbIil pasMep 06/1acTi, B A pa3 IPeBbIIAONINIT pasMep i + 1-T0 YPOBH:A, KOTOPBIIl B CBOIO OYe-
Penb BKIIIOYaeT A pa3MepOB CTPYKTYP i-TO MOPsfIKa MepapXui. Jpyrumu c1oBaMy, MeXXTPELIMHHOE PAcCTOsAHIE, He0OX0nMMoe
IS CO3JJaHMA TPELIVH 3aJaHHOI J/IVHBL, OyZieT AB/IATbCA JIMHEHBIM Pa3MepOM CIIe[YIOLIeTo epapXudecKoro ypoBHA (TO eCTh
eC/Iy TpeIinHa YKPYIHIIACh B TPU pasa, AL 9TOrO eif ObIIo HEOOXOAMMO KOMMYEeCTBO SHEPINUI, 3aK/II0YEHHON IPUMEPHO B
IeBsTH HOIIePEYHBIX 6I0KaX, a X COOTHOIIECHNE U XapaKTep13yeT IIOCTOSHHYI0 nepapxuu: 3/1 1 9/3).

Cpasy oroBopumcs, 4To Hepapxudeckoe CTpOeHMe MaccuBa HaOMIOjaeTCs He OBCeMEeCTHO. SIPKIM MpUMepOM OTCYTCTBUS
BCAYECKOII MiepapXuu ABJACTCA CIaHI[EeBATOCTD, T. €. TIOBEPXHOCTH Jie3NHTerpaliuyl IPUCYTCTBYIOT, @ BIO>KEHNIT 6JI0KOB He Ha-
OmonaeTcs. YCIOBMeM A1l BOSHUKHOBEHM BJIO>KEHMII SAB/IACTCA Ne3UHTerpalysi TOPHBIX MacCUBOB IIOf, BO3ZIe/ICTBMEM HaKO-
IUICHHOJ 11 pacIpeie/IeHHON B HeM SHEepIU, T. . 6e3 IIPUTOKA TOIIOTHUTEIbHON S9HepIruy — 3aMKHYTas CUCTeMa.

Takum 06pa3oM, ogHNM 13 (YHIAMEHTAIbHBIX CBOJICTB TOPHOTO MACCHBA SIB/IAETCS €r0 O/I0YHO-MepapXudecKoe CTpOeHe
(puc. 6). Ilo-BuaMMOMY, Ha 9TO CBOJCTBO TOPHOTO MacCKBa OfHMM U3 IepBbIX oOpaTmn BHuManue M. A. Cagosckuit (1989),
OTMETUB IIPU STOM, YTO OTHOIIEHVI Pa3MepPOB COCETHUX YPOBHel MepapXui AAloT IPUOTUSUTEILHO OFHO U TO XKe Yucio (ue-
papxmdecKas IIOCTOSIHHASA Jle3NHTerpauum), papaoe 3,5 [29].

CormacHo uccnefoanysaM [30], cyljecTByeT HEKOTOpas IIOPOroBas KOHILEHTPALMA HadyaJIbHBIX TPEIVH WM IedeKTOB,
HIDKe KOTOPOJT TPELMHBI BeXyT cebsl He3aBUCUMBIM 00pa3oM, a BBIIIe — IIOSIB/ISIIOTCS KO/UIEKTUBHBIE Ae(eKTHI, T. €. MOsIBIIe-
Hite aHcaMOJ1elt (11 KiacTepoB) feeKTOB, B KOTOPBIX TPELMHBI MOTYT CIMBAThCs (YKPYIHATHCS). ViccmenoBanust o pusmuke
tBepgoro tena (C. H. JKypkosa, mpog. B. C. Kykcenko u ap., 1977), mokaspIBaioT, 4TO KOHI[eHTPALMOHHBIN KPUTEPUIT YKPYII-
HEHUs TPELIVH e = 3.

Koadduument nuueitHOro BroxxeHus 610koB, 1mo fanHeIM M. B. Kypnenu u B. H. Onapuna (1992-1994), B pamMkax reome-
XaHYECKUX UCCIEOBAHMIT OLleHUBAETCA 3HaYeHuamMu 2—5 [31].

HecMoTps Ha TO 4TO JaHHBIE Be/IMYMHBI IIOJTYYCHBI B Pa3/INYHBIX OTPAC/LAX 3HAHMIL U IIPY ICCTIEJOBAaHNM Pa3/IMYHBIX MaTe-
pMaJIOB, 10 MHEHMIO aBTOPA, TaHHbIE KOHCTAHTBI UMEIOT OHY IPUPOAY, 00YCIOBINBAEMYIO0 3aKOHOMEPHOCTBIO Ie3MHTETPaLiNu
TBeppbIx Tenl. K takum >xe BeiBogam npuxoput I1. B. Makapos B cBoeit 06061iatomiest pabote [28].

OpHako JaHHbIe 3HAYEHMS OIpefie/IeHbl SMIIMPUYECKY Y He MMEIOT TeOPeTUYeCKOIl OCHOBBI, @ caMoe IIaBHOe, (Pr3n4ecKoil
MHTepIIpeTalnu.

Vicxons 3 cKa3aHHOTO, /IS OIIpefielleHsl KpUTepHsl POCTa TPELIVMHBI Ha CIIeAYIOLIVIT iepapXM4ecKiii ypoBeHb MIN OIIpe-
IeleHNs MTOCTOAHHOI MepapXuy HeoOXOVIMO ONIpefieTUTh OTHOCUTEIbHBIN pasMep 06/1acTy, HeOOXOAMMOII /A HaKOIICHNUS
TOCTATOYHOI SHEPIMM IIPY CO3[JAHNM TPEIVHBI 3a/JaHHOM I/IMHBIL.

Ecu mpefmonoxuTp, 4T0 BCSI HAKOIIEHHAs: B HEKOTOPOIT 0O/IACTH TBEPAOTO Tejla SHEPrusi IOJTHOCTHIO 1 6e3 JOIoIHN-
Te/IbHBIX IIPUTOKOB OYIeT pacXofoBaThCs HA CO3/IaHVe HOBBIX IIOBEPXHOCTEN paspyuieHus (cBoOoxHOe paspyuienne, o E. V1.
[Memsakuny [32]), T0, cOrmacHo 3akoHy coxpaHenus sHepruu (2n! = AS), otHotuenne 2n/A = AS/I B BapuaioOHHOM IPUHIINIIE
(14) 6ymer xapakTepu3oBaTb IMHENHDII OTPE30K 00/IACTH, TEePIEHANKYISAPHbII BHOBb 0OpPa30OBaHHOI CABUIOBOJ TpeLjuHe,
TOCTATOYHBII /I ee co3fanHNusA. Takum 06pasoM, MCKOMBIIT pasMep, I ITIOCKOTO CTy4dasi OIpelenTCsA 3aBUCUMOCTbIO [4]:

2
po2en_2pNltigy (16)
A tgy-tge
I7ie Y — YTOJI HaKJIOHA IUIOMIA/IKY Cpe3a K MUHMMA/IbHOMY IJIABHOMY HAIIPsDKEHMIO; p = [ — HeKOTopast HOCTOSTHHAS AJIsI OJHO-
POIHOTO MacCMBa BeNMYNHA.
[NoxcTaBuM B ypaBHeHue (16) IprOMIDKEHHO 3HaUYeHNME Y = TU/4 + (/2 U IOMyduM

L =4psin £+$ . (17)
4 2

OueBnpgHO, 4T0 BenuunHa P B popmyre (17) mpepcraiseT co60it KpUTUYECKNUIT pasMep 0Opa3OBBIBAIOIIENCS CTPYKTY-
PBbI, 3aBUCSIINIL OT aGCOMIOTHOTO 3HAYEHNS OABOAMMON YIIPYroi sHeprum. TakuM 06pasoM, K0ap uIeHT BIoXKeH!s OI0KOB
(oTHOIIEHME pasMepoB OJIOKOB COCEIHVX ypOBHeIl mepapxun) wiv GyHLAMEHTAIbHbLI TapaMeTp MepapXuu IIpu CABUTOBOI
ReCTPYKIUI ONPEENTUTCS 3aBUCUMOCTBIO:

L (e
}\.=;:4SID Z+; . (18)

ITeperineM k aHamM3y BbipaxkeHst (18). YUuTbIBas Ipefeibl M3MEHEHNs yI/la BHY TPEHHEro TpeHus, 6yaeM NMeTh:
A=2,828 _...3,696 __,. (19)

Ipyrumu croBamu, o6pasoBaHye TPELINH OyfieT BO3SMOXKHO TOJIBKO TOIZIA, KOIIa OTHOLIEHVe PAacCTOSHMI MEeXY HUMM K
UX IIVHe OyfeT AB/ATbCA HEKOTOPOJ KOHCTAHTO, IPOAMKTOBAHHON 3aKOHOM COXpaHeHMs SHepruu. [JaHHBI pasMep Mex-
TPELIMHHOIO y4acTKa HeOOXOAMM [/Isi HAKOIUIEHVSI B HEM [JOCTATOYHON SHEPIUM I CO3LAHNs IUIOCKOCTY JIe3MHTETpalnu
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PucyHok 6. BriouHo-Mepapxuyeckoe CTpoeHue ropHOro MaccuBa.
Figure 6. Block hierarchical structure of the massif.

3ajlaHHOrO pasMmepa. Eciu pasmep 6ornbliie, To 1 TpewyHa OyfeT AanHHee, T. e. coorHolreHus (18) u (19) 6yayT BbIIONTHATHCS,
KOHEYHO, B C/Ty4ae OTCYTCTBUSA pacCesHNA U MIPUTOKA SHEPIHIL.

Tl ocpefHeHHOTO 3HaYeHMA OTHOIIEHMIT pasMepOB 0JIOKOB COCETHUX PAaHIOB, paBHOTO 3,5 1o M. A. CaJloBCKOMY, MCXOJ
u3 ypaBHeHus (18) nmeeM @ =32°, 4TO JOCTATOYHO TOYHO COOTBETCTBYET CKaIbHOMY MaCCUBY.

AHa/u3 OJTyYeHHBIX Pe3y/IbTaTOB HABOJUT Ha MBIC/Ib O TOM, YTO MacIITaOHbII (PaKTOp 30HA/IBHOI le3uHTerpauny o [31]
JO/DKEH KaKMM-TO 06pasoM OBITh CBsA3AH C [IAPAMETPOM JMepPapXuu A IpHU AEeCTPYKIUI TOPHBIX MACCUBOB, /ja ¥ BOOOIIe IMETh
¢usndeckuit cmbic. Ha B3D1sag aBTOpa, yIOMSIHYTast CBA3b BHIPAXKAETCSI 3aBUCUMOCTBIO [2-4]:

A
a="=24in| 2+ 2| (20)
2 4 2

Y mapamerpa nepapxunu (18) IOSIB/IsIETCsT BIIOTIHE SIBHOE I JIOTMYECKOe TONKOBaHMe. YeM 007iblile yrom BHYTPEHHETO Tpe-
HIIsT, TeM OOJIbIIIe SHEPIMN TPATUTCS HA CO3[jaHNE HOBBIX IIOBEPXHOCTEN (CTPYKTYP) HAHHBIX PA3MEPOB, a 3HAUNT, MEXKTPELIIH-
HOe PacCTOsIHME TAKXKe Bo3pacTaeT. Takum o6pasom, ¢pusndecknii cMbicn kputepus (18) — mokasaresib JUCCUIIALUN SHEPIUU
PV CO3[AHUY [IOBEPXHOCTEI le3nHTerpalunn. B cpenax, rjje JUCCUIIALNs S9HEPIMY 3a CYE€T BHYTPEHHETO TPEHWsI OTCYTCTBYET,
T.e. =0, A =242 410 paBHO yIBOEHHOMY 3HaueHNIO MacIITA6HOTO haKTOPa fleauHTerparum a, o B. H. Onmapuny [31].

B pa6ore [13] aBTOpOM SMIIMPUYECKH IS yITIeit 060CHOBAH YHUBEPCAIbHbII IPUHIIMIL Je/IIMOCTH, VIV 3aKOH POCTA Mac-
mTaboB JeCTPYKIVIN:

L, /L ~1,618~d;L, /L,  ~2,618~d°,

1
e O — YKUCIIo 30/10TOl IPOIIOPLINNL.
[TpumeyaTenbHO, YTO CpefHee 3HAYeHNMe MacIITabHOro GakTopa fesMHTEerpaLuy, COIMacHo 3aBucuMoctTaM (19) u (20) [4]:

o, =1631=1618=0. @1)

PaBeHcTBO (21) BHIIONMHAETCA C TOYHOCTBIO MeHee 1%. IIpymem Tenepb my1s yrteli cpefiHee CIpaBOYHOe 3HadeHe ¢ = 20°,
Torga cornacHo (20) o = 1,638 = 1,618 = @, KOTOpOE TaK)Ke BBIIIOTHETCS ¢ TOYHOCTBIO OKOMIO 1 %.

TakuMm 06pasoM, aHATUTUIECKN HOMy4IeH MACIITaOHbI (aKTOp JAe3MHTerpanuy, 060CHOBaHA ero 3aBMCUMOCTb OT YITIa
BHYTPEHHETO TPeHNs KaK IapaMeTpa JUCCUIIALNMI SHEPIUY [IPU paspyLIeHny, T. €. fJaHa ero (puandecKas MHTePIpeTaLis.

3akAtoueHue

MeTO/]I)I KOHTI/IHyaHBHOﬁI MeXaHUKUN pac‘{eTa HaI‘[pH)KeHHO-I[e(bOpMI/IpOBaHHOI‘O COCTOAHMA N MEXAaHUKU paspymeHMH
TBep}IbIX Te/I B TeOMEXAaHIIKE B 60}IbIHI/IHCTBe CBOEM JOCTATOYHO I/INITE/IbHOE BpeMH CBOJATCA K 6aHaIII)HI)IM JIMTHETHBIM CUCTe-
MaM MeXaHMKM CIUIOIIHOI CPefibl ¥ TPUBMAIbHBIM JTMHEHbIM (PeHOMEHOIOTMYECKIM KPUTEPUAM HPOYHOCTH. B cBsA3M ¢ aTMM
B HayKe O Pa3pyLIeHUN MaTePHUaTOB YKOPEHIIOCh MHEHME O HEBO3MOXKHOCTY KOHTMHYA/TbHOM MeXaHUKM 00BSICHUTD MHOT0O-
Opasiie He/IMHEIHbIX IPOLIECCOB, HAOMIOAaeMbIX IIPY AeCTPYKLMIM MaTepyanoB. V 9To B M3BECTHOII CTEIIEHM TaK XOTs ObI TONBKO
HOTOMY, 4YTO B paMKax OI[HOI‘/'[ MOJE/NIN B HpI/IHLU/[He HEBO3MOXHO BbBIABUTH BCE SaKOHOMepHOCTI/I HB)’[eHI/If/l, HpOI/ICXOI[F[HH/Ie B
CIIOKHBIX TVIHAMMNYECKMX He/IMHENHBIX CIICTEMaX. OHHaKO 60)166 I‘}Iy60KI/H7[ KOHTI/IHya}IbeIﬁI AHAJIN3 ITIO3BOJJINJI aHAJIMTNYECKI
BBISIBUTH HeJIMHEIHbIe CBOJICTBA CPeJibl B IIPOLiecce IIACTUYECKOro AedopMmupoBaHusi, KOTOPbIe ZOCTATOYHO XOPOLIO COIIa-
CyIOTCH C pesyanaTaMM SKCHepI/IMeHTOB n Ha6HIO,I[a€MI)IMI/I apneHnsaMu. [1lo MHeHUIO aBTOPa, HO/'IY*ICHHI)IC pesyanaTbI MOI‘yT
OBITD ITOJIE3HBI [/Is JA/TbHENIIIel MHTerpalyuy KOHTUHYAIbHBIX M MUKPOCKOIMYECKIUX MIPeCTaBIeHNIT (Me30yPOBeHb) 06 3BO-
JIOLIMY CTIOXKHBIX HeJIVHEHBIX AMHAMIYECKUX CUCTeM IpY IIPOTeKaHUY HeoOpaTHMBbIX IIPOLECCOB, a TAKXKe CO3LaHNs 001Iei
TeOpI/II/I TaKUX CUCTEM.
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Continuum theory of shear disintegration of solid bodies

Andrey Viktorovich ZHABKO*
Ural State Mining University, Russia, Ekaterinburg

Urgency of the research. Material strength issues are fundamental in any technical science. The issues of destruction are especially relevant in mining,
where the main technological processes are aimed at the destruction of rocks (drilling, blasting, crushing, etc.); the production method (method of
working) or mining is selected from the condition of stability (strength) of the mining array.

Purpose of the work. The work is devoted to determining the laws of plastic deformation and disintegration of rocks (solids) based on their rep-
resentation as a continuous (continuum) medium.

Research methods, results and conclusions. The author proposes some new laws of plastic deformation obtained analytically on the basis of contin-
uum fracture mechanics such as the functions of the yield surface and plastic potential, the strength criterion of solids, the equation that determines the
intrinsic moment of blocks (formed structures) during plastic deformation, dynamic equations (evolutionary) of the fragmented structures behavior,
the variational principle of the disintegration of solids, the criterion for the growth or appearance of a crack of any scale (hierarchical level), closely
related to the fundamental parameter of the hierarchy of mountain ranges and the number of Phidias. Some effects and phenomena of the processes
occurring during plastic deformation, disintegration (destruction) have been identified, explained and discussed. In particular, it has been experimen-
tally shown, that the main sign of plastic deformation at the hardening stage is the partial or complete (at the elastic limit) loss of the retaining effect of
internal friction in the minute movement sites under the action of the minimum primary stress and its gradual strengthening during hardening, which
is a consequence of the phenomenon of dilatancy, i.e., an increase in volume in the direction of the minimum primary stress. It is shown that, turning
of shear areas (structural elements) from continuum positions is an inevitability that postpones the fracture moment; in the absence of rotational defor-
mation, an instantaneous cut of the sample will occur. This explains the proximity of the elastic and tensile limits for brittle materials. That is, a criterion
for the separation of materials into brittle and plastic is outlined. The possible mechanism of the transition from the accumulation of volumetric damage
during plastic deformation to the growth of the main crack (fading of the deformation activity) and the corresponding drop of potentials, which can
be explained in terms of tiny fractures: when appearance (while fracturing) they are pointed out at one angle, and a further change in their orienta-
tion (turn) is impossible (increase in elastic resistance) and, due to stress concentrations, they are connected according to the anisotropic substance.
Keywords: plastic potential function, plasticity and strength criterion, dilatancy, hierarchy parameter, variational principle, moment of blocks, sin-Gor-
don equation.
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Kputepumn noaobusi rMAPOBUXPEBO AOKAAM3ALIMKN B3PLIBOB HA FOPHbIX
MPEATNPUSITUSIX
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AVHaMMKa COBEPILEHCTBOBAHMSI TEXHVKM U TEXHOAOTMU MLIAETIOAABA€HMSI B TOPHO-METAAAYPIMYECKOM KOoMraeKkce Poccum nokasbiBaeT MX HeAOCTaTou-
HYI0 3(p(PEKTMBHOCTb B OGECTIEYEHNM CAHUTAPHO-TUTMEHNHYECKMX YCAOBUi, AOKAAM3ALIMM HETATUBHBIX TEXHOTEHHDBIX MPOLIECCOB. AAALHEMIIEE MOBLI-
weHue 3pPEKTMBHOCTH AOBLIUM 1 TAYOOKOI NepepaBboTkM MUHEPAALHOTO ChIPbsl CYLIECTBEHHO OrPAHMYEHO HECOBEPIIEHCTBOM CMIOCOBOB M CPEACTB
AOKaAM3aLMM U AVKBMAALIMM B3PLIBOB MLIAEBLIX a3PO30AEN.

Leas. C ycrioab3oBaHnem Teopun [eAbMroAbLia O MOCTOSIHCTBE LIMPKYASILIMM CKOPOCTY MO 3aMKHYTOMY KOHTYpY, chopmyAbl bruo—Caapa, MAEHTMHHOCTM
AMCPDY3UM U AUCTIEPCHM 3aBUXPEHHOCTU BSI3KOM HEOKMMAEMOW >KMAKOCTH, Mpasuaa Dypoe u [1-Teopembl orpeAeAeHbl KpUtepUM rnoaodmsi nmpoLecca
LIMPKYASILIMOHHOM reTepoKoaryAsiLiMM C MCMOAL30BaHNEM MOAUCULIMPOBAHHOW MaTeMaTUYeCKO MOAEAM TMAPOBMXPEBOTO MLIAMOAABA€HMSI AASI MOBbILIE-
HUs1 3(pHEKTUBHOCTM AOKAAM3ALIMM B3PLIBOB MbIAM M @3PO30AEN HA FOPHLIX MPEANPUSITUSIX.

MeroamKa nccaeaoBaHMM. YCTAHOBAEHO, YTO MPY YCTOMYMBOM BPALIEHMM KareAb )XMAKOCTU B YCAOBUSIX TMAPOBUXPEBOTO MbIAEMOAABA€HMS U3MEHSIIOTCS
KMHeMaTMKa ¥ AMHaMMKa MpoLiecca B3avMOAEVCTBMSI YACTHLL MLIAM U KareAb >KMAKOCTU B MpoLecce retepokoaryAsiumm. [1pu atom ancpcpepeHumabHoie
ypaBHeHMes!, OrMchiBaloWMe ABVXKEHME HYaCTMLL MbIAM U KareAb JKUAKOCTU B CAyHae F'MAPOBUXPEBOro MHEPLIMOHHOTO OPTOKMHETUYECKOTO B3aMMOAECTBMS,
FOMOT€HHbLI YPABHEHMSIM, OMMUCLIBAIOWMM KAACCUUYECKYIO TeTepoKoaryAsiLmio. [oAydeHbl ypaBHEHMST AAsl pacyeTta 3(pheKTUBHOTO KPAeBOro Yraa cMauu-
BaHMS1 1 MMHMMAALHOTO AMAaMeTpa MOTAOIIAEMbBIX YAaCTULL MbIAM B (DYHKLIMM OT YTAOBOM CKOPOCTU BPAL€HMsl KarleAb XXMAKOCTU. OrpeaereHbl Kputepumn
noAao6usi, ONMMCLIBAIOWME MPOLIECC TMAPOBUXPEBO OPTOKMHETUHECKOM F€TEPOKOAryASILIMM, MOCTPOEHO KPUTEPUAALHOE YPABHEHME, CBSI3LIBAIOLLEE MEKAY
co6OM KPUTEPUM U MHAMKATOPLI MOAODMSI B 3aBUCUMOCTY OT YTAOBOM CKOPOCTU BPAILEHMS! KareAb XMAKOCTU.

Pesyabtatnl. [ToAyHeHHOE KPUTEPUAALHOE YPABHEHUE MOATBEPAMAO CYLIECTBEHHOE BAMSIHUE KMHEMATUKM B3aMMOAEVCTBMS YACTMLL MBbIAM U KareAb >KMA-
KOCTU B MPOLIECCE MMAPOBUXPEBOM FE€TEPOKOArYASILIMM, YTO OBYCAOBAEHO CHUXKEHMEM PACKAMHMBAIOWETO AEMCTBUSI Fa30BOW CPEALI B CUCTEME «TBEP-
AOE—IKMAKOE», T. €. CHUKEHVEM MOTPEGHOM SHEPTUM AASI TOAHOTO MOTAOLIEHMSI 3 CHET YBEAUEHMSI TOBEPXHOCTY CMAYMBaHMsl. YCTAHOBAEHO, UYTO orpe-
AEASIIOWMMY KPUTEPUSIMU MOAOOMSI TMAPOBUXPEBON MHEPLIMOHHON OPTOKMHETUYECKO FeTEPOKOAryAsILIMM SIBASIIOTCST Kputepuu PeliHoAbaca m Crokca.
YBeAanyeHue 3chhekTMBHOro 3HaueHust kputepueB CTokca 1 PeiHOAbACA B YCAOBUSIX TMAPOBUXPEBOM KOATYASILIMM MPUBOAUT OAHOBPEMEHHO K CHUYKEHMIO
€ro KPUTUYECKOTO 3HAYEHMsl, YTO CMOCOOCTBYET YMEHBIIEHMIO A9 POAMHAMMYECKOTO SHEPreTUieckoro 6apbepa. CepTMuKaLMOHHbIE UCTILITAHMSI C MPK-
MEHEHMEM 3aLUMILEHHDLIX MATEHTOM BUXPEBbIX (DOPCYHOK MOATBEPAVAM AOCTATOYHOCTD MPUHSITLIX KPUTEPUEB MOAOOMSI TMAPOBUMXPEBOM MHEPLIMOHHOM Op-
TOKMHETUYECKOMN reTEPOKOATYASILIMM AAsl TIOATBEPIKAEHMSI AOCTOBEPHOCTU PE3YALTATOB MPOTOTUMMPOBAHUSI B AABOPATOPHDBIX M MPOMBILUAEHHDLIX YCAOBUSIX.
[NokasaHo, YTO rNMAPOBMXPEBAsl KOAryAsLIMs CyLIECTBEHHO CHIDKAET PasMep AMCMEPrMPOBAaHHOTO COCTaBa MLIAU, PACXOA BOADI, MOBLIAsH 3¢hHEKTUBHOCTL
NblA€noAaBA€HMsl. AOKasaHa BO3MOYKHOCTL CHMYKEHMST MUMHMMAALHOTO pasMepa MorAouaemMoil NMbiAv B YeTbipe pasa, MoBbileHUs1 3PPeKTMBHOCTY MbIAeY-
AABAMBAaHMS1 A0 99 % Npu OAHOBPEMEHHOM CHUYKEHMM PACXOAA BOALI HA 20 % MO CPaBHEHMIO C KAACCMHYECKMM BLICOKOHAMOPHLIM IMAPOOGECTILIAMBAHUEM.
O6ract npumeHerns. C VICMIOAL3OBAHMEM MPEAOYKEHHON MATEMATUYECKOV MOAEAU paspaboTaHa KOHCTPYKLIMSI TMAPOBUXPEBOM (hOPCYHKM YCTPOMCT-
Ba MLIAETIOAABAEHWST M MpeAoTBpatueHus B3pbieoB ACITTB—-MAB AAst AOKaAM3aLIMM 30H OBPA30BAHMSI MEAKOAVICIIEPCHBIX B3PLIBOOMACHDIX MBIAEBLIX CMECEVA,
NMPEeAOTBPAllEeHMs] TEXHOT€HHBIX aBapUii Ha TOPHLIX MPEANPUSTUSIX.

KAtodeBble CAOBa: TOMOTEHHOCTD, KPUTEPUM, MHAMKATOPBI MOAODMSI, SKOTEXHOAOT U], MLIAETIOAABAEHUE, FETEPOKOArYAsILMSI, TMAPOCYOBHOCTb, LIMPKYASILIMSI,
YFOA CMA4MBAaHMSI, AATE€3Ms, SHEPTYS! MOTAOLIEHWS], TPUCOEAMHEHHDIN BUXPb, OPTOKMHETMKA, KOS((MULMEHT 3axBaTa, KOI(MMULIMEHT MOrAOLEHMSI, SHEP-
reTMyeckmin 6apbep HAAMMAaHMsI, CUAA AETIPECCUMN.

BEAEHME
VuTeHcuduKanms Ipon3BoACTBa, BHEIPEHIE HOBBIX TEXHOJIOINIT 06ecrednBaoIuX 9(QeKTuBHy0 JOObITy 1
nepepaboTKy MIHEPATBHOTO ChIPbS, CAEPXKMBAET HECOBEPLUICHCTBO T€XHOIOTHUII IIbIIETIOAAB/ICHYISI U TIOKA/TN3AL[UN
B3PbIBOB YTrO/NbHOI Ibli. [TprunHaMu 06pa3oBaHIist B3PbIBOOIIACHOI! MBUIEBO3AYIIHON CPefIbl AB/IAIOTCA BBICOKAs TBEPHAOCTD
Y XPYIIKOCTb TOPHBIX HOPOJ, MPUBOJAIINE K MHTEHCHBHOMY IIbI/Ie06Pa30BaHUIO IIPU OTAEICHUN TOPHBIX IOPOJ OT MacCUBa U
UIX TPAHCIOPTMPOBAHMY. B3pbIBbI rasa U IbIIM MMEIOT CYLIeCTBEHHbIE Pa3/INyyis, OfHAKO B3pbIBUaThle CBOJICTBA Ia30B I IIbIIN
MIMEIOT MHOT'O 001IIeTO, YTO Je/IaeT BO3MOXHBIM Pa3paboTKy KOMIUIEKCHBIX METOLOB CHYDKEHNA Ta30BOII 11 IIBUICBOII OITACHOCTEN
BBIEMOYHBIX YYACTKOB Ha FOPHBIX IpefupuATIAX [1-4].

TpaBMaTy3M OT B3PBIBOB IIbIIM HA TOPHBIX IPEAIPHUATIAX C TSHKEIBIMI IIOCTIEACTBISIMY COCTaB/IsteT 6oree 8 %. 1o ompenersieT
0CO0yI0 COLMAMBHYIO 3HAYMMOCTb HPETYIPEeXIEHNs 1 JIOKaIM3aLMY B3PHIBOB IIbUICBOSAYIIHBIX CMecell B IIAXTAX ¥ 3alUTHI
HepcoHasa. MepompuATisA obecIedeHNs IbUIEBOTO PEXXMMa B LIAXTaX OCHOBAHbI HA HENONYIEHNI B3PbIBOOIACHBIX CKOIIICHMIT
IIBUIY V1 IIPEROTBPALLEHIM OSB/IEHNS ICTOYHMKA BBICOKOJ TeMIIEPATYPBbI, CIIOCOOHOTO BOCIUIAMEHUTD IIblIeBbIe a3po3oni [5].

Kpome TOro, IbUIb HeraTVBHO B/IMACT Ha OPraHNU3M YeI0BEKa, BhI3bIBaA 3a00/IeBaHMe JIETKIX CYINKO3 — IIPY BO3[e/ICTBAU
[IOPOJHON IIBUIN, AHTPAKO3 — IIPYU BO3JEICTBIN YronbHOI nbimn. OCOOEHHO aKTMBHO AEMCTBYIOT Ha JIETKIIE Ye/I0BEKA YaCTUIIBI
eI pasmepom (1-6) -10-6 M.
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Hanb6onpiryio akTyanbHOCTD Ipo6ieMa B3pbIBa IIbIIEra30BbIX CMecelt IPEACTABISET A/Is Fa3000M/IbHBIX YTOIbHBIX IIAXT, 1
B [IEPBYIO OYepenb /I OATOTOBUTEIbHBIX 3a00€B, B KOTOPBIX IPOMCXORUT O0TIee IIOIOBMHDI aBapyil.

Ha mraxrax ¢ BBICOKOJI I'a3000MJIBHOCTBIO M BBIOPOCaMU TOPHBIX IIOPOJ, M Trasa ycIllellHasd 6opbba ¢ obpasoBaHMeM
B3PbIBOOIIACHOI IIbI/IETa30BOI Cpeibl BO3MOXKHA TOJIBKO Ha OCHOBE PallYIOHA/IbHOTO COYeTaHNsI IIbIIENIOJaB/IeH ) U iera3aliiiL.

VccnenoBaHust OKas3bIBAIOT, 4TO Hojtee 60 % crydaeB 0OpasoBaHNsI B3PHIBOOIACHON CPeAbl MOTYT OBITh MICK/IIOYEHBI IPI
3¢ deKTHBHOM MBIIETIOfABIEHNA.

Hanbomee pacnpocTpaHeHHBIM CIIOCOOOM OCXIEHNsI IbUIM M3 BO3AyXa M/ JIOKAIM3aL[My B3PBIBOB SIBIISETCS
IBUIENIOfAB/ICHIe, OCHOBAaHHOE Ha CMa4VMBaHNI YaCTUL] IIBIIM KaIJIIMM XKUKOCTI TIPY COyAAapeHNN ¢ 00pa3oBaHueM IIPU 9TOM
TeTePOKOATY/IALVIOHHOI CUCTEMBI «KaIULA-IIbIIMHKA»; IIBUIMHKA BBIIIaJiaeT U3 BO3IyXa M OCAXK/AeTCs Ha IIOBEpPXHOCTH [6-8].

CoBeplLIeHCTBOBaHME CUCTEMBl JIOKA/JIM3al[UY BEPOSATHBIX B3PBIBOB YILOJBHON IIBUIM — COCTaBHasg 4acTb IPOO/IeMBbl
IIBIIEB3PBIBO3AIUTHI TOPHBIX IPEIPISITIIN, PellieHie KOTOPOIT — OIHA 13 BAXKHEIINX 3a/1a4 B 00/IaCTI TEXHUKY 6€30IaCHOCTHI
U OXpaHbl TPyZAa Ha 6yyoxarinie rogst [1, 3, 7].

SddexT npUIenofaBIeHNs B CYIIeCTBEHHOI Mepe CBOAIUTCS K IPEOO/IEHUIO SHEPreTUYeCKOro bapbepa B mpoLecce CTOMK-
HOBEHMS Kalle/lb XXUAKOCTI € YaCTHUIIAMIU IIbUIM 1 TIePeBOLY CUCTEMbI «TBEpPOe—XKIKOe» B 60o/ee YCTOIYMBOE COCTOSIHME, T.
e. OIIpee/AeTCs CTENEHbI0 KOATY/IALUY U CIIOCOOHOCTBIO Kalle/Ib XUKOCTH 3aXBaTbIBaTh YacTUIIbI b, OfHAKO IIPK BBICO-
KOHAIIOPHOM I'MAPOOOeCIbUIMBAHNM CYLIECTBEHHO PacTyT 9HEPro3aTpaThl Ha adpalyio, YTO CHIDKAaeT 9HeproadeKTNBHOCTD
IIPOL[ECCOB JIOKA/IN3ALNI TEXHOTEHHBIX aBAPMII 11, KAK Pe3y/IbTaT, IPUBOANT K MA/JeHII0 KOHKYPEHTOCIOCOOHOCTI 9KOTEXHO-
JIOTMY B HEIPOIIOIb30BaHMN [8].

AKTYaZIbHOCTb COBEPIIEHCTBOBAHNUS TeXHOJIOTMM BBICOKOHAIIOPHOTO IMAPOOOECIIbIIMBAHS, BHEAPEHsI MHHOBAL[MOHHOI!
TeXHUKM JIOKa/IM3alMyl B3pBIBOB NOTpeOOBasa HOBOIO MOAXOfA K IIOCTPOCHMIO MaTeMaTUYeCKON MOJeNM MHEePLOHHOM
OPTOKVHEeTIYECKOI TeTepOKOary/IsAuyu BOJHO-IIBIIEBOr0 aspo3ons [9, 10].

OmnpepenAomyoo poab B yBenndeHn! 3QpQPeKTUBHOCTU KOATY/IALOHHOIO B3aMMOJeICTBIUA Kalle/Ib BOAbI U YaCTUILL IIbUIN
UTpaeT MMEHHO KMHETIYeCKast SHEPTHUS [BIDKEHM Kalle/lb PACIIbUIIEMOIT BOIbI, a He 061mit ee pacxon. JrHAMUYeCKN aKTIB-
HbIJT HAYa/IbHBII YYaCTOK C BBICOKOI KTHETUYECKOI! 9HEPTelt KaIle/lb >KUKOCTH IIPY BBICOKOHATIOPHOM TUAPO06eCIbIINBaHNI
UTpaeT OIpeReAILYI0 Pob B 0011eil 3¢ eKTMBHOCTI 3aXBaTa U KOATY/IALMY [IbUIEBbIX YACTHUI] KAIULIMY BOZBL

B crarpsx [11, 12] mpenioskeHa MOJeIb IUPOBUXPEBOTO IHEPLIMOHHOTO IBUICTIOfABICHNS, ICCTIeR0BaH MEXaHM3M OPTOKI-
HeTUYEeCKOII KOAry/IsAINI B YCIOBUAX AEVICTBYA MIPUCOENMHEHHOTO BUXPS, MHAYLMPOBAHHOTO BPALIAOLIelics KaIIel SKNIKOCTH.

MeTOAOAOI IS ICCAEAOBAHUA

Ha 6a3e usBeCTHOI MO/ KMHETIYECKOI KOATY/ISILINY YaCTULIBI IV KAIUIEN SKUFKOCTH IPK w = 0BcraTbe [11] paspa-
6oraHa rpaduyeckas MOfie/b TUAPOBUXPEBOIl OPTOKMHETIIECKOI KOAry/IAli, TOCTPOeHA CUCTEMA YPOBHEN!, OMMChIBAIOIIAs
busngeckmit mporecc KOarymIsiuy ¢ y9acTieM JOIOTHUTEIbHO SHEPIUH IPUCOETHEHHOTO BUXPSI.

[uppoBuxpeBast KOAry/IALys II03BOJISIET YIIPAB/IATh IOBEPXHOCTHON 9HEPIueil OTPhIBA 1 pacTeKaHms, obecriednBast B3anu-
MOB/IMsAHNE PUBNYIECKUX XapaKTePUCTUK YaCTUILL IIBUIY U KaIle/Ib )KMAKOCTY € KMHEMaTU4eCK/MY [TapaMeTpaMi, M3MeHIOI -
MIUCA B CBASY C BPALIEHNEM KaIl/IM KUIKOCTH C YITIOBOI CKOPOCTHIO @ .

B 30He KOHTaKTa YacTUIA UK OYeT ABUTAThCS 10 BUHTOBOIL JIVHIH C YIJIOM CIMpPanm o = arctg [d sinfw, /(v, — )]

B ITy0b KaTIv XKUAKOCTY C MOCTYMATeMbHOM CKOPOCTBIO ¥, — U, BPAIIAsACh P 3TOM C YIIOBOJ CKOPOCTBIO [12 13].

3axBaT YaCTUIIBI MbIIM KaIljieil >KUAKOCTH HpOI/I3OI/I,I[eT HpI/I yC/IOBUY, KOTTIA ee KMHeTH4IecKas SHeprus W OyzmeT 6ornbpiue
WM paBHA SHepruy mornowenns 11, coorsercTsyiowmeit cymme sneprun apresun W (F, - cuna anresmm) omnpefienAeMoit
yIenbHON 9Hepruei OTppIBa, 3Heprmm cvaumanua W, _ (W _ - cuma moBepXHOCTHOTO HaTH)KEHI/IH) onpefiensAeMo yIenbHOMN
9Heprueit pactekanus [8].

C uconbp3oBaHMeM IpeJIoKeHHOIT Ipado-aHaTUTUIeCKON MOJIe/N TH/IPOBUXPEBOTO NHEPIIVIOHHOTO OPTOKMHETIYECKOTO
IBUIENIONAB/IeHNA B CTaThe [11] mo/y4eHo ypaBHeHNe /11 MUHMMA/IbHOTO AYaMeTpa IOITIONIaeMOil YaCTHUIIbI TIbIIN:

nw min

3 .4 2
=38, cos-arccos (cos 0+ %] [(p]1 —p NV, )QJ , @

e dn min MUHVMAaJIbHBIN IH/IaMeTp HOI‘TIOHIaeMOﬁ YaCTULbI IIbUIN, M; pn’ Pr — IDTOTHOCTDH YaCTUIIbI IIBIJIN 1 Ta3a COOTBETCTBEH-
HO, KI/M?; U, U = U — CKOPOCTb KAl YXUIAKOCTU U CKOPOCTD rasa, paBHas CKOPOCTU YaCTHUILIbI [IbUIK, M/ 6)H - Koo duLmeHT
MOBEPXHOCTHOTO HATsDKEHIISI Ha TPAHUIIe pasfiena ABYX Cpell «KUAKOCTb—Ta3», [k/M?% 6 — kpaeBoit yroa cMauMBaHus Ha TPaHU-
1le pasjiena ABYX CPejl «KUIKOCTb—Tas», pajl.

C yueToM M3/I0)KEHHOTO ypaBHeHMe 1yt 9P DEKTUBHOI CUIIBI TOBEPXHOCTHOTO HATSXKEHUS, T. €. CUJIbI TIOBEPXHOCTHOTO
HaTAXEHNUA, Y‘—H/ITBIBaIOHIeI“/I :-)Heprmo CMaYMBaHUA W)K*l’ OHpe)IeTIHeMyIO CUION HOBerHOCTHOFO HaTAXKEHUA F)K—r n paSMepOM
KaIlIi XKUAKOCTH d_, QusMuecKme XapakTepUCTUKI COYAAPAIOLMXCA YACTHUIL U JIOHOMTHUTETbHYIO SHEPIUIO, 00YC/IOBICHHYIO
BINAHUEM HpMCOCHI/IHeHHOI‘O BI/IXPH, BbBI3BAHHOTO BpameHI/IeM KaIlIV J)KUOKOCTY B 30HE€ KOHTAKTA YaCTUIbI ITbIN VI KAIIJIM KU -
KOCTU, MM€EET BU:

S, cose n o d sin ew _5 Smfjos 0, ' @

K

F =F —AF =2—>*——

KT @ KT KT @

YpaBHeHue 17151 93¢ GeKTUBHOTO KpaeBOro yIjla CMa4/BaHVs B 30He KOHTAKTa XXMIKOI ¥ TBEPHOL (pa3bl, C y4eTOM JJOIOIHY-
TebHON 9Hepruy 06yCNOBIeHHON BPaIlleHNeM KaTl/lv KUIKOCTH C YI7IOBOi CKOPOCThIo w 1 hopmysl (1)nmeet Buz:

3 . 4 2
0 =8 arccos| cosf+ Rxhsin 0w, | 3)
@ e 85, cos0

HPCIITIO)KCHHaH MaTeMaTnudeCckKasa MOJE/Nb I‘I/I,[[pOBI/IXpeBOI‘/'[ I/IHepHI/IOHHOﬁI 0pTOKI/IHeTI/I'—I€CKOI7I KoarynAagum 1noaTBep>XaaeT
Cylm€CTBEHHOE OT/IN1INE MEXaHI3Ma B3aI/IMOI[€I7ICTBI/IH JacTULBI IbUIN Y KAIUIN JKUIOKOCTU B IIpOLj€CCe CTOIKHOBEHN A, BAMAHNE
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YIJIOBOV CKOPOCTM BpallleH!sA Kall/Iv >XUJKOCTH He TOJIbKO Ha KMHEMaTM4YeCKIe IlapaMeTphl B3aMMOJECTBIA, HO M Ha SHepre-
TUYECKME XapaKTEPUCTUKMN.

B mureparype OTCYyTCTBYIOT JaHHBIE 00 MCCIeLOBAHMY IPOLiecca TUAPOBUXPEBOrO MHEPLIMOHHOTO OPTOKMHETIYEeCKOTO Te-
TepOKOATy/IALMOHHOTO B3aYMOAENCTBYIA YaCTUL] BTN C KAIULAMM KUAKOCTI. CBsA3aHHBIE C 9TUM BOIIPOCHI KTHEMATUKY, J1HA-
MUK U PM3VIKY STOTO SIBJICHN 1O HACTOSAIIEr0 BPEeMEHY He MIMEIOT YeTKOTO OHMMAHIISI IIPOTEKAIOLINX IIPOLIECCOB 1 CIIOCO60B
IIOCTPOEHMA MaTeMATUIECKIX MOJIENIEN.

B cBsi3u ¢ U3/IOKeHHBIM OOJIBIIIOE 3HAUEHNE ITPHOOPETA0T METONbI SKCIIePYMEHTATbHOTO UCCIeOBAHNUA Ha OCHOBE VC-
THO/Ib30BAHNSA TEOPUU 006N U GUSUIECKOrO MOAEMMPOBaHuA. I/ IpoBefieHNs SKCIIepYMEHTaTbHbBIX MCCIeT0BaHMIT 1 060-
CHOBAHHOTO JCIIOJIb30BAHIs MONTYYEHHBIX Pe3y/IbTaTOB HEOOXOUMO YCTaHOBJIEHNE KPUTEPUEB II0L00MA, COOTBETCTBYIOIIX
KOHKPETHBIM (QM3MYecKVM IIpolleccaM I'MAPOBUXPEBOIl KoaryAnuu. B HacTosAllee BpeMs HeT eNVHOTO IpefCcTaBIeHUA O JO0-
CTaTOYHOM YHC/Ie KPUTEPUEB MOZOONs, ONpee/oINX B3aMOCBsI3b IIaAPAMETPOB B IIPOLIECCe MHEPIIVIOHHO-KITHETHYECKOTO
B3aMMOJIEIICTBISA, TeM Ooee B yCTTOBUSAX TUPOBUXPEBOIT KOAry/IALUN. BecbMa aKTya/IbHOI sIB/sIETCA 3aia4a MOCTPOEHMS K-
TepUabHOIO ypaBHEHUA TUAPOBUXPEBOTO MHEPIMOHHOTO OPTOKMHETUYECKOTO IIbIIETIO/IaB/IeH M.

OKcIepUMeHTaIbHbIe UCCIEOBAHNA TOKa3bIBAIOT, YTO OCHOBHBIM KpUTEpUeM Mofo61s PU3MIeCKOro mpolecca MHepIu-
OHHOJI OPTOKMHETNYECKOJT Koaryauum sasinaeTcss kpurepuit Crokca Stk — «MHepIMOHHBIN IapaMeTp», KOTOPBI B YCITOBUAX
TUPOBMUXPEBOI KOATYIAMNI C YI€TOM PaHee CKa3aHHOTO MOXKHO NPEJCTaBUTh B BUJIE:

St = lfn _ T (fvm —vr)aq) _ ‘rn\/(‘vm -, )2 +0, 25widjsin26w ’ @)
d d d

K xK K

rae [ - pmHa MHEpIMOHHOTO Tpo6era YacTUIbI TIbUIN B Ta30BOI CPefie, M.

Taxum 06pa3om, «MHepIMOHHBI mapameTp» CTokca Stk = 3aBMCHT OT yI7I0BOW CKOPOCTY BPAIIEHNA KTl XKIIAKOCTI @,
BO3pACTasi C ee yBeIMIeHNEM.

ITporecc 3axBaTa KaIylell XXMAKOCTY JaCTUIIBI IIBUIV IPOMCXOANT B ABa dTara. Ha mepBoM sTalle yacTuIia MbUIN COIPHUKAca-
eTCsI C KaIlIel >KUKOCTH, MO0 MpuIuiaet K Heit. Ha BropoM sTarie mponcXoanuT CIUAHIE YaCTUIIBI TN C KaTlleil XIUIKOCT,
T. €. KoaryanuA. B cBs3M ¢ 9TUM IIPOILeCC VHEPLVIOHHOTO IMAPOBUXPEBOIO OPTOKMHETHYECKOIO CTONKHOBEHMS B CHUCTEME
«TBEPIOe—KUIKOE» Pa3JeAI0T Ha /IBa TOHATHA: 3QDEKTUBHOCTD CTONKHOBEHNA — «k03(duiment saxpara» K, T. e. BEpoAT-
HOCTBD JOCTVDKEHNS YaCTHUL[EI UL ITOBEPXHOCTI KAIUIN XXUAKOCTH 11 «3(p(PeKTUBHOCTD KOATY/IALMI» — «KOI(PPUIIMEHT Koary-
nauyn» K,T. . BEPOATHOCTb HEOOPATMMOTO MOT/IOIIEHNS YaCTHITbI MBI KaTlled XIUAKOCTH.

Koadduiment saxpara K, onpefensieTcss OTHOIIEHMEM KOIMYECTBA YACTUIL IIbUIM, KOCHYBIIMXCS MOBEPXHOCTI KaTlIu KU -
KOCTH B IIpOIlecce TUIPOBUXPEBOTO NHEPIIVIOHHOTO OPTOKMHETHYECKOTO CTONKHOBEHN, K KOIMYECTBY YaCTHI] IIBUIN, KOTOPbIE
IIpOLIY OBl Yepe3 MUJieNeBO cedeHe KaIlIV >KUAKOCTY IIPY YCIIOBUY, YTO TPAeKTOPUY YaCTULL IIBIIM He MCKPUBIIAIOTCS B CBA3YU
C U3MeHEeHMeM JIMHMI TOKa rasa Ipy O0TeKaHUM KaIUIM >KUAKOCTY. MHOIOYVC/IEHHBIMY YICCTIeOBAaHUAMI YCTaHOB/ICHO, YTO
CylecTByeT KpuTuieckoe snadenne kpurepus Crokca Stk 1> TIPY KOTOPOM addexrusHOCTD CTONKHOBeHMA K = 0 [8].

Ipu Stk > Stk x0apuiment s¢pPexTMBHOCTI CTONKHOBEHNA ONPeaeseTcs o Gopmyre:

Stk*
K, =—",
Stk +a

rae a = f(Stk , Re ); Re, — kpurepwuit PeitHonb/CA Kammi >KMAKOCTH.

Taxum o6pasom, mpu Stk < Stk «p IMEET MECTO aBTOMOJI/TBHBIN PEKIM IMAPOBUXPEBOTO MHEPLIMOHHOTO OPTOKMHETIYe-
CKOTO CTOTIKHOBEHIS, ITPU KOTOPOM a9pOANHAMIIECKII 9HEPreTUUeCKIiT 6apbep He O3BOIAET OCYIeCTBUTD KOATY/ISALIMOHHOE
B3aUMOJIEIICTBIE, T. €. IePEXOJ] CUCTEMBI «TBEPIOe—KIIKOe» B CTAOMIbHOE SHEPreTUIecKoe COCTOsHIE.

Yd4uThIBass CKasaHHOE, MOXXHO YTBEPX/ATh, UTO IIPU IMAPOBUXPEBON KOATY/IALMYU B CUCTEME KUIKOE—KUAKOe» KO-
uiment saxsara K, pasen koaduumenty koarynauun K,. B crydae ruipoBuxpeBoro MHEpPIMOHHOTO OPTOKMHETUYECKOTO
B3aMIMOJEIICTBIA B CUCTEME «TBEpPH0e—KUAKOe» MPOlecC KOAryIALNM HPOMCXOAUT TONbKO IPU HATMYMU JOCTATOYHON KI-
HEeTMYEeCKOJ 3HEPIMM JACTUIBI MBI, KOTOpas JO/KHA IPEOfiONeTh CU/IbI TIOBEPXHOCTHOIO HATSKEHNA, YTO IOATBEPK/aeT
HeOOXOMMOCTb yueTa II0OBEPXHOCTHBIX SIBJIEHMI B IIPOLIECCe CTOKHOBEHUS.

Jlns 3axBaTa ruApodOOHBIX YaCTHL] BTN KaIlIel XUAKOCTY HeoOXO0AMMO COBEPLINTh PabOTy BHEIIHNUX CUJI, K KOTOPBIM
OTHOCHUTCA YKa3aHHas KMHETNYEeCKasl SHEPIUsA JaCTUL] IIbUIM ¥ KaIUIM XUAKOCTY IIPU UX COyHapEeHNN.

B ycmoByAX ruipoBUXPeBONl MHEPIVOHHOM OPTOKMHETNYIECKON KOATY/IALNY BCIEACTBYIE MHTEHCYBHOTO 3aKPYUMBaHNA Ka-
TUTV SKUJIKOCTU BOKPYT BEKTOPA CKOPOCTH ¥, C YITIOBOV CKOPOCTBIO 0 CYNIECTBEHHO M3MEHAIOTCA OBEPXHOCTHbIE AB/IEHNS B
IIpoljecce CTOTKHOBEHNA. BpaleHne Katm >KUAKOCTY IPUBOUT K CYIL[eCTBEHHOMY YMEHbIIEHNIO KPVYBJ3HBI €€ OBEPXHOCTHI
B 30HE CTOJIKHOBEHIS C YACTHUIIel IbUIN, M3MEHEHNIO TapaMeTPOB IIOIPAHNYHOTO C/I0s, YTO, KaK ITOKA3aHO paHee, CIIOCOOCT-
BYeT M3MeHeHMIo yIa cMaunbanus O . Takum o6pasom, pu oljeHKe ypOBHEN 3aMpentaiuxX SHePreTUIecKnX 6apbepos, T. €.
(baKTUYeCKV YCTAHOBIIEHV 3aBUCHMOCTHY 3G PEKTUBHOCTU KOATY/LALNMY OT TapaMeTPOB Ipoliecca CTOMKHOBEHS, TOCTATOYHO
MCCTIENIOBATD TIPOIIECC U3MEHEHUs KPUTUIECKIX 3HAYEHNIT «MHEPIMOHHOTO TlapameTpar» Stk «p OT YITIOBOJI CKOPOCTH BpAIeHIIA
KAIUIV )KMAKOCTY B YCIOBVIAIX TMAPOBIUXPEBOI KOATYIALIVIA.

YuursiBas ckazaHHOe U GopMyy (2), ypaBHEHIE IPEOOIEHN 3AIIPEIA0Iero 9HEPre THIeCKOro 6apbepa Ipy IMAPOBIX-
PeBOJi MHEPLMOHHONM OPTOKMHETUYECKO KOATY/IALM MOXKHO 3aIlICaTh B BUJE:

(5)

W, >F d =W_-AW_ =28 cos@—Fp dsin' o, =25 cosh,. (6)

KT W
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ITocre cOOTBETCTBYIOLIMX NTpeobpasoBaHmMiL, ¢ yueToM ypaBHeHMit (4), (5), (11) BbIpakeHUs AL KPUTUUECKOTO 3HAUCHMS
«MHEepLOHHOro napameTpa» CTOKCa MONYy4YUM B BUfe:

244, cos0, ;1
Stk = /7" °ed.
HLDKP Tl'l (p"_ pr)du K (7)

Takum 06pasom, ¢ y4eTOM U3/I0XKEHHOTO 3ajiada onpeeeHns 3¢pGeKTUBHOCTI KOATY/ISIINN B YCIOBUAX TUIPOBUXPEBO-
TO MHEPIIOHHOTO OPTOKMHETHYECKOTO CTONKHOBEHNS 3aK/II09AeTCsA B YCTAHOBICHNM 3aBUCHUMOCTY KPUTUYECKOTO 3HAUECHVIS
uHepioHHoro kpurepus Crokca Stk = OT yIIOBOi CKOPOCTH BpallleH!s KAl W KUJKOCTU U InaMeTpa NbUTMHKN d, .

W3 anamu3aa ¢popmy (3), (7) BbITeKaeT, 4YTO C YBe/IMYEHUEM YITIOBOJ CKOPOCTM BpallleHMs YaCTHUIIBI IIbIIN YBeIMYMBACTCS
YTOT cMauMBaHuA 0 , 4TO IPUBONT K YBEMMYEHNIO KPUTINIECKOTO 3HaUYeHNA KpuTepysa CTOKCa, MO3BO/MAA TeM CaMbIM 0becITe-
4nTh 9P (PeKTUBHOE MMOIIOIEHIe YACTHI] IIBUIM MEHBIIETO J1aMeTpa.

TuppoBuxpeBast MHEPLMOHHAsA OPTOKMHETIYECKAs KOAry/IALMs YaCTUL IbUIM 1 KalleJb XXMAKOCTY B JUHAMUYECKY aK-
TMBHOM CerMEHTe BBICOKOHAIIOPHOTO PACIIbIIEHMs IIPOUCXOAUT B IOTOKE Tasa Impu OOJbIINX YUC/IaX PeilHOMbACA [/ Kariu
KMAKOCTH. [IJIs TIOZOOHBIX YC/IOBMII B HACTOsLIee BpeMs HET eMHOIO MHEHMA O JOCTAaTOYHOM YMCTIe KPUTEPUEB IOHOOMS,
OIpeRe/SIIOIINX B3aMMO3aBIUCHUMOCTD [TAPAMETPOB, XaPAKTEPU3YIOINX IIPOLIECC KOAryisanyuy. MHOIMe aBTOPbI [TO/IATAlo0T, YTO
kpurepuit CTOKCa He sIB/ISETCS €MHCTBEHHBIM, ONPefe/oM 3P PeKTMBHOCTD MHEPIMOHHOTO 3aXBaTa YaCTHUIIbI IIBUIN Ka-
T1ed XXUAKOCTH, a TeM Ooree ee TIOTHOTO MOIIoIeHns [8].

I mopTBepkAeHMs (PaKTa, YTO 3aBUCUMOCTU KpuTeprs CTOKca OT KpuTepus PeifHOM/CA KAaIUIU SKUFKOCTU U YaCTUIIBI
TIBUTM, TIOCTPOMM KPMTEPMabHOE ypaBHEHIe B3aMMOCBASU «MHEPIMOHHOTO Tapamerpa» Stk B mporecce TMApOBUXpeBOI
VHEePIVIOHHOI OPTOKMHETUYECKOI KOAry/IALMN C MHAMKATOPaMM TTOTO0MA.

CoracHo npaBuy ®Oypbe, craraeMble ypaBHEHNI, OIVCHIBAIOIINX (U3IIECKIE SIB/IEHNS, IMEIOT OAVMHAKOBYI0 Pa3MePHOCTb.
CrefoBaTennbHO, MOKHO YTBEPIXK/ATh, UTO paHee yKasaHHble AnudQepeHIaIbHble YpaBHEHIs [BYDKEHIS YaCTHUIL B BSISKOIT HECXKM-
MaeMOJ1 Cpefie SIBJIIOTCSI TOMOreHHbIMI. [Ipumenenne I1-Teopemsl B YCIOBMSX OTCYTCTBYSI IIOTHON MH(OPMALUIL O MeXaHN3Me
TUAPOBUXPEBOIl MHEPIVIOHHOI OPTOKMHETNYECKOI KOary/siuuy 6asupyeTcst Ha CIeACTBUM BTOPOTO JOMOTHUTEILHOTO MOIOXKe-
Husi B. A. BeHuKoBa 0 IIOZOOMY CTIOXKHBIX CUCTEM, COIIACHO KOTOPBIM, «CUCTEMBI OCTAIOTCS MOJOOHBIMY [OC/IE YIIPOLEHWIT IPU
YCIIOBUM, YTO 3TU YIIPOLIEHN OBUIN TPOBEIEHBI B HMX COOTBETCTBEHHO OJMHAKOBO» [13].

YdauThIBask CKa3aHHOE, B KayeCTBE OCHOBHBIX HE3aBVCUMBIX IIAPAMETPOB, OIPENe/LIIONIVX MEXaHN3M TUAPOBIXPEBOI MHED-
LIMIOHHOV OPTOKMHETNYECKON KOATY/IALN, IPUMEM:

— TeomeTpudeckue mapamerpbi d , d , d_;

2
~ KMHEMATIIecKIe TapaMeTphl \/(fu* —v,) +0,250.dsin’0w = (v, —v,) 0 ;

a¢ K

— AVHaMMYE€CKNE ITapaMeTPhbl (pn - pr)’ pr’ ”’r'

,HTIH TIOCTPOEHNMA KPUTEPMAIbHOI'O YpaBHEHUA I‘I/II[pOBI/IXpCBOI?I I/IHepLU/IOHHOI;I OpTOKI/IHeTI/I‘—IeCKOI‘/'I KoaryinAanuumn 3anumem
B3aJ/IMO3aBMICYIMOCTD BBIII€YKa3aHHbIX HE3ABVICIMDBIX ITIEPEMEHHDIX B (bopMe 6e3pa3MepH017[ CTeIeHHOW 3aBUCUMOCTU:

z 2 * j
stk =kd d'w'p’ (p, —p,) (\/(7) ~v,) +0,25 widjsinzew) (0,) d. (8)
,HTIFI HaXOXOECHMA Kp]/[TepI/IeB HO,[IO6I/I5{ COCTaBUM l'IO]'IHyIO ManI/IL[y paSMepHOCTei{ He3aBUCMbIX rIapaMeTpos.

d (d |w |p |p, —P, \/(fum—vr)2+0,25d;wi o, |d,

M| 1 1 [-1]-3 -3 1 0 1

[m] = ©)
L 0 0 1 1 1 0 0 1
T]|O0 0|-1]0 0 -1 -1 0

Panr maTpuibt ”M ” =3, T. €. KOINYECTBO HE3aBUCUMBIX IIEPEMEHHBIX PABHO TPEM.
KonmudectBo uncen mogo6us, T. e. 6e3pa3sMepHBIX KOMIIIEKCOB, KTIOYAMOINUX B ce0s1 ¥ KPUTEPUM MOFOOMSI B COOTBETCTBUN

c II-reopemoii, cocTaBuUT:
K=n-m=8-3=5, (10)

T7ie 1 — 9UCTIO pasMepPHBIX GpU3NIEeCKNX BEIMYVH, 1 = 8; 111 — UMCIIO0 He3aBVICVMbIX Pa3MepHOCTelt, m = 3.
ITokasarem crenenu o, B, 6, ¥, 2, X, ¢, Y B KpUTepMaIbHOM yPaBHEHMI 110 9/IeMeHTaM MaTpuIbl (9) COCTaB/IAIOT OHOPOJ-
HYIO CUCTEMY JIMHENHBIX YPaBHEHMIA:

a+Pp-y-3y-3z+x+y=0;
P-vy-3y v )
Y+y+z=0;

y+x+j=0.
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B cooTBeTCTBUM C pellIeHNeM CHCTeMbl ypaBHeHuit (11) momydaeM MaTpuIly dKcesn mofo6us

2 2 2
d, |d | |e |pa-pr|(o.-0) 025080 |, |d,
o222 o 2 2 | -1
m-1fo 1|1 o -1 1|1
(12)

M == |ofo]o|-1] 1 0 0|0
o1 |olo] o -1 1|1
mlofl1lolo] o 0 0 | -1
alBlyl|y z x jlv

PackpbIBasg COOTBETCTBYIOLIVE OIPefe/UTeI MaTpuLibl (12), HOCTpouM IIATh 6e3pasMepHBIX KOMIIIEKCOB, IIPeCTaB/LAI0-
X o601 MHAMKATOPBI OO OV

o' (v, -o.) +0.250'd")

M, = - = Re;, (13)
H]‘
re Re — xpurepuit PeiiHonbica 11 4acTUbI TIbUIK;
= ”fz =Re, (14)
dp. \/(fum ~0,) +0,250.d’,
rie Re — xpurepuit PeitHombica /s KaTymi SKUAKOCTH;
_ (15)
T, = PP _ n, =Ard_,
P,
rie Ard - craTudeckuit Kputepuit Apxumena;
® d sind
T = 2 2 . 5 =T (16)
2|(0,~,)" +0,250,_d? sin6’
I7le T, — KMHEMATUYeCKIil KpUTepuit moyo6ms;
n,=sin0 =m, (17)
Ijie T_— FeOMeTPUYECKUil KpUTepuit Hopo6us. d(p,—p,)
Koaddumment nponopiyonanbHocTn k B ypaBHeHwn (8) ompefensieM 13 BRIPKEHNA A T, = HT [8].
C yueTom nsnoxxenHoro un opmysn (13-17) ypaBHeHe (8) 3ammiiieM B KpUTepHUanbHOIt hopme: !
Re’ Re d T“\/(w*—vr)z +0,25w d’sin 6’
Stk =—"= “—Ard_ nnm =—"Ard_m,m = = idem. (18)
d_ 18Re_ 18d_ d

Ha puc. 1 nmpuBeieHbI pe3ynbTaThl pacdeTa IO MPENI0KEHHBIM KPUTEPUAIbHbIM YPAaBHEHNAM BUXPEBOJ MHEPLMOHHON
OPTOKMHETUYECKOI KOATY/IALNN U3MEHEHMs KPUTUYECKMX 3HAUEHNIT «MHePIMOHHOTOo mapameTpa» Crokca Stk | «p B 33BUCHMO-
CTU OT YI7TIOBO# CKOPOCTY BpallleHNs KaTleb BOfibl @, imameTpoM d_ = 4,5 - 107° M 1 iuameTpa YacTul| yronbHo b d, | TIpu
3Ha4eHnu Kpurepus PeliHonbpca s Karmm sxupkoctn Re = 20.

AHanmus rpadyKoB, IPUBEIEHHBIX Ha PIC. 1, MOATBEPKIAET aHATNTUIECKNIT BBIBOZ 06 OIpeNeNsouell pomy KpUTepys
Croxca B mporiecce ruipOBUXPEBOIi TeTepOKOary/ AN, CYIeCTBOBAHMM aBTOMOJIE/TbHOTO PEXMMa IUIPOBUXPEBON KOaryis-
IV [T {UaMeTPOB yrombHOM mbimnt d < 5 - 107 m. Tlo Mepe yBemdenus yI1oBoi CKOPOCTM BPAIleHNs KA/ XXUAKOCTH W, > 0
KPUTUYECKME 3HAYEHNS «MTHEPITMOHHOTO TapameTpa» Stk «p CYIIECTBEHHO YMEHDIIAIOTCSA, YTO TIOATBEPK/IALT 3 PeKTUBHOCTD
TIO/THOTO MOT/IONIEH s MeIKOMCIIEPCHBIX YaCTHI] TIbUIH. I1pu yrmoBoii ckopocTy BpaleHnns Karm xxunkoctu @ = 400 ¢ kpu-
TidecKoe sHadeHne CTokca cHIbKaeTcs 6onee yem B 200 pas, HO3BOJIAA MOTHOCTLIO MOITIOWIATD YACTULIBI IIBIIM JUAMETPOM 5 -
107 m.

CHIDKeHMe SHepreTIIecKoro 6apbepa IIpy IMAPOBUXPEBOIl KOAryIAM 00yCITOBIEHO CHIDKEHVeM TOTpeOHOl KHeTIde-
CKOIf 3HEpIMNU B CBA3M CO CHYDKEHNEM 3HepIMM MOBEPXHOCTHOTO HATAKEHMA, YTO TOATBEepXK/aeTcsa popmymnoii (6) n ypaBHe-
HyeM (18). OcHOBHBIM (haKTOPOM CHIKEHWA «MHEPLMOHHOTO TlapameTpa» Stk «p AIBMACTCS YBEMMYEHIE YI/Ia CMAYMBAHUSA 0,
IIpY TUIPOBUXPEBOM B3aMMOZAEIICTBIM JAaCTUIIBI IIBIIM C BPAILAIONIeIiCA KaIleil XWUAKOCTH, YTO MOATBepKAaeTcA GOopMyIamMu
(2), (3) m ypaBuenuem (18). Kpome Toro, 110 Mepe CHYDKEHNA JUaMeTpa JacTHI] [YCIIePIUPOBAHHOM YrOIbHON IbIIN CHIDKEHNE
«MHEpPIMOHHOTO mapamerpa» Stk «p MOCTUTACTCA KMHEMATIYECKN 32 CYET BPAIATENIHHOTO JBIDKEHNS KAl BOJbI COT/IACHO
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PucyHok 1. 3aBUCMMOCTb KPUTUYECKMX 3HaYeHUn Kputepusi CTOKCa OT YrfioBOM CKOPOCTU BpalieHUsi Kanesib XUAKOCTU W, Ansa pas-
NMYHbIX AnaMeTpoB YacTuy nbinn. 1 —d =5x10°m;2-d =2 x 10°m; 3—d =5 x 107 m; 4 — rpaHMLia aBTOMOAENbHOCTN MMAPOBNXPEBO
Koarynsuum.
Figure 1. The dependence of the critical values of the Stokes criterion on the angular velocity of rotation of liquid droplets wzh for
various diameters of dust particles. 1 —dp=5x10°m;2—-dp =2 x 10°m; 3 -dp =5 x107 m; 4 — the boundary of self-similarity of vortex
coagulation.

ypaBHeHVAM (3), (7), CIOCOOCTBYIOIIErO YMEHDIICHNIO PACK/IMHIBAIOIIETO JeICTBIA rasa Py KOHTAKTe YaCTHUL] IIbUIN M KaIle/lb
BOJBL, 4TO 00ecnedrBaeT IOTHOE IIOITIOLeHYIe YaCTHI] ITbUIV MEHBIIETo A1aMeTpa II0 CPaBHEHMIO C KJIACCIYeCKOll Koarysaiyert.

IIpu yrnoBoit CKOpoCTH BpallleHUs KaIle/b XUJKOCTH w = 600 ¢! 3HayeHne Stkm «p CHIDKAETCS 60J1€€ 4eM B CTO [BaJLaTh
pas II0 CPaBHEHUIO C €r0 KPUTIIECKNM 3HaUeHUeM, 00eCIedBaIOIN [I0/THOE IIOI/IOI[eHNe YaCTHUI] IIbIIN B YCIOBUSX HOCTYIIa-
TeTIbHOTO JIBVKEHUS KaIle/Tb XUAKOCTH, T. €. iput w = 0. TIpu sTom kputnyeckoe sHavenne kpurepns Crokca Stk » Paccun-
TaHHOe 110 popmyrte (12) ¢ yaetom popmyn (2)-(5), COOTBETCTBYIOT € JOCTATOYHON TOYHOCTHIO €T0 KPUTUIECKOMY 3HAYEHIIO
IIOJTHOTO TIOIVIONEHM, TONTY4YeHHOMY 9KCIIepMMEHTATbHBIMI UCCTIElOBAaHUAMMN B YCTIOBUAX, ONpeieNiAeMbIX KpUTepuanbHbIM
ypaBHeHMeM (18).

CHiDKeHVe BeTMYMHBL KpUTepysi PeilHOMb/ca /s KaIleIb SKUAKOCTH IIPU THAPOBUXPEBOM BBICOKOHALIOPHOM IMAPOOGe-
CHBUIVBAHUY COOTBETCTBYET YMEHBIIEHUID CKOPOCTHU MOCTYIATENBHOTO JIBVXKEHUA KAIUIM XUIKOCTU T , T. €. YMEHbIIECHUIO
pacxofia BOJIBI, MOBBIIIAsT PeCYyPcoaPPEeKTUBHOCTD CUCTEMBI TIbIIETIOfaBIeH . [Ip1BefieHHbIe JaHHbIE ITOKA3BIBAIOT, YTO IIPU
BUIXPEBOM MHEPLMIOHHOM OPTOKMHETUYIECKOM IeTePOKOAry/IALMOHHOM B3aMMOJECTBUM BPALIAIOIMXCA Kallelb XUAKOCTY U
HEe CMAauMBAEMBIX YacTUI] MU KoapduimeHT 3axsata 1, Oyner paBeH KO3DPUIMEHTY KOATYIALUN N, TPU CYIIECTBEHHO
MEHDBIINX 3HAaYEHUAX KpuUTepus PeliHomb/ca, T. €. MPU MEHBIINX CKOPOCTAX MOCTYNATeIbHOTO IBVDKEHNUA KaIl/Iu SKUJKOCTH,
760 MEHBIINX pasMepax YaCTULbI IIbIII.

ITpoBeneHHbIE SKCIIEPUMEHTATbHbIE MCCIENOBAHN IOATBEPAN/IN JOCTATOYHYIO JOCTOBEPHOCTD KPUTEPUAIbHOTO ypaBHe-
HIsI TUIPOBUXPEBOI MHEPLMOHHOI OPTOKMHETNIECKON KOATY/LALNY [/Isl IPUMEHEHNUs eTo B Le/IAX 00ecredeHIs NeHTUIHO-
CTU pe3y/IbTaTOB MOJie/eil MCIbITAaHNI C PeaTbHBIMM (PU3MIECKUMI MpOliecCaMyl TIbIIETIOfaBIeH . PesyIbTaTsl pacueToB IO
IPeJIOKEHHOI MaTeMaTI4YeCKOll MOJieM KpUTepUaIbHbIX YPaBHEHMII ITOKa3a/l BBICOKYIO 3P PeKTUBHOCTD IMPOBUXPEBOIL
VHEPLVMOHHO OPTOKMHETNYECKOI KOATyIALNN, TO3BOMMBIIEN Ha 25 % CHU3UTD pacXof BOJbI, YMEHBIINTH MUHMMAa/IbHBIN pas-
Mep IOI/IONeH ST A6 COMOTHO TUAPO(OOHBIX YACTHI] YTOIBHOI b 10 5 - 1077 M, TOBBICUTD 3P PEKTUBHOCTD IbUIEIOABICHIS
10 99 % B CpaBHEHUM C K/TACCUYIECKMM BBICOKOHATIOPHBIM TUAPOOOECIIbIINBAHNEM.

BuiBoab

1. KpurepuanbHble ypaBHEHMA C JOCTATOYHOM TOYHOCTDIO IOATBEPKIAI0T TOMOT€HHOCTD YPaBHEHMIA, ONMCHIBAIOLINX IIPO-
1[eCC TU/IPOBUXPEBOT0 MHEPLMOHHOTO OPTOKMHETUYECKOTO B3aVIMOJIEVICTBISA B CUCTEME «TBEPAOE—KUIKOEY.

2. BpameHne Kanenb XUIAKOCTU CHVDKAET PacCK/IMHMBAIOLINE JIEMICTBYA ra3a B 30He KOHTAKTa YaCTUI] MIbUIM U KaTle/lb XKUJI-
KOCTH, CHIDKAsI BEIMYNMHY IOTPEOHOI KMHETUYECKOI S9HEPT I IIOJTHOTO MOMIONeHsI YACTHUI] [IBUIY, YBeInduBaeT 3¢ QexTns-
Hoe 3HauyeH1e Kputepres CTokca u PeifHObACA, CIOCOOCTBYET CHIDKEHUIO MX KPUTUIECKIX 3HAUYEHUIL.

3. Pe3ynbTaThl pacyeTa KpUTUYECKOTO 3HAYEHMs «MHEPIMOHHOTO MapameTpa» Stk «p TTO TIPE/ITIOYKEHHBIM MATEMATIHIECKIM
MOJIe/IAM U 9KCIIePYMEHTATbHBIM MCCIIEIOBAaHMAM B YCTTOBUAX HOCTIDKEHMA MaKCUMa/IbHbIX 3HaUeHMIT KoaddunneHTa s dek-
TUBHOCTU Koarynsauyu K, = 1 mokasauu JOCTaTOYHYI0 CXOMMOCTb.

4. Kpntndeckue sHa4eHNA NHEPIVIOHHOTO IOKa3aTensa Kputepnsa CTOKca B IpoIiecce IMAPOBUXPEBOIl IHEPIMOHHOI OPTO-
KUHETNYECKON KOATy/IALUN YBEMMYMBAIOTCA C YBETMYEHMEM YITIOBOI CKOPOCTU BPAIEHUA 0, KATIe/Ib )KUKOCTHU U YBETUYUBa-
I0TCAA C yMEHbIIIEHMeM aMeTpa TIbITNHOK d, .
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Similarity parameters for hidro-vortex blast isolation in mining
enterprises
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Dynamics of technological advancements and dust suppression techniques in the mining and metallurgical sector of Russia shows their insufficient
effectiveness in ensuring sanitary and hygienic conditions, and containment negative technological processes. A further increase in the efficiency of
extraction and deep processing of mineral raw materials is significantly limited by the imperfection of methods and means of containment and elim-
ination of dust aerosol explosions.

Purpose. Similarity parameters for the process of circulating heterocoagulation using a modified mathematical model of hydro-vortex dust suppres-
sion are determined to increase the efficiency containment of explosions of dust and aerosols in mining enterprises using the Helmholtz theory of
constancy of speed circulation over a closed loop, the Biot-Savard formula, the identity of diffusion and dispersion of the vorticity of a viscous incom-
pressible fluid, the Fourier rule and the []-theorem,

Research Methodology. It was established that with steady rotation of liquid droplets under conditions of hydro-vortex dust suppression, the kine-
matics and dynamics of the process of interaction of dust particles and liquid droplets during heterocoagulation change. In this case, the differential
equations describing the motion of dust particles and liquid droplets in the case of a hydro-vortex inertial orthokinetic interaction are homogeneous
to the equations describing classical heterocoagulation. Equations are obtained for calculating the effective contact angle and the minimum diameter
of the absorbed dust particles as a function of the angular velocity of rotation of the liquid droplets. Similarity parameters are defined that describe
the process of hydro-vortex orthokinetic heterocoagulation, a criterion equation is built that links the similarity parameters and similarity indicators
depending on the angular velocity of rotation of the liquid droplets.

Results. The obtained criterion equation confirmed the significant influence of kinematics of dust particles interaction and liquid droplets during
the hydro-vortex heterocoagulation, which is due to a decrease in the proppant action of the gaseous medium in the solid-liquid system, that is, a
decrease in the energy required for complete absorption due to an increase in the wetting surface. It was determined that the Reynolds and Stokes
criteria are the determining criteria for the similarity of a hydro-vortex inertial orthokinetic heterocoagulation. An increase in the effective value of the
Stokes and Reynolds criteria under conditions of hydro-vortex coagulation leads simultaneously to a decrease in its critical value, which contributes
to a decrease in the aerodynamic energy barrier. Certification tests using patent-protected vortex nozzles confirmed the sufficiency of the accepted
criteria for similarity of a hydro-vortex inertial orthokinetic heterocoagulation to confirm the reliability of the results of prototyping in laboratory and
industrial conditions. It is shown that hydro-vortex coagulation significantly reduces the size of the dispersed dust composition, water consumption,
increasing the efficiency of dust suppression. The possibility of reducing the minimum size of the absorbed dust by four times, increasing the efficiency
of dust collection up to 99% while reducing water consumption by 20% compared with classical high-pressure hydrodedustry, is proved.
Application area. Using the proposed mathematical model, the design of a hydraulic vortex nozzle of a dust suppression and explosion prevention
device ASPV — MDV was developed to localize the zones of formation of finely dispersed explosive dust mixtures and to prevent technological acci-
dents at mining enterprises.

Keywords: homogeneity, parameters, indicators of similarity, environmental technology, dust suppression, heterocoagulation, hydrophobicity, circu-
lation, angle of contact, adhesion, absorption energy, lift vortex, orthokinetics, capture ratio, absorption coefficient, energy barrier adhering, depres-
sion intensity.
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MoaAeAnpOBaHME B3aMMOAENCTBMSI AEHTDI C MEPEKOLIEHHLIM BapabaHom
KOHBenepa

AnekcaHgp AnekceeBuy PEYTOB*
BpsHCKuiA rocyfapCcTBeHHbIN TeXHUYECKU yHnBepcuTeT, Poccus, BpsaHek

AKTYaABHOCTB Pa6oThI. DKCMAYATALIMSI AEHTOYHBIX KOHBEVMEPOB MOKA3LIBAET, YTO MEPEKoCh 6apabaHOB OTHOCUTEALHO HOMMHAALHOTO MOAOXKEHMUSI SIB-
ASIOTCSI OAHOM U3 TAQBHBIX MPUYMH MHTEHCMBHOTO M3HOCA AEHTLI, MPOCLINAHUS IPY3a, YBEAMYEHMs! SHEPrornoTpedAeHusl. VI3BECTHLI CAydan BO3ropaxust
AEHTBI MPU AAUTEALHOM TPEHUM O CTOMKM CTaBa.

Lleab pa6oTLI: YCTAHOBAEHME 3aKOHOMEPHOCTEN ABV)KEHMSI AEHTbI HA MepekoweHHOM 6apabaHe KOHBeWepa, OMpeAEAEHME MapameTpoOB CMAOBOTO U
KMHEMATUYECKOTO B3aVIMOAEVICTBUSI A€HTDbI C MPUBOAHLIM M HEMPMBOAHLIM GapabaHamm C YYETOM MEXAHUYECKMX XAPAKTEPUCTMK MPUBOAA, AEHTDI M MX
KOHTaKTHOTO B3aMMOAEMCTBMSI.

MeTtoa npoBeaeHMs1 paboTbI: KOMIMLIOTEPHOE MOAEAVPOBAHME ABVIKEHMSI A€HTLI HA MEpPeKoeHHOM 6apabaHe KOHBeMepa Kak MHOrOMacCOBOW AW-
HaMMYEeCKOM CUCTEMDI C YHETOM MEXAHUYECKMX XapaKTePUCTUK MPUBOAQ, AEHTLI M MX KOHTAKTHOTO B3aMMOAEMCTBMSI C MCMOAL3OBAHMEM MPOrPAMMHOIO
KOMIAEKCA «YHVMBEPCAALHLI MEXaHU3M».

Pe3yaLTaTnl pa6oTil M 06AACTL MX IpMeHeHns. PazpaboTaHa KOMMLIOTEPHAS MHOFOMACCOBAsi AMHAMMYECKAs] MOAEAL ABVMIKEHMS AEHTLI Ha Nepe-
KolweHHOM HapabaHe KOHBeepa, Mo3BOAsIoLAs GOAEE TOUHO OMPEAEASITH MAPAMETPLI CMAOBOIO M KUHEMATUHYECKOTO B3AMMOAEMCTBMSI AEHTBI C MPU-
BOAHLIM M HEMPUBOAHLIM 6apabGaHamy Mo CPABHEHUIO C M3BECTHLIMYM AHAAUTUHECKMMU MOAEASIMU. KOMIMLIOTEPHASI MOAEADL YUUTLIBAET MEXAHUYECKME
XapaKkTePUCTUKM MPUBOAQ, A€HTbI U MX KOHTAKTHOTO B3aMMOAENCTBYUsI. KOMMLIOTEPHYIO MOAEAL M YCTAHOBAEHHbIE 3aKOHOMEPHOCTU ABUYKEHMSI AEHTDLI Ha
nepekoweHHOM 6apabaHe KOHBeMePa LEAECOOBPA3HO MCTOAL30BATL MPY MPOEKTUPOBAHUM AEHTOUHBIX KOHBEMEPOB rOPHLIX MPEANPUSITUI.

BLIBOALI. YCTAHOBAEHO, YTO NMPOeKLMs F, FAQBHOTO BEKTOPA CMA KOHTaKTa A€HTLI C 6apabaHOM Ha OCh X SIBASIETCS OLIEHKOV LIEHTPUPYIOWErO BO3ACHCTBNS
6apabaHa Ha AeHTy. [poekums F, rAaBHOTO BEKTOPa CMA KOHTAKTa AeHTLI ¢ 6apabaHoOM Ha och GapabaHa OrpeAeAseT OCEBYIO Harpy3Ky MOAWMITHUAKOB
6apabaHa. [Npoexumn raasHOro Bektopa F 1 F AOCTUraioT MakCMMaALHOTO 3HaueHus Npy neperoce 6apabaHa B narockocm XZ Ha yroa 0,05-0,07 paa,
a 3aTeM He3HauYMTeALHO ymeHbwatotcs. [py nepexoce 6apabana B naockocTu XY Ha yroa ao 0,2 paa npoekumsi F, BospactaeT HeantelHo. INpoexums F,
AOCTUTaeT MaKCMMAALHOTO 3Ha4YeHus pu nepekoce 6apabaHa B naockoctv XY Ha yroa 0,05-0,07 paa, a 3arem ymeHbliaetcsi. [epekoc 6apabaHa 3amert-
HO YBEAVYMBAET COMPOTVBAEHUE ABVIKEHMIO AEHTDLI. YBEAMUYEHME SHeprornoTpebAeHms py nepekoce 6apabaHa B nAockocTsix XY v XZ noytv OAMHAKOBO.
AAst paccMOTpeHHOTo NprBOAHOTO Bapabana sHepronorpebaeHne yBeanimaoch Ha 4,8 % npu nepekoce 6apabara Ha 0,1 paa B naockoctt XY mam XZ.
Mpoekums raaBHOro BekTopa F, MMeeT MeHbIlyto BeAMUMHY Mpu nepekoce 6apabaHa B MAOCKOCTM XY MO CPABHEHMIO C TAKMM XK€ NePEKOCOM B MAOCKOCTH
XZ. 310 no3BoAsieT GoAeE MAABHO LIEHTPUPOBATL AEHTY MOBOpPoToM HapabaHa B naockoctu XY. LIeHTpupoBaHue AeHTbI MOBOPOTOM HapabaHa B MAOCKO-
CTM XZ COMPOBOXKAAETCSl MEHLIIMMM M3HOCOM M MOTEPSIMU SHEPTMM HA TPEHUE, TaK Kak obecrneunBaer TpebyeMoe CMAOBOE BO3AEVHCTBME HA AEHTY MpPu
MEHbLIEM YTA€e repekoca, Yem B naockoctu XY.

KatoueBble croBa: KOHBEMEpHast AeHTa, 6apabaH, nepekoc 6apabaHa, KOHTAKT A€HTbI C 6apPaGaHOM, LIEHTPUPOBAHNE AEHTbI, KOMIBLIOTEPHASI MOAEAD.

BEAEHME
[TpakTyKa 3KCIUTyaTallM JICHTOYHBIX KOHBEIePOB IT0Ka3ajla, YTO OJHOII 113 [TTaBHBIX IIPUYNH OOKOBBIX CMellle-
HUII JICHTBI ABJIAIOTCSA IePeKOChl 6apabaHOB OTHOCUTEIBHO HOMMHA/IBLHOTO HonoxeHus [1-4]. [TpuuynHaMu nepexo-
coB 6apabaHOB SIBJIAIOTCS IIOIPEIIHOCTY MOHT)XA, M3HOC U AeOopManny MeTa/UIOKOHCTPYKIUIL IIPYU 9KCIDTyaTal[uyl KOHBeII-
epa, BBIIYYMBAHME WU IPOCefaHe MOo4YBBI. [[oBbIIIEHHbIE 6OKOBBIE CMEIEHNsI TEHThI IPUBOMAAT K U3HOCY ee 6OPTOB 11 HIK-
Hell 0OKIanKiL. VI3BeCTHBI CTy4yast BOSTOPAHMS JIEHTHI TP JIUTEIbHOM TPEHMM O CTONKY cTaBa. B [5] mokasaHo, 4T0 60KOBBIE
CMelIleHsI JICHTBI CU/IBHO CHIDKAIOT IIPOM3BOAUTENIbHOCTD KOHBeliepa. OCTpble BBICTYIIBI KepaMIU4eCK/X IUIUTOK (GyTepoBKU
6apabaHa yBeM4MBAIOT M3HOC HIDKHEI 0OK/IaiKV JIHTBI IIPK €ro Iepekoce [6].

JleHTa KOHBellepa ABJIACTCSA OPTOTPOIIHON 0O0IOYKOI CIOXKHO (POPMBI, ABYDKYIIENICA MO, AeVICTBYEM pacIpefie/leHHbIX
cw1. B Hanpasiennu ocu X, COBIAfaoIeil ¢ OCbIO IPABIIBHO YCTAHOB/IEHHOrO GapabaHa, /Ist IEHTBI HET KMHEeMATUIeCKIX
OTpaHMYEHNIT, TIO9TOMY L[eHTPajIbHOE [TOIOXKEeHe JIEHTDI Ha CTaBe 00eCIIeYNBaAIOT PETYIMPYEMbIM CHUITOBBIM BO3IEICTBIEM.

BoxoBble cMeleHNsI IEHTHI KaK 000I0YKM HUKTO He PacCYMThIBAL. LIJIsi pacyeTOB MCIONB3YIOT YIIPOIIEeHHbIE pacyeTHbIe
CXeMBl, IIPeACTAB/IAA ICHTY KaK PaCTAHYTYI0 HUTh MU KaK PacTSAHYTBIN CTeP>KeHDb C HY/IeBBIMY IPAaHUYHBIMY YCTIOBUAMH, CO-
OTBETCTBYIOLVIMI OTCYTCTBIUIO OOKOBBIX CMellleHIiT Ha KOHIeBbIX OapabaHnax [4]. IIockombKy 60KOBbIE CMeIeHVS U ITePEeKOChI
JIHTBI Ha KOHIIEBBIX OapabaHax BO3MOXKHBI, 60JIee TOYHBIE ITPAHNYHbIE YCIOBIS BKIIOYAIOT YPABHEHVsI CIJI I MOMEHTOB [7].

Bornbias n3rnbHast )KeCTKOCTD JIEHTBI OTHOCUTEIBHO BEPTUKAIBHOI IVIOCKOCTY CUMMETPUY JIEHTHI YZ IPUBOANT K TOMY,
4TO INCKPeTHbIE CUIBI F,, MEMCTBYIONIME HA IEHTY B HANPABIeHUN OCY X, BbI3bIBAIOT €€ He3HAYMTETIbHbIE T0Ka/TbHble CMeTIle-
HIISL, HO 00€CIIeuMBaIoT LeHTPaIbHOE ABVDKEHIE JIEHTDI, YCTIOBMEM KOTOPOTO SIB/IETCSI PABEHCTBO

DE =0 (1)
re F, - npoexuus cuel F, Ha ocb X. k
I/l yCTOYMBOCTY LIEHTPAIBHOTO [ABVDKEHNS TIEHThI HEOOXOAUMO, YTOOBI IIPOEKIUN F_ ObIIV HATIPaBJIEHBI IPOTUBOIIO-
JIO)KHO 60KOBOMY CMEII[eHUIO JIEHTDI U, Hanpumep, UMesn BUJ

E =-CU,, 2)

raie C; — )KeCTKOCTb XapaKTepUCTUKM Cubl, H/M.
OTuM CBOICTBOM OO/IafjaloT CWIbL, CO3[jaBaeMble >KEMOOYATHIMU POIVMKOOMOPAMM, CIIELVIATbHBIMU LeHTPUPYIOLIN-
MU ycTporicTBamy, 6apabanamm Bbimykioit ¢opmsl. Lnmmuapudeckre 6apabaHbl He CO3[AIOT LEHTPUPYOIeil Cubl (2).
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OKcIepuMeHTaIbHbIE 3aBUCHMOCTY CKOPOCTHU OCEBOTO CMEIeHNs JIEHTBI Ha IIPMBOJAHOM 6apabaHe OT yIJia IlepeKoca eHTPUpPY-
IOI[ETO PO/IMKA B TOPM30HTAIbHOI IJIOCKOCTY ITPY PasHbIX yI/IaX HAKJIOHA IIPMBOAHOTO 6apabaHa onpenenensl B [8]. IlokasaHo,
9TO MCHO/Ib30BaHMe 60UK006pasHOro 6apabaHa HEOCTATOYHO B CTyYaAX BOSHUKHOBEHMA SKCIUTYaTAI[IOHHBIX PaKTOPOB, BIN-
AIOIVIX Ha JIeLleHTPYPOBaHIIe JBYDKEHNA JIEHTDI, HAIIpUMep, IIPJ HepaBHOMEPHOJI 3arpy3Ke CKIIIA, I09TOMY HeOOXO[MIMO MIMeTh
CIIenaZibHble CPENCTBA LIEHTPUPOBAHA JIEHTH B BUJIE LIEHTPUPYIOIUX POINKOB.

IToBoport H6apabaHOB KOHBeliepa UCIIONB3YIOT /IS BBIIIOTHEHN YCIoBus (1) myTeM py4dHOro perynuposanus. Kpurepusamu
3} PeKTMBHOCTM TAKOTO PETyNMPOBAHUSA SABIAIOTCA XKECTKOCTh Cy M MOIHOCTD CHU/IBI TPEHWA W, Ha niyre oxsara. He6omnbias
BenuyuHa C; TI03BOJISIET MIABHO EHTPUPOBATDH JIEHTY. YMeHbmeHme W, CHIKaeT M3HOC JIEHTBI 1 6apa6aHa

Tpex6apa6aHHaH MexaHMYecKast MOJie/b J/L U3y4YeHVs GOKOBBIX CMemeHI/IM u usrn6a meHTs! omucana B [9]. Ienbro nccrne-
IoBaHMsI OB BRIOOP IO/IOKeHNUIT 6apabaHa U feTeKTopa Kpast IeHThI [Ist 9P PEKTIBHOTO LeHTPUPOBAHSI IEHTBI U MCKIII0Ue-
HJA HEYCTOMYMBBIX 6OKOBBIX CMEILCHUIL.

B [10] oT™meuaeTcst, 4TO LIeHTPUpPOBaHIie KOHBEIePHOII TeHTHI Ha bapabaHe BBI3BAHO M3rMOOM JIEHTDI U €€ HePaBHOMEPHBIM
pacTsyKeHMeM 110 LIMpIHE.

O6umit cmyyail B3auMOJEICTBUA JIEHTBI ¢ 6apabaHOM, MepPeKOIIeHHbIM B TOPU30HTA/IBHOI MM BEPTHMKAIbHOI IIIOCKO-
CTAX, paccMOTpeH B [11].

B [12] aHanu3 B3aMMO/eiiCTBISI IEHTHI C TePEKOLIIEHHBIM OapabaHOM IT0Ka3as, 4To Py epeKoce B BEPTUKAIbHOI IITIOCKO-
CTH TOYKM JIEHTBI JBYDKYTCS TI0 BUHTOBBIM JIMHIAM Ha MOBepXHOCTHU Gapabana. [Ipy mepexoce B TOPM3OHTAIBHOI IIIOCKOCTHI
TOYKH JICHTBI ABVDKYTCS IO 9JUIMOTUYECKUM KPVMBBIM Ha MOBepXHOCTHU Oapabana. CymMMapHas MPOEKIs CUI TPEHNUsS Ha OCh
6apabana o603HaYeHa Kak 60KOBasI C1Ia. 3aBUCUMOCTY OOKOBOI CHIIBI OT yITIa lepekoca 6apabaHa B BepPTUKAIbHOIL M TOPU3OH-
TaJIbHOM TTIOCKOCTAX MOJTYYeHbI U3 IPUOIMKEHHOTO PAaCCMOTPEHMA CKOMIbKEeHVS JIEHTBI Ha 6apabaHe. DTH 3aBMCYMOCTH MOTYT
OBITD JCIIOJIb30BAHBI /11 OLIEHKY CYJIBI COIIPOTMBIIEHMS IBVDKEHIIO JICHTBI, ISHOCA JIEHTHI 11 OapabaHa. []1a pacdeTa 60KOBBIX
CMeIIleHWIT JICHTBI OHJ HEIIPUTORHBI, TaK KaK /I 9TOr0 HeoOXO[MMO yYMTBIBATb He CUJIBI TPeHMA JIeHThl Ha OapabaHe, a I71aB-
HBIIl BEKTOP CIJI KOHTAKTa JICHTHI ¢ 6apabaHOM.

B [13] paccMOTpeHO B3aMMOENCTBIE C IePEKOLIeHHBIM 6apabaHOM JIEHTBI, HOKOBbIE CMEIIEHVsI KOTOPOI OrPaHMIEHbI.
I[ToxasaHo, 4TO 30HAa KOHTAKTa JICHTHI C 6apabaHOM COfIePXKUT YIaCTKIM IIOKOS ¥ OTHOCUTEIbHOTO CKOMIb>KeH s TeHThl. Ha ywacrt-
Ke TIOKOSI CKOJIb)KeHIe JIeHTbI OTHOCUTENIbHO OapabaHa OTCYTCTBYeT, M KOHTAKTHbBIE KacaTe/lbHble HAPSDKEHNs, OIpenernse-
Mble COBUTOM OOKIaIKI M pe3HOTKAaHEeBbIX C/IOeB JIEHTbI OTHOCUTEIbHO OapabaHa, cO3[aloT CUIy TpeHus mokos. Ha ygacTke
CKOJIB)KEHNST IIPOVICXOANT OTHOCUTENbHOE CMellleHe KOHTAKTUPYIOIX TOYeK JIEHTHI 11 6apabaHa ¥ BO3HMKAET CIIAa TPEHNs
CKOJIbYKEHUA.

B [14] paccMOTpeHO BIDKEHNE JIEHTbI, OXBaThIBaIOLIel! fBa 6apabaHa, IpU MepeceKalolNXCs M CKPLIVBAIOIIIXCS 0CSIX
6apabanoB. [TonydeHb! aHaTMTIYECKIE 3aBYICYMOCTY /IS BBIYMC/ICHNUS CMEIleHNs JIEHTBI, CTeIIeH) IepeKoca. PesybTaTbl BbI-
YJIC/IEHII TIO/ITBEP>K/I€HbI KOHEYHO-2/IEMEHTHBIM PaciyeTOM.

BapabaHbl IeHTOYHBIX KOHBEIEPOB ABJIAIOTCA OTBETCTBEHHBIMI TSDKE/IO HarPyXKeHHbIMM y3/aMy. COBpeMeHHbIe IIOXOfbl
K VIX IIPOEKTHPOBAHNIO J IIPOU3BOJCTBY PaCCMOTpPEHBI B [15].

AHaAMTMYECKME 3aBUCMMOCTU ABMYKEHMSI AEHTDI Ha repeKoleHHoM HapabaHe

PaccmoTtpum 6apabaH, IIEHTP KOTOPOTO COBIAJaeT C HAYaJOM JEKapTOBON crucTeMbl KoopamHat XYZ. st mpocTOTHI
U3TI0’KEHM IIPYMEM, YTO OCh Z HallpaBjieHa BEPTUKAIbHO, 2 OCU X 11 Y — TOPU3OHTA/NIbHO.

IIpu copmamenuu ocu 6apabana ¢ ocbio X (puc. 1) ToyKka Hayaaa KOHTAKTa /IEHTHI C 6apabaHOM A HaXOEUTCA HA OffHON
BePTUKATbHOI MPAMOII C TOYKOI OKOHYAHMA KOHTAKTA JIEHTHI ¢ 6apabaHoMm A .

IIpu nepexoce 6apabana B m1ockocTu XZ, T. €. IpU IIOBOPOTE BOKPYT MPOAONBHON OCYH KOHBelepa Y Ha yrorn ¥, OTHOCH-
TeTbHOE CMellieHNe TeHThI U, M, B Harpas/ieHnu ocu 6apabana umeet sup [13]

U =Rtgy, 1—cos£ , 3)
R

rge g— KpI/IBOHI/IHeIu/IHaH KOoOpAnHarTa, HallpaB/JI€HHas BIOJIb Ay’ OXBaTa, HA9MHAaA OT TOYKN Ha6eI‘aHI/IH JICHTBI Ha 6apa6aH (TO‘I-
ka A ); R - pamryc 6apa6ana.

Ay

x|

Ax

PucyHok 1. Cxema ornbaHus npaeBunbHO yCTaHOBIEHHOro 6apabaHa neHToMn (S,, S, — HaTshkeHus HaGerarowen u cGerarolein BeTBEW NeHTbI).
Figure 1. Scheme of bending around a correctly installed pulley with a tape (S, S, — tension of the incoming and outgoing runs of the tape).
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PucyHok 2. Cxema pacnonoxeHus fieHTbl Ha 6apabaHe, NepeKoWEeHHOM B NIOCKOCTU XZ. v, — CKOPOCTb CKOSBKEHUS TEHTbI BAOMb 06pasy-
towien bapabaHa.
Figure 2. The layout of the tape on the pulley skewed in the XZ plane. v is the sliding speed of the tape along the element of the pulley.

Ha puc. 2 mokasa rraH cKopocTert TouKyt D ieHTbI, KOHTaKTUPYIOLLEl € IOBEPXHOCTBIO 6apabaHa, IIepPeKOLIeHHOrO B INIOCKOCTH XZ.

A6COMIOTHAS CKOPOCTD TOUKM /IEHTBI U, CK/TA/[bIBAETCA U3 EPEHOCHON U, Ml OTHOCUTENbHOM v, CKopocTeit. OTHOCUTeNbHAS
CKOPOCTb U — 3TO CKOPOCTb CKOJIbKEH sl IEHTbI BIIO/Ib 06pasyiolieit 6apabana. BekTopsl ckopocTeli v, v, M v, B MOMEHT BpeMe-
HU, TOKa3aHHbIil Ha puc. 2, mapaienbubl wnockoctu XY. Cuna tpennsa F, , HallpaB/ieHa HpOTI/IBOHOJ‘IO)KHO CKOpOCTb v .

[Tpomnddepenuyposas (3), onpeneniM CKOPOCTb OTHOCUTEIBHOTO CKO/Tb3KeHI1s TIeHTBI B HaIlpaB/IEHUN OCU 6apa6aHa

r

v, = tgy,sin E 4)
R

lins nenpusogHOTo 6apabana v, = R, T7ie ® - yI/I0BasA CKOPOCTD BpalieHns 6apabana.

Iins npusonHOTO 6apabana v, = @R — v, T7ie U, — MPOEKIUsA CKOPOCTM CKOTIbXKEHNS JIEHTbI Ha KAaCaTebHYI0 K OKPYXKHOCTI
6apabana.

Ha nepBoit wactn gyru oxsara ({ S TR) CKOPOCTb OTHOCKUTEIBHOTO CKOIBXKEHNS JIEHTHI HAlIPaBJieHa BIOJb 06pasyroler
6apaGaHa B CTOPOHY OIYIIEHHOTO Kpas Gapabana, a cua Tpenns F eficTByeT Ha IeHTy B HAIPAB/IEHNI IIOAHATOTO Kpast 6a-
pabana (puc. 2).

Ha Bropoit yactu gyru oxsara ({ > TR) CKOPOCTb OTHOCUTENBHOTO CKOJIbXKEHVS ¥ CHJIA TPEeHVs MEHSIOT HallpaB/IeHue.

IIpu mepexoce 6apa6ana B mockocty XY, T. €. Ipu HOBOPOTE BOKPYT OCH Z Ha YIOM Y, OTHOCUTENbHOE CMeIlleHMe JIeHThI
U, M, B HanpaBnieHnn ocu 6apabana numeeT BUL

U, = Rtgyzsini.
R

MaxkcumManipHO€e OTHOCUTEIbHOE CMelleHe ieHTbl U , Hanpumep, ipu R = 0,4 mu v, = 0,1 pag gocruraer 40 Mm.
Ha puc. 3 mokasaH njiaH CKOPOCTeit TOUKM IEHTbl A, B MOMEHT Haya/la KOHTaKTa IeHTbI C 6apabaHom.
CKOpOCTb OTHOCUTEIbHOTO CKOJIbKEHA JIEHTDI B HallpaBIeHNN ocy 6apabaHa onperiendeTcs GopMyIoin

r

v, =otgy, cosE. (5)
R

Jlenra Ha mepBoii YacTu fyru oxBara ({ < mR/2) yIpyro cMelaeTcs MM CKOTIb3UT BOIb 0Opasyolieit 6apabaHa B CTOPOHY
BBIJIBHYTOTO Kpas 6apabaHa, a cula TPEHNs [IefICTBYET Ha JICHTY B HallpaB/IeHUY BJBMHYTOTO Kpas 6apabaHa.

Ha Bropoit wactu gyru oxsara (TR/2 < { £ 3nR/2) cKOPOCTh OTHOCUTEIBHOTO CKO/IBKEHNSI JIEHTHI U CUJIa TPEHVISI MEHSIIOT
HaIlpaBJIeHIe.

ITpu opHOBpeMeHHOM Iepekoce bapabaHa B II0CKocTsX XZ u XY, T. e. IIpu ITOBOPOTE BOKPYT oceit Y u Z, CKOPOCTb OTHO-
CUTE/IBHOTO CKO/IB)XEHNSI JIEHTBHI B HAIIpaB/ieHu ocu 6apabana onpenernsieTcs: cioxenneM gopmyrn (4) u (5).

Ha npuBogHOM HemnepekolleHHOM 6apabaHe cMelljeHe JIeHTI OTHOCUTENIbHO OapabaHa HaIlpaBieHO 1o OKpyxkHocTu. Ha
IPVBOJHOM IIepeKOILIeHHOM 6apabaHe CMelljeHe IEHTbI OTHOCUTEIbHO 6apabaHa HallpaB/IeHo 0 BUHTOBON mHyy. Ha Heripu-
BOJHOM II€PEKOIIEHHOM OapabaHe CMelleHNe JICHTHI OTHOCUTEIbHO OapabaHa HaIpaB/IeHO IIOYTH BJO/Ib 00pa3yoLeit.

B [12] nomy4eHbl aHaIUTUYECKME 3aBUCHMOCTI /IS POEKIMIL CUJI TPeHMs Ha oCb 6apabaHa, B [13] — Ha ocb 6apabaHa u
ocb X. ITpu MasbIxX yIIax mepekoca pasHuIa My IPOEKIsIMI Ha 0Cb GapabaHa 1 och X He3HAYNTEIbHA, HO C yBeIMIeHNEM
yI7Ia IIepeKoca pa3HNUIIA BO3PACTAET CYI[eCTBEHHO.

IToMuMO ITPOEKINIT CUT TPEeHMS Ha 0ch bapabaHa /s pacueTa 6OKOBBIX CMEIeHII IEHThI TPeOyeTCs ONpee/nTh INIaBHbII
BEKTOP CIJI KOHTAKTa JIEHTHI ¢ 6apabaHoM. IT0CKOMbKY B KaXK/I0l TOUYKe yTU OXBaTa JIeHTOol 6apabaHa HopManbHas peakuysa N
v cua Tpenns F, vMeloT pasHble HApaB/IeHNs, 15 ONpe/ie/IeHNA INIABHOTO BEKTOPA I/l KOHTAKTA HEOOXO/MMO IIPOMHTErpy-
poBatb N u F r[o Ayre oxBaTa.

Ha ueHTpMpOBaﬂme NIeHThI, cornacHo (1), Bimser npoexuus F, I1aBHOTO BEKTOpA CUJT KOHTAKTa JIEHTHI ¢ 6apabaHoM Ha
och X. [TpoeKunio ITaBHOTO BEKTOPA CHJI KOHTAKTa JIEHTHI C 6apa6aH0M Ha 0Cb 6apabana F| MCTIONb3YIOT /I PacdeTa 0CeBoit
HarpysKu MOALIMITHUKOB H6apabaHa.

PeyToB A. A. MopenvpoBaHue B3avMOLENCTBUSA NIeHTbI C NepeKoLleHHbIM 6apabaHoM KoHBeliepa//U3BecTus YITY. 2019. Boin. 3(55). 135
C.133-140. DOI10.21440/2307-2091-2019-3-133-140
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PucyHok 3. NnaH ckopocTen neHTbl Ha 6apabaHe, NepekoLeHHOM B NIOCKOCTU XY. U, — CKOPOCTb CKOMBXKEHNS NEHTLI BAOIb 06pasytoLuen
GapabaHa.
Figure 3. Tape velocity diagram on a pulley skewed in the XY plane. «, is the sliding speed of the tape along the element of the pulley.

YkazaHHble aHaIMTHYeCKUe Mofient [9-15] He mo3BOMAT 9 (PeKTUBHO OIpefeNnATh INIaBHbIN BEKTOP CUJI KOHTAKTa, JC-
C/IefloBaTh ABIDKEHIE IEHTHI Ha IIePeKOIIeHHOM OapabaHe KOHBelepa ¢ y4eTOM MHEPI[MOHHBIX M MEXaHNIECKIX XaPAKTePUCTUK
IPUBOJA, BASKO-YIPYTUX CBOVICTB JIEHTBI, Pa3/IMYHbIX 3aBMCUMOCTEN CONPOTUBIEHN NBUKEHNIO JIEHTHI ¥ HENMVHENHOTO KOH-
TaKTHOTO B3anMopeiicTBus. CIIOXXHOCTI pacuyeTaM Jo0aB/sieT HeOOXOAMMOCTD PACCUNTBIBATh Pa3Mepbl yIaCTKOB OTHOCUTE/Ib-
HOTO TIOKOSI 1 CKOJIb)KEHIIsI IEHTHI Ha IPUBOXHOM bGapabaHe.

MeToA npoBeAeHMs1 pPaboTbi: KOMITBIOTEPHOE MOJIENMPOBAHNE IBVDKEHNS JIEHTHI Ha MEPEKOLIEHHOM 6apabaHe KOHBeliepa
KaK MHOTOMAacCOBOJ AMHAMUYECKOM CUCTEMBI C Y4eTOM MeXaHMYECKUX XapaKTepUCTUK IPUBOJA, JIEHTbI M UX KOHTAKTHOTO
B3aMMOJIEICTBUA C UCIIOIb30BaHMeM IIPOIPAMMHOIO KOMIIIEKCA « YHUBEPCA/IbHbIII MEXaHNU3M».

OnvcaHme KOMILIOTEPHON MOAEAM ABVKEHMSI AEHTLI HA MepeKoeHHoM Hapabaqe

S PeKTUBHBIM MHCTPYMEHTOM UCCIEIOBAHS [BYDKEHIsI JIEHTBI Ha TIepeKOlIeHHOM GapabaHe sIB/IAETCS KOMIIBIOTEPHOE
MOJeTIMPOBaHILe C UCIIONb30BaHMeM rporpaMMHbIx kommnekcos (IIK) «YHuBepcanbHblit MexaHusM», Adams u gp.

PaspaboranHas MOfe/nb BKIKOYAET IPMBOLHOI M TOPMO3HOII 6apabaHbl OLMHAKOBOTO pajuyca, 3aMKHYTYIO JIEHTY, IIpef-
cTaB/IeHHyI0 36 Tenamu eHTsI (TJ1), coenyHeHHBIMY YIIPYrO-AMCCUIIATYIBHBIMY 97eMeHTaMM. VI3r16Has )KeCTKOCTb JIEHThI He
yuutsiBaeTcs. B mopienn TJI nponymepoBanbl nocnesioBaTenbHo ¢ Ne 1 o Ne 36.

LleHTp HENMOABIDKHOI MPSIMOYTO/IBHOI CUCTEMBI KOOPAVMHAT COBMEIIEH C LIEHTPOM IIpuBOfHOro 6apabana. Ocp Y — mpo-
IOIbHAS OCh KOHBellepa — IPOXONT Uepes3 CepefnHbl ocelt BpaijeHns 6apabanos (puc. 4).

VY ropusoHTanbHOTO KOHBelepa 0Ch Z HallpaBjieHa BepTUKATbHO BBEPX, a 0cb X — Topu30HTambHO. Och X COBIIalaeT € OChI0
BpallleHMsI HellepeKOIIeHHOTo IpuBofHOro 6apabana. Och TOpMO3HOro H6apabaHa coefyHeHa C IPY30BbIM HATS>KHBIM YCTPOIL-
CTBOM U MOXXET IlepeMelaTbCs BAOMb OCK Y.

J7ist co3panmst mepekoca MpuBORHOro 6apabana B ocKocTy XY ero och BpalleHNs IOBOPAYMBAIOT OTHOCUTENIBHO OCH Z,
a JUIsL CO3MIaHMsI IepeKoca B INIOCKOCTH YZ — oTHOCKTeNnbHO ocrt Y. Ha puc. 4, 6 mokasaH nprBogHoit 6apabaH, mmepeKoeHHbII
B I1ocKkocTy XY.

[TomepeuHoe cedeHne MEHTDI MMeET OOBIIYIO MSTMOHYIO KECTKOCTb OTHOCUTENBHO IIOCKOCTI YZ 13-3a OOMBIIOr0 MOMEHTa
VHepLII OTHOCUTENIBHO ocy Y. BermepicTBie 3T0r0 60KOBBbIe CMellleHNs M3riba IeHThI B HAIIpaB/IeHny ocy X Ha OTPaHIYeHHO [UTIHe
IyTY OXBaTa He3HAYMTeIbHBL [109TOMY B MOfe/I IIPMHATO, YTO OOKOBbIE CMEILIIeHYIs JIEHTHI B HAIIPaB/IeHN! OCU X OTCYTCTBYIOT.

VIsMeHeHe pacTsDKeHVIs 110 LIVPYIHE JIEHTHI [Is1 KOHBeNepoB [inHOI 6otee 100 eXMHNULY IVPUHBI JIEHThI MOXKHO He YIUTHIBATb.

Mogenb BK/IIOYAET CUITY TPEHMSI CKOIBXKEHIsI II0/I3YHa TOPMO3HOTrO 6apabaHa II0 HAIIPAB/IAIONIEN U YIIPYrO-FUCCUIATIB-
HYIO CUJIy PacTs>KeHUsA KaHaTa Ipysa.

KoHTakTHOe B3anMOfIeliCTBIE JIEHTDI ¢ bapabaHamit IPeICTaBIeHO KOHTAKTHBIMU CUJTAMY «TOYKa—OKPY>KHOCTD», OIVICaH-
HBIMM B PYKOBOACTBe monb3oBaress [IK « YHuBepcanbHbIil MexaHU3M» [16].

PucyHok 4. Mogenb 3aMKHYTOW NeHTbI, OXBaTbiBaloLeli NPMBOAHOW M TOPMO3HON 6apabaHbl, cozaaHHas B cpege MK «YHuBepcanbHbIn
MexaHu3M». a — B cboky; 6 — Bug cBepxy.

Figure 4. Model of a closed tape covering the drive and brake pulley created in the "Universal Mechanism" PC environment. a is a side
view; b - top view.
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B ClIy4a€ CKOJIb)XE€HM Crla TPEHUA FTp IIponopIMOHa/IbHA HOPMaTIbHOi[ peakuumn N KOHTaKTMPYIOIIMX TE/I U HallpaBJI€eHA
ITPOTUB CKOPOCTU CKOIBXKEHNA.
Frp =fN’

re f — K09 DUIMEHT TPEHNA CKONbKEHMs, BEMMIIHA KOTOPOTO 3aBUCUT OT CKOPOCTH CKOTIBKEHMSA V.
3aBucnMocTb Koadpdurmenta f oT BemmuuHbl v, yunThiBaeT addekt IlITpubeka

f(v) =f+ (f, - 1) exp (~vy /v, )° + v,

rae f, f, — xoahduimenTbl TpeHUs Npu HyMeBOM CKOPOCTH M MPU GECKOHEYHON CKOPOCTH CKONMbXEHUS; U, — CKOPOCTh
[Tpubexa, ompenendiouas MHTEPBaA CKOPOCTY CKOIbXKEHNA, Ha KOTOPOM MIMeeT MeCTO 3 eKT 9KCIIOHEHIVaIbHOTO TTaleHN s
ko3 durenta Tpenus; 8 € [0,5; 1] — aMnmpuuecknit IOKas3aTenb CTeleHy; V — K03 PUIMeHT BA3KOTrO TPEeHUsI.

ITepexof OT TpeHMs CKOMIbXKEHMsI K TPEHUIO TIOKOsI TIPOMCXOJIT, €C/IY CKOPOCTh CKOIB)XEHNS MEHsIeT HAaIlpaBjIeHNe Ha IIPO-
TUBOTIONOXHOE. Bemmunna cuyibl TpeHus MOKosl onpefensaeTcs KoadduimenTamm KOHTaKTHO kecTKOCTH C M KOHTaKTHOI
muccunanuu C,.

ITpy acMHXpPOHHOM 37IEKTPOIPUBOJE KPYTALINMII MOMEHT IPUBOJHOTO 6apabaHa IpeACTaBUM 3aBUCHMOCTBIO
M
M, - Mo f_ar) ©

Sk
rae M — HOMMHAJIbHBIN KPYTAIIMI MOMEHT IPUBOAHOTO 6apabaHa, €, — HOMIHA/TbHOE 7IEKTPOMEXaHINYECKOE CKOTbKEHe
anektpopsuratens (]1); ®, - yraosas ckopocTb NpUBOJHOTO 6apabaHa;  — CMHXPOHHAA yrioBas ckopocThb ]l I - mepena-
TOYHOE OTHOIIICHNE IIPUBOJA.

JInneiiHasA 3aBUCUMOCTD (6) XOPOIIO MOAXOANT IS YCTAaHOBYBIIETOCA peXKUMa paboThl acMHXpOHHOro .

Comporus/eHye [BIDKEHIIO KOHBEIEPHOII JIEHTHI PeaM30BaHO C IOMOIIbI0 TOPMO3HOro Hapabana. MOMEHT TOPMO3HOTO
6apabaHa IIpenCcTaBIeH 3aBUCUMOCTDIO

s

M,=M,+ M0,
rme M

o M, — K09 duIMeHTbI COMPOTUB/IEHNS BPAIIIEHNIO TOPMO3HOTO 6apabaHa, , — YI/I0Bast CKOPOCTh TOPMO3HOTO G6apabaHa.

Ymenbenue snadennii M, M u M 10 BEIMYUH OKOIO (0,01...0,001)SIR II03BOJIAET MOZENVPOBATh ABVDKEHVE JIEHThI
Ha IIEPEKOIIEHHOM HelPUBOLHOM bapabaHe.

PesyAsTaTbl MOAEAMPOBAHMSI

C ucrnonb3oBaHMeM KOMIIbIOTEPHOI MOJIe/N IIPOBENEHO MOfleIMPOBaHye YCTAHOBMBIIETOCs NBVDKEHMA JIEHTDI Ha IIepeKo-
IIEHHOM IIPUBOIHOM OapabaHe KOHBelepa cO CIeyoLIMMI ITapaMeTPaMy: Macca JIEHTbI p = 16 Kr/M; [/IHA JIEHTbI, IPeACTaB-
neMas OnHMM AUCKpeTHbIM TenoM nenTsl (TJI), I = 0,1 M; >kecTKocTh ynpyro-guccunatusHoro snementa C, = 6 MH; koad-
buumenT guccumany yupyro-aucCuIaTuBHOTO saeMenTa W = 5,6 kH - ¢/m; @ = 5,2 pag/c; €, = 0,04 M = 5000 H - m; M =
2500 H - m; M, = 500 H - M - ¢/pap; R = 0,4 m; yronm oxBata o = 1t paf, f, = f,_= 0,25; koadduimeHT KOHTaKTHOI sxecTkoCTH C =
1,0 MH/Mm; k03 dunmerT KoHTakTHOI griccunanuu C = 500 H - ¢/m; v = 0; Macca rpysa HaTs)KHOTO YCTPOIICTBA M&y = 5000 kT,
CHJIa TPEHNUS CKOMIbXKEHMs TI0/I3yHa TOPMO3HOTO 6apabana F, =192 H.

Ha puc. 5 npuBenens! rpaduky mpoexumit cui Tpernsa 1J1 Ne 6-17 Ha ock X npu nepekoce 6apabana B mnockoctu XY Ha
0,05 pax. Ha puc. 5, 6 mo ocu abcuyicc ykazano BpeMs (¢), 0 0CM OpAMHAT yKa3aHa BeJIM4IMHa Ipoekunu cubl Tperns (H).

W3 rpadmxos puc. 5 BUIHO, 4TO IpoeKuuy cul Tperus TJI Ha ocb X MeHAIOT 3HaK Ipu nepexope TJI Ha BTOpYIO ITONOBUHY
myru oxsara ({ > mR/2). Bennuunsr mpoekiuit cu Tperst TJI Ha BTOPOIT TOIOBMHE YTY OXBAaTa MEHbIIIE, YeM Ha [ePBOIL, 13-3a
YMEHbIIEHNUs CUIb PACTsKeHMs IEHTHL. II0BOPOT HenprBo#HOro 6apabaHa BOKPYT ocu Z CO3/1aeT 3HAYUTEIbHYIO 10 Be/IMYIHE
npoexiio F_=-5,93 kH rmaBHOro BeKTOpa C1/l KOHTAKTa IEHThI C 6apabaHoM Ha 0Cb X.

Ha nenpuBopHOM 6apabaHe cula pacTsOKeHN IEHThI M3MEHAETCs HEeCYIeCTBEHHO, ¥ CyMMa IpoeKumit cun tpernsa TJI Ha
ocb X 6nmsKa K Hyio nipu o = 7. TeM He MeHee OBOPOT HEMPUBOAHOTO 6apabaHa BOKPYT OCU Z TaK)Ke CO3/]AET 3HAYUTEbHYIO
110 BeJIMYMHE IPOEKIIIO [IIABHOTO BEKTOPA CIJ/I KOHTAKTA JIEHTHI ¢ 6apabGaHoOM Ha 0Cb X 3a CUeT CUJIbl PACTSDKEHVISI IEHTHL.

Ha puc. 6 npusenenst rpapuxy npoexunii cui tperns TJI Ne 6-17 na ocs X npu nepexoce 6apabana B mrockoct XZ Ha
0,05 pag.

W3 rpadmkoB puc. 6 BusHO, 4To TJ/I HeMOHOTOHHO CKO/IB3AT OTHOCUTE/NIBHO 6apabaHa Ha fyre oxsaTa. B MomenTsI Bxona TJI
B KOHTAKT ¢ 6apabaHOM 1 BBIXOJIa 3 KOHTAKTa BO3HMKAIOT HEOO/IBIIINE IO BETMYMHE OCUV/UIALNY KOHTAaKTHBIX CUII 11 IlepeMe-
meHumit. Bee TJI, konTakTupyromue c 6apabaHoM, MEHSIOT HallpaBJIeHVe CKO/IbXeHMs B Hadajle U KOHLe [yTU OXBaTa.

IToBopoT HenpuBogHOro HapabaHa BOKPYT ocK Y co3faeT OOJIBLIYIO II0 BeINYMHe IPOEKIIO IVIABHOIO BEKTOpa CUJI KOH-
TaKTa JIeHTHI ¢ 6apabanom Ha och X (F_ = -12,88 kH), 4eM moBOpOT BOKpPYT ocn Z.

Ha puc. 7, 8 mokasaHbI 3aBUCMMOCTY TTPOEKINit F_T/TABHOTO BEKTOPa CU/l KOHTAKTa IEHThbI C 6apabaHoM Ha ocb X 1 Ha OCh
6apabana F, oT yr/a nepekoca IpuBofiHOTo 6apabana B mmockoctsax XY u YZ. ITo ocu abeiucc ykasan yron nepexoca (pap), mo
OCHM OpIMHAT yKasaHa Be/M4nHa npoekuuit F un F, (xH).

[Ipoekuuu rmaBHoOro Bektopa F 1 F, JOCTUTAIOT MaKCMMA/IbHOTO 3HaYeHMs Py Tlepekoce 6apabana B nockocTi XZ Ha
yron 0,05-0,07 pag (2,8°-4,0°), a mpu 60IbIINX YI/IaX He3HAYUTEIBHO YMEHDIIAIOTCA.

IIpu nepekoce 6apabana B mnockoctu XY Ha yron fo 0,2 paj mpoexims F_Bo3pacTaeT HeMMHENHO C IOKAaTbHBIM MAKCUMY-
MOM, co0TBeTCTBYIoIMUM yriay 0,05 pan. [Ipoekuns raBHOro BeKTopa F HoCTUraeT MaKCUMaIbHOTO 3HAUeHNs TIPU [IEPEKOce
6apabana B wrockocty XY Ha yron 0,05-0,07 paz, a 3aTeM yMeHbILIAETCS.

IToBopor 6apabaHa B rmockocty XY 1mo3BosseT 6oee MIABHO [IEHTPUPOBATD JIEHTY IO CPABHEHMIO C TAKMM YK€ TIOBOPOTOM
B IVTOCKOCTN XZ.
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PucyHok 5. NMpoekunn cun tTpeHuns TJ1 Ne 6-17 Ha ocb X npu nepe-
koce 6apabaHa B nnockoctu XY Ha 0,05 pap.

Figure 5. The projection of the friction forces of the TL No. 6-17 on
the X axis when the pulley is skewed in t