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Introduction to Geothermal Volcanology Workshop 2018, Technical Program
and Fieldtrips

Alexey V.Kiryukhin
Institute of Volcanology and Seismology FEB RAS, Petropavlovsk Kamchatsky 683006, Russia
AVKiryukhin2@mail.ru
The 2-nd international seminar on geothermal volcanology (Geothermal Volcanology Workshop
2018) will be held from 05 to 08 September 2018 in Petropavlovsk-Kamchatsky, Russia. Kamchatka is an
active volcanic, seismic and hydrothermal region. Active volcanism is accompanied by magma injections
into host structures, magmatic fracturing and the formation of hydrothermal systems adjacent to volcanoes.
Engineering study of productive geothermal reservoirs is a necessary condition for their effective use for heat
and power supply. Geomechanical analysis of the magmatic fracturing regime with seismic data is extremely
important for predicting volcanic activity. It is also useful for analyzing the productivity of geothermal
reservoirs and as the analog of hydrocarbon reservoirs development with hard-to-recover reserves. The
interdisciplinary focus of this workshop will bring together scientists to solve problems which transcend the
framework of international borders.
Keywords: Geothermal, VVolcanology, Workshop

Kondepenuust mo reorepmaibHoi Bysakanosgoruu 2018: nesan, nporpamma u
MoJieBble IKCKYPCUH

Kuproxun A.B.
Unemumym syaxanonozuu u ceticmonozuu /[BO PAH, I[lemponasnosck-Kamuamckuii, 6. Iutina 9, 683006

2-0i  MEXIyHapoIHBIH  ceMMHap 1o  npoOneMaM  TeOTepPMaJbHOW  BYJIKAHOJOTHH
(GeothermalVolcanologyWorkshop 2018) mpoxomui ¢ 05 mo 08 centsiopst 2018 rosa B r. [TeTponaBioBcke-
Kamuarckom, Poccus. KamuaTka siBiisieTCst akTHBHBIM BYJIKAHUYECKUAM, CEHCMUYECKHM U THAPOTEPMATBHBIM
PETMOHOM. AKTHBHBIN BYJIKaHU3M CONPOBOXKAAETCS MHXEKLUSAMHU MarMbl BO BMEILAOLIME CTPYKTYPBI,
MarMaTH4ecKuM (DPakvuHroM M (POPMUPOBAHHEM THAPOTEPMAIBHBIX CHUCTEM, NPHIIETAIOMIMX K BYJIKaHaM.
WmxenepHoe u3yveHue MPOAYKTHBHBIX T€OTEPMAIBHBIX PE3EPBYaPOB SBISETCSI HEOOXOIUMBIM YCIOBHEM HX
3G PEKTHBHOTO WCIIOJIL30BAHUS JUISL TEIJIO- W 3JeKTpoobecredeHus. ['eoMexaHWYecKni aHalu3 pexuma
MarMaTH4YecKoro (ppakuHra ¢ MUCIOJIb30BAHUEM CEHCMUYECKUX AAHHBIX YPE3BbIYAHO BaXKEH AJISl MPOrHO3a
BYJIKAHMUECKOW aKTUBHOCTH M aHAJIM3a MPOJYKTUBHOCTH FeOTEpMalIbHBIX PE3EPBYapoB, a TAKKE B KAUECTBE
aHajiora pa3pabOTKH MECTOPOXACHUH ¢ TPYIHOM3BICKACMBIMHU 3amacamu Y B.MexauciuIinHapHbId
XapakTep COBELIaHUSI cOOepeT BMECTE YUEHBIX MJIsl PELIeHHs NMPOoOJeM, KOTOPbIE BBIXOIAT 32 PaMKH
MEXIyHapOIHBIX TPaHHMLI.

KawueBbie ciaoBa: ['eotepmanbHast, BynkaHoiorus, koHdepenius, [laparyHnckuii, MyTHOBCKHH,
reizepsl, Kopskckuit

1. Introduction
Geothermal Volcanology Workshop 2018 provides a unique opportunity to meet with other
scientists working in the Far East segment of the North-West Pacific as it makes an excellent
presentation for those willing to participate in research of this unique region. In 2018, the meeting
will begin the day after the start of the 2-nd International Geothermal Conference GEOHEAT will
combine the efforts of scientists for geothermal energy research in the areas of modern volcanism.
Topics of scientific sessions:
- Hydrothermal systems adjacent to active and extinct volcanoes
- Seismicity in geofluid volcanic and hydrothermal systems
- Magmatic feeding systems of active volcanoes
- Modeling the exploitation of geothermal reservoirs in volcanic areas
- Problems of using geothermal energy in volcanic areas for heat and electricity supply



- Magmatic fracturing as an analogue of the development of hydrocarbon reservoirs
with hard-to-recover reserves
- Mechanism of geyser functioning and cyclicity in hydrothermal systems

2. Field trips
The following Field Trips are scheduled during GVW-2018: (FT-1) Koryaksky Volcano’s Dyke
Fields & Thermal Mineral Springs, (FT-2) Mutnovsky & Paratunsky Geothermal Areas, (FT-3)
Valley of Geysers (see Figure 1).

Geysers Valley

Petropaviovsk-Kamchatsky

Paratunsky
a L

=/
Mutnovsky

[ | [ | I |
156.5 157.5 158.5 159.5 160.5 161.5

Figure 1 —Field trip (1, 2 & 3) locations on Kamchatka map. Active volcanoes (blue stars) and most
significant hydrothermal systems (red circles) are shown too.

2.1 Field Trip — 1: Koryaksky Volcano’s Dyke Fields & Thermal Mineral Springs

The field trip lasts 10 hours (from 9-00 to 19-00). Number of participants is up to 10.
Transport (car+helicopter), map and root points (Figure 2): IVS FEB RAS — Avachinsky Base /IVS
Base (AVH) — IVS FEB RAS (track+car); Avachinsky Base (AVH) — Dyke field on the south
slope of Koryaksky volcano — Koryaksky Narzan (K8) — Koryaksky Narzan (K2) — Koryaksky
Narzan (K1) — Isotovsky Hot Spring (1S) - Avachinsky Base (AVH) (helicopter). Foods: box lunch
& Koryaksky Narzan water.

The Avachinsky-Koryaksky volcanogenic basin (Figure 2), which has an area of 2530 km?,
is located 25 km from Petropavlovsk-Kamchatsky City and includes five Quaternary volcanoes
(two of which, Avachinsky (2750 masl) and Koryaksky (3456 masl), are active), and is located
within a depression that has formed atop Cretaceous basement rocks. Magma injection zones (dykes
and chamber-like shapes) are defined by plane-oriented clusters of local earthquakes that occur
during volcanic activity (mostly in 2008-2011) below Koryaksky and Avachinsky volcanoes at
depths ranging from -4.0 to -2.0 km and +1.0 to +2.0 km, respectively. Water isotopic (5D, 5'20)
data indicate that these volcanoes act as recharge areas for their adjacent thermal mineral springs
(Koryaksky Narzans, Isotovsky and Pinachevsky) and the wells of the Bystrinsky and Elizovo
aquifers. Carbon 8*3C data in CO, from CO; springs in the northern foothills of Koryaksky Volcano
reflect the magmatic origin of CO,. Carbon 8*3C data in methane CH, reservoirs penetrated by
wells in the Neogene-Quaternary layer around Koryaksky and Avachinsky volcanoes indicate the
thermobiogenic origin of methane.
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Figure 2 —Geological map of the Koryaksky—Avachinsky volcanogenic basin. Legend: (1) The
summits of the Avachinsky, Koryaksky, Kozelsky, Arik, and Aag volcanoes; (2) Avachinsky, Koryaksky,
Kozelsky volcanoes and their eruptive products; (3) Pinachevsky extrusions Q,.;; (4) thermal features (for
details, see Table 1): FA - fumaroles on Avacha Volcano; FK - fumaroles on Koryaksky Volcano; K1, K2,
K3, K7, K8 - thermal mineral springs of Koryaksky Narzan; IS - lzotovsky; VD - Vodopadny; CH -
Chistinsky; Va - Vakinsky; (5) deep hydrogeological wells; (6) KB GS RAS seismograph stations; (7) dykes
traced at -3000 masl below Koryaksky Volcano and 1500 masl below Avachinsky Volcano; (8) glaciers.
Note: The isolines show the topographic surface, and the ticks along the axes represent intervals of 5 km.

2.1 Field Trip — 2: Mutnovsky and Paratunsky Geothermal Areas

The field trip lasts 10 hours (from 9-00 to 19-00). The number of participants is up to 10.
Transport (car+helicopter), map and root points (Figures 3&4): IVS FEB RAS — V-Paratunsky hot
springs — IVS FEB RAS (track-car); V-Paratunsky hot springs — Vilyuchinsky Volcano — N-
Zhirovskoy hot spring (16) — Voynovsky hot spring (16) — V-Mutovsky GeoPP 12 MWe —
Mutnovsky GeoPP 50 MWe — Dachny Steam Jets (7) — Dyke Field in Mutnovsky Volcano Crater
(3) — Vulcannaya River Waterfall 60 m — Cold Springs in Gorely Volcano — Vilyuchinsky hot
springs - V-Paratunsky hot springs (helicopter). Meals: box lunch & Silver Creek water (K1).

The Mutnovsky geothermal area is part of the Eastern Kamchatka active volcano belt.
Mutnovsky, 80 KY old and an aging strato-volcano (a complex of 4 composite volcanic cones), acts
as a magma- and water-injector into the 25-km-long North Mutnovsky extension zone (Figure 3).
Magmatic injection events (dykes) are associated with plane-oriented MEQ (Micro Earth Quakes)
clusters, most of them occurring in the NE sector of the volcano (2 x 10 km?) at elevations from -4
to -2 km, while some magmatic injections occur at elevations from -6.0 to -4.0 km below the
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Mutnovsky production field. Water recharge of production reservoirs is from the Mutnovsky
volcano crater glacier (+1500 to +1800 masl), which was confirmed by water isotopic data (6D,
8'%0) of production wells at an earlier stage of development. The Mutnovsky (Dachny) 260-310°C
high-temperature production geothermal reservoir with a volume of 16 km? is at the junction of
NNE- and NE-striking normal faults, which coincides with the current dominant dyke injection
orientation. TOUGH2-modeling estimates of the reservoir properties are as follows: the reservoir
permeability is 90-600 e-15 m?, the deep upflow recharge is 80 kg/s and the enthalpy is 1420 kJ/kg.
Modeling was used to reproduce the history of the Mutnovsky (Dachny) reservoir exploitation since
1983 with an effective power of 48 MWe by 2016. Modeling also showed that the reservoir is
capable of yielding 65-83 MWe of sustainable production until 2055, if additional production
drilling in the SE part of the field is performed. Moreover, this power value may increase to 87-105
MWe if binary technologies are applied. Modeling also shows that the predicted power is sensitive
to local meteoric water influx during development. Conceptual iITOUGH2-EOS1sc thermal
hydrodynamic modeling of the Mutnovsky magma-hydrothermal system as a whole reasonably
explains its evolution over the last 1500-5000 years in terms of heat recharge (dyke injection from
the Mutnovsky-4 funnel) and mass recharge (water injection through the Mutnovsky-2 and
Mutnovsky-3 funnels) conditions as previously mentioned.

The Paratunsky low temperature geothermal field (Figure 4) has been operating since 1964.
During the period of exploitation from 1966-2014, 321 Mt of thermal water (CI-Na, CI-SO4-Na
composition, M up to 2600 ppm) with temperatures of 70-100°C was extracted and used for district
heating, balneology and greenhouses. The structure of the 40 km® Paratunsky low temperature (80-
110°C) geothermal volcanogenic reservoir was geometrically characterized, hot water upflow
regions and the 3D permeability distribution were identified with hydrogeological data, and the
distribution of the feed zones and 3D temperatures were constrained by 3D spline approximation.
Water isotope and gas (N,, 96-98%) data analysis indicated that the main recharge region of the
Paratunsky geothermal reservoirs is the Viluychinsky Volcano (2173 masl) and adjacent highly
elevated structures, located 25 km south from the geothermal field. Production zones coinciding
with dip angle fractures occur in the condition of radial extension (possibly caused by magmatic
origin heat sources below the reservoir) and hydraulic fracturing (possibly caused by the elevated
position of the Viluychinsky Volcano’s recharge region).

TOUGH2 modeling of the thermo-hydrodynamic natural state and the history of exploitation
(involving pressure, temperature and chemical changes response to utilization) between 1965 and
2014 yield estimates of hot water upflow rates (190 kg/s), the production reservoir compressibility
(up to 4x10® Pa?) and permeability (up to 1.4 D). Modeling confirmed areal discharge of the
thermal water from the production reservoir in the top groundwater aquifer (top Dirichlet boundary
conditions). Modeling of the chemical (Cl-) history of exploitation provides an explanation of
gradual Cl- accumulation due to the inflow of chloride-containing water through the eastern (open)
boundary of the geothermal reservoirs. Modeling of the long-term exploitation until 2040 with an
exploitation load of 256 kg/s merely shows a low pressure drop (0.7 bars) and an insignificant drop
of temperatures in the production geothermal reservoir of the Paratunsky geothermal field.
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Figure 3 — Schematic map and topography of the Mutnovsky geothermal area, grid scale 1
km.Legend: 1 — Production 2D plane zone traces at -250 masl; 2 — Magmatic injection (dykes) 2009-2016
traces at -3000 masl; 3 — thermal features (1-18, see below); 4 — wells; 5 — rectangle is a detailed TH model
area; 6 — temperature isolines at -250 masl; 7 — AB — line of cross-section; and 8 — Glacier in the Mutnovsky
volcano crater. Note-1: M;, My, M, M, — funnels of Mutnovsky volcanoes 1, 2, 3 and 4, respectively (see
section 2.3 for details). Note-2: MGeoPP — the existing Mutnovsky geothermal power plant 50 MWe
installed; VMGeoPP — the existing Verkhne-Mutnovsky geothermal power plant 12 MWe installed; Dachny,
Vulcanny, V-Zhirovskoy, Zhirovskoy-1, Zhirovskoy-2, and Vilyuchinsky — the potential sites for additional
geothermal electricity production.

Thermal features: 1 — Active funnel, 2- Bottom field, 3- Upper field, 4,5 — North-Mutnovsky East and
West, respectively, 6 — New 2003, 7 — Dachny (Active), 8 — Radon spring, 9 - Medveji, 10 — Gorely volcano
gas emission jets, 11 — Verkhne-Mutnovsky, 12 — Piratovsky spring, 13 — Voinovsky spring, 14,15 — Verkhne-
Zhirovskoy chloride hot springs and fumaroles, respectively, 16,17 — Nizhne-Zhirovskoy chloride hot
springs, and 18,19 — Vilyuchinsky chloride hot springs and well R27, respectively.
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Figure 4 — Paratunsky geothermal fields geo-filtration structure, recharge and boundary conditions,
topographical elevations in the background, grid scale 1 km.Legend: 1 — counters of production geothermal
reservoirs at -750 masl based on geoisotherm 75°C (Paratunsky) and 60°C (Verkhne-Paratunsky); 2 —
Holocene lava flows and cinder cones; 3 — Rhyolite extrusions 0.5-0.8 MY; 4 — water recharge regions for
the Paratunsky geothermal reservoirs (with an elevation of more than 1000 masl); 5- Horizontal projections
of fluid flows from recharge regions to the production geothermal reservoirs; 6 — Chloride water attracted
into the production reservoir due to its exploitation; 7 — Hot springs; 8 — Production zone traces at -750
masl; 9 — Caldera rim 1.2-1.5 MY (Leonov et al., 2007).

2.1 Field Trip — 2: Valley of Geysers
The field trip lasts 10 hours (from 9-00 to 19-00). The number of participants is up to 10.
Transport (car+helicopter), map of the Valley of Geysers (Figure 4): IVS FEB RAS — Nikolaevka
Airport — IVS FEB RAS (car); Nikolaevka Airport — Valley of Geysers (Pervenetz, Bolshoy,
Mudflow 2014) — Uzon Caldera (Shaman)- Nikolaevka Airport (helicopter). Meals: box lunch &
Malkinsky Water.
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The Geysers Valley hydrothermal system (Figure 5) is hosted within a system of two
permeable faults (revealed by mapping thermal features), located above a suggested partially melted
magmatic body and recharged by meteoric water along the outcrops of rhyolite-dacite extrusions.
Fast erosion is stimulating the significant discharge rate, the geyser’s cycling mode and landslide
events. The Giant landslide took place on June 3, 2007, when 20 x 10° m® of rocks were shifted 2
km downstream, more than 23 geysers were buried or submerged, and Podprudnoe Lake was
dammed, injecting cold water into submerged geysers. Possible triggers of the Giant Landslide
include the inclination of the sliding plane towards the Geysernaya river basin, a pressure increase
in the fluid-magma system, hanging block saturation by water during spring flooding, hydrothermal
alteration weakening of the sliding plane,and steam explosions.

=

Mt. Geysernaya

Lower G

<-r.Geysernaya,, ;3

Mudflow 3-June-200°

Figure 5 — Schematic map of the Valley of Geysers. Legend. 1- Alluwal and glacial deposits Qz4; 2
- permeable units of rhyolite, dacite and andesite extrusions (acQs5"); 3 - basalt, andesite, and dacite lavas
and pyroclastics (a05"°); 4 —low permeability units of caldera lake deposits (Qs"), which are complicated by
a dyke complex (Qs’ust); 5 — assumed thermal fluid-conducting faults; 6 — Uzon-Geysernaya caldera
boundary; 7 - uplifted area that is associated with the contours of the active magma reservoir (Lundgren et
al., 2006); 8 - geysers and hot springs (for numeration, see Table 6 in Kiryukhin, 2016); 9 - Podprudnoe
Lake and Podprudnoe Lake-2 dumb by mudflows; 10 - catastrophic landslide-mudflow on 3.06.2007; 11 -
landslide-mudflow on 3.01.2014; 12 — Geysernaya river flow rate measurement points: a — Podprudnoe
Lake exit, b — Geysernaya river mouth. Grid scale — 500 m. AB — grey dotted line of cross-section.

The monitoring of the Velikan and Bolshoy geysers after the catastrophic landslide on
3.06.2007 (which dammed and created Podprudnoe Lake, drowning some geysers) and before a
mudflow on 3.01.2014 (which destroyed the dam and almost completely drained Podprudnoe Lake)
shows that the interval between eruptions (IBE) of the Bolshoy Geyser decreased from 108 to 63
min and that the IBE of the Velikan Geyser slowly declined over three years from 379 min to 335
min. The seasonal hydrological cycle of the Velikan Geyser shows an increase in the IBE during
winter (average of 41 min). The dilution of the chloride deep components of the Bolshoy (-17%)
and Velikan Geysers (-12%) is also observed. A local TOUGH2 model of the Velikan geyser is
developed and is successfully calibrated against temperature observations at both the mid-height
and base of the conduit of the Velikan Geyser, which shows the essential role of the CO; in the
functionality of the geyser. Temperature logging in geysers Velikan (1994, 2007, 2015, 2016, 2017)
and Bolshoy (2015, 2016, 2017) conduits shows pre-eruption temperatures below boiling at
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corresponding hydrostatic pressure, that means partial pressure of CO, creates gas-lift upflow
conditions in geyser conduits. Velikan geyser IBE history explained in terms of gradual CO,
recharge decline (1941-2013), followed by CO; recharge significant dilution after the mudflow of
Jan. 3, 2014 also reshaped geyser conduit and diminished its power.

1941-2017 period of the Valley of Geysers monitoring (Kamchatka, Kronotsky Reserve)
reveals a very dynamic geyser behavior under natural state conditions: significant changes of IBE
(interval between eruptions) and power of eruptions, chloride and other chemical components, and
pre-eruption bottom temperature. Nevertheless, the total deep thermal water discharge remains
relatively stable at around of 280 kg/s, thus all of the changes are caused by redistribution of the
thermal discharge due to Giant Landslide of June 3, 2007, Mudflow of Jan. 3, 2014 and other
events of geothermal caprock erosion and water injection into the geothermal reservoir.

This work was supported by the grant of the Russian Foundation for Basic Research,
project No. 18-05-00052.

References
1. A. Kiryukhin, V. Lavrushin, P. Kiryukhin, P. Voronin"Geofluid Systems of Koryaksky-

Avachinsky Volcanoes (Kamchatka, Russia),” Geofluids, vol. 2017, Article ID 4279652, 21 pages,
2017. doi:10.1155/2017/4279652.

2. Kiryukhin A.V., Vorozheikina L.A.,Voronin P.O., Kiryukhin P.A. THERMAL-
PERMEABILITY STRUCTURE AND RECHARGE CONDITIONS OF THE LOW
TEMPERATURE PARATUNSKY GEOTHERMAL RESERVOIRS, KAMCHATKA, RUSSIA //
Geothermics 70 (2017) 47-61.

3. Kiryukhin AV., Polyakov A.Y., Usacheva O.0., Kiryukhin P.A. THERMAL-
PERMEABILITY STRUCTURE AND RECHARGE CONDITIONS OF THE MUTNOVSKY
HIGH TEMPERATURE GEOTHERMAL FIELD (KAMCHATKA, RUSSIA) // Journal of
Volcanology  and Geothermal Research 356C (2018) pp. 36-55. DOL:
10.1016/j.jvolgeores.2018.02.010

4. A.V. Kiryukhin, T.V. Rychkova, I.K. Dubrovskaya Hydrothermal system in Geysers
Valley (Kamchatka) and triggers of the Giant landslide // Applied Geochemistry Journal, Applied
Geochemistry 27 (2012) 1753-1766

5. A. Kiryukhin. Modeling and observations of geyser activity in relation to catastrophic
landslides—mudflows (Kronotsky nature reserve, Kamchatka, Russia). Journal of Volcanology and
Geothermal Research, 323, p. 129-147, 2016.

6. A. Kiryukhin, V. Sugrobov, E. Sonnenthal. Geysers Valley CO, Cycling geological
Engine (Kamchatka, Russia) /l Geofluids Journal, 2018, 17 p.
https://www.hindawi.com/journals/geofluids/aip/1963618/

15


https://www.hindawi.com/journals/geofluids/aip/1963618/

SECTION I.LHYDROTHERMAL SYSTEMS ADJACENT TO ACTIVE AND
EXTINCT VOLCANOES

PA3JIEJI |. THAPOTEPMAJIBHBIE CUCTEMBI, ITPUJIETAIOIIIUE K
AKTHUBHBIM U ITIOTYXIINUM BYJIKAHAM

YK 550.42.47:551.214

Underwater hydrotherms
in the Karymskoye calderalake (Eastern Kamchatka)

Antonina G. Nikolaeva, Gennady A. Karpov

Institute of Volcanology and Seismology FEB RAS, Petropavlovsk-Kamchatsky, 683006, Russia,
ocean@kscnet.ru

Physical-chemical features of underwater thermal vents discovered during the diving surveys
conducted in the Tokarev underwater crater have been considered. Their appearance was triggered by the
1996 underwater eruption that occurred in the Karymskoye caldera lake. Algae and microorganisms
(diatoms, blue-green, cyanobacteria, etc.) were reported in the areas of mixing of the lake waters with
thermal ones. Occurrence of submerged discharge vents in the lake was evidenced by the newly-formed
sectors of the hydrothermal system existing within the volcanic caldera, and accounted for the disagreements
of the water balance observed here for almost ten years.

Keywords: caldera lake, underwater eruption, diving surveys, submerged thermal waters, algae-
bacterial communities, water balance

IToagBoAHBIE THAPOTEPMBI B KAJIbJAepHOM o03epe KapbiMckoM (BocTOYHAA
Kamuartka)

Huxouaaesa A.I'., Kapnos I'.A.
HUncmumym eynkanonocuu u ceticmonoeuu /[BO PAH, Poccus, [lemponagnosck-Kamuamckui, 683006,

[TpuBomuTCa (PU3MKO-XUMHUYECKasi XapaKTEPUCTHKA MOABOAHBIX THAPOTEPM, OOHApYKEHHBIX B
mpolecce BOAOJA3HBIX padOT B MOABOAHOM KpaTepe TokapeBa. Bosnuxkim oHM B cBA3u ¢ (hpeaTo-
MarmMaTH4ecKuM H3BEp>KEHHEM B KaibaepHoM o3epe Kapsimckom (1996 r.). B 30Hax moaBOIHOTO CMEIIEHUS
03EpHBIX BOJ C TEPMaJbHBIMH, OTMEUAJIOCh IMOSIBICHHE BOJOPOCIEH M MHKPOOPTaHW3MOB (IMAaTOMOBBIX,
3eJIeHbIX BOJOpOCiel, nuaHoOakTepuil U ap.). Hanuume moaBOAHBIX pasrpy30K B 03€pe MOATBEPKIAIO
00pa3oBaHWE HOBBIX YYAaCTKOB THJPOTEPMAIBHOW CHUCTEMbI B BYJIKaHHUECKOW KallbJiepe W OOBSCHSIO HE
cOMBKY B BOJIHOM 0OajaHce 03epa Ha MPOTSHKCHUH MTOUYTH JAECATKA JIET.

KiroueBblie ci1oBa: KaJlbAepHOE 03€pO, MOJBOAHOE M3BEP)KEHHE, BOAOIA3HBIE PAOOTHI, MOIBOIHBIE
THJIPOTEPMBI, Ibr00aKTEpUAIbHBIE COOOIECTBA, BOIAHBIN OalaHc

Research goal:Investigating the environments of gas-water discharges’ formation within the
explosive Tokarev Crater related to the 1996 underwater eruption. Research tasks included
discovering the underwater discharge vents that appeared after the 1996 phreatic-magmatic eruption
in the Karymskoye caldera lake, T°C and pH measurements, defining their gas and chemical
compositions, conducting biological studies.

Our study object is the Karymskoye Lake located in the Akademii Nauk Caldera. 6 km
North of the Caldera, the active Karymsky Volcano is located in the Karymskaya Caldera. Both
calderas and two active volcanoes (Karymsky and Maly Semiachik) are situated in the southern
sector of the Eastern Volcanic Belt of Kamchatka and are confined to the large long-lived
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Karymsky Volcanic Center (KVC). KVC is characterized by repeated intensifications of seismic-
tectonic and volcanic activity.

In January of 1996, a phreatic-magmatic eruption occurred in the caldera hosting the
Karymskoye freshwater lake (pH=3.2, CI-SO,4 / Ca-Na). The eruption lasted for about 24 hours and
was accompanied by intense supply of heat and matter to the lake, as well as by massive explosions
of steam-gas and scoria-bomb material. Almost simultaneously, a powerful eruption of the nearby
Karymsky Volcano took place.

Along with certain tectonic processes that had occurred long ago in the KVC, the
outstanding 1996 events in the caldera were preceded by the changes within the water environment
of the freshwater basin, which was described in detail by many authors [Karpov et al., 1996;
Fedotov, 1997; Muraviev et al., 1997; Maguskin et al., 1997; Gordeev et al., 1998; Fazlullin et al.,
2000; Karpov, 2004, and others].

Underwater phreatic-magmatic eruption caused drastic changes in the chemical composition
of the water system of the Akademii Nauk Caldera.

Formerly freshwater Karymskoye Lake (pH=7.2 and CI-HCO3; / Na water composition)
immediately turned acidic (pH=3.2, CI-SO, / Ca-Na), which naturally whipped out the entire
organics of the lake, first of all — fish [Karpov et al., 1996; Fedotov, 1997; Muraviov et al.,1997;
Fazlullin et al., 2000].

Eruption in the northern sector of the lake was evidently triggered by interaction of gas-
saturated magma supplied from the deep chamber along the newly-formed fissures with the internal
waters of the Akademicheskaya geothermal system, and successively with the lake waters.

Amount of endogenous matter supplied and dissolved in the lake water made about 20
thousand tons of Cl-ion and 200 thousand tons of SO,-ion.

As a result of the eruption, Novogodny Peninsula was formed in the southern sector of the
lake, underwater Tokarev Crated being the center of the 1996 eruption.

The crater was actively degassing and steaming, which was visible by intense bubbling of
the lake water. The entire 1-m- thick ice covering the lake surface melted, intense steaming was
observed. Steam cloud raised up to 3 km.After the eruption,lake water was stirred, showing
temperatures of 22-50°C [Karpov, 2004].

Prior to the lake eruption, hot CI/Na waters were discharged mostly on the southern shore of
the lake. However, some thermal occurrences were observed as unfrozen patches at the lake shore
(early June, 1984), as well as in the Karymskaya riverhead, in the north-eastern and southern sectors
of the lakeshore [Pilipenko, 1989].

Of specific importance was the appearance of newly-formed thermal vents and a geyser (Fig 1):

'- - at the southern shore of the lake, in the area of
major discharges of ancient hydrotherms of
Akademii Nauk;

- in the newly-formed NovogodnyPeninsula

(blast-collapse funnels);

- at the north-eastern rim of the Tokarev Crater

(Plyazhnye Springs);

L"kfkav-msk,ﬁ/* : | - inthethermal field near the Karymskaya riverhead;
re : - re-activated Medvezh’i Springs in the north-

eastern sector of the lake.

-
o * Tokarey crater

Springs

Fiure 1 — A viev of LakeKarymskii in the caldera
from NW.Intense discharges of high-temperature
thermal waters occurred along the narrow fault zone
of sub-meridional strike

After the 1996 event, monitoring of chemical composition variations of the lake and thermal
waters has been carried out (1996-2015) [Vakin, Pilipenko, 1998; Karpov et al., 2008; Nikolaeva et
al., 2005; 2018].
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In the north-eastern part of the Tokarev Crater thermal seepages occurred both at the beach
beside the lake waterline (Plyazhnye Springs) [Vakin, Pilipenko, 1998; Karpov, 2004], and in the
adjacent shallow part of the lake where water got heated up to 50°C.

Here, development of thin films of algae-bacterial colonies was observed [Lupikina, 2005],
as well as intense bubbling of free-gasses, which was considered a possible evidence of underwater
discharge vents formed within the Tokarev Crater. Therefore, diving operations were claimed
necessary aimed at the search for the bottom thermal vents within the crater.

Diving surveys performed in 1999-200 at depths of 10-12 m revealed submerged thermal
water discharges in the lake basin and in the Tokarev Crater.

Areas hosting bottom hydrothermal vents with temperatures of 21-64°C and pH= 6.2-7.7
were found in the northern, western and southern sectors of the underwater Tokarev Crater, at
depths of 6-12 m (Fig. 2).

X P Figure 2 — Bottom vents showing
intense degassing at a depth of 10-
12 km in the Tokarev Crater:
located in the north-eastern slope
of the crater (@) on an isthmus
formed in 1996 between the lake
and the crater (b)

The vents occurred within narrow bolsons (trenches) oriented in sub-meridional direction
coaxial to surface fractures in the Karymskaya River sides caused by an earthquake that had
preceded the 1996 eruption. Chemical composition of underwater hydrotherms differed from that of
the Tokarev Crater water by high contents of Na, K, Cl, HCO3, H4SiO4 (Fig. 3).
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Figure 3 — Underwater hydrotherms location in the Tokarev Craterand the evolutionary trends of
salinity in Lake Karymskii(1984-2015)

2-3 years after the eruption, stratified mats of green cyanobacteria colonies (Phormidium)
were formed in areas of thermal discharges within the lake, most of them occurring in the mixing
zone of lake and thermal waters (underT = 20-55°C). Microorganisms were reported to recover.

In 2004, divers reported 4 areas of bottom vents located within the inner circle-zone of the
Tokarev Crater, a bit shallower (at a depth of 4-7 m) than those found in 2000.

Mats were shaped as tiny knolls and round loaves with gas accumulating inside. When
punctured, these mats released free gas whose composition was dominated by N (up to 97 vol. %)

Fine pyroclastic material was gradually inhabited by numerous diatoms (Pinnularia,
Navicula, Nitzschia), while plankton was dominated by Microcystissp. (Cyanoprocariota)
[Lupikina, 2005].

In contrast to 1999-2000 vents, the ones discovered in 2004 occurred as tiny funnels
discharging waters with T=30-45°C, pH = 6.6-6.8 and very poor degassing. Bottom was covered by
black silt spotted orange (iron oxides).

18



Finest films of whitish and pale-green algae-bacteria grew around the funnels.

Since 2005, activity of the Plyazhnye Springs has notably faded showing decreased
temperature, lower water discharge rate and reduced area of the Plyaznhye Springs near the north-
eastern waterline of the Tokarev Crater.

Occurrence of underwater discharge vents in the Karymsloye Lake supported the formation
of new sectors of the hydrothermal system in the volcanic caldera, and accounted for the
inconsistency of water balance in the lake observed for almost 10 years [Nikolaeva et al., 2018].
Hidden discharge of water into the lake (including underwater thermal discharges) in 2012 was
about 10 times reduced if compared to that of 1996(Fig. 4).

Figure 4 — Components of the water
balance for the Lake Karymskii basin
8 Total inflow based on the 1984-2012
ohwaterinto lake observatoons. The data are from:
o Inflow of surface *(Pilipenko, 1998), **(Vakin and
thermal water into lake Pilipenkov 1998) and ***(Taran et
al., 2013); the rest are out data
® Total discharge of Of specific challenge are also
water ffom ke the other lakes of Kamchatka located
o Hidden discharee in Unoz, Ksudach, Maly Semiachik
of water from lake and other volcanic calderas [Karpov,
! 17 Jun 1984* . 2 Llu 1995 ) ?\‘u*: '.?.]i .I 10 1<.'H“' 1988’ Plllpenko Et al" 2001’
loJun 1996*  20JI2000  25Jul2008 Nikolaeva, Bychkov, 2011].
Further monitoring of gas-hydrotherms occurrences related to the 1996 eruption is required.
Southern and south-eastern submerged slope of the Karymskoye Lake hosting intense gas-
vents is still quite poorly studied.
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Temperature and gas composition
of the Avachinsky volcano fumaroles (Kamchatka) in 2013-2018

Natalia A. Malik
Institute of Volcanology and Seismology FEB RAS, Petropavlovsk Kamchatsky 683006, Russia
maliknataliya@mail.ru

The results of regular studies of the fumarole of the Avachinsky volcano are presented. The
temperature dynamics in 2013-18 is shown high-temperature fumarole. The composition of fumarole gases
and its variations in time have been studied.

Keywords: Avachinsky volcano, fumarole, volcanic gas, temperature, gas composition

Temnepartypa u cocras rasa gpymapoJ ByJjkana ApaunHckuu (Kamuarka)
B 2013-2018 rr.

Mauauxk H.A.
HUncmumym synkanonocuu u ceticmonoeuu /[BO PAH, Ilemponaenosck-Kamuamckutl, 6. Iutina 9, 683006

[IpencraBneHsl pe3yiabTaThl PETYISPHBIX UCCIeAOBaHUH (hymapon BynkaHa ABadmHCKui. [lokasana
nuHamuka temrepatyp B 2013—18 rr. BeicokoTemmepaTypHbIX (Qymapoin. M3ydeH coctaB (hymMapOibHBIX
ra3oB U €ro Bapualui BO BPEMEHHU.

KaroueBsle ci1oBa: BylkaH ABauMHCKUM, (pymapora, ByJIKaHUUECKHH ra3, TEMIIepaTypa, COCTaB ra3a

ABaunHCKUH ByakaH (2751 M H.y.M.), OIMH U3 aKTUBHBIX ByJKkaHOB KamuaTku, pacrosioxxeH
B OJM3M INIaBHBIX TOpojoB noiyoctpoBa: IlerponasioBcka-Kamuarckoro (25 kM) u Enuszoso (30
k™). B ucropuyeckoe Bpems (c 1697 r.) otmeueno 14 ero uzBepxeHuil. B pesynbrare nmocienHero
u3BepkeHus B 1991 r. naBa 3anoyiHMiIa Kparep, 00pa3oBaB Tak Ha3bIBAEMYIO JaBOBYIO "IpoOKky". B
2001 r. B pe3ynbpTare ciaboi KCIIO3MBHOM aKTHBM3AallMM BYJKaHa, B '"mpoOke" oOpa3zoBasiach
OosbIlas TpeliMHa, K KOTOPOH B HACTOALIEE BPEMsl MPUYpPOUEHBI JIBa BBICOKOTEMIIEPATYPHBIX
(>450°C) dpymaponbHbIx mouist — 3anagHoe u Boctounoe (puc. 1). Huzkoremneparypasie (<100°C)
ra3oBbl€ BBIXOJbl U TEpMaJIbHbIE IUIOIMIAJIKK PACHOJIOKEHbI Ha IpeOHe Kparepa, KOHTAKTE JIaBbl
1991 r. co crenkamu kpatepa, npoaomkeHnn TpemuHsl 2001 r. Ha ckioHBI KOHyca. Bo Bpems
nosieBbIX padot B 2013-2018 rr. ocHOBHOE BHUMaHUE YAEIAIOCh UCCIEIOBAHUSIM TEMIEPATyphl U
COCTaBa ra3oB BHICOKOTEMIIEPATYpPHBIX (pymapod.
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Pucynox 1 — Cxema sepuiunbvl 8yakana AeauuncKuil

3amagHasi ¢ymapoJa mnpejcTtaBiseT co0oi BbIXOJX Taza M3 IIIyOOKOM TpelMHBI Ha
3amaJHoOM CKJIOHE KoHyca (~10 M BHU3 OT KPOMKH KpaTepa), SBISIIONIEHCS MPOJI0HKEHUEM pa3jioMa
2001 r. B maBoBoit mpo6ke. o 2015 r. ra3oBas smMHUCcHs TPOUCXOANTIA B BUI€ UHTEHCUBHOM CTpyH
U3 TpellMHbI, MpocMaTpuBaBiielicas na 10 M BrioyOb, CONpoOBOXAaeMas  CUJIbHBIM
a’poaMHaMU4YeckuM mrymoM. 3umoit 2014—15 rr. B pe3ynabTare OOBaJOB CTEHOK TpeIIMHA
paciiipwiack B BEpXHEH 4acTH, a BBIXOJl BBICOKOTEMIEPATypHOHl cTpyu OblI 3aBajeH, ra3 cral
BBIXOJIUTh HE €IMHOM MOIIHON CTpyEH, a yepe3 OT/EeNbHbIE OTBEPCTHS B OOBalIMBIIEHCS MOpPOJE,
M3MEPEHHAs] MUPOMETPOM TemImeparypa Bo3pocia u gocturia 700°C, a’poamHaMUYECKUM TITyM
ucues (Mexnay 2 u 16 centsi6ps). B mae 2016 r. Temneparypa 3anaaHoit ¢pymapossl BliepBble Oblia
n3MepeHa Tepmomapoit u coctaBuna 777°C [Mamuk u nap., 2017]. Bo Bpems mocnemyronimx
obcnenoBanuii B 2016—17 rr. ona mocreneHHo Bo3pactana 1o 818, 828 u 839°C um ocraBanach
puMepHO Ha 3ToM ypoBHE B 2018 r. OnucanHble U3MEHEHUSI B COCTOSTHUM 3aragHoi (ymaposibl
OTPa3WJIMCh Ha COOTHOILEHHM PAcXOJIOB Ia3a JIByX BBICOKOTEMIIEpPATYPHBIX (pymMapoibHBIX MOJeH

ABaYMHCKOTO BYJIKaHa, OMPEICTSEMBIX BH3yalbHO IO BBICOTE MOIBEMa Ta30BBIX CTpyH. JlaHHBIC
BUJICOHAOTIOICHUI TIOATBEPAWIN OSTH W3MEHEHHS B COOTHOIICHWH PACXOJOB W IO3BOJMIN
OIpeIeNIUTh OoJiee TOUHO BpEMEHHOI MHTepBai u3MeHeHui kak 11 nexabps 2014 r. — 21 suBaps
2015 r. B aTo ke Bpems Oblia oTMedeHa HeOoJbIIas ceicMUYecKkash aKTUBU3AllUs B MOCTPOIKe
BYyJIKaHa, Ha T1yOnHax -2—2 kM [Manuk, Hekpacosa, 2018].

CocraB raza usydajcsi B OCHOBHOM Ha (ymaponax Bocrounoro moas. Temmeparypa
pexxumHoit ¢ymaponsl B 2013-2018 rr. mensanach HecymiecTBeHHO B mpeaenax 580+45°C ¢
TeHneHnuen Kk moHmwkeHuio (puc. 1, 2). CocTaB BBICOKOTEMIIEpATYpPHOTO Ta3a (ymMapoJIbl
BocTouHOro mojst COOTBETCTBYET CPEJHHM COCTaBaM BYJIKAHMYECKUX Ta3oB OCTPOBHBIX OYT 3a
uckiaoueHueM Oonee Hu3kux coxaepxkanmii HCl m HF. Ha okwuciauTenbHO-BOCCTaAHOBHTEIBHBIX
muarpammax  (Ho/H,OandCO/CO;) ToukM OTHOIIEGHHH Ui BBICOKOTEMIIEPATYPHBIX Ta30B
PaCIOJIOKEHBI BJIOJIb JIMHUU Ta30BOTO Oydepa (puc. 3), 4TO TOBOPUT O TOM, YTO Ta3bl OTOMPATHCH
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IIPY PABHOBECHOM Temneparype. TOYKM OTHOLICHUM AJI1 HU3KOTEMIIEPAaTypHBIX a30B TATOTEIOT K
TUAPOTEPMAIIBHBIM TIOPOIHBIM Oyhepam.

YMepeHHbIe M3MEHEHHs COCTaBa Ia3a YaCTHYHO KOPPEIHMPYIOT C €ro TeMIlepaTypoil, a
TaKKe CE30HOM 0TOOpa. M30TOIMHBI COCTaB BOABI I'a30BOr0 KOHJCHCATa PEKHUMHON (hymMapoIibl
3HAQUYUTENIbHO BapbUpPOBaJ OT YHCTO Marmaruueckoro no0 50% conepikaHusi MarMaTU4ecKoW H
METCOpHON (pakuuK ¢ HEKOTOPOil 3aBUCHMOCTBIO OT CE30Ha OTOOpa HPOOBI M TEMIEPaTyphI
dbymapounsl (puc. 2). Hanbosnee "nerkue" Boabl OTMEUEHBI B TPOOaxX KOHJIEHCATA Ta3a, 0TOOPAHHOTO

B TEIUIBIN CE€30H Toja (HMI0JIb-CEHTAOPH), BEPOSITHO OJlarojiaps MPUTOKY TaJIbIX BOJ Yepe3 Bce Oosee
PacTpPEeCKUBAIOLIYIOCS JIABOBYIO MTPOOKY.

BriBoabl

CocTaBbl BBICOKOTEMIIEPATYpHBIX TIa30B, BKJIIOYas H30TOIHBIE COCTaBbl BOJbI, BYJIKaHA
ABauMHCKUH COOTBETCTBYIOT CPEJHMM COCTaBaM BYJIKAHHYECKMX Ta30B OCTPOBHBIX [YT.
MaxkcumanbHas Temmnepatypa 839°C Obuta ormedena B 3amagHoi pymapone B 2017 1., rue B 2014-
2015 rr. mpousonuid Hambosee 3aMEeTHbIe H3MEHEHUS:TIIYOOKHMH BBIXOJ Ta30BOM CTpyH ObLI
3aBaJieH MOpPO/10i 0OBAJMBILINXCS CTEHOK, IIOCIIE YETo pacxo/] ra3a COKpAaTUICs, a €ro TeMIeparypa
Bo3pocna. B To Bpems, temmeparypa pexxumHoin ¢ymaponsl Bocrounoro nons B 2013-2018 rr.
MeHsuach B mpenenax 580+45°C. YMepeHHbIE U3MEHEHHUsI €€ ra30BOr0 COCTaBa M 3HAYUTEIbHBIC

Bapualliid M30TOIMHOIO COCTaBa BOJBI YACTUYHO KOPPEIMPYIOT C TEMIEpaTypoll rasa M CE30HOM
otbopa.
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Pucynok 2 — Bpemennvie usmenenus memnepamypbl, U30monHo20 cocmasa 600bl, OCHOGHBIX
KOMNOHEHMOB 2434 U UX OMHOUEHUL 8bICOKOMeMnepamypHo pymaponst gyakana Aeauunckuil. Y3kumu
nO0CAMU OMMeUeHbl Pe3yabmambl aHAAU3A NPoo, OMOOPAHHBIX 8 XOJOOHbIU Ce30H 200a (anpeib-mail),
WUPOKUMU — CeliCMUYeCKUe aKMUBU3aYUU GVIKANA, 8blONIeHHble HUICE
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Pucynox 3 — Oxucaumensno-6occmanogumeinvhvle OUazpammel 015 YyMapoIbHblX 2a308 8YIKAHA
Asauunckuii 8 3asucumocmu om memnepamypul. lIposedenst nunuu 6ygepos: FH — gpasnum-
ecemamumosoeo, HyS-SO, — 2azosoeo. Jannvie ons 1991-2001 2e. uz [Taranetal., 1997, Manux u op., 2017]

Paboma evinonnena npu noooepoicke epanma PODU Nel7-55-50005 AP _a.
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Water Isotope Studies of the Koryaksky-Avachinsky volcanogenic basin and
Paratunsky geothermal fields
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Mechanism of Kamchatka geofluid systems functionality was studied based on the isotopic
composition: Paratunsky geothermal area; Koryaksky-Avachinsky volcanogenic basin.

Keywords: Geofluids, TOUGH2, CFRAC, Frac-Digger, modeling, hydrothermal, volcano,
seismicity

HccaenoBanue n30TONMHOIO coctaBa BoJ KopakcKo-ABa4YNHCKOT O
BYJIKAHOTeHHOT0 0acceiiHa u [IapaTyHCKOr0 reoTepMajabHOr0 MeCTOPOKACHUS

Kuproxun A.B.l’z, Bopounu I1.0., KypasJies H.B.l, ITonsikoB A.IO.I, PorukoBa T.B.l,
Ycauera 0.0.', ®enoror C.A.!, Uepusix E.B.!

1 . .
Hncmumym eynkanonoeuu u ceticmonoeuu /{BO PAH, Ilemponasnosck-Kavuamckuii 683006

2 . . . .
Kamuamcxuii 2ocyoapcmeennviil mexuuyeckuu ynusepcumem, Ilemponaeanosck-Kavuamcekuii 683003

PaccmarpuBaroTcsi MexaHU3MbI (DYHKIIMOHUPOBaHHS reo(IrONIHbIX pe3epByapoB [lapaTyHckoro u
reoTepMaibHOro paiioHa; W Kopskcko-ABauMHCKOTO BYJIKAaHOTEHHOTO OacceliHa 1o pe3yibTaram
HCCIICA0BAHUA U30TOIMHOI'O COCTaBa BOJBI.

Karoueswie cimoBa: ['eodumronasr, TOUGH2, CFRAC, Frac-Digger, moaenupoBanwue,
THIIPOTEPMAIIbHBIN, BYJIKaH, CEHCMUYHOCTD

IMapaTryHckasi ruAPOTEPMAJILHAS CHCTEMA

[TapaTyHckue reoTrepMaibHble  MECTOPOXKIEHHUS TNPUYPOUYEHBl K  BYJIKaHOTE€HHBIM
pesepByapam B rpabeHax pek Ilaparynka wu KapeimimmHa, OHHM SBJISIIOTCA TPUMEPAMHU
HU3KOTEMIIEPATYPHBIX THIPOTEPMAIbHBIX CHCTEM METEOPHOTO MPOUCKOXKICHHSL.

3a mpomenmmue 40 neT HAKOMJICH 3HAYMTENBHBIH ONBIT JKCIuTyartauu IlapaTyHckoro
reoTepMalbHOIrO MeCTOpOXKJaeHU. [loTydeHsl JaHHbIe IO U3MEHEHUIO JAaBICHHS B MPOAYKTUBHOM
pesepByape, TeMIepaTypbl 1 XUMHYECKOTO COCTaBa M3BIIEKAEMOTO TETUIOHOCUTENS (00IIMii 00bheM
no0eruu  KoToporo 3a mepuon 1966—2014 rr. coctaBun 321 MiH. T), pa3paOOTaHbl METObI
MOJICITMPOBAHMUS.

[To pe3ynbTaTtam pa3Beno4HOro OypeHHs, MpeuMyIecTBeHHO A0 ryouns 1000-1500 M, Ha
MECTOPOXKJICHHH BhIpabOTaHA TUAPOTEOTIOrHYecKas cTpaTUUKAIK: | — aJuTFOBHaIbHBIE TTECYaHO-
IpaBUITHO-TAJIEYHBIC OTJIOKEHHS (3aKIF0YAal0T MOIIHBIM MOTOK XOJOJHBIX T'PYHTOBBIX BOA); 2 —
HIDKHEYETBEPTUYHBIE  aJ€BPOJUTHI  C MPOCIOSIMA ~ TOHKO3EPHHUCTBIX  IECYaHUKOB  (BOJO-
U TEII0ymop) 3ayeratt Ha riayoune 40-180 M, ux MourHOCTh Bapbupyer B mpenenax 10—150 m; 3 —
HIDKHEYETBEPTUYHBIE KOHTJIOMEPATHI C MPOCIOSMH  alIeBPOJIMTOB U Ty(orecyaHnKoB (BEpXHHI
BOJIOHOCHBIH TOPH30HT TEPMAIbHBIX BOA); 4 — TydQolecuaHukd, TY(HOKOHIJIOMEpAThl U TY(QHI
aMHeWCKON cepun (pacmpocTpaHeHbl Tojdbko Ha CeBepHOM yuacTke); 5 — TydoreHHo-
MUPOKIACTUYECKUE  TOPOABI  MMApPAaTyHCKOHM  CBUTHI  (XapakTepu3ylOTcs  HauOoJbLIeH
OOBOJIHEHHOCTBIO, SIBJSIOTCS OCHOBHBIMM TEPMOBMELIAIOUIMMH); 6 — HHTPY3UBHBIE TOPOIbI
(0OBOZHEHBI HE3HAYUTENBHO, 32 UCKIIIOUYCHHEM OTACIbHBIX TEKTOHUYECKUX 30H).

YeTplpe MOCIECTHUX TOPU30HTA OOBEUHEHBI B €AMHBIA HAIOPHBIM BOJIOHOCHBIA KOMILIEKC,
C KOTOPBIM CBfI3aHA LUPKYJSIHS MPEUMYIIECTBEHHO TPEUIMHHO-KUIIBHBIX, TIACTOBO-TPELIMHHBIX
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TEpPMaJbHBIX M XOJOJHBIX HAMOPHBIX BOJ. Hannuue BbIIEpKaHHOTO MO IUIOIIAAN OTHOCHUTEIBEHOTO
BOJIOYIIOpa (HM)KHEUETBEPTUYHBIC QJICBPOJMUTHI, IECUYAHUKH, TJIWHBI) MomHOcTh0 10-100 m
c rnyouHoi 3anmeranus kpoBiau 40-80 M oOecrieumBaeT W30BITOYHBIC HANOPHI OTHOCHUTEIHHO
XOJIOJTHBIX BOJI U TIOJIIOP BOCXOAIIETO KOHBEKTUBHOTO MOTOKA TEPMAIbHBIX BOJI.

CkBaxxunbl Hmxnero u CeBepHOro ydYacTKOB BCKpbUIM Oojiee MUHEpAIN30BaHHBIE
TepMaibHbie Boabl (M 1.9-2.6 /1) XJopuaHO-Cyab()aTHOrO COCTaBa, B OTJIMYHE OT CYJIb(aTHBIX
BOJI Ha JIPYTrUX y4acTKax MectopoxiaeHus. [1o xapakrepuctukam nzotornHoro cocrasa (6D, 6180)
yetko (ukcupyerca guddepeHnManus TepMadbHBIX Boxa [lapaTyHCkoro reorepmMalibHOTO
MECTOPOXKJCHHS MO ydacTkam: Ha ydactkax CeepHoMm, Hmxue-Ilaparynckom u Mukumxka Oonee
nerkue Bofbl (—116%0 <dD< —110%o, — 16%0 <6180< —15%0), Ha Cpennem u IlpomexxyTouHom
ydacTKax MpoUcXoauT HeKoTopoe yrsokeneHue (—110%o0 <dD< —104%o, —15.4%0 <6180< —14.3%o).
Peunas Boma (p. Kapeimmuna up. Ilaparynka), xapakTepusyiomias JIOKaldbHbIe OacceiiHb
BOZ0COOpa, 3HAYUTENBHO OoJiee Tskenas, 4yeM TepMaibHbie BOABI (—100%0 <dD< —95%0, — 14.3%o
<8180< —13.2%0). 30TONHOMY COCTaBy T€pMaJbHBIX BOJ B HaHOOJIbIIEH CTEIEHH COOTBETCTBYET
Boma (—112%o0 <O6D< —107%o, —15.8%0 <4180< 14.2%0) w3 Tarmero Jea-HUKa B Kparepe
MytHoBckoro BynkaHa (+1550 m abc.), ona Onu3ka cocraBy TepManbHOW Boabl Ha CpenHem,
IIpomexxyrounom ywactkax Ilaparynckoro MecropoxzaeHuss u Ha Bepxue-IlapaTyHckom
MecTtopoxkaeHun. Boga Huxnero u CeBepHOro y4acTKoB eliie 0ojiee erkas.

Hcxons u3 pe3yabTaToB aHaIM3a H30TOIMTHOTO COCTAaBa BOJBI, MOXKHO I0JIaraTh, 4To 00J1aCTh
BoAHOrO nuTanus [laparyHckoro reorepManibHOIO MECTOPOKIEHUS (B €CTECTBEHHBIX YCIOBHUAX) HE
BKJTIOYAET JIOKAJIbHBIE BOJOCOOpHBIE OaccelHBI B Mpeaesax caMUX MECTOPOXKACHUH, OHA JTOJDKHA
OBITh MPUMOJHATA O OTMETOK JISAHHUKOB U MHOTOJIETHUX CHEXHHUKOB. O0IacTH ¢ abCOMIOTHBIMU
ormetkamu Bbitre 1000 M, rae ¢pukcupyercst pacipocTpaHeHue JIEAHUKOB (Buinto-4iHCKHIA BYJIKaH,
2175m alc.) u MHOTOJIETHHUX CHEX-HUKOB (BumrounHCkuii BylKaH, JOKadbHBIE MPUBOJO-
pa3nenbHBle 00JAacTH KajbJephl B BEpXHEM TedyeHWH p. KapbMImmHA), 3TO €IMHCTBEHHO
BO3MOYKHBIE 00J1aCTH BOJIHOTO NuTaHus [lapaTyHCKUX reoTepMalibHBIX MECTOPOXKICHHH.

NHpunpTpalluoOHHOE NHMTAaHWE U3 TOCTPOMKM BHIIIOUMHCKOTO ByJIKaHa BBIpaXKaeTcs
B O0JIeTYeHUM H30TONMHOro coctaBa Bojabl Hmknero u CeBepHoro ywactkoB IlapaTyHckoro
reorepmManbHOro  Mecropoxaenus (0D = —113%o, 0180 = -15.5%0) ™m0 cpaBHEHHUIO
C YTSDKEJIEHHBIMU TepMajbHBIMH BoJlaMK BepxHe-IlapaTyHCKOro reoTepMaibHOrO MECTOPOKACHUS
u Cpennero yuactka [lapaTyHckoro reorepmanbHOro mMectopoxaeHus (6D = —107%o, 6180 = —
14.7%0), TOANUTHIBAIOIIMMHUCS, BEPOSITHO, TaKKe MH(UIBTPALMOHHBIMU BOJAMH U3 IIEHTPAJIHHOTIO
CEKTOpa «Kaibaepsl JIeoHOBaY.

Xopowo  BBIpaKEHHbIE B Oporujaporpaduu  CTPYKTYpbl — CE€BEpO-CEBEPO-3alaHoro,
CyOMEpHINOHATIBHOTO U CEBEPO-BOCTOYHOTO TPOCTUPAHUSI MOTYT BMEIIATh KaHAIBI, 0 KOTOPHIM
XOJIOZHAsl BOJIAa TAIOLIUX JIEJHUKOB U CHEKHUKOB BYJIKaHA U KaJIbJiephl MPOHUKAET Yepe3 kepiia
MOTYXIIMX BYJIKAaHOB B Pa3JIOMbI QyHaAaMeHTa Ha TiyOuHBI 4-5 kM. [IporpeBasch Ha MPOTHKEHUN
20-30 kM 3a c4yeT KOHAYKTHUBHOI'O TEIJIOBOIO MOTOKAa M JIOKAJIBHBIX MAarMaTH4eCKUX MHUTAIOLINX
CHCTEM TOTYXIINX BYJIKaHOB, 3Ta BOJA MPUXOANT B [lapaTyHCKHE MPOIYKTUBHBIE T€OTEPMAIbHBIC
pesepByapsl yxke c¢ temnepatrypoit 80-1000] °C. Ilnomans mocTpoiiku ToJIbKO BuiounHCKOro
ByJIkaHa ¢ oTMeTkaMmu Bbime +900 M abc. coctaBiser 19 kM2, U3 KOTOPBIX 3HAUUTEIBHYIO YacTh
3aHUMAIOT MHOTOJIETHHE CHEXHHUKH U JIEJHUKH, YTO TpU YBEJIMYMBAIOLIEHCS C BBHICOTOU
MHTEHCUBHOCTU aTtMocdepHbIXx ocaakoB Oosnee 5000 MM [2] MokeT 00ecHeuyuTh CTOK BOJIBI
¢ pacxosiom Oonee 3 m3/c. Eciiu 15% oT 3TOro0 croka npeodpa3yroTcs B MOA3EMHBIH CTOK, TO 3TOTO
JTOCTaTOYHO JIJIsl 0OECTIeYeHUsT BOAHOTO NHUTaHUs [lapaTyHCKMX reoTepMaibHBIX MECTOPOXKICHUH.
HemanoBakHO Takke NMPUIOAHATOE Ha 1—2 KM MOJOXEHHE MOCTPOWKH BHIIIOUMHCKOTO BYJKaHa,
YTO 00ECIIeUrBAET MOBBIIMICHHOE THApoAnHaMuYeckoe aasienue (+10 0 — +200 Gap), ruapopaspsis,
PacKphITHE M PEaKTHBALIMIO CABUTOBBIX TPELIHH U PA3IOMOB, MOBBIIICHUE POHULIAEMOCTH T10 ITYTH

dbunpTparum.

I'maporepmanbHbie cHCTeMbl ABAaYHHCKO-KOpSIKCKOro ByJIKAaHOTeHHOr0 0acceiiHa.
ABaunHCKO-Kopsikckuii ByJnKaHOT€HHBIM OacceiiH rmuiomaapio 2530 KM? BKJIIOYAET IIATH
YEeTBEPTUYHBIX BYJIKAHOB (Ba U3 KOTOpbIX ABaunHCKui (2750 M abc.) u Kopsikckuii 3456 (m abc.)
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aKTUBHBI), cyOOacceiiHbl  BYJIKAHOTEHHO-OCAJOYHBIX  HEOTCH-UYETBEPTHUYHBIX  OTJIOXKCHUU
MOIIHOCTBIO 110 1,4 kM. bacceitH pacmnosiokeH B aenpeccur, ChOPMUPOBAHHOW B BEPXHEH YacTH
¢byHIaMeHTa MEJIOBOTO BO3PACTa, XaAPAKTEPUIYIOIICHCS HHU3KHUM TEMIEPAaTYpPHBIM TI'PaTUCHTOM
24°/xm.  @DyngameHT OacceifHa  CIIOKEHBEDPXHEMEIOBBIMU — OTIOKeHHSAMH Kj,  KOTOpbIE
MPEJCTaBICHbBl METaMOP()UYECKUMHU MOPOJIAMH C HU3KOW IMOPUCTOCTHIO M TPOHUIIAEMOCTHIO B
L[EJIOM, OJHAKO MPHUCYTCTBYIOT JIOKAJbHBIE 30HBI TPEHIMHOBATOCTHU, U3 KOTOPHIX MPHU HCHBITAHUU
CKB)KUH TOJIYYCHBI IPUTOKH BOJKI ¢ febutamu 10 6 Kr/c B uHTEepBaie ruyoun 1438—1490 m (ckB.
El). Heoren-HmxHe4eTBEepTUYHBIA BOJOHOCHBIA KOMIUIEKC CJIOXKEH MHPOKIACTUYECKUMU U
BYJIKAHOTEHHO-OCQ/IOYHBIMA  O0Pa30BaHUSAMH. 3HAUYEHHUS IOPUCTOCTH JIOBOJBHO  BBICOKHE:
0.36+0.48, ynenpubie nedutsl ckBakuH a0 0,01 1/(cm) (ckB. I'K-1, [TnHadeBckas). BomoHnocHbIi
KoMmIuieKCc IIMHa4eBCKOro HKCTPY3MBHOTO MaccuBa Qi 2ClIOKEH SKCTPY3USMHU AaHJIE3UTOB U
PHOJIUTOB M BKJIIOYAET KEPJIOBbIe 00pa3oBaHMs aHAE3UTOB, AAIIUTOB U PHOJHUTOB (MOILIHOCTH >
200-500 m). ITo marHBIM TA0OPATOPHBIX HccienoBaHui mopuctocts 0,12, mporumaemocts 24 m/1.
BrnoskeHHBIN apTe3uaHCKO-BYJIKaHOTEeHHBIN OacceilH (ABB) BkitouaeT BOJOHOCHBIM KOMILIEKC
BOJHO-JIETHUKOBBIX 00pa30oBaHMi: rOJIOIICHOBBIE AJUTIOBUAJIbHBIE OTJIOKEHUS, BEPXHEIUIEHCTOLICH-
TOJIOLIGHOBBIA  MOPCKOM W aJUTIOBUAIbHO-MOPCKOW  TOPU3OHTHI, BEPXHEIUICHCTOIEHOBBIN
JIETHUKOBBIM M BOJHO-JICIHUKOBBIA KOMIUIEKC, BOJOHOCHBIM T'OJOLEHOBBIM MPOJIOBUAIBHBIA U
JeTI0BUATBHO-TIPOTIOBUATIBHBIN KoMIUIeKe. [lo maHHBIM OnmpoOOBaHWs CKBaKUH BBICTpUHCKOTO
MECTOPOXKIACHUS MOJ3EMHBIX BOJ nuarna3oH mponunaemoctd ot 10 mo 3000 ml. Kopsikckuit u
ABaunHckuii Bynkansl (Q3 4) cioxkeHHbIe aHie3ubazanbTaMu U 6a3anbTaMu — GOpMUPYIOT 00IaCTh
MUTaHUS MOJ3EMHBIX BOJI BYJIKAHOTEHHOI'O OacceiHa.

WuTepBanel  onpoOoBaHus TIYOOKHMX CKBaXHH, BCKpbIBIIMX ¢yHaameHT Kopskcko-
ABauuHckoro 6acceiina (Kz, P3-Np) xapakTepusyroTcs XMMHUUYECKHMM COCTaBOM COOTBETCTBYIOIIUM
pa30aBiIeHUI0 OKEaHWYECKOW CEeIMMEHTAI[MOHHOM BOJBI 32 CUeT MH(DHUIBTPALUU METEOPHBIX BOJ.
I10ClI-Na Boasl cHesHaunTenbHbIMU cojepkanusmu HCO3, Ca,Mg u SO,. ITo razoBoMy coctaBy
¢bmronspl  QpyHIaMEHTa BYJIKAaHMYECKOIO OCHOBaHHs (KpoMme ceBepHOro ckioHa Kopskckoro
ByJIKaHa) XapaKTEpU3YIOTCS IOBCEMECTHBIM paclpocTpaHeHueM MeraHa (okoino 70 006.%),
OOHapy)XEHHOTO B CKBaXMHaX Ha Pampiruckoit miomanu (cks. P3), ckBakuuax KeTkuHCKOTO
reorepmaibHOoro MecropoxiaeHuss (K1 u ap.), mo roro-socrounoil nepudepun ITunaueBckoro
sKkcTpy3uBHOro maccupa (ckB. I'K1, IInHaueBckue MCTOUYHUKM) M K roro-3amany oT Kopskckoro
BynkaHa (ckB. El). Haubonee spkum mnpumepom siBisiercst ckB. P3, BCKpbIBIIas B WHTEpBale
riyouH 366—455 M razoByro 3asexb 1oj AaBiaeHueM 24,2 6ap. [Ipu onpoOoBaHNU 3TON CKBa)KUHBI
nociie yriyosieHus B IoJHOM uHTepBasie 366-1503 M nmonyuena npoaykuus 3,2 kr/c Boasl u 4,0 11/c
rasa rnpu temreparype usziausa 18°C.

VYcnosus BogHoro nutanusi Kopskcko-ABauyMHCKOrO BYJIKaHOT€HHOIO OacceiiHa W3Yy4eHbI C
MCIOJIb30BAaHUEM JIaHHBIX 110 U30TOTHOMY COCTaBy BOjibI (0D, 5'%0) u yriiepoa B CBOOOJTHOM Tase
8'3C. Mzorommeni cocras (oD, 8180) TepMOMUHepalibHbIX HCcTOUYHUKOB (Kopsikckue Hapsawsl,
N3otoBckue n IluHaueBckue) M CKBaXMH bbICTpuHCKOro M ENNM30BCKOrO MECTOpPOXKIEHUMN
MMOA3EMHBIX BOJI YKa3bIBA€T HA TO, YTO 00JIACTh BOJAHOTO MUTATUsI HAXOAUTCS Ha oTMeTKax oT +2000
1o +2500 m a6c.(nexnuku Kopsikckoro u ABauMHCKOTO BYJIKaHOB). BogHoe nmutanne UnMCTHHCKHX
Hap3anoB npoucxoaut u3 neHTpanbHoi yactu [InHaueBCKOro 3KCTPYy3MBHOTO MaccuBa (BYJIKaHbI
Apuk u Aar) c ormerok ot 800 10 500 M abe.

H3oTonHBI cocTaB yrﬂepozlaé}l?’C B CO2B mpoOax cBOOOJHOrO Ta3a HMCTOYHHUKOB Ha
ceepHoM ckioHe Kopskckoro BynkaHa (Kopskckux Hap3aHoOB M M30TOBCKHMX) HaXOAWUTCS B
nuana3one -9,0 +- 6,9 %o, TOo ecTh B Auamazone Kopskckux u ABauMHCKHX (ymMapos (CM. HUXKE),
4TO yKa3bIBaeT Ha MarmMatudeckoe npoucxoxaeHne CO, B BBIICYNOMSHYTHIX HCTOYHUKAX. TaKuM
o0Opa3oM, yrJeKHuciable MCTOYHHMKM Ha CceBepo-3amajHoM ckioHe Kopsikckoro ByikaHa
dbopMuUpyIOTCS B pe3yiabTaTe CMEIICHWS MarMaTHYeCKMX Ta30B W TalOUIMX BOJ JICIHUKOB.
I'maporepmanbHBI pe3epByap MO CEBEPHBIM CKIOHOM KOpSAKCKOro ByJKaHa XapaKTepU3yeTCs
temneparypamu ot 253 10 333°C u razocomepkanuem CO; 1o 3 r/kr (Kopsikckuii Hapsan).

[To m3oTOmMHOMY COCTaBYy yrnepozanBC B CH; B mpobax cBOOOJHOTO Ta3a METaHOBBIC
ckBaxuHbl KeTkmHckoro reorepmanbHoro mecropoxaenus (Kl, 8*C=-34 %o) u PampIruHCKOIA
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mnomamu (P3, 8°C = -61 %o) — 3HaunTenbHO oTmHuarotcs. a3 u3 ckBaxunsl K1 Gopmupyercs B
0osiee BBICOKOTEMIIEPATYPHBIX YCIOBHUSX, Ye€M ra3 W3 CKBaXuHbI P3, rae 3HauuTenbHas 0
MeTaHa sBISETCS "OOJOTHBIM METAaHOM' MHUKpPOOHOIOTHYECKOTO MPOUCXOKaeHUsI. IHTEpecHO, YTO
ra3 M3 CKBaXUH Ta30KOHJICHCATHBIX MECTOPOXACHUN Ha 3amaae Kamuarke Takxke HaXOAWTCS B
stoM nuana3zoHe (Hmwxkue-KBakunkckoe —36,9 + -38 %o, Kmykckoe — 43,1 %o) (B.1O. JlaBpymus,
nugHoe coobmenue 2014 r.).

Bo3moxHO, 4TO oOOoramieHHe BYJIKAaHOTCHHOTO OacceliHa METaHOM TIPOMCXOJUT B
pe3ylbTaTe TEPMHUYECKOTO U TEeOMEXaHWYECKOro BO3ACWCTBHUS B 30HAX BHEAPEHUS MarMbl,
nutatouiel Kopsikckuii u  ABaunmHckuil Bynkanbl (pe3epByapsl K u A) Ha BMewarouiue
BYJIKAHOT€HHO-0CAJJOYHbIE MOPOJbI, COJEpKalllie OpraHMYecKoe BEeIIeCTBO Pa3HOOOPa3HOIro
MPOUCXOXKACHUA. TeM He MeHee, HU3KUE sHayeHnsd °C (COy) (-49,7 ~ -16,8 %o0) B METaHOBBIX
CKBa)KMHAX IMOKa3bIBAIOT, 4TO 3HauMTenabHas a0t COz3nech HeMarMaTH4ecKoro MpOUCX0kKACHHUS,
Y TIapareHeTHYECKU CBSI3aHA C METAHOM.

XUMUYECKUH W M30TOMHBIA COCTaBBYJIKAHUYECKUXTa30B M3 (QymMapon ABa4HMHCKOTO U
Kopsikckoro BysnkaHoB omucad HO.A. Tapanom [12]:3Tu ra3sl XapaKTepH3YyIOTCS IHANa30HOM
M30TOMHOTO COCTaBa, OTPAKAIOIIUM CMECh BOJIbI MarMaTU4eCKOro U METEOPHOTO MPOUCXOKACHUS,
marmarnaeckoro COp (-58 %0<8D<-30%o, -0,1%0<820<+7 %o, -11,8<8"C <-5,2), Bbicoxas
KoHIeHTpanus Metana (no 0,3-0,6 MMoIb/MOIB) YKa3bIBa€T HA €r0 MPUTOK U3 BOAHO-METAHOBBIX
0acceifHOB B yHJaMEHTE BYJIKAHOB.

Paboma evinonnena npu noooepoicke epanma PODU, npoexm Ne 18-05-00052.
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SECTION II. SEISMICITY IN GEOFLUID VOLCANIC AND
HYDROTHERMAL SYSTEMS.
MAGMATIC FEEDING SYSTEMS OF ACTIVE VOLCANOES

PA3EJ II. CEMCMHUYHOCTbH B TEO®JIIOUTHBIX
BYJIKAHUYECKHUX U THAPOTEPMAJIBHBIX CHCTEMAX.
MATI'MATUYECKHUE MTATAIOIIIUE CUCTEMBbBI JEUCTBYIOLIUX BYJIKAHOB

YK 551.21+ 552.11+550.34

Magmatic plumbing systems of the Tolbachik areal volcanic field

Yulia A. Kugaenkol, Anna O. Volynets2
'Geophysical Survey of Russian Academy of Sciences, Kamchatka Branch, Petropavlovsk-Kamchatsky
683006, Russia
?Institute of Volcanology and Seismology FEB RAS, Petropavlovsk Kamchatsky 683006, Russia
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Tolbachinsky Dol (TD) is a large areal volcanic field (AVF), belonging to the Klyuchevskaya
volcanic group in Kamchatka. Eruptive centers in TD are concentrated along the elongated zone of the deep
fault (rift); monogenetic edifices tend to cluster. Petrological investigations show polymagmatic origin of
individual eruptive centers. Eruptive centers of different composition are unevenly distributed within the
AVF both in space and time. Tolbachik AVF is superimposed to Plosky Tolbachik stratovolcano. Most
likely, at the end of Holocene Plosky Tolbachik already serves as one of the eruptive centers of this AVF.
Geophysical data confirm its subordinate role with respect to the superimposed AVF. New instrumental
seismic data allow us to complement and detail the model of Tolbachinsky Dol magma plumbing system, on
a base of quantitative estimates. The results of the microseismic sounding and detailed seismic tomography
experiment revealed parametric anomalies which can be interpreted as elements of the magma plumbing
system. Tolbachik AVF has a complicated magma plumbing system, which can be visualized as a
superposition of subvertical and sublateral magma conduits. Our research reveals a system of independent
magma conduits and magmatic reservoirs. Finally, there are no pronounced subvertical channels above the
crystalline basement level. This conclusion contradicts the existing ideas of simple subvertical magma
supplying channels, feeding the monogenetic centers. Petrological data confirm the existence of the
complicated magmatic system with mantle feeding and open fractionation in the crustal reservoirs.

Keywords: Monogenetic volcanism, areal volcanism, magma reservoir, magma conduit,
microseismic sounding, Tolbachinsky Dol, Kamchatka

MarmaTn4yeckasi muramomas cucreMa ToJ10aYnHCKOro moJist
apeajibHOI0 BYJIKAHU3MA

Kyraenko 10.A., Boabinen A.O.
Kamuamckuii punuan OUL] EI'C PAH, Ilemponasnosck-Kamuamckuii,
Hucmumym Byaxanonoeuu u Ceticmonoeuu /[BO PAH, [luiina-9, Ilemponasnosck-Kavuamckuu 683006

Tonbaunuckuit gon (T[) 310 KpymHOE IMoOJe apeanbHOro BYJIKAaHU3Ma, PACIONIOKEHHOE B
KiroueBckoit rpynme BynkaHoB Ha Kamuartke. DpyntuBHbIE TeHTpHl TJ] CKOHIIEHTPHPOBaHBI BIOJIH
BBITSIHYTOW  30HBI  TIIyOMHHOTO  pas3fioMa; MOHOTE€HHBIE IEHTPHI  PACIIONIOKEHBI  KIIACTepamm.
[leTrponornueckue uccaenoBaHusl BBISBUIN MMOIMMarMaTHYECKOE NMPOUCXO0XKIECHUE OTAEIBHBIX 3PYNTHBHBIX
LEHTPOB. ODPYNTHUBHbIE LIEHTPHI PAa3JIMYHOIO COCTAaBa PACIIOOXKEHb HEPAaBHOMEPHO M BO BPEMEHM, U B
npoctpanctBe. T/ HamoxeH Ha crpaToByikaH [Imockuit Tombaunk. BeposTHo, B KoHIIE TonoteHa [Imockuit
TonbOaunk BBICTYNAaeT B KadecTBE OJHOTO M3 OJPYNTUBHBIX LEHTPOB apeajbHON 30HBI BYJIKaHHU3MA.
l'eodusnueckue JaHHBIE TOATBEPKAAIOT €T0 MOJYMHEHHYIO POJIb [0 OTHOLICHHIO K HAJIOKEHHOH apeanbHON
30He. HoBBIE MHCTpYMEHTAIIBHBIE CEHCMUYECKHE TaHHBIE MTO3BOJISIOT JOMOJIHUTh U ACTAIU3UPOBATh MOJEINb
MarMaTHYeCKOH MUTAIOMEeH crucTeMbl Ton0a4MHCKOro Josia Ha 0a3e KOJMYECTBEHHBIX OLIEHOK. Pe3ymbraTh

29


mailto:a.volynets@gmail.com

MUKPOCEHCMHUECKOTO 30HIMPOBAHUSI W JETAILHOIO CEHCMOTOMOTpadUveckoro SKCIEPUMEHTa BBISBIITN
napaMeTpuuecKue aHOMallih, KOTOpPBIE MOTYT HHTEPIPETUPOBATHCS KaK dJIEMEHTHl MarMaThdecKon
MUTAIONICH CUCTEMBI. T0JI0aYMHCKOE TTOJIe apeallbHOTO BYJKAHW3Ma XapaKTePU3YeTCs CIIOKHOIOCTPOSHHOMN
MarMaTH4ecKol MUTArOIICH CUCTEMOM, CJI0XKEHHON CyOBEPTUKATBLHBIMU U CYOJIaTepaTbHBIMU MarMOBOJIAMH;
CYIIECTBYET CepHsl HE3aBHCUMBIX MarMaTHYEeCKHIX PE3EPBYapOB U MOABOAAIINX KaHanoB. CyOBepTHKaIbHBIE
KaHaJbl HaJ YPOBHEM KPHUCTAJUTMYECKOTo (yHAAMEHTa OTCYTCTBYIOT. DTH BBIBOABI NIPOTHBOpEYAT paHEee
BBICKa3aHHBIM HJIEIM O IIPOCTHIX CyOBEPTHKAIBHBIX IOABOASIIAX KaHAIAX, MUTAIOIIUX MOHOTCHHBIC
ByNKaHbI. [leTponornyeckue qaHHAbBIE MOATBEPKAAIOT CYIMIECTBOBAHNE CIOXKHOW MarMaTHIECKON CUCTEMBI C
MaHTHIHBIM MUTaHUEM H (PPAKIIHOHHPOBAHNEM B KOPOBEIX pe3epByapax.

KiawoueBble ciaoBa: MOHOTCHHBIM BYJIKAaHU3M, apealbHbI BYJIKaHWU3M, MarMaTUYecKHil ouar,
MOIBOSIIIME KaHal, MUKPOCEHCMUYECKOe 30HIUpoBanue, TonbaunHckuii 1o, Kamyarka

Tolbachinsky Dol is a large (length ~70 km, area 875 km?) volcanic field built by products
of numerous monogenetic eruptions, happened throughout Holocene times. It is situated in the
Central Kamchatka Depression in Kamchatka and belongs to Klyuchevskaya volcanic group.
Tolbachinsky Dol adjoins two stratovolcanoes (Ostry and Plosky Tolbachik) and consists of two
flanks, located at the SSW and NE slopes of Plosky Tolbachik edifice. There are more than 120
cinder cones with a height up to 300 m agl within Tolbachinsky Dol; they were formed here during
the last 10 Ka, and are located along the SW-NE fissure and tend to cluster: 80% of the cones are
concentrated in the narrow band 3-4 km wide (Churikova et al., 2015b). Tolbachinsky Dol is
composed by the lavas of contrast composition: (1) high-Al, high-K basalts and basaltic andesites,
which were a main type of volcanic products of Tolbachinsky Dol from the beginning of Holocene
up to 2 Ka, (2) since 2 Ka high-Mg, medium-K basalts appeared at the surface, as well as (3) the
transitional varieties (intermediate and K-rich high-Mg basalts) (Churikova et al., 20153, b). During
the last eruption in 2012-2013 trachybasaltic andesites with high titanium and alkali content were
produced (Volynets et al., 2015). Tolbachinsky Dol crosses a stratovolcano (Plosky Tolbachik) with
the similar (high-Mg and high-Al) composition of its products (Churikova et al., 2015a). It was
formed at the beginning of Holocene and to the time of fissure eruptions of 1975 and 2012 already
lost its activity (Flerov et al., 2015). Due to the two big eruptions happened here during the last 50
years (Great Fissure Tolbachik Eruption in 1975-76 and Tolbachik fissure eruption in 2012-2013)
this area is very well studied by a variety of methods; it is probably one of the best-studied fields of
monogenetic volcanoes in the world and thus it may serve as an etalon object for testing various
hypotheses on the mechanisms and reasons of a contemporary volcanic activity and relationships of
monogenetic and polygenetic volcanism.

According to the results of numerous studies, summarized in (Kugaenko, Volynets, 2018),
Tolbachinsky Dol has several distinctive features (table), which are not typical for individual
monogenetic edifices or polygenetic volcanoes, but are in a good agreement with the new
classification suggested by Nemeth and Keresturi (2015), which implies separation of monogenetic
volcanic fields from monogenetic type of activity sensu stricto. (1) Eruptive centers in
Tolbachinsky Dol are concentrated along the elongated zone of the deep fault (rift); monogenetic
edifices tend to cluster. (2) Petrological investigations show polymagmatic origin of individual
eruptive centers (expressed as eruptions of the magmas with contrast composition and/or multiple
sources involved in magma generation). High-Mg basalts are produced by fractionation of the
primary mantle melts; high-K high-Al basalts and trachybasaltic andesites of 2012-2013 eruption
are the result of the long-term evolution of this magmatic system, with fractionation of Mg basaltic
magmas in situ, while basalts with intermediate composition are produced by mixing between high-
Al and high-Mg magmas (Portnyagin et al., 2015). (3) Eruptive centers of different composition are
unevenly distributed within this volcanic field both in space and time. (4) Tolbachinsky Dol is
superimposed to Plosky Tolbachik stratovolcano. Most likely, at the end of Holocene Plosky
Tolbachik already serves as one of the eruptive centers of this monogenetic volcanic field.
Geophysical data confirm its subordinate role with respect to the superimposed monogenetic
volcanic field (no crustal reservoir was revealed under Plosky Tolbachik at seismic tomography and
microseismic survey experiments by Koulakov et al. (2017) and Kugaenko et al. (2018)). (5) New
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instrumental seismic data allow us to complement and detail the model of Tolbachinsky Dol magma
plumbing system, on a base of quantitative estimates. The results of the microseismic sounding
(2010-2015, Kugaenko et al., 2013) and detailed seismic tomography experiment (2014-2015,
Koulakov et al., 2017) revealed parametric anomalies which can be interpreted as elements of the
magma plumbing system (Fig. 1). Tolbachinsky Dol has a complicated magma plumbing system,
which can be visualized as a superposition of subvertical and sublateral magma conduits. Our
research reveals a system of independent magma conduits and magmatic reservoirs. Finally, there
are no pronounced subvertical channels above the crystalline basement level. This conclusion
contradicts the existing ideas of simple subvertical magma supplying channels, feeding the
monogenetic centers. Petrological data confirm the existence of the complicated magmatic system
with mantle feeding and open fractionation in the crustal reservoirs.

Figure 1 — The conceptual scheme of magma
plumbing of Tolbachik areal field on a base of
vertical cross section along the microseismic
Posky — profile. Arrows indicate possible pathways for

Tolbachik
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basaltic magmas of different composition
according to the model of magma fractionation
and mixing (Portnyagin et al., 2015). The scheme
provides possible explanation for the uneven
spatial distribution of the basalts of different
composition in TD. Legend: 1-3 — basalts: 1 -
High-Al, 2 — High-Mg, 3 — intermediate; 4 —
trachybasaltic andesites. M1, M2, M3 — elements
1 2 of magma plumbing system under central part of
Tolbachik MVF according to MSM results
(Kugaenko et al., 2013): M1 — sublateral magma
conduit at 15-25 km depth, going under Plosky
Tolbachik; M2 — sublateral magma conduit at 4-8
km depth, going along the rift from the central to
the southern part of TD; M3 — trans-crust area of
magma conductivity (dyke complex) under the
A A R central part of TD, under the chain of the highest
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cinder cones.

Table 1 — Principal reasons for classification of the areal volcanic fields as a special type of
volcanism based on Tolbachinsky Dol example

Composition Type of Areal Polygenetic Magmatic
of magma volcanic distribution of volcanic plumbing
edifices in the eruptive edifices system
field centers
Monogenetic
. . separate
volcanic fields in . . C
the old constant monogenetic eruptive absent primitive
. . centers
classification
Tolbachinsky complex
. . . system of
Dol — a possible monogenetic clustering of present and .
. subvertical and
example of the contrast and eruptive captured by
. . sublateral
areal volcanic polygenetic centers AVF
magma
field .
conduits

Therefore, characteristics of Tolbachik monogenetic volcanic field strongly support the
separation of monogenetic volcanic fields from monogenetic and polygenetic volcanoes sensu strict
in the classification suggested by Nemeth and Keresturi (2015). In Russian (mainly, but not
exclusively) literature there is a special term for this type of volcanic activity — “areal volcanism”.
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Taking into account all the facts stated above, which come into conflict with the definition of the
monogenetic volcanism sensu stricto, we believe it might be prudent to accept term “areal
volcanism” or “areal volcanic fields” as defining this special type of volcanic activity, because it
allows eliminating confusion caused by genetic meaning of the used terms (table 1).

The work is supported by IVS FEB RAS (theme 0282-2016-0004), Kamchatka Branch of GS
RAS (theme AAAA-A16-116070550058-4) and RFBR grant #17-05-00112.
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Water level changes in the well E-1 as an indicator of geodynamic conditions in
Koryaksky-Avachinsky volcano-tectonic depression, Kamchatka
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The features and possible mechanisms of long-term water level raising and lowering in the E-1 well
are considered in comparison with earthquakes, Mw~7-8 in the Kamchatka seismic focal zone and the
seismotectonic and phreato-magmatic activity in the area of Koryaksky volcano.

Keywords: well, water level, earthquake, volcanic eruption, precursor

HN3MeHeHus1 ypoBHsS BOAbI B CKBakHHe E-1 kak moka3zareiib reoiMHAMIUY€CKOI0
cocTosiHuA cpelabl KopsikCcKo-ABa4YMHCKON BYJKAHO-TEKTOHHMYECKOM
nenpeccun, Kamuarka

Konsuiosa I'.H., boaauna C.B., Yy6aposa E.I'.
Kamyamcxui dhunuan @edepanvrozo ucciedosamensckozo yenmpa « EOunas eeogusuyeckasn cuysrcoa
Poccuiickoii akademuu nayk» (K@ OUL] EI'C PAH), 2. Illemponasnosck-Kamuamckuil, Poccus

PaccmarpuBaioTcst 0COOCHHOCTH M BO3MOKHBIE MEXaHHW3MbI TPEHJOB TOBBIIICHUS W MOHUKCHUS
ypoBHsI BOAeI B CkB. E-1 B comoctaBmeHMH C CHIBHBIMH Mwx7-8 3emuerpsiceHusmu B KamuaTckoi
ceiicMo(OKabHOM 30HE U PEKUMOM CEHCMOTEKTOHHYECKOW U (hpeaTo-MarMaTHIecKOil akTUBHOCTH paiioHa
BJK. Kopsikckuid.

KaloueBble cioBa: CKBaXXHMHA, YPOBEHb BOJIBI, 3EMIIETPSICEHHE, BYJIKaHMYECKOE H3BEP)KEHUE,
MIPEIBECTHUK

Beenenue

Tepputopuss KamuaTckoro kpasi XapaKTepHU3yeTCs BBICOKUM YpPOBHEM CEHCMHUUYECKOW U
BYJIKAHUYECKOW aKTUBHOCTU. 371eCh (DYHKIIMOHUPYET CHUCTEeMa Teo()U3NYeCKOro MOHUTOPUHTA H
MIPOTHO3UPOBAHUS CHIJIbHBIX 3€MIIETPSCEHUM B COCTAaBE CETEM CEMCMHYECKUX CTAaHUWU, ITYHKTOB
reopu3Mueckux M Jp. BHUAOB HAOMIOJEHUIN; HHPOPMAIMOHHBIX PECYPCOB — KarTajoroB
3eMJIeTpsACeHUH, 0a3 JaHHBIX HAOIIOACHW M MPOTPaMMHBIX CPEACTB UX 00paboTKu. Pe3ynbTarh
OTIepaTUBHOM OOpaOOTKM JaHHBIX MO OTACIBHBIM BHJAAM HAOJIIOJEHUN TIPEACTABISIOTCS B
CHEIMATM3UPOBAHHBIE COBETHI MO MPOTHO3Y 3€MIIETPSICEHUI W W3BEPKCHUU BYJIKAHOB B (opme
3aKJIFOYEHUH O Pa3BUTHUU CEUCMUYECKOW W BYJKAHUYECKOM AaKTHMBHOCTH W BO3MOXHOCTH
BO3HUKHOBEHUS CHJIBHBIX 3eMiieTpsiceHnii B KamuaTckom peruone [7, 8].

HaGnronenuss 3a mapameTpamul TMOJ3€MHBIX BOJI B CKBOXKHHAX MPEACTABISIOT OJIWUH W3
KOMITOHEHTOB CHUCTEMBI T€O(U3MYECKOTO MOHHTOPHHTAa U TMPOTHO3UPOBAHUS 3EMIICTPSICEHHUA B
Kamuarckom kpae. Kamuarckmii drman denepanbHOTO HCCiIenoBaTeIbcKoro mneHtpa «EmuHas
reodpusmnueckas ciayxxk6a PAH» (K@ ®UI[ EI'C PAH) npoBoautr muoronetnue (1987-2018 rr.)
HaOmMroJeHNsT B CKBakWHe E-1 ¢ 1eapl0 TOWCKAa TUIPOTECOMHAMHYECKUX TPEIBECTHHUKOB
3eMIIETPSICEHUM U JPYTMX CUTHAJIOB F€OAMHAMUYECKON aKTMBHOCTH B M3MEHEHUSIX YPOBHS BOJIBI.
Cks. E-1 pacronoxena B mpenenax Kopsikcko-ABauMHCKON BYJIKaHO-TEKTOHUYECKOW JETIPECCHH
(K-A BTJ) B 10 kM x KO3 ot geiictBytomiero Bik. Kopsikckuii. [Tocneanee ¢ppearo-marmaTudeckoe
m3BepkeHue BiK. Kopsikckuit mpoucxomuno B 2008-2009 rr. [6]. [lomasmstomiee OOIBITMHCTBO
CHWIBHBIX 3€MJIETPSCEHHN C BenuuyuHaMu marautyg M, 1o 8-9 mnpoucxomut B Kamuarckoit
cericmodokansHoit 30He (KCD3) [7]. PaccTostaue ot ckB. E-1 1o KC®3 cocrasmsier >100 kM.

Cks. E-1 BckpbiBaeT B juama3oHe riiyOuH 625-648 M B TrHAPOJMHAMUYECKOH 30HE
3aTpyJHEHHOI0 BOAOOOMEHA COJIOHOBATHIE BOJBI C MPUCYTCTBUEM I'a3a METaHOBO-a30THOT'O COCTaBa
B HU3KOMOPHUCTHIX (MOPUCTOCTh 5-6 %), c1aboBomoo0mIbHEIX (BogonpoBoauMocTs 0.005 MZ/CyT)
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Ty(ax HeoreHOBOro Bo3pacra. bonee monpobHbie qanHbie 0 ckB. E-1 1 nudpoBom o6opyaoBaHuH,
UCIOJIb3YyEeMOM JUIsl PETUCTPALlMK YPOBHS, TEMIIEPATyphl U JIEKTPOIIPOBOIHOCTH MOA3EMHOM BOJIBI
C MEPUOJMYHOCTBIO 5 MHH., TpuBosTCs B [2, 5] u http://www.emsd.ru/lgi/places/.

B pexunme ckB. E-1 nposBisioTCs TpeHIbl IMOBBILICHUS W TOHWKEHHUSI YPOBHS BOJBI
MPOJOIDKUTEIBHOCTRIO 3-6 JIET ¢ aMIUTUTYAaMH OT MEPBBIX JAECATKOB cM 10 1.5 M co cpemnei
ckopocthio <0.1 cm/cyT (puc. A). Ha ¢oHe Takux TpeHAOB BBLAEISAIOTCS MEHEE MPOAOKUTENbHbIE
BapHallii ypOBHS BOJbl, BbI3BaHHBIE IIOJrOTOBKOM M peanusanueil zemiuerpsceHuil ¢ My>6.0 Ha
SMUIEHTPATIBbHBIX paccTosHUAX Oe 10 350 kM. OOBIYHO Takue BapUalUK YPOBHS BKJIHOYAIOT
MOCTIeIOBATEIbHOE MPOSBICHUE THAPOr€OAMHAMHUYECKOTO MPEABECTHUKA B (OpME MOHMKECHHUS
YPOBHSI C MOBBIIIEHHOW CKOPOCTBIO B T€UEHUE HEENb - MECsIa 10 3eMJICTPSICEHUs U IOBBIIICHHE
YPOBHS BOABI TTOCIIE 3eMiieTpsicenus (mocreceiicmudeckuit agdekr) (puc. B) [2, 4]. B 2006-2009 rr.,
B IIEpUOJl NOJArOTOBKU M HU3BepkeHMs BIK. Kopskckuii, HaOmronancs TpeHA IMOBBILICHUS YPOBHS
BOJBI C TOBBIMIEHHON cKopocThio (puc. b). Takoit Tpena paccmarpuBaics B [4] Kak peakius
JaBJIEHHUs] MOJ3EMHBIX BOJA Ha JeQopMaluio 0O0bEMHOr0 C)KaTHs BOJOBMEIIAIOLIMX MOPOA IpU
BO3HUKHOBEHUH MCTOYHHKA IMOBBIIICHHBIX HAMPSDKEHUH B palilOHE BYJIKaHA.

¢ deKThl NOArOTOBKH CWIbHBIX 3eMieTpsiceHnii KC®3 B n3MeHeHUAX YPOBHA BOAbI

OCHOBHBIMHU BHJIaMU CUTHAJIOB B U3MEHEHUSIX YPOBHS MOJ3EMHBIX BOJ|, UCIIOIb3YEMbIX IPU
OLICHKE OMACHOCTH CHJIbHBIX 3E€MJICTPSCEHUH, SBISIOTCA TUIPOreOJMHAMHYECKUE MPEABECTHUKU
(I'TT). B u3MeHeHusix ypoBHS BOJbI B CKB. E-1 BbIeieHBI 1Ba THMNA THUIAPOTEOIMHAMHYECKHX
npensectHukoB: 'l | ¢ BpeMeHem ympexaeHusi oT CyTOK J0 JECITKOB CyTOK [4, 5, 8] (puc. B) u
I'TL_Il c BpeMeHeM ymipexieHus: 10 MECSLEB - HECKOJIbKUX JIeT [8] (puc. A).

I'l_| mposiBnsiercss B ¢GopMe TMOHMKEHUS YPOBHSA BOJIbI C MOBBIIICHHOW CKOPOCTHIO B
TEUYEeHHE CYTOK-MecsIa nepej semiaerpscenusmu ¢ My >5.0 Ha paccrosuusx d.<350 km (puc. A, B).
Perynsapnas nostopsiemocts I'Tl_| mepen Takumu 3eminerpsicenusmu (6onee 70% ciyuaeB), a
TaK)X€ YIy4YlleHHE CTAaTUCTHYECKOM cBs3u Mexnay mnpossiaeHusmu III_| ¢ nocnenyrommmu
36MJIETPACEHUSAMUA C POCTOM BEJIMYMH HMX MAarHUTyAbl, IO3BOJISIIOT MCIOJIb30BaTh 3TOT BHJ
MIPEIBECTHUKA JUIsl OLIEHKM BPEMEHU BO3HUKHOBEHHUS 3€MJIETPSCEHUN € 3a01aroBpeMEHHOCTHIO
cytku-niepele Henenu. C Hadana 2000-x rr. I'TL_| ucnonb3yercst Ui cOCTaBlIEHUS 3aKJIIOUEHHUH O
BO3MO>KHOCTH BO3HMKHOBEHUS CHJIBHBIX 3eMIIeTpsiceHH B KaM4yaTcKOM pernoHe ¢ yrnpexJIeHuem
10 oiHOTO-IBYX MecsiteB [4, 5, 7, 8]. B kauecTBe nmpumepa Ha puc. B roka3aHbl H3MEHEHHUs YPOBHSI
B ckB. E-1 B mepuop 3emnerpsicenus 28.02.2013 r., M,=6.8. B npornosnom 3aximouenuu [.H.
KomnsutoBoii ot 1 ¢eBpans 2013 r. yka3bIBasioch, UTo ‘¢ meuenue gpemenu 1-2 mecsaya nosviuiena
8epOSIMHOCMb  803HUKHOGeHUs 3emaempscenus ¢ My >5.0 na paccmosnuu oo 350 km om
ckeadicunvl”. 3emmetpscenue 28 ¢gespans 2013 r. cooTBeTCTBOBAJNIO MPOTHO3Y OT 1 (heBpans mo
BEJIMYMHE MarHUTY/Ibl, IO BPEMEHU U 110 MECTOIOI0XKEHHIO, U 3TOT MPOTrHO3 Mpu3HaH KamuaTckum
¢ummanom Poccuiickoro sKkcmepTHOro coserta Mo mporHosy 3emierpscenuit (K@ POC)
OTIpaBIaBIIMMCS, TAKXKE KaK U PsiJi IPOrHO30B JPYTUX CHIIbHBIX KaMYaTCKUX 3eMJIETPSICEHUH.

TpeHapl UIMTENTHPHOTO TOHWKEHHS YPOBHsS BOJbBI C TOBbINIeHHOW ckopocthio (III_IN)
MIPEIIECTBOBAIIN U COIIPOBOMXKAAIN MPOSBIEHUS TPYIII CUIIBHBIX 3€MJIETPSACEHUN Ha IPUJIETaI0IEM
yuactke KC®3 B 1992-1997 rr. (mecth coObTuit ¢ My = 6.9-7.8 Ha 3MULIEHTPANBHBIX PACCTOSHUIX
no 300 km [2]) m B 2013-2017 rr. (Gosee 20-TH CHIBHBIX 3EeMIICTPSICEHUH C MaKCHMAaJbHBIMH
Marautygamu M,,=6.8-8.3 Ha snuueHTpaibHbIX paccTosHusAX a0 350 km). Ha puc. A mokazaHo
pa3BUTHE TPEHJA MOHKEHUS YpOBHS BOAbI ¢ nekadps 2011 mo urons 2017 rr. Mel moaraem, 4to
TaKkue JUIMTENbHbIE TMOHWKEHHMS YPOBHA OTPAKAIOT TIeoJUHAMHUYecKHe OOCTaHOBKM pOCTa
HarnpspDkeHHOro coctostHus  cpenbl  K-A BT/, mpeamecTByrommue YCHIECHHUIO CEMCMHYECKOMN
akTuBHOCTH B KC®3 1 BO3HUKHOBEHUIO 3eMieTpsiceHuid ¢ My~7-8. B kauecTBe MexaHM3Ma TaKUX
JIONITOBPEMEHHBIX TIOHWKEHUH YpPOBHS BOZBI MPEINONaraeTcs YyBEIWYEHHE TPEIMHHO-TIOPOBOIt
€MKOCTH BOJOBMEIIAIOIIMX TOPOA TpPHU Pa3BUTHM B HUX JWIATaHCHM M, BO3MOXHO, (PazoBBIX
M3MEHEHHSX B CHCTEME «BOJIa — ra3» B YCIOBHAX 3aMEJICHHOTO BOJI0OOOMEHA MOA3EMHBIX BOJ [4, 8].

[Mepen cunpuetimum Kponomukum 3eminerpsicerrem 05.12.1997 r., M, = 7.8, d.=200 kM (K3)
B ckBaxkuHax E-1 m FO3-5 mposBnsncs 'l B Teyenme tpex Henmenb B ¢GOpMe CHHXPOHHBIX
MIOHW)KEHUN YpoBHS BOAbl ¢ ammummryaamMu -lcm u -11 cm. IlposiBnenme storo Buma ITI
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oObsicHseTcst B [3] 0ObeMHBIM pACIIMPEHHEM BOJOBMELIAIOIIMX IMOPOJ B pallOHAaX CKBAXHUH C
amruTy o D=7 10 BCJICJICTBUE aCeHCMHUUYECKHUX JIBIDKCHHUM B 001acTH OyMyIIero oyara.
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Pucynox A — Usmenenuss yposua 6oowl 6 ckeaxcune E-1 6 2005-2018 ce. 6 conocmasnenuu c
0CaAOKaMU.: NYHKMUPOM 8bIOENEHbl (hpasMenmul, NOKA3aHHvle Ha puc. b — nosviwenue yposus 600wt ¢ 2006-
2009 c2. 6 ceazu ¢ axmugusayueil 6iK. Kopsaxcxkui u na puc. B —nposgnenue 2uopo2eoOuHaAMu4ecKo2o
npeosecmuuxa T'Il 1. IMonuowcenue yposus eoowr ¢ 2012-2018 ce. (I'Il 1) svioeneno copuzonmanvroi
CMPENKol;, 8ePMUKATLHLIMU CIMPETKAMU NOKA3aHbl 3emaempscenus ¢ My>6.5 ¢ paduyce do 350 xm om
CKBAIICUHDL.

b — mpeno nosviuenus yposns 600vl 6 2006 -2009 z2. (a) 6 conocmasnenuu ¢ cevucmuunocmoio (6) u
akmugHocmvio  61K. Kopsakckuii, 20pu3oHmanvHol Junuel Ha puc. a NOKA3AHO 6epeMs @peamuieckozo
U36epIHCEHUsA, 8 — CYMMApHOe 3a Mecsy Koauvecmso semnempscenuii ¢ Ks>4.0 6 patione énx. Kopsikckuil.

B — nposisnenue cuopoeceoounamuuecxozo npedsecmuuxa I'Il 1 nepeod zemnempsicenuem 28 pespans
20132, M,=6.9: 1 u 2-oannvie pecucmpayuu ammocgepnozo O0asienus U YpoGHs 600bl, 3 —
CpeodHecymounbie USMEHEHUsl YPOGHA C KOMNEHCUPOBAHHBIMU Oaposapuayuimu, 4 — cymounas ckopocms
UBMEHeHUsl YPOBHs 800bl, Ha epagure 4 cmperkamu noxazanvl: 1 — 16 sueaps 2013 2., nauano nposeienus
Il 1; 2—1 gpespansn 2014 2., 0ama nodauu npoerosznoco saxmodenus 6 K@ POC; 3 — 28 ¢gespans 2013 2.,
dama 3emaempsacenus; 20pU3OHMANIbHAS NYHKMUPHAS JTUHUS — HOPO20BO€e 3HAUEHUE CYMOYHOU CKOpOCmU
U3MeHenull YpogHs 800bl.

¢ PexThI ByIKAHHYECKOIl AKTHUBHOCTH B H3MEHEHHUSIX YPOBHS BO/JbI

B cBi3m ¢ mOAroTOBKOW W peanu3anmeil  ¢dpeaTo-MarMaTUuecKOro  M3BEPIKEHUS
BIIK. KopsAKCKkHil MpOSBISICS TPEHII MOBBIILICHHUS YPOBHS BOJBI C TOBBIIMIEHHOW CKOPOCTBIO C
cepeaunbl 2006 mo 2009 rr. IloBelieHME YpOBHS Hayajoch 3a l.5roga no celcMUYECKOU
aktuBu3auuu (poit 3emuerpscennit ¢ Ks<8.3) u 3a 2.5 roma no uzBepxenus [4] (puc. A, b). Ilpu
ATOM BO BpeMs MOBBIIIEHUS YPOBHS BOJbI (puc. b) Habmomanock ociabieHue 4yBCTBUTEILHOCTH
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CKBAKMHBI K MpolreccaM noAroroBku 3emerpsiceHuii B KC®D3, cBs3aHHBIX € MOIABUIOM
TUX00KEeaHCKON OKEaHNYECKOM MIIUTHI 101 OXOTOMOPCKYIO IJIUTY KOHTHHEHTAJIBHOTO TUIA. Takon
s dext nposBisics B 2007-2009 rr. B orcyrerBun I'IL_I nepen 3emnerpsicennsmu ¢ My~5.0-5.5
UyBCTBUTENBHOCTh CKBAXHHBI K IpOLECCAM TOATOTOBKH CYOIYKIIMOHHBIX 3€MIIETPSICEHUN
BoccTaHoBuiach B 2010 r. mociae OKOHYaHMSI M3BEP)KEHUS U NPEKPAIICHUS IOBBILIEHUS YPOBHS
BOJIbI C MOBBIIIEHHON CKOPOCTHIO.

MsI nonaraeM, 4To HpoJOJDKaBIIeecs 3.5 roja MOBBIIICHUE YPOBHS BOZABI OBLIO BBI3BAHO
POCTOM JaBJICHUS MOA3EMHBIX BOJ BCIEICTBUE OOBEMHOIO CHKATHS BOJOBMELIAIOUIUX MOPOJ MPH
BO3HUKHOBEHUU W JICHCTBHHM WCTOYHHWKA MOBBIIICHHBIX HAMPSKCHWA HEMOCPEACTBEHHO B pailoHe
BiK. Kopsikckoro. Kpome moBbllieHHs ypoBHS Boabl B CkB. E-1, napyrum mnpusHakom
CYIIECTBOBAHUS UCTOYHHKA MOBBIIICHHBIX HANPSDKEHUH SIBIISICTCS YCHIICHHE C1a00l CeHCMUYHOCTH
B 2006-2009 rr. (puc. b), mapkupymoIieil 30Hy CyOMEpHIMOHAILHOTO MPOCTHPAHMS B Tpeeax
K-A BT, a takxke cnaboe ¢pearnyeckoe 3KCIUIO3UBHOE U3BepkeHHE. C yd4eToM aMIUTHTYIBI
noBbIeHUsT ypoBHS Boabl B 2006-2009 rr (1.22 M) u ynpyrux mnapaMeTpoB BOJOBMEUIAOIIMX
MOPOJI POCT JABJICHUS TIOJ3EMHBIX BOJI BO BPEeMs JCUCTBHS UCTOYHHKA IMOBBIIICHHBIX HAMPSHKCHUN
B paiione BiK. Kopsikckuii cocraBmin 12.2 klla umu 0.12 6ap. Bennuuna nedopmaruu 00beMHOTO
CXKaTHsl BOJOBMEINAIONIMX IIOPOA B pallOHE CKBaKWHBI 332 BCE BPEMs IOBBIIMICHHUS YPOBHS -
ASZ—(4.1-9.9)-1O'6 [4]. BeposTHOW NpUYMHON CHKATHS BOJOBMEIIAIONIUX IIOPOJ MOTJH OBIThH
TEKTOHHUYECKHE HANpsKEHUs BCIEACTBUE (DOPMHUPOBaHMS CyOMEpHIMOHAIBHON pa3BUTOBOIl 30HBI
B 36MHOH Kope B paiioHe BiK. Kopsikckuii [4, 6] 1 MHXKEKIMK MarMsel B ero ovar [1].

3akiro4enue

MHorosjeTHue HaOMIOJCHUS 32 BapHAlMsAMU YPOBHS BOABI IOKA3ald YHUKAIBHYIO
YyBCTBUTEJIBHOCTh THAPOJMHAMUYECKOrO0 pexuma ckB. E-1 Kk BapuanmusM HanpsoKeHHOTO
COCTOSIHMSI Cpelbl B 30HE 3amenieHHOoro BojgooOMeHa K-A BT/l B cBA3u ¢ MOATOTOBKOW U
peanu3anuell Ipynn CHIBHBIX CYOJIYKIMOHHBIX 3€MIIETPSACEHMH ¢ MarHutygamu My~7-8 u
JIOKaJIbHBIMU TEKTOHO-MarMaTHYeCKUMHU TporieccaMu B obmactu ovara BiK. Kopsikckuit. OTKIHKH
JaBJIEHUs MTOJI3EMHBIX BOJI Ha TaKHe T€0JMHAMUYECKHE MPOLIECCHl MPOSBISAIOTCS B (JOpME TPEHI0B
TIOBBIIICHUS] ¥ TIOHMKEHUSI YPOBHS BOJIBI C MOBBIIIEHHOW CKOPOCTBIO B TEYEHHE HECKOJBKUX JIET.
Bmecte ¢ TeMm, Takue peruoHajJbHbIE WU JIOKaJbHble TI'E€OJUHAMUYECKHE TIPOLECCHl MOTYT
«HAKJIAJIBIBATHCS» JPYT Ha JIpyra W COIMPOBOXKIATHCA Oojiee CIOKHBIMH (hopMaMH HM3MEHEHUS
YPOBHS BOJABI, YTO HEOOXOAMMO YUYUTHIBATh MpH BbIACICHUM cneuuduyeckux ¢a3 B

reoguHamuueckom coctostuuu Heap K-A BT/,
Paboma evinonnena 6 pamxax nianoswvix mem HUP K@ ®UIL] EI'C PAH
NeNe AAAA-A16-116070550057-7, AAAA-A16-116070550059-1
npu urarcosoti noddepaicke PODU,
epano 18-05-00337 pyxosooumenwv I'.H. Konvliosa.
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Applications of Methods of MEQ’s Mechanisms
Estimates to Koryaksky Volcano Activity in 2008-2009

Vladimir K. Lemzikov', Mihail V. Lemzikov', Evgenia V. Chernykh', Alexey V. Kiryukhinl’2
! Institute of Volcanology and Seismology FEB RAS, Petropavlovsk Kamchatsky 683006, Russia
? Kamchatka State Technical University, Petropavlovsk-Kamchatsky, 683003
lemzikov@kscnet.ru; jenia.chev@yandex.ru; AVKiryukhin2@mail.ru

An analysis of local seismicity within the Koryaksky-Avachinsky Volcanic Cluster revealed a
sequence of plane-oriented earthquake clusters that we interpret as a process of dike and sill emplacement.
The highest magmatic activity occurred in timing with the 2008-2009 steam-gas eruption of Koryaksky
Volcano, with magma injection moving afterwards into the cone of Avacha Volcano. In this paper,
application of methods of MEQ’s mechanisms estimates to Koryaksky volcano activity in 2008-2009 is
given.

Keywords: magmaticplumbingsystem, plane-orientedclusters, a swart of volcanic earthquakes,
earthquake mechanism, local seismicity

N3y4deHue u conocraBjieHue METO0B OIpe/ie/IeHU MEXaHU3MOB
BYJIKAHHYECKHUX 3eMJICTPSICEHUI B IEPHO AKTHBHU3AIUN
ByJakaHa Kopsikckmnii B 2008-2009 rr.

Jemsukos B.K.!, Jlem3nxos M.B.', YepubIix E.B.., Kuproxun A.B.?
1 . .
Hncmumym eynkanonocuu u ceticmonoeuu /[BO PAH, Ilemponaénosck-Kamuamckuu 683006
2 Kavuamcxuii 2ocydapcmeenHbll mexHuyeckuil ynusepcumem, Ilemponasanosck-Kamuamcexui 683003

AHanu3 nokajabHOU celicMUYHOCTH B pailoHe Kopskcko-ABauMHCKOM TpyIIIbl BYJKAHOB MO3BOJISIET
BBISIBUTH TIOCJIEIOBATENFHOCTD MJIOCKO-OPUEHTHUPOBAHHBIX KIACTEPOB 3eMIIETPACEHUI, HHTEPIPETHPYEMbIX
Kak TpoIlecc BHEApPEHUs Jaek U cuiuioB. Hanbosee akTuBHAs MarMaTtudeckas JesTeIbHOCTh HAO0alach
Bo Bpemsi u3BepkeHus Kopsikckoro Bynkana B 2008-2009 rr., mocie yero mpouecc BHEAPEHUS Marmbl
MepEMECTIIICSI B KpaTep ABauyMHCKOTO BYJIKaHa. B 3TOM cTaThe MPOBENCHO COIMOCTABICHUE METOJIOB
OTIpe/IeTICHUsI MEXAaHU3MOB BYJIKAaHHYECKHX 3EMJIETPSACEHUM B MEpHOJ aKTHBAaUWK BynkaHa Kopskckuii B
2008 — 2009 rr.

KutoueBsble cjioBa: MarMatudeckasi MUTArOIIasi CUCTEMA, INIOCKO-OPUEHTUPOBAHHBIE KIACTEPHI, POil
BYJIKAHUYECKUX 3EMJIETPSICEHUN, MEXaHU3M O4Yara 3eMJIETPSICEHUM, JOKAJIbHAsSL CEHCMUYHOCTb.

Bynkan Kopskckuii (3456 M. alc.) — OoauH U3 KpYHHEHIIMX JEHCTBYIOIIUX BYJIKAHOB
I0’KHOM JacTu nostyoctpoBa Kamuarka, Bxoaut B coctaB Kopskcko-ABaunHCKOIO BYJIKAHOTEHHOTO
Gacceitna miomanplo 2530 kM2 pacnosioxxeHHoro B 25 km ot ropoxaa IlerpomaBnoBcka-
Kamuatckoro.

Kopsikcko-ABaunHCKasi TpyIna BYJIKAaHOB SIBISIETCS OJHUM M3 ATAJOHHBIX OOBEKTOB MJIs
MOHMTOPMHIAa M aHajiu3a IMPOLECCOB, COMYTCTBYIOIIMX MHKEKLIUU MarmMbl M3 MarMaTH4eCcKuX
OYaroB BYJKaHOB B NEPUObl UX aKTHUBU3ALMHU, HanOOJee 3HAaYUTEIbHAs U3 KOTOPBIX MMPOU30IILIA B
2008-2009 rr. [Topmees u np. 2009; CenusepcroB, 2009, Jlemsuxos, Jlem3ukon, 2015].
Perucrpanus celicmuueckoil akTuBHOCTH KopsAKCkO-ABau4NHCKON TPYyNIbl BYJKaHOB IIPOU3BOIUTCS
7-10 paguoTelIeMeTPUUECKUMHU ceiicMuueckuMu craHiusMu no naHasiM KO OUIL] EI'C PAH, B
IOTO-3aMafHo  4yacTu  OacceiiHa  OCYIIECTBISIOTCS ~ HEMPEphIBHBIC  HAOMIONEHHUS  3a
THIPOTEOJIOTUYECKUM PEXUMOM MOA3eMHBIX BOoJ Ha IImHaueBckux ucrouHukax u ckB. E-1
[KonbuioBa, bonmguna, 2012], Ha ceBepHom ckioHe Kopskckoro Bynkana ¢ 2009 .
OCYILIECTBISIOTCS HAONMIOJCHUS 3a TEMIIEPATypHBIM M Ta30THIPOXUMUYECKUM  PEKHMOM
pasrpyKaroIIuXxcs TaM TepMalbHbIX HCTOUHHKOB [Kuproxun u ap. 2015, Kiryukhin et al 2017].

B paborax A.B. Kuproxuna u ap. 2015, 2016, 2017 rr. npeayioxeH METOJ BBISBICHUS U
OLICHKM T€OMETPUU MarMaTU4eCKUX MUTAIOIIUX CHUCTEM BYJIKAHOB (Ja€K M CHILIOB) MO JAHHBIM
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JIOKQJIbHOM CEMICMMUYHOCTH, KOTOPBIM ONUCBHIBAET PE3YJIbTAaThl aKTUBU3aLnuu Kopskcko-ABauynHCKOM
rpynmnsl ByJkaHoB 2008-2010 rr.

OOHapy)XeHHEe M OIIEHKAa XapaKTePUCTHUK Ui IUIOCKOCTHO-OPHEHTUPOBAHHBIX KJIACTEPOB
IIPOBOJIMIIOCH C HMCITONIb30BaHueM mporpammbl FracDigger (Ne 2016616880), a I1.0. PetraSim 5.0
UCIoNIb3yeTcst Ui Bu3yanm3aimu. FracDigger oOHapykuBaeT KiacTepbl MO  CIEAYHOLUIHMM
napameTrpam: (1) 6au30cTh 0 BpeMeHu — 1 cyT.; (2) 6J1u30CTh 1O PACCTOSIHUIO B TOPU3OHTAIBHOM
mwiockoctd — 6 kM.; (3) Omu3ocTh K coObiTHi0O B Miockoctd 200 M.; (4) KOIMYECTBOM
3eMJIETPSICEHHI B KJIACTEpE HE MEHEee 6-TH.

Ha mnpumepe Bynkanma Kopsikckuii BrepBble ObUT OMPOOOBaH METOJ[ ONPEICICHUS
MEXaHM3MOB OYaroB C HCIOJb30BAaHUEM IMOJIIPU3ALUU MEPBBIX BCTYIUIEHUH P-BOJH, KOTOpBIii
MO’KET IPUMEHSTHCS IIPU UCIIOJIb30BAHUHU cIabbIx (M=1) BynkaHndeckux semiuerpscenuid. B 2008-
2009 rr. ceTthio paguoreneMerpuueckux ceiicmuuyeckux cranuuid K@ OUI[ EI'C PAH Obun
3apErUCTPUPOBAH pPOM BYJIKAHUYECKUX 3EMJIETPSACCHUN ByJiIKaHa KOpAKCKMIA Kak B NEPUOJ
CeliCMMUECKON MOATOTOBKH, TaK W BO BpeMs HU3BepKeHHs. BbpIOOpka ATHX 3eMIIETpSCEHHH, B
nuamna3one TayouH owaroB oT 3.0 mo 12.0 kM, Bkmowaer 27 coObithii (Tabn. 1) ¢ pasdpocom
3HAYCHHMM UX dHepreTudeckux kiaccoB Ks ot 5.2 no 7.2.[JIem3ukos, Jlem3ukos 2015].

Jnst ompeneneHuss MeXaHM3Ma oOdYara HCIOJb30BAJICS IMUPOKO HM3BECTHBIA KOMILIEKC
nporpamMm 1on HasBanuem FPFIT, FPPLOT wu nap. [Reasenbergand Oppenheimer, 1985],
pa3paboTaHHBIi BO BTOpOH mmoyioBuHe XX Beka mo wjaesMm pabor [Beemenckas, 1956; 1969].
ANTOPUTMBI, HHCTPYKIIUH, ONMKMCAHUE U TEKCTHI ATHX MPOTrpaMM AOCTYIHBI JJis CIIEHUATNCTOB Ha
pa3nnuHbIX caitax (Hampumep: http://www.usgs.gov/).

[MonyueHHbIe a3UMyThI MPOCTHpPAHHS IIOCKOCTe# (Strike) mpuBemensl Ha pucynke 1. B
MeXaHU3MaX 0YaroB ciIaObIX BYJIKAHWYECKHX 3eMJIETpsiCeHUH BynkaHa Kopskckuil HaOmromaroTcs
TOJBKO JBa a3uMyTa MpoCTUpaHus IiockocTer (Strike). OmpeneneHbl MeaMaHHBIE 3HAYCHUSI
a3UMYTOB TPOCTUPAHUs IIOCKocTer (Strike), kotopele paBHbBI ais 30HBI | (foro-zamagHoe)
212°+17°u pans 30HbI || (ceBepHOE MM cCyOMepuaMOHAIbHOE HampaBieHus) 5°+12°. (cM. pucyHOK
1). JIOmMOJHUTENBHO €Ile OTMEYalTCcs OCOOEHHOCTH paclpeiesieHuss B IMPOCTPAHCTBE OYaroB
ca0bbIX BYNKaHMYECKMX  3emileTpsiceHuii BynakaHa Kopskckuili (cM. pUCYHOK 2), KOTOpBIE
pa3AENAI0T €ro CEHCMHYECKH aKTHBHYIO 00JIacTh Ha JIBE MPOCTPAHCTBEHHO DPa3JieIEHHBIC 30HBL
OOImuMH TpU3HAKAMK JIEJICHUS SIBISIOTCSA: 1) a3suMyT mpocThpaHus rwiockocteit (strike); 2)
MPOCTPAHCTBEHHOE PACTIONIOKEHHE TIYOMH O4YaroB. DTH 30HBI Ha PUCYHKE 2 00o3HayeHbl Kak |
(roxxnas) u Il (ceBepHasi). JleneHue B TOPU3OHTAIBHOW M BEPTHKAIBHON MPOEKIMSIX OTMEYEHBI
ycioBHbIMM JuHUSAMA -1 (cM. puc. 2).

Pucynox 1 —Asumymuvr npocmupanusi (Strike) nnockocmeii ouazos
cnabvix  gyIKaHUYeCcKUx 3emiaempscenuil gyakana Kopaxckui.l —
UHOUBUOYATbHYLE, 2 — MEeOUAHHble 3HAUeHUs], KOMOpble PaeHbL OJisl 30Hbl
| (weo-3anaomoe)  212°+17° u ona 3omnvl 1l (cesepnoe unu
cybmepuduonanvioe nanpasienue) 5°+12°,

270°

30Ha | 1 n _ ¥

- (1or) (:‘::19) PM?yHOK 2 Kapma anmfeHmpoe BYJIKAHUYECKUX 3eMIemMpACEeHUU

.6\ pauoHa eyaKana KOpﬂKCKUH.a — 20pU30HmMAlbHAsA NPOEKYuUs, 6 -
15870 - . v e

o . — e BEPMUKAIbHASL NPOEKYUA 2UNOYERMPOE8 NO HANpAeGIEeHUIo 102-ceeep. ] -

= | eyakanuueckue semnempscenus eyikana Kopsxckuil; 2 — nonocenue
M i 7 eepuunvt eyixana Kopaxckuili na eopuzonmanvhoii npoexyuu, 3 —
I CpedHue 3HAUeHUs. a3UMYMO8 NPOCIMUPAHUSL NIOCKOCMEN 04a208 8 08YX
" P 30HAX pos 8YyIKAHUYeCKUx semiaempscenuti eyakana Kopsarxckui ¢ 2008-
R 2009 ee. CpedHue 3HAUeHUsT A3UMYMO8 NPOCMUPAHUS NIOCKOCHEl
T pasnvl 0151 30HbL | (1020-3anaonoe) 212°+17°u  oas 3ouwt |l (ceseproe
s U cyomepuouoHaIbHoe HanpasieHue) 5°+12°.
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B nanHoil paboTe mMpoBENEHO COMOCTaBIIEHHE PE3yJIbTaTOB — METOJA OLEHKH MEXaHHW3Ma
0YaroB CJIA0BIX BYJIKAHHYECKUX 3EMIICTPSICCHUN B IMEPHOJ IMOATOTOBKM W W3BEPIKEHUS BYJKaHA
Kopsikckoro myrem nojisipu3allid TEPBbIX BCTYIUIEHHH CEHCMHUYECKUX BOJIH C IUIOCKO-
OPUCHTUPOBAHHBIMH KJIACTEPAMH 3EMJICTPSICCHHI, TMOJYYCHHBIMUA 10 aHAIHM3y pPacHpeesiCHUs
TAIIOLIEHTPOB.

Jis BU3yanu3anuy 3eMIICTPSICCHUI BBIJCIICHHBIX METOJIOM BOJIHOBBIX ()OPM M OpUEHTALIUU
B IIPOCTPAHCTBE MIOCKOCTEH MCIOIh30BATIACH CIIEAYIONIasi METOIUKA.

Ha nepBom 3Tamne ocymecTBIsIOCh TpeoOpa3oBaHUe CEHCMUYECKOTO COOBITHS B TUIOCKOCTH
B Buje Bekropa paguycoM 1000 M. ¢ marom B 100. B pe3ynbrare mnony4uiau miocKocTb B BHJE
JMcKa ¢ 37-10 TOYKaMH ¥ HadaJdbHbIMU KoopauHatamu X; Y Z.

BTOpBIM oTallOM OIpPCACINM OPUCHTALIMIO AWCKAa B IPOCTPAHCTBC IMYTCM YMHOXKCHUA
koopauHat X; Y; Z Ha MaTpuIly MpeoOpa3oBaHusI.

X2 cosf-cosa —cosf-sina —sinf X
Y2 |= sina cosa 0 1Y) (1)
Z2 sinf-cosa —sinf-sina cosf Z

rae o — a3umyt npoctupanus (Strike0), f — yron nagenus (Dip0).

Ha tperpem sTame BBIYHCISAEM CIBHT MoxydeHHOTro jaucka Ha 3HadueHus XO0; YO; Z0 (cwm.
Tabmuna 1.).

AHanu3 MEXaHW3MOB 04aroB ByJakaHudyeckux demiierpsicenuit 2008-2009 rr. no noaspHOCTU
BCTYIUIGHUH  P-BOJH  yka3plBaeT Ha  IUIOCKO-OPUEHTHPOBAHHBIA  XapakTep  pasjiOMOB,
ACCOIIMMPYIOUIMXCS € 3EMIICTPSICEHUSIMH, UX  CYOMEpPHIMOHAJIbHYI0  OPHEHTAMI0 |
MO3UIIMOHMPOBAHUE Ha pa3HbIX r1youHax (1.8-4.2 kM) Kk tory ot BepimHbl Kopsikckoro ByJikaHa U
(4.2-12.7 kM) K ceBepy OT HEe, YTO XOPOIIO COrNIACYETCS ¢ MOJYyYCHHBIMH HAMHU XapaKTePUCTUKAMH
IUIOCKO-OPUEHTHPOBAHHBIX KJIACTEPOB 3€MIIETPSICEHUH.

26.03.08 10:54
25.03.08 08:88

Pucynok 3 — Konyenmyanvnas mooens 00pazosanus 0aex u ouazos 3emiempsacenuii Kopsakcko-Asauunckoii
epynnoi yakanos 3a 25.03.2008 e.

Ha puc. 3 BbIIeneHBl [BETOM IIJIOCKOCTH OYaroB 3eMIIETPSICEHUN OMpeeNieHHbIe TI0
nossipaocty P-BostH ot 25.03.2008 08:55, 25.03.08 14:51 u 25.03.2008 16:54, a Takxe moka3aHbl
IJIOCKOCTH HMHTEPIPETUPYEMBIX MJIOCKO-OPUEHTUPOBAHHBIX KIACTEPOB 3eMieTpsiceHuit Ne5 ot
25.03.2008 00:07 m Ne7 25.03.2008 08:13. Bce 3TH MIIOCKOCTH HAXOAATCS B JUANa3oHe TIyOUH OT
5600 mo 1000 M. abc. M accouMUpPYIOTCS € Haubosiee BEpOSATHOM IIIOCKOCTBIO pazjoma
cyOMepHIMOHAIBPHON 30HBI C YIJIOM TaJIeHUs IIIOCKOCTeH B Aramna3one ot 590 o 740.
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Tadauna 1. ComocraBieHHe MapaMeTPOB MEXaHW3Ma OYaroB JUIS 3EMIICTPSICCHUN BYJKaHA
Kopsikckuii ¢ II0CKO-OpHEHTHPOBAHHBIMH KiacTepaMu 3emuerpsicenuit 2008—2009 rr.

JlaTa KoopauHate! ouara IMapameTpsl MexaHH3Ma

(rom, MecsI, IeHb, 3eMIICTPSCEHUS Ks ouara Ne kmacrepa

9ac, MUH., CEK) X0, m YO0, m 70, m Strike® | Dip° | Rake®
24.03.2008 22:33 | 482044 | 5915690 | -8600 | 6.7 4 58 -166 2,34,
24.03.2008 22:45 | 481370 | 5913468 | -11700 | 6.1 3 64 -167 2,34,
25.03.2008 01:07 | 480709 | 5914583 | -7600 | 6.8 16 57 -134 5,6,7,9,10
25.03.2008 01:26 | 481379 | 5915693 | -7500 | 6.5 15 55 -135 5,6,7,9,10
25.03.2008 04:18 | 481375 | 5914580 | -8500 | 6.3 11 67 -141 5,6,7,9,10
25.03.2008 08:55 | 481370 | 5913468 | -7700 | 5.9 6 74 -122 5,6,7,9,10
25.03.2008 14:51 | 482044 | 5915690 | -6100 | 6.4 17 69 -138 5,6,7,9,10
25.03.2008 16:54 | 482036 | 5913465 | -6800 | 6.0 351 59 -140 5,6,7,9,10
26.03.2008 07:32 | 482044 | 5915690 | -7600 | 5.7 358 63 -12 10
03.07.2008 12:11 | 478674 | 5905692 | -3300 | 5.2 214 52 -168 16,17,18
03.10.2008 15:16 | 479355 | 5909026 | -3000 | 5.2 221 55 -179 22,23
23.10.2008 07:54 | 481366 | 5912355 | -9000 | 5.4 356 79 126 Her xiactepos
28.10.2008 10:04 | 478018 | 5907920 | -3100 | 5.2 3 64 -114 29,30
05.11.2008 15:07 | 480691 | 5910133 | -5100 | 6.1 211 45 154 Her xmacrepoB
05.11.2008 19:14 | 481357 | 5910130 | -4900 | 5.2 193 57 -153 Her xmactepos
28.11.2008 01:48 | 480691 | 5910133 | -8100 | 6.7 14 81 -138 32
28.11.2008 13:52 | 480025 | 5910136 | -5400 | 6.3 1 62 -103 32
03.03.2009 17:57 | 480025 | 5910136 | -5700 | 5.9 15 68 -157 44,45
06.03.2009 01:08 | 480035 | 5912361 | -8300 | 7.1 18 71 -144 48,49,50,51
06.03.2009 01:21 | 480030 | 5911248 | -4500 | 5.3 348 61 -126 48,49,50,51
08.03.2009 13:11 | 479350 | 5907914 | -5300 | 5.6 342 53 131 Her xiactepos
13.03.2009 03:19 | 480682 | 5907908 | -4200 | 5.6 351 68 -131 52
10.04.2009 16:58 | 481370 | 5913468 | -5600 | 6.0 21 63 -121 68
14.04.2009 03:15 | 480678 | 5906796 | -2700 | 5.6 223 76 105 70,71
19.04.2009 04:40 | 480678 | 5906796 | -2300 | 5.7 220 68 95 74,75
24.04.2009 02:42 | 480673 | 5905683 | -2600 | 5.9 216 63 156 79,80
28.04.2009 04:09 | 481353 | 5909018 | -4200 | 5.7 173 69 119 82,83

[Mpumeuanue (Strike) — asumyt npocrupanus; (Dip) — yron nanenus; (Rake) — yron moaBrxku
OTHOCHTEIILHO MTPOCTHPAHHS.

Paboma evinonnena npu noooepacke epanma PODU, npoexm Ne 18-05-00052.
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SECTION IHI.LMAGMATIC FRACTURING AS AN ANALOGUE OF THE
DEVELOPMENT OF HYDROCARBON RESERVOIRS WITH HARD-TO-
RECOVER RESERVES

PA3JEJ 111. MATMATUHYECKHWI ®PAKUHI' KAK AHAJIOT PA3SPABOTKHA

MECTOPOXJIEHUM YB C TPYJTHOU3BJIEKAEMBIMHU 3AIIACAMHA
V]IK 622:550.36

Simulating fluid injection in 3D poro-visco-elasto-plastic rocks

Beatriz Martinez Montesinos, Boris Kaus
Geosciences, Johannes Gutenberg University, Mainz, Germany
bmartine@uni-mainz.de, kaus@uni-mainz.de

Injection of water into wells at high pressures, in order to create fractures and increase permeability
of rocks, is a technique often used to stimulate geothermal systems. Understanding, through numerical
modelling, how such actions could influence the local state of stress of the reservoir and how fractures
propagate through it may help to efficiently develop the extraction projects and, hopefully, to avoid
undesired side effects. We increased the capabilities of the software LaMEM by adding plasticity, poro-
elasticity and Darcy flow, in order to make it able to simulate hydrofracturing in poro-visco-elasto-plastic
rocks. This improvement offers us an efficient computational massively-parallel 3D code to model fluid
injection and crack propagation, and allows us to investigate failure patterns created by shear/tensile stresses
in heterogeneous media, due to increased localized pore pressure.

Keywords: 3D numerical modeling, fluid injection, crack propagation, geothermal energy

Cumyasiuysi MHAKEKIUN KUAKOCTH B TOPHbIE MOPOAbI B TPEXMEPHO
MOPO-BSA3KO-YNPYTO-IJIACTUYHOM MOCTAHOBKE

Bearpuc Maprunec Montecnnoc, bopuc 7K. II. Kayc u AnTon A. Ilonos
Omoenenue ceousuxu, Ynusepcumem Maiinya umenu Hoeanna I'ymenbepea
Hoeann-Hoaxum-bexep-Bee 21, 55128 Mauny, I'epmanus

WHxekuusi KUIKOCTH B TOPHBIE MOPOABI MOJ OONBLIMM JABICHUEM, C LIEIbIO CO3JaHMS CHCTEMBI
TPEIIMH M YBEIMYEHUS MX NMPOHULAEMOCTH, SIBISETCS 4acTO HCHOJB3YEMON TEXHHKOW MPUMEHSEMOMN UIs
CTUMYJISILIMKA T€OTEPMAJIbHBIX cHCTeM. [[oHMMaHue, ¢ UCIIOIB30BAHUEM YHUCIIEHHOTO MOJEIIMPOBAHUS, TOTO
KaK HMHKEKIHs BIMSET Ha JIOKAJbHOE HaNpsDKEHHO-Ie(OPMUPOBAHHOE COCTOSHHE M PacIpOCTpaHEHHE
TPELIUH B pe3epByape MOXKET crocoOCTBOBaThH 3()(HEKTUBHOIN pa3zpaboTKe Te0TepMalIbHBIX MPOEKTOB, U 110
BO3MOXXHOCTH HM30€KaHUIO HEXKeNaTelbHbIX Mo00YHBIX 3¢ddekroB. B nmanHON pabore MBI pacuIvpriiv
BO3MOXKHOCTH TporpamMmHoro makera LaMEM BHenpermem mOAIEpPKKH IIACTUYECKOTO TEUCHHUS U
¢$wIbTpaK KUAKOCTH B MOPHUCTOH cpeae (3akoH Jlapcu), ¢ LENbI0 €ro MPUMEHEHHS IJsl CUMYJIALUH
TUAPOPA3pbIBA B TOPHBIX NOPOAAX B CBSI3aHHOM IOPO-BA3KO-YNPYroM-INIACTUYHOM NOCTaHOBKE. JlaHHBIE
MpPOrpaMMHBIE yIY4YIICHHS MPEIOCTaBIAIOT HaMm 3()(PEeKTHBHBI MacCHBHO-TIAPAIIIENBHBI TPEXMEPHBIH
MAaKeT Ui CUMYJISALMM WMHXEKIHWH >KUIKOCTH M PACHpPOCTPAHEHMs TPEIIMH, U IMO3BOJIIOT HUCCIEN0BATh
CTPYKTYpPBl paspylleHHs TeTepOreHHOW cpenbl, OOYCIOBJICHHBIE CIABUIOBBIMH M PAaCTSITHBAIOIIUMHU
HaIIpsSOKEHUSIMU, BbI3BaHHBIMU JIOKAJIM30BAHHBIM IPUPOCTOM ITOPOBOTO AABJICHHUS.

KiroueBbie cjioBa: TpEXMEPHOE YHCIEHHOE MOJECIUPOBAHUE, MHXKEKIUS KUJIKOCTH, THIPOPA3PHIB,
pacIpoCTpaHEHUE TPELUIUHBL, T€OTEPMAaIbHASL SHEPT U

Introduction

In order to simulate geological processes such as lithospheric deformation it was developed
LaMEM (Lithospheric and Mantle Evolution Model), a scalable 3D parallel code that employs a
staggered finite difference discretization combined with a marker and cell approach. This software
solves, in an efficient way, the (incompressible) Stokes equations in rheologies involving rocks that
have nonlinear visco-elasto-plastic material properties. In particular, this code is able to model the

43


mailto:bmartine@uni-mainz.de
mailto:kaus@uni-mainz.de

formation of localized shear bands during planar deformation in agreement with theoretical and
experimental results ([1]).

However, it is well know that liquid pressure in porous rocks plays an important role in
processes such enhanced geothermal systems as it influences the state of stress of the reservoir (e.g.
[2], [3]) and, thus, must be considered when modelling deformation and failure. Here, we take
advantage of LaMEM and follow previous ideas ([4], [5]) to implement Darcy flow and couple it
with the Stokes equations in order to account for liquid pressure in porous rocks. In addition, as
such processes develop at relatively low temperatures, when the mechanical behavior is almost
elasto-plastic, we improved plasticity by adding the dilation angle of rocks and by implementing
tensile failure, one of the possible failure modes due to local pore-fluid overpressuring and/or
extensional forces. Furthermore, as it has been proven that effective stress influences the hydraulic
properties of the materials (e.g. [6], [5]), we made the code ableto account for changes in
permeability when tensile or shear failure is reached.

Method

We consider a continuous media under the effect of gravity (g) composed by poro-visco-
elasto-plastic rocks with properties density (p), shear modulus (G), bulk modulus (K) and viscosity
(n). To describe the main factors acting in the medium we use Cauchy stresses (o;;), pressure (P),
deviatoric stresses (t;;) andtemperature (T) and, todescribedeformation, velocities (v;), strainrates
(¢;) anditsporo-elastic,viscousandplastic descomposition

. __ sbe v 1y
Sij _Sij +Sij+€ij (1)

Here, i and j refers to coordinate indexes (x,y,z). We assume that pores are connected and
filled, in a measure given by the permeability (k) and the specific storage (Ss) properties, by a liquid
of density p; exerting pressure (P;) on rocks. We define, then, the effective pressure of the system
as

In addition, we assume the existence of a limit for rock stresses, the scope of which
producesplastic failure and is defined by cohesion (C), friction angle (@) and tensile strength (o).
The combined yield criteria for shear ([6]) and tensile failure ([7]) that we use is given by (figure 1)

Tyieta = Min(Pess sin® + C cos @, Psp + o7) (3)

and the plastic behavior is defined by the plastic flow potential ([8], [9])
Q=1 — Peff siny (4)

Beingy the dilation angle indicating the relation between the plastic volumetric strain rate
and the rate of plastic distortion ([8])
v T E)y + €,

siny =
7
2¢),

()

and considering y=900 for tensile failure. The expressions tjandél denote the second
invariant of the deviatoric stress and the plastic strain rate, respectively. If yield is reached, the
plastic strain rates are given by

' (T”+2 i 5) 6
&j _Xao-ij_ & . 35111(1!)) ij (6)

beingx multipliers satisfying the yield condition
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Ti1 = Tyield. (7)

We solve the mass, momentum and energy conservation equations for the solid skeleton
affected by the liquid pressure,

DT 1DP o,

CZTE—EE-F ZSID(ll))EII :a—xi (8)
aTi]' B(P + (XPI)
- = 9
DT 0 aT

and the mass conservation equation combined with the Darcy's law for liquid

d (k[P L
axi U E)x} pLge L=os Dt (11)
considering the poro-visco-elasto-plastic constitutive relation to describe deviatoric changes
. 1 BT‘ . . Ti: . Ti:
&j =50 D;} + SFIS_L__Z + ¢, T_Z (12)

Here, x;(i = 1,2,3)are the spatial coordinates, D/Dt is the material time derivative, D/Dt the
Jaumann derivative, ar the thermal expansion coefficient, a the Biot-Willis constant andHand H,are
possible head or liquid sources, respectively. Equations (8) to (11) have been discretized in space by
using staggered grid finite differences method. To achieve scalability on massively parallel
machines have been used the distributed arrays (DMDA) and iterative solvers (KSP, SNES) from
the PETSc library ([10]). A Marker and Cell method has been employed to track material properties
which are advected in an Eulerian kinematical framework.

Example

We show here an example of simulation of fluid
injection and crack propagation in a heterogeneous 3D
setup (figure 1). The model considered is 9 km long, 4
km wide and 3 km high and is composed by five layers
and sectioned by a normal fault (table 1). We impose
free surface at the top and free slip at the bottom and
lateral boundaries, and, to simulate an extensional
regime, we apply a constant background strain rate of
10-15 s-1 in the x direction. To simulate an
injection/production system of water heating we consider a positive fluid source in the point
indicated by blue arrow and a negative source in the point indicated by red arrow in figure 2. To
simulate hydrofracturing we apply in the three points marked by yellow arrows bigger source
magnitudes to increase stress and produce fractures. Figure 2 shows the result of the simulation
after 10000 seconds of simulation.

Figure 1 — Sectionofthe model setup
used for the simulation.
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Figure 2 — Simulation of fluid injection and crack propagation. Different colours in the
model setup indicate different material properties. On the left side, vectors direction and colour
show the fluid velocity and fluid pressure, respectively. We can observe the influence of the low-

pressure fluid injection/extraction on the direction of flow which is expected to be pointing upwards
due to the extensional regime. On the right side, blue colour indicates where yield stress is reached
either by tensile or shear mode.

Table 1.Material parameters employed for the simulation. Multiples value of density and permeability
belong to layers from bottom to top, inner and external part of the fault, properties after failure and, the
last one, corresponds to a random material that was mixed throughout the model. Source magnitudes
correspond to those used for low-pressure injection, low-pressure extraction and high-pressure injection.

Variable Parameters Value Units
p Density [2700,2600,2500,2500,2600,2700,2700,2700,2700] Kgm?
o1 Liquid density 1000 Kgm?
G Shear module 5x10* MPa
v Poison’s ratio 0.27
c Cohesion 40 MPa
¢ Friction angle 45 @)
Y Dilation angle 45 ©
or Tensile strength 20 MPa
k Permeability [10™°,107°,10°,10™,10%,10%,10™,10™,10 m?
Ss Specific storage 10™ MPa™*
H,, Source magnitude [5x10*5x1010,10,10] m’s™

This project has received funding from the European Union's Horizon 2020 research and
innovation programme, Marie Sklodowska-Curie grant agreement No 642029 - ITN CREEP.
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Role into the impact fluid fracturing in the formation of deposits in the
Bazhenov formation: natural mechanisms and processes, prospects of modern

Tatiyana A. Korovina', E.P. Kropotovaz, E.A. Romanov'
'CORETESTSERVIS Ltd.,
2SurgutNIPIneft, Tyumen, Russia
korovina_ta@coretest.ru; dragonkitten@rambler.ru; romanov@coretest.ru

Rocks of the Bazhenov formation in Western Siberia are represented by clay-siliceous-carbonate
kerogen-saturated (from 3 to 25% (rarely more) sorghum.) complex rocks. Deposits of Bazhenov formation
are not terrigenous-the content of terrigenous material does not exceed 10% (average 3-7%). The formation
is an organic, chemical tecton-dependent system, which is in a continuous process of development. The
formation of a predominantly was fractured type of reservoir is determined by a set of different-scale
mechanisms of fluid fracturing. Microfractures occurs as result of fracturing in the process of hydrocarbon
generation by kerogen. The generation processes are interrupted at the initial stages, the oil content does not
reach the field conditions, if there is no primary fractured reservoir. Subsequent tectonic activations and the
spatial structure of tectonic stresses control the localization of the reservoir and the rate of generation of
hydrocarbons by the kerogen. The formation of tectonic macro-fractures in the determining role of fluid
dynamic processes is accompanied by the introduction of hydrothermal solutions. The combination of micro
and macro fracturing is a natural mechanism of formation of oil reservoir in the Bazhenov formation. The
use of frac technologies in the conditions described above cannot lead to a fundamental change in the
kinetics of oil generation. Provided by only the increased speed of extraction of oil at a significantly reduced
end-KIN, which demonstrates the practice of technology implementation in Western Siberia. As a result, of
hydraulic fracturing there is a simple redistribution of the generated oil between technology and natural
fractured reservoirs. The question of expediency of application of technology for development of productive
deposits in Bazhenov formation, according to the authors, is debatable.

Keywords: fracturing, Bazhenov formation, hydrocarbon generation, fluid dynamics, hydrothermal
fracturing, tectonic stresses

Poasb ¢guironopaspeiBa B GopMHpPOBaHNH 3aj1e:Kell B 02/KEHOBCKOI CBHTE:
NPHUPOJAHBbIE MEXaHU3MbI U MIPOLECCHI, EPCHEKTUBBI COBPEMEHHbIX TEXHOJIOT Uil

KopoBuna T.A.l, Kpomnorosa E.H.z, Pomanos E.A.
'000 «Kopsmecm Cepsucy, *Tiomenckoe omoenenue « CypeymHHUIIHnedmp»

[lopoasl OutymuHO3HONH QopmManuu OaXeHOBCKOH cBUTHI B 3amagHoil CuOupu mnpeacTaBieHBI
TJIMHUCTO-KPEMHHCTO-KapOOHATHBIM KeporeHoHachlmeHHbM (0T 3 1o 25% (peako Ooimee) Copr.)
KOMIUIeKCcOM mopof. OtiokeHusi OaXKEHOBCKON CBHUTHI HE SBISAIOTCS TEPPUTEHHBIMH — COJIEpXKaHHe
TeppUreHHoro Matepuaiga He mpesbimaer 10% (cpemnee 3-7%). dopmauusi mnpexacrtaBisieT coOOH
OpPraHOTE€HHYI0, XEMOIEHHYI0 TEKTOHO3aBHCHMYIO CHCTEMY, HAXOJISILIYIOCA B HENPEPHIBHOM IpoLecce
pazButusi. DopMUpOBaHHE MPEUMYIIECTBEHHO TPEIIMHHOTO THMA pe3epByapa  ONpPEeNAIOTCS
COBOKYITHOCTBHIO Pa3HOMACIITAOHBIX MEXaHH3MOB (UIIOHJOPa3phiBOB ((hpakuHra). MUKpOTPEIIMHOBATOCTD
BO3HHMKAaeT B pe3yjbTaTe aBTOQUIIOMAOPA3pbIBA B IpOLEcCce TEeHEpall YIICBOAOPOIOB KEPOTCHOM.
[lepBUYHBIA TPEIMHHBIA KOJUIEKTOP, 0€3 KOTOPOro MpOLECCH TeHEepalud MPephIBAlOTCS Ha HadalbHOMN
CTaguu, a HEe()TEHOCHOCTh HE JOCTHIacT MPOMBINUICHHBIX KOHIUIMN, OOYCIIOBIEH JIM3BbIOHKTUBHBIMU
IpoleccaMy MW pean3yeTcss B 30HaX pasziaoMoB. [locienyromme TEKTOHWYECKHWE AaKTUBHM3AlUM U
MIPOCTPAHCTBEHHAs CTPYKTypa TEKTOHWYECKMX HANPSHDKEHWH KOHTPOJIMPYIOT JIOKAIHM3ALMIO pe3epByapa U
CKOPOCTb I'€HEepalllM YIJIeBOAOPOIOB KeporeHoM. DOpMUpPOBaHNE TEKTOHMUYECKONH MaKpOTPEIIMHOBATOCTH
OpU  ompepesiiomied  poau  GIIOUIOAMHAMMYECKMX  IIPOLIECCOB  COIPOBOXKIAETCS  BHEAPEHHUEM
THIPOTEPMAJIbHBIX pacTBOpoB. CoueTaHrne MUKpPO- 1 Makpo(paKHHIra — MPUPOJHBIN MEXaHU3M 00pa30BaHus
HepTSHBIX 3anmexeil B OakeHOBCKOH cBute. lIpuMeHenme TexHONOTHH THapopaspeiBa Imacta (I'PII) B
OIMCAHHBIX BBIIIE YCIOBUSX HE MOXXET IPHUBECTH K KapAWHAJIBLHOMY HM3MEHEHMIO KMHETHKHM I'e€Hepalnuu
HepTtn. OOecrmeynBaeTcsl JHIIL BO3pacTaHHE CKOPOCTH OTOOPOB HE(PTH NMPH CyNIECTBEHHOM CHHKEHUH
koHeuHoro K1H, 4ro neMoHCTpupyeT npakTHKa BHEAPEHUSI TEXHONOTUH B 3anaanoit Cubupu. B pesynbrare
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I'PI1 mpoucxoauT mpOCTOE IepepacHpeiciicHHe TI'€HEPUPOBAaHHOW HEPTH MEXKIYy TEXHOTCHHBIM H
MPUPOIHBIM TPEIMIMHHBIMHA KOJJIEKTOpaMu. Bompoc menecoobpa3HOCTH NPUMEHEHHS TEXHOJOTHH ISt
pa3pabOTKU TMPOIYKTHBHBIX OTJOXCHHIA B Oa)KCHOBCKOHW CBHTE, [0 MHEHHUIO aBTOPOB, SBISICTCS
JIUCKYCCHUOHHBIM.

KuioueBble ciaoBa: THIpOpa3pblB IiacTta, bakeHOBCKash CBHUTA, TeHEpAIUs YTIEBOJOPOJIOB.
(haronmoAMHAMUKa, THAPOTEPMAITBHBINA (DPAKUHT, TEKTOHUIECKHE HAIPSIKSHHS

Hcropus oOHApyKeHUs IPOAYKTUBHOCTH OaskeHOBCKOM cBUTHI (nanee — BC) oueHb naBHss
— B 60-e rompl mpouwioro croietuss Ha CallbIMCKOWM T€0J0ropa3BEeJOYHON IUIOIAAN IpH
pa3BeIoYHOM OYpPEHUH Ha CpPeIHEIOPCKHE OOBEKTHI BIIEPBBIC ObLIa BCKPHITA HE(TSIHAS 3AJIEKb B
IMHAX BepxHel ropsl [1]. Omenomisioniee BO BCEX OTHOIICHHUSIX COOBITHE BBI3BAJIO OTPOMHBIN
MHTEPEC YUYCHBIX U T'EOJOTrOB - MpOoIecC M3ydeHUs (opMaluu MPOJODKAETCS MOHBIHE. bosbmioi
BKJIa/l B IIO3HAHUE NPUPOABI HE(PTEra30HOCHOCTH CBHUTHI BHECIM CIIOKMBLIMECS 3a MPOLIEALINE
ronbl Ha 3ToM Tematuke mkoael C.I'. HepyueBa, A.D. Kontopouua, .M. Hecroepora, O.K.
baxenoBoii u npyrux. OcoOyo poJjib B KauecTBe He(pTeMaTepHUHCKON CBUTBI ITOT OOBEKT IMOCIIe
CBOETO OTKPBITHS ChIrpall B TeopeTudeckux nocrpoeHusx H.b. BaccoeBuda, 0CHOBOIOJIOXKHUKA
(bI1rOUTHO-MUTPALIMOHHOM KOHIIETIUU He(hTEra30HOCHOCTH.

[Toponpl, cnaratomue BC, mpencraBiieHbl INIMHUCTBIMU, KPEMHHUCTBIMM, KapOOHATHBIMU
Pa3HOCTSAMH B PA3JIMYHOM MX COUETAHUH, coAepkauMu oT 3 110 25% (penko 6onee) Copr. B Buje
keporena. Ocanok, Ha 90% u Oojee mNpeACTaBIEHHBI OGEHTOCOM’, HAKAILUIMBAJCS HA JIHE
obmmupHoro OakeHOBCKOro OacceiiHa. MuHepasipHas COCTaBIAIOIIas MOpoJ (GOpMHUpYETCs IO
3aXOPOHEHHOMY OEHTOCY C y4aCTUEM PACTBOPEHHBIX MUHEPAIbHBIX KOMIIOHEHTOB MPUJOHHBIX BOJL
[2].

B nocnennue roasl B psijie CKBaXXKUH OOHAPYKEHBI IPU3HAKH, YKA3bIBAIOLINE HA BOZMOXKHBIN
BKJI4/l Ta30THIPaToOB B OPraHUYECKYyl0 yriepojaoHacklieHHOCTh BC. PermonansHoe (B mpezaenax
Bcell 3amagHoii Cubupu) pacnpocTpaHeHue ¢opManuu, Ha B3IVISIT aBTOPOB, CBSI3aHO C
pacTshKeHHEM B IO3/IHE-IOpCKOoe BpeMs cllabo KOHCOIMIMPOBAaHHOM 3amagHo-CuOUpCKON MITUTHI.
OHO mnpuBeNO BHE 3aBUCUMOCTH OT TNyOMHBI OacceiiHa M KIMMAaTHYECKUX (HAKTOpPOB K
IIOBCEMECTHOMY PAaCIPOCTPAHEHUIO CEPOBOAOPOJHOIO 3apaKEHUS NPUIOHHBIX BOJ 3a CYET HX
cyab(haTHU3aluu THAPOTEPMAIbHBIMU UCTOYHUKAMU U mocieayroueil cynbdarpenykuuu. Cinenyer
OTMETHTb, YTO B TMPOLECCE HAKOIUICHHs OCaJKOB B KEpHE HAOIMIOJAaeTcss BBINAJCHUE
MUPOKJIACTUYECKOIO BYJIKAHUYECKOTO MaTepuaja (TOHKOJUCHEPCHbIE NeIulbl). XeMOreHHBIN
XapakTep TpaHCGOpPMALMU 3aXOPOHEHHOIO0 MaTepuala Ha BCEX 3Tamax OCAJKOHAKOIUIEHUS W
nuTudUKa 00yCIIaBIMBAET 0COOBIN OOJIMK OaKEHOBCKUX MOPOJI, HE MO3BOJISIFOIINI OTHECTH UX
K aHajoraM TEpPPHUIE€HHBIX CEBEpO-aMEPUKAHCKUX ciaHueB [cM. 2]. IloMuMo pacnpocTpaHeHus
He(TEera30HOCHOCTH BHYTPU caMoi (popmaluy, OHA UrpaeT CYIIECTBEHHEHIIYI0 pOJib B KauecTBe
PETMOHANTBHOM MOKPBIMIKH, (DIOUAOYNOPHBIE CBOMCTBA KOTOPOH CYIIECTBEHHOM YCHIMBAIOTCS
MPUCYTCTBHEM KeporeHa. brarogaps  yHUKalbHOM  IJJACTUYHOCTH 1O  OTHOLIEHUIO K
MOJICTUIAIOIIMM U TEepeKphIBarolMM oTiIokeHHAM B 30 merpoBoil tome bBC «racurcsa» no 80%
INIyOWHHBIX — PA3JIOMOB, CEKYIIMX MOAOaXEHOBCKHE OTJIOKEHHS U  (QyHaameHT. DaxTop
TEKTOHO3aBUCUMOCTHU UIPAET CYIIECTBEHHYIO POJIb B PACHPEECIICHUN 30H aKTUBU3ALUU T€HEPALIUN
YII€BOAOPOAOB KeporeHoM. OTMeueHo, 4YTO 3a4acTyio 3aliekd (QOpMHUpPYIOTCS B 30HaX
MOHWKEHHBIX TEIUIOBBIX MOTOKOB (pacuetHbie Temmeparypsl - 90-95°C) B cpaBHeHHMH C
HENpPOAYKTUBHBIMU 30HAMH B KOTOPBIX TEIUIOBOM MOTOK (hOpMajabHO 3HAUUTENBHO BBIIIE
(pacueTnbie Temneparypsi - 120-130°C)

Hedrenocunocts BC oOycnaBnuBaercst nByms (dakropamu (insitu): ¢dopmupoBaHueM
TPELUIMHHOTO KOJUJIEKTOpa M TeHepaluedl yrieBOJAOpPOAOB KEpOTreHOM OOJIEKAIOMIMX 30HY
KosiekTopa nopoa. O0a 3aBUCAT OT TEKTOHMUYECKOW aKTMBM3AallUM HAa KOHKPETHOM Y4acTKe: BpeMs

1 .

BakxeHoBCKast cBUTA NPEACTaBIsICT COO0H OPraHOreHHYIO (II0 COCTABY), XEMOTEHHYIO (II0 MEXaHN3MaM JIMTH()UKALNN) 1
TEKTOHO3aBUCHMYIO (hOPMAIIMIO [TO3[HE-IOPCKOTO BO3PACTa, PaCpOCTPAaHEHHYIO 110 Beel Tepputopun 3amanHoi-Cubupu. ['mybuna
3ajieraHus B mpezaenax paspabdarsiBaeMbix B Lllupotnom [Ipno6se MecTopokaeHuit coctaBiser ot 2,7 10 3 KM.

2 .
OTt0xeHMsI 0aXKEHOBCKOI CBUTHI HE SBIISIOTCS TCPPUTCHHBIME — COJICP)KaHUE TEPPUTCHHOTO MaTepHaia He
npesbrmaet 10% (cpenuee 3-7%)[2]
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(mocTmkeHHEe KEePOTeHOM OMPEEIICHHON CTaauu 3pENIOCTH), UHTCHCHUBHOCTh (00IIast SHEprus) u
MPOJOIKUTENBHOCTD (YCTOMUMBas MPOCTPAHCTBEHHAS MOJIEJIb HAMIPSKEHHOT'O COCTOSIHUS).

B nponecce mHoronetnero usydenuss kepHa (6onee 400 CKBaXHH) C y4acTHEM aBTOPOB
YCTaHOBJIEHO, YTO MHIUKATOPOM BCEIl COBOKYMTHOCTHU MPOIECCOB (DOPMUPOBAHHUS 3AJI€KEH SBISIETCA
KeporeH. MccnenoBanue mokasano, 4YTo CTENeHb ero Tpancopmauuu (reuepanust YB) 3aBucur He
or ucxomHoro OB, He oT Temmeparypsl U €€ TrpaJdeHTa, HO MPEUMYIIECTBEHHO OT
MIPOCTPAHCTBEHHOT'O TOJIOKEHUSI CKBAKMHBI, BCKpBIBIIEH pa3pe3 [3] (puc.l), urto ompenensiercs
CTPYKTYPOU HANPSHKEHHBIX COCTOSTHUN, 00YCIOBICHHBIX TEKTOHUKOH [4].

= YINbAHOBCKOS

CbiHb-EraHckoe,

CepepHo-

1o CenuaApoBckoe
=
)
g MacnuxoBckoe
o 80
o
= = YTROPCKOE,
s . CaxanuHckoe,
= Mano-
a MopWwKoBckoe

= ANNMMCKOE

KaMblHCKCe

YrneBoAopoAHbI i noTeHuyuan KeporeHa

g 3anagHo-
0 5 10 15 20 25 30
KambiHckoe
OGLWee coepxXkaHue Opr. yrnepoga
(TOC, % macc)

Pucynok 1 — Ananus eeoxumuieckux napamempos Kepocena

Bonee Toro, B mpezaenax OJHOrO MECTOPOXKAECHUS OT CKBaKUHBI K CKBR)XWHE OTHOIICHUE
napameTpoB keporeHa (obmiee conepxanue OB u BogopoaHbIi HHAEKC, KOADPUITUEHT KOPPEIIIun
0,7-0,98) 3aKOHOMEpPHO M3MEHSIOTCS B OJHOM HampaBieHUH. it Ipyroro MeCTOPOXKICHUS OHO
MOXET ObITh MHBIM M T.1. OTCIOAa BO3HUKJIA MEXaHOXHUMHUYECKas (TreoMEeXaHUYecKas) MOJCIb
dbopmupoBanus 3anexeit B bC [em.3].

A uTo0 ke darounnopa3pbiBbl?

be3 mpuBeneHHOro BbIIE JKCKypca B OCOOEHHOCTH YHUKAJIBHOM BO BCEX OTHOIICHMSAX
dbopMaluu HEBO3MOXKHO TOHATH BCIO B3aWMOCBSI3aHHOCTH (UIIOMI0AMHAMUYECKUX IPOIIECCOB,
OpUBOAANMX K (opMUpOBaHMIO 3ajexedl W ymnpaBisoommx e€ (QYHKIMOHHPOBAHUEM B
pa3OypeHHOU CeTKE CKBaXHH C PA3IMYHBIMH TEXHOJIOTHUSMHU BCKPBITHS M OCBOCHHS, KOTOPBIE
COIIPOBOKAAIOTCS NPUPOAHBIM U TexHOreHHbIM (ipu ['PIT) ppakunrom.

[Ipy 1OCTMKEHHMH KaTareHeTHMYeCKOW cTaauu TpaHchopManuu KeporeHa, OIU3KOMH
«He(pTIHOMY OKHY», HAUMHAETCsl reHepalus yriaeBoaopoaoB (MuUkpoHedTs). [lnoTHOCTE HEPTH B
CpPAaBHEHMM C KEPOT€HOM CYIIECTBEHHO HH)XE, IMO3TOMY HAKOIUIEHHE €€ B OCJIa0JIEHHBIX 30HaX
MIPUBOJUT K YBEJIMYEHHUIO X 00bEeMa 110 MEPE pocTa MOPOBOTO JABJIEHUS BbIIIE TUTOCTATHIYECKOTO.
Ha c¢ororpapuu mnpospaunoro mumda (puc.2) MHUKPOTPELIMHA TaHTEHIMAJIbHO CedeT
KEpOTre€HOHACHIIIIEHHbIE U MUHEpaAJIbHBIE clIoN Moposl. [Ipolecc renepanmonHoro Gaouaopa3pbiBa
pa3BUBaETCS TOJBKO B TOM CIIy4ae, €ClIM €ro COMPOBOXKIACT MUIpalus oOpa3oBbiBaromeiics HedTn
B TPEIIMHHBIM KOJIJIEKTOpP, OOpa30BaHHBI B pe3yabTaTe TEKTOHUYECKOTO PaCTPECKUBAHUS
MPEUMYIIECTBEHHO KapOOHATU3UPOBAHHBIX JUTOTUNOB. OH CONPOBOXKIACTCS TMOCTETIEHHBIM
HapacTaHWEM aHOMAaJIbHO BBICOKOIO IJIACTOBOIO JABJIEHUS HE TOJIHKO B 30HE I€HEpalud, HO U B
3aIOJIHSAEMOM TPEIIMHHO-TIOPOBOM KOJUIEKTOPE, OCHOBY KOTOPOTO COCTaBJISIET TEKTOHUYECKas
TpemuHoBaTOoCTh. Kodddunuent anomampHOCTH TutactoBoro nasieHust (ABIIJI) mocturaer 2
(penko Gosee) B Hanboee MPOIYKTUBHBIX MPOMBIIIICHHBIX 3aJICXKAX.
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Jlo HacTosIero BpeMEHH OTCYTCTBYIOT OOOCHOBAaHHbBIE KPUTEPUU WX BBIICICHUS MO pa3pesy, a
TaK)K€ OKOHTYPHUBAHMSI 1O IUIOIIAN. YUUThIBAs BBIILIECKA3aHHOE, PECTABIIAETCS, YTO B MpoOIiecce
(dbopMUpOBaHUS U 1aXKe B Mpoliecce pazpabOTKU MPOMBIIUICHHBIX 3a1€Keil OHH MOTYT MEHAThCA. B
OTCYTCTBHM aKKyMYJUPYIOLIEr0 KOJUIEKTOpa IIPOLECC TIE€HEpalMd BBIXOJAUT B PABHOBECHYIO
CTaMl0,  AHOMAJIBHOCTh  MOPOBOTO  JaBleHHS  peanusyercs B AuUPpPyHIUPOBAHUU
00pa3oBBIBAIOIICICS MUKPOHE(PTH B BhIIIe W HIDKE (?) Jexkallue TeppuUreHHbIe OTiIOKeHUs. Ero
MOATBEpPkAaeT  (GopMHpOBaHHE  CIOUCTO-OMTYMUHHU3HpoBaHHOW mauyku Co B MOJOIIBE
MO/IaYMMOBCKHX IIMH NEPEKPHIBAIOIINX Oa’KEHOBCKYIO CBUTY.

Hpyroit mexanu3Mm (irongopaspeiBa (TUAPOTEPMATBHBIN) OYEBUIHO 3aJCHCTBOBAH B
(GbopMHpPOBaHUN TPEIIMHHOIO KoJuiekTopa. CieayeT OTMETHUTh, YTO, €CIM TeHEpPallMOHHBIN THI
(bmrouiopa3pbeiBa  XapakTEPU3YETCs HAKOMUTEIBHOM WHAMHUKOW, TTOCTENEHHO HapacTarolen
KMHETUKOM, TO TUAPOTEPMAbHBIA MOXKHO OTHECTH IO AWHAMMKE K IPOLIECCaM B3PBIBHBIM
(xatactpoduueckum). Kak mpaBwiio, OHM pa3BUBAIOTCS B  YHOPYro JAepopMHpyeMbIX
JIUTOJIOTUYECKUX pa3HOCTSX KapOOHATU3UPOBAHHBIX pasuoIISIpUTOB, CcOOCTBEHHOE
KEpOreHOCOepKaHNEe KOTOPhIX 3HAYMTEIBbHO HUXKE TNIMHUCTBIX cioucThiX. U, ecau B nenom bC
XapaKTepU3yeTcss 3HAUUTENbHOW IUIACTMYHOCTBIO, TO BHYTPU He€ KapOOHATU3MPOBAHHBIE
JUTOTUIIBI B CPAaBHEHUU C TJIMHUCTBHIMHU CYIIECTBEHHO MEHEE IJIACTHYHBI, OTIMYAIOTCS OONBIINM
KO3 PHUIIMEHTOM XPYIKOCTH U CHM)KEHHEM MPOYHOCTH, YTO U NPUBOAUT K TPELIMHOOOPA30BAHUIO
BOJIM3U TEKTOHMUYECKUX pa3yioMoB. Ha pucynke 3 mpezacraBiieHa TEKTOHUYECKAs TPEIIMHA CEKyIIas
OUTYMHUHO3HYIO IOpPOJy M 3amojHEeHHas KajabIUTOM. CoxpaHeHHe OOJIOMKOB MaTpHUIIbI MTOPOJIBI B
Macce KaJblUTa, OJHOPOJHOCTh KapOOHATHOrO MaTepuaja U OTCYTCTBHE pa3pblBa Ha KOHTAKTE
IIOPOJI  CBHUJIETEIILCTBYET O BBICOKOM JMHAMHMKE TpPOIECCa € YYaCTUEM  YIVIEKMCIOTHOM
TUAPOTEPMAIBHONW CHCTEMBI.

[IpombIlIEHHBIN MOTEHLIMA 3aJ€Xd B OUTYMHHO3HOW TOJILE 3aBUCUT OT COYETaHUS
JUHAMHUK TEHEpallMOHHOro mponecca (IpoAyLUUPOBAaHHE YIIIEBOAOPOJOB), CKOPOCTH MHUTpaLlUU
TeHEepUPOBAHHONW HE(TH B MEPBUYHBIA TPEUIMHHBIA KOJUIEKTOP, MPOCTPAHCTBEHHOM CTPYKTYpPHI U
MapaMeTpoB TEKTOHUYECKHX HANpsOKEHUHM, TNPUBOAAIIMX Kak K OOpa3soBaHHUIO TPEIIMHHOIO
KOJUIEKTOPA, TaK M JHEPreTHUYECKU PEryJIMpYyIOIIMX IEpBble ABa mpouecca. M 310, Mo MHEHHUIO
aBTOPOB, SIBJSIETCSI OCHOBHBIM acnekToM npuponbl HepreHocHOocTH BC. C aTux mo3unuii TpyaHo
MPEJCTaBUTh BO3MOXHOCTh TEXHOI'€HHOTO BIHUSHMS Ha JIOOYI0 M3 COCTaBIISIONIMX OIMHMCAHHON
MOJEIIH.
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PucyHOK 3 — Texmonuueckas mpewuna, 3anojaHeHRas MeJlKOKPpUCMAa/ZIUYEeCKUM KAlbYUnom

B 3akmioyeHMn OmMMCaHWS MEXaHHU3MOB HPUPOAHBIX (IIIOUIOJMHAMUYECKUX IPOILECCOB
HE00X0/MMO YKa3aTh Ha IOJHOE COBMAJCHHE MaJeO0TeMIEpaTypHON 30HAJIBHOCTH, U3YYEHHOH IO
KEepHYy OakKeHOBCKOM CBHUTHI M ()yHJAMEHTa B CKBa)XMHAX, OJHOBPEeMEHHO BCKphIBIIMX BC u
(byHIaMEHT, IPU OTCYTCTBHM KOppesIALUi 000X OOBEKTOB C MPOMEKYTOUHBIMH OTIOKEHUSIMHU
HIDKHEH M CpeHEeH I0pBI, YTO TOJUYEPKUBAECT KOHTPOIUPYIONTYIO (DYHKIIHIO TEKTOHHUKH.

JlBa cioBa o TexHosoruueckoM ruapopaspsise (I'PIT).

CoBpeMeHHbIe IPEJCTABICHUS O TEPMOIMHAMUKE IPUPOJHBIX CUCTEM [5] CBUIIETENBCTBYIOT
O TPEBANIMPYIOIIEH pOJM TJI00AIbHBIX TEKTOHMYECKHX TIPOLIECCOB B HX PAa3BUTUU. OTO
OOCTOSITENILCTBO HENb3S HEJOOLEHUBATh IPU BHIOOPE COBPEMEHHBIX TEXHOJOTUH OCBOCHHS
CKBR)XMH INPH pa3pabOTKe MPOMBIIUIEHHBIX 3anexeid. OnblT npumenenus ['PII B GaskeHOBCKOM
CBUTE IIOKa3blBaeT, 4To Npu AocTmxkeHun nocie ['PII kpatkoBpemeHHoro s@dexra B OAHON
CKBR)XMHE CpEeIHUN NeOUT MO 3aleXHd NPAKTUUYECKH HE MEHSeTCS. YUMThIBas 3HAYUTENIbHYIO
ce0ecTOMMOCTh TEXHOJIOTUM W HETraTHBHBIE 3KOJOTMYECKHE BIIMSHUS arpeCCUBHBIX Cpell renei
I'PII, cniexyeT BepHYThCS K OLIEHKE 11e1ecO00pa3sHOCTH MPUMEHEHUs 3Toi TexHosnoruu B bC Tonbko
Ha OCHOBaHHUH TOT0, YTO OHA 3(PPEKTUBHA B COBEPIICHHO UHBIX I€OJOTUYECKUX CUCTEMAX.
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Identification of paleovolcanic rocks on seismic data
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While exploring for hydrocarbons in rift related or active margin basins, volcanics, volcaniclastics or
their erosional products are common lithologies. The presence of rock types derived from volcanism and/or
affected by post-volcanic re-deposition may lead to lithologies with complex diagenetic overprints at the
reservoir level. Partial or complete reservoir substitution, alteration by circulating hot fluids and addition of
mineral components have led to a number of unsuccessful wells, both in exploration and field development
projects. It is therefore essential to understand the distribution of volcanics in the vicinity of the reservoir.

Having worked in different basins around the world, we have identified distinct features which help
us to detect volcanics and volcanic related lithologies from seismic data. Those features can be subdivided in
two main groups: (1) amplitude expressions, particularly the AVO behavior and (2) geometries, specifically in
comparison with observed morphology of recent volcanics. Modern seismic interpretation technologies, such as
3D imaging and visualization, spectral decomposition, analysis of elastic rock properties and AVO analysis in
combination with sound geological understanding of recent volcanism reveal completely new insights into the
geological past.

In the current paper both, geometry and amplitude behavior of volcanics as seen on seismic and well
data will be discussed using a number of case studies from several hydrocarbon bearing basins around the
world. It summarizes previously presented ideas with special emphasis on the multidisciplinary approach
required to succeed with seismic interpretation.

Keywords: volcanic rocks, seismic data, amplitudes, AVO

NnenTtudukanus JpeBHUX BYJKAHOTCHHBIX IOPO/
C IOMOIIBIO CEMCMUYECKHUX JTaHHBIX

Caodune Knapuep u Onad Knapnep
000 «Knapenxoy» Mocksa, P®, sk@klarenco.com

[Ipu mowmcke yriueBomOponOoB B pUGTOBBIX OacceiiHax WM OacceiiHaX aKTHBHBIX OKPAaWH YacTo
BCTPCHAIOTCA TAaKUEC JIMTOJIOT'MYCCKUE PA3HOBHUJIHOCTH KAaK BYJIKAHMTBI, BYJIKAHOKJIACTHI WJIM MPOAYKTHI HUX
SPO3UOHHOTO pa3pymieHus. [IpucyTcTBHe Takux THIOB OTIOXKCHHUH, 0Opa3oBaHHBIX B pe3yibTaTe
BYJIKQHUYIECKOH JESTEITEHOCTH W/VIM U3MEHEHHBIX TPH ITOCT-BYJIKAaHHYECKOM TIEPEOTI0KEHIH MOXKET TIPHBECTH
K (OPMHUPOBAHHIO JTMATCHETUYECKH HM3MEHEHHBIX ITOPOJ HAa YPOBHE KOJUIEKTOpPAa. YacTUYHOE WM TIOIHOE
3aMEIICHHE KOJUIEKTOPA, €r0 H3MEHEHUE LIUPKYIUPYIOIIMMH TOPSIUMH (DITFOUIaMU U T00aBJICHHE MUHEPAITbHBIX
KOMITOHEHTOB TIPHBEIM K OYpEHHIO pslla CyXUX CKBAXHH, KaK IPU Pa3BEIOYHBIX TPOEKTAX, TaK W IPU
pazpaboTke MecTopokaeHui. [103TOMyY BaXKHO MOHUMATh PAcIIpe/IeTICHNE BYJIKAaHUTOB BOJIU3M pe3epByapa.

Paborast B pa3HbIX OacceliHax 1O BCEMY MUPY, Mbl BBISBUIH Pa3lIMYHbIE OCOOCHHOCTH, KOTOpBIC
IIOMOT'alOT HaM BBIABJIATH BYJIKAHUTBI U IOPOJbI, CBA3AHHBIC C BYJIKaHU3MOM, I10 CEMCMUYECKNX JaHHBIM.
OTH 0COOCHHOCTH MOTYT OBITh pa3zelicHbl Ha JIBE OCHOBHBIC rpynbl: (1) aMIIUTYIHBIE XapaKTePUCTHKH, B
YaCTHOCTH 3aBUCHUMOCTh aMIUTUTYIBI OTPaKEHUS OT yAaJIeHHs U (2) TeOMETpHH, 0COOCHHO 10 CPAaBHEHHIO C
HaOmoaeMoii  MOPGOJIOTHEH COBPEMEHHBIX BYJIKaHUTOB. COBpEMEHHBbIC TEXHOJOTHH CEHMCMHUYECKOMN
WHTEpIpeTanuy, Takue Kak 3D-uzoOpakeHne W BU3yaiau3alys, CHEKTpalbHAsS JEKOMIIO3WIINS, aHAIU3
ynpyrux cBoicTB mopoa W AVO-aHanu3 B COYETaHMHM C HAJICKANIMM T'€OJIOTHYECKUM TOHUMaHHEM
COBPEMEHHOI'0 BYJIKAHW3Ma, OTKPBIBAIOT COBEPIIICHHO HOBBIC MTPEICTABICHHUS O I'€0JIOTMYSCKOM ITPOIILIOM.

B nmaHHO# cTaThe M TeOMeTpHs, W aMIUIUTYJTHOE IOBEJACHUE BYIKAHUTOB 1O CEHCMHUYSCKUM U
CKBXUHHBIM JaHHBIM, OyJTyT PaCCMOTPEHBI C MCIIOJIL30BAHUEM TPUMEPOB Psijia MPOSKTOB M3 HECKOJIBKHX
YTIIEBOJOPOAHBIX OacceifHOB 1O BceMy MHpPY. B He#l 0000maroTcs paHee NTPEICTaBICHHBIC HICH C
yaaneHueM oco0Oro BHHMAaHHSA MYJIbTHAMCHUIUIMHAPDHOMY TOAXOAY, TpebyemMoMy njis —ycrexa
CEHCMHMUYECKOW MHTEPITPETAIUH.

KarwueBrble ciioBa: ByJIKaHOTEHHBIE TTOPOJIBI, CEHiCMUYECKUe JaHHble, aMiuTyaa, AVO
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Conclusions

Qualitative and quantitative analysis of seismic data can provide valuable information in rift
and active margin basins, wherepaleovolcanic activityhas occurred contemporaneously with the
reservoir deposition.Integrating geometries of recent surface analogs and amplitude versus offset
behavior into the interpretation of the target reflections helps in identifying and mapping buried
volcanic rocks and assessing their impact on the reservoir quality.
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The seismic process of the Kamchatka seismoactive zone is considered from the point of
view of the geomechanical concept. This concept involves active role of the fluid component
[Zoback, 2010; Kissin, 2016]. Critical stresses in the seismic faults net are accompanied not only by
earthquakes, but also by the formation of fluid permeability regions as the potential faults net. To
identify the active faults net a technology that allows to compute flat clusters of the earthquake
hypocenters is used. The analysis of the orientation of such flat clusters is used to determine the
properties of the seismic process and the role of liquids in its activation.

Keywords: seismic process, earthquake prediction, active faults, geomechanical model

I'eomexannyeckass HHTepNpeTALMS CEMCMUYHOCTH HA meabpe KamuaTkm:
NPUJIOKEHHS NJIS CEICMHYECKOro MPOrHo3a U MoucKa yrijieBoa0poaos

CoJIoMaTHH A.B.l, ®egoToB C.A.I,Knpmxm{ A.B.1?
! Hncmumym eynkanonoeuu u ceticmonoeuu /{BO PAH, Ilemponasnosck-Kawuamckuii 683006
2 Cankm-Ilemepbypeckuii 2ocyoapcmeennsiii ynusepcumem, Cankm-Ilemepoype, Poccus

B pabore celicmuueckuit mpouecc KamuaTckoro y4actka cefcMOreHHOW — 30HBI
paccMarpuBaeTCs C MO3MIMH TeOMEXaHWYECKHX MpEICTaBICHUN aKTUBHBIX pasiomoB [Zoback,
2010; Kissin, 2016]. Kpurnueckue HampspKeHUsI B OOJNIACTH TaKUX PA3JIOMOB  BBIMOIHSIOT
KJIFOYEBYIO pOJIb B JIOKAJIBHBIX IOJBHKKAX B CEHCMOAKTHBHOM Cpele M COINPOBOXKIAIOTCS HE
TOJNBKO 3E€MJIETPSICEHUSIMH, HO M (opMUpOoBaHMEM oOiacTedl (IIOMIHOM NMPOHUIIAEMOCTH —
BA)KHOTO DJJIEMEHTA HCIIONB3YEMBIX MpeAcTaBieHUM. 11 BBIABICHHMsS  JUCKPETHOW  CETH
AKTHBHBIX PA3JIOMOB HCIIOJIB3YETCS METOAMKA BBIIEICHUS IUIOCKO-OPHUEHTUPOBAHHBIX KIACTEPOB
TUIOLEHTPOB 3€MIIETPSICEHUM. A JUIsl BBIICHEHHMSI T€OMEXaHMYECKOIo PeXHMa CEHCMHMYHOCTH,
ponu (GIIIOMIOB B €€ aKTHBH3AMM NPUMEHSETCS aHAIW3 OPUEHTAIMM TaKUX KJIaCTEpPOB.

KuiroueBble ci10Ba: CEHCMMYECKUI IMPOIECC, TPOTHO3 3E€MJIETPSICEHUM, aKTUBHBIE Pa3IOMBI,
r€OMEXaHU4YeCKast MOJIEIb

BBenenue

Jns  mpencraBieHUss  ceMiCMHYECKOro — Ipolecca  MOXKET  OBbITh  HMCHOJBb30BaHO
reOMEXaHUUeCKOe MPEACTaBICHHE aKTUBHBIX pa3ioMOB Ha ocHOBe (urommonuHamuku [Zoback,
2010; Kissin, 2016]. OcHOBO# Tako# MOIETH CEHCMOAKTHBHOM CPEIbl SBISIOTCS KaK KPUTHUYCCKUE
HaNpSDKCHUST - KIIFOYEBOHM JIOJITOBPEMEHHBIH (DaKTOp JIOKAIBHBIX MOJIBHKEK, Tak (QirronmaHas
HACBIIIEHHOCTh CpeAbl — BAXHEUIINN JOMOTHUTENbHBI W OTHOCHUTEIHHO KPATKOBPEMEHHBIN
¢daktop. B Hacrosmelr pabGore B pamMKax yKa3aHHOHM MOJENM TPOBOJIUTCS  aHaIM3
reOMeXaHMUECKOT0 PeKUMa CEHCMUYHOCTH U POJIU (IIIOUIOB B €€ aKTUBU3AIUH.

MeToauKa MOMCKA MJI0CKO-OPUEHTHPOBAHHBIX KJIACTEPOB 3eMJIeTPSICEHU I

B kadectBe HUCXOAHBIX MOAaHHBIX MJIA aHaJlnu3a HCIIOJIb30BaHaA BBIGOpKa 13 Kartajora
semierpsicennii Kamuatku KO OUIL] EI'C PAH, Bxmrodarommas 5972 coOBITHSI C DHEPTETHICCKUM
kimaccom Ks> 10 (Ks = 1.5 M + 4.6 [Fedotov, 1972]) 3a nepuoa 01.1980 — 02.2016 rr. ITouck
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IJIOCKO-OPUEHTUPOBAHHBIX KJIACTEPOB 3€MJIETPSICEHUN OCYIIECTBISETCS C HMCIIOJIB30BAaHUEM [JBYX
nporpamm Frac-Digger u Frac-Digger2?.

[lporpamma FRAC-Digger Ha  OCHOBE  NPOCTPAaHCTBEHHO-BPEMEHHOH  BBIOOPKH
YIOPSIOYEHHOTO 10 BPEMEHM MHOXKECTBA TOYEK - KOOPAMHAT THIIOLEHTPOB 3eMIIETPACEHU,
OCYILIECTBIISIET BBIJEJIECHNE OJM3KUX K IJIOCKOCTSM MX MOJMHOXKECTB — INIOCKO-OPUEHTUPOBAHHBIX
KJacTepoB. B kadecTBe mapaMeTpoB — KPUTEPUEB CO3JAaHHUS TaKUX IOJAMHOMKECTB TOYEK IJis
KaXJI0TO U3 HUX HCIOJNB3YIOTCS: MUHHMajbHas BenuunHa — N; OJIM30CTh MO BpeMeHH - Of;
MaKCUMaJIbHOE yJaJeHue OT oO0IIed IUIOCKOCTH — 0Z; MMHHUMAJbHBIM SKBUBAJCHTHBIM paanyc
TOpPU30HTANBHOM Tpoekiuu — OR. IIporpamMma BBIMONHSET pacdeT NapaMeTPOB IUIOCKOCTEH,
alMNpOKCUMUPYIOIIMX  KaXJO€ M3  BBIJCIEHHBIX  IOJAMHOXECTB. PesynpTarhl  pacuera
NPEJCTABISAIOTCS B BUAE TaONMIl C TEOJOTMYECKMMU XapaKTePUCTUKAMHU 10 KaXKAOMY U3
BBIJICJIEHHBIX IJIOCKO-OPUEHTHUPOBAHHBIX KJIACTEPOB — MPEANOIaraéMblX INIOCKUX Pa3IOMOB (yroi
MU a3uMyT IAJECHHUS aNIpPOKCUMHUPYIOIIEH INIOCKOCTH; SKBUBAJIECHTHBIM pa3sMep TOPU30HTaIbHOU
MIPOEKIUH, U JIp. HApaMETPhI).

B mporpamme FRAC-Digger2 BbIOOpKH Uil TOCTPOCHHS ILIOCKO-OPHEHTHPOBAHHBIX
KJIaCTEPOB HA OCHOBE 3a/laHHOW IPOCTPAHCTBEHHO-BPEMEHHOM 00JaCTH  OCYIIECTBIISIIOTCS
cillydailHbIM  o0pa3oM (ucnosb3yercss Mmeron Monte-Kapno). Ot1o mno3Bosser u3bexarhb
3aBUCUMOCTH PELICHUs OT YINOPAJ0YEHHOCTU TOYEK 110 BPEMEHHU. J[OMOIHUTEIbHBIMU KPUTEPUSIMU
3HAYUMOCTH HaWJEHHBIX peweHuil sBasorcsa: (1) MakcuMalbHOE YHMCIO BXOJAIIMX B
MOJIMHOXECTBO TOYEK; (2) MakcHMaibHas CyMMa aTpUOYTHBHBIX IapaMeTpPOB TOYEK (KOTOPBIMHU
MOTYT OBITh MarHMTY/bl 3€MJIETPSICEHUN, pacxXojbl NMPOAYKTUBHBIX 30H U Jpyrue MnapameTpbl B
3aBUCUMOCTH OT 3ajauM); (3) BpeMms, OIpeleIeHHOE B MPOrpaMMe Ul BBITOJHEHHs MPOLETypbl
BbIOOpA TUIOCKO-OPHEHTUPOBAHHOTO KjlacTepa Toyek. Ecim mpoBepka Oka3bIBaeTCs YCIEUIHOH, TO
KJIacTep JIOMOJIHAETCSl €Ille He MCIOJb30BaHHBIMM TOYKAMH, TaKXKe YIOBJIETBOPSIOIIMMU
KpUTEPUSIM IJIOCKOCTHOM OpUEHTAIlMH 3TOTO KiacTepa.

TectupoBanue mporpammsl Frac-Digger2 Ha gaHHBIX 1O NPOIYKTHBHBIM 30HAM TPEIIUHHO-
KUJIBHBIX T€OTEPMAJIbHBIX PE3€pPBYapoOB IMOKa3bIBaeT, uro npu oxBare Ooisiee 0.01% BO3MOMKHBIX
KOMOMHAIMH U peryispu3alii HCXOAHOTO CIHCKA MPOTYKTUBHBIX 30H 110 MPUTOKY TEIUIOHOCUTENS
Frac-Digger2 anroputM JIaeT BOCIPOWU3BOAUMBIC pPE3YJIbTAaThl MO T'€OMETPUU IMPOJAYKTUBHBIX
TPEILHUH.

I'eomexannyeckuii aHa M3 pernoHaNbLHOM ceiicMmuHocTH Kamuarku 01.1980 — 02.2016 rr.

[Tnocko-opueHTHPOBaHHBIE KJIACTEPbl 3eMIIETPSACEHHUI Ompenensuiuch mporpammoit Frac-
Digger co cuenyromumu kputepusmu: N = 6, ot = oo, 6Z = 10 kM, SR = 100 km,
COOTBETCTBYIOIIMMH TIPEATOIOKEHUIO O CYIIECTBOBAHUU JUCKPETHOW CHCTEMBI <IIOCTOSHHO-
AKTHBHBIX PETHOHAIBHBIX DPa3jIoMOB». B pesynbpraTe BBIABICHO 156 IMIOCKO-OpPHEHTHPOBAHHBIX
KJIACTEPOB, MHTEPIIPETUPYEMBIX B KaUe€CTBE CEHCMOAKTUBHBIX Pa3ioMoB (puc. 1), cpeau KOTopbIxX
17 npencrtasnensl 100 u 6onee coObITUsIMU. Bosbinas 4acTh yKa3aHHBIX Pa3IOMOB HAaXOJWUTCS HA
BOCTOYHOM HIenbgpe KamuaTku.

B uenom mpeobnamaroT pasziombl, TapajjiebHbIE JHHUH TJIIYOOKOBOJHOTO jKejoba, ¢
yrnamu magenus 50-70° wa C33 (300-310°), mpu 3TOM BBIAENAOTCA TAKKE Pa3iOMbl HHOTO
MPOCTUPAHUS U MajieHus (cTrepeorpaMma Ha puc. 1). OTo yka3pIBaeT Kak Ha 00IIMe pernoHaIbHbIE
reoMeXaHMu4ecKue YCIoBUS AehopMalvu JOKAIbHBIX pacTskeHuil B Hamnpasienun C33 (305°)
(Sv>SHmax>SHmin), tak u cyiiecTBOBaHHE HECKOJIBKO OTIMYAIONINXCS YCIOBHM, CBSI3aHHBIX, B
TOM YHCIIE, C HEOJHOPOIHBIM I€0JOTUYECKUM CTPOCHHUEM 30HBI MTO/I/IBUTA.

Puc. 1 nokaseiBaeT pparment kapTol padotsl [Kiryukhinetal., 2010], Bxirouaromuii paioH r.
IlerponaBioBck-Kamuarckuii, ¥ cieibl BBISIBJICHHBIX CECMOAKTUBHBIX PAa3JIOMOB FOPU30HTAIBHON
IUIOCKOCTBIO Ha rityOuHe 3 kM. Hanbosee akTUBHBIE pa3oMBbl ITOKa3aHbl 00J1ee )KUPHBIMH JTMHUAMU
U IpoHyMepoBaHbl. biwkaiimmii k 1. [letponasnosck-Kamuarckuii celicMOAKTUBHBINA pa3jiioM 3TOrO

% Per. Ne2016616880 u Ne2017618050, coorBercTBeHHO. OOIACTh NMPUMEHEHHMS: BBISBICHUE ITHUCKPETHBIX CHCTEM
TPEUIMH MO CEHCMHUYECKMM MM T€0JIOrMYeCKUM JaHHbIM. [logpoOHOE ONHCaHWEe HCIONIB3YEMbIX AITOPUTMOB
npuBouTcs B padorax (Kiryukhinetal, 2016, 2017).
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kiacca (Ne 4, ero ompenenset kiactep u3 175 celicMuueckux coOBITHI), HAXOAUTCS Ha PACCTOSIHUU
okosio 90 KM OT ropoja W HampaBlIeH B €ro CropoHy. Ha mponomkeHun yka3zaHHOIO pasjioMa
Haxonsatcs [lunadeBckue uctounuku (Ne 69 Ha puc. 1). DTOT pa3noM XapaKTepu3yercs YIiioM
nanenus 53° v asumyrom najaenus 217°.

Pucynox 1 — Cnedwt celicmunecku akmusHuixX paziomos Ha niockocmu 2ayourou 3 km. Ilpoepamma
Frac-Diggerc napamempamu N = 6, 6t = 0, 6Z = 10 km, OR = 100 xm.

I'eomexannueckuii ananus Kponomkoro semierpsicenns (05.12.1997, M = 7.8-7.9)

[110cKO-OpueHTUPOBAaHHBIE KJIACTEPBl 3EMIIETPSICEHUI, CBS3aHHBIE C Pa3BUTHEM oOuara
KpoHomnkoro 3emiieTpsiceHHss ONpeneisuiuch nporpammoit  Frac-Digger co  ciemyrommmu
napamerpamu: N = 6, 8t = 1 cyt., 6Z = 2 kM, OR = 50 KM - pexXuM BbIIETCHUS «KOPOTKO-KUBYIIIX
pas3IoMoOBY», KOTOpbIE MOTYT OBITh (pparMEHTaMH Pa3IOMOB, PACCMOTPEHHBIX BBIIIE B pasjeie 3.
[Tonmy4yeHHble pe3ynbTaThl MOKA3bIBAIOT, YTO B OKPECTHOCTU paauycoM 45 KM OT SIUIEHTpa
KpoHomkoro 3emierpsiceHus BBIACISIOTCS BE MEPECEKAIONINECS CUCTEMBI Pa3JIOMOB:

(1) monorume ¢ yrmamu nageHus  20-50°,  CcyOMEpHAMOHAIBHOIO  MPOCTHPAHUS
(mpenMyIIeCTBEHHO ahTepIIOKH);

(2) kpyromnanaronue (IPeUMyIIECTBEHHO (HOPIIOKH) ¢ yriaamu najgenus 70-80° u asumyrom
nagenus 03 220° (puc. 2). Dra cuTyalys MOXKET COOTBETCTBOBATH KOMOWHAIMU JIOKAIbHBIX
reoMeXaHUYeCcKHX ycinoBuii: HasBuroB RF (Shmax>Shmin>Sv) ¢ makcuManbHBIM TOPU30HTATIBHBIM

HANPSKEHUEM OPHEHTUPOBAHHBIM B CYOIIMPOTHOM HAIIPABICHUM U HAIPSKEHHEM PACTSIKCHUS B
nanpasiennu 103 (220°) (Sv>SHmax>SHmin).
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Pucynox 2 —Creodwi ceticmuyecku akmusHulX paziomos Ha niockocmu 2ayourou 15 km. Pacuem
Ipoepamma Frac-Diggerc napamempamu N = 6, ot = 1 cym., 0Z = 2 km, OR = 50 km.

I'eomexann4eckuii anaau3 pacnpeneiaenns cuibHeiimmx (M > 5.7) 3emierpsicenuit
Kamuatku (1980-2016 rr1)

B kadecTBe UCXOMHBIX JAaHHBIX JJIS aHAJIM3a MCIIOJIH30BAHbBI JAHHBIE TIO IBYMCTaM CHIBHBIM
M > 5.7) zemmerpsicenusm u3 karamora K® ®OUI[ EI'C PAH. Ilmocko-opueHTHpOBaHHBIE
KJIaCTEPhI 3eMIICTPSICEHUI OnpeaesuIich mporpammoii Frac-Digger2 co ciieayrommuMu KpUTepHsIMUA
otbopa: ot = o0, 8Z = 4 kM, 0R = 100 kM, K = 5. B pe3ynbsrate ycranosieno, uro 102 u3 200
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CWIBHBIX 3emierpsiceHuii KamuaTku QGopMUPYIOT OIMHHAANATH IJIOCKO-OPHEHTHPOBAHHBIX
KJIACTEpOB, 3aJIETalolUX MpeuMyIlecTBeHHO Ha TinyOumHax a0 40 km (puc. 3). B 3Toii cBsizu
HANpamMBaeTCs BBIBOJ O BO3MOXKHOCTA (UIIOMJIHOTO MEXaHW3Ma TCeHEepaIluu CHUJIbHEHUIITNX
3emieTpsacennid Ha menbe Kamyarku. AHOMAanbHO BBICOKHE IOPOBBIE JABICHUS MOTYT
[UKJIMYECKN BO3HHKATh B M30JMPOBAHHBIX pe3epByapax, pacripocTpaHsaThes 1o paziomam [Kissin,
2016] 1 city>kKUTh TPUTTEPAMH KaK OTACIbHBIX CEHCMUYECKUX aKTUBU3ALMH, TaK U TOBTOPSIFOLIUXCS
nocratouHo peryisipao [Fedotov, 2005] karactpoduueckux 3emierpsceHuii. 3apukcupoBaHHbIC HA
BOCTOYHOM Irienbe Kamuatku pasrpy3ku MeraHa u oTioxeHus rasoruaparos [Seliverstov, 2009]
YKa3bIBalOT HAa BO3MOKHOCTb Y4acCTHUsl B 3TOM IIPOLIECCE YIIIEBOJOPOJIOB.

BriBoabl

(1) BepiBiennsie B paboTe 1O JaHHBIM PErHOHATBHOW CEHCMHYHOCTH IUIOCKO-
OPMEHTUPOBAHHbBIC KJIACTEPBl THUIOLIEHTPOB 3EMJICTPSACCHUNH HHTEPHPETHPYIOTCS B KauecTBE
CeiCMOAKTUBHBIX pa3inomoB. Cpeam HuX 17, XapakTepusylmuxcs HanOoiee BBICOKOH
CEMCMMUYECKON aKTUBHOCThIO. bimkanmmii k . IlerponaBnoBck-Kamuarckuil celiCMOAKTUBHBIN
pa3jaoM 3TOro Kijlacca HaXxOJUTCS Ha paccTOSHUU OKojo 90 KM OT ropoja U Hampasj€H B CTOPOHY
ropoaa. B menoM mnpeobnasaroT pasnombl, HapajjielbHble JMHUU TNTyOOKOBOAHOIO jkenoba, ¢
yriaamu nagedus 50-70° na 3C3 (300-310°). Boiaensrorces TakKe pa3aoMbl HHOM OpHEHTAIUH.

(2) Ha mpumepe Kponorxoro 3emnerpsicenus (05.12.1997 r.) nokazaHo, 4To Ki1acTepu3alus
C CYILECTBEHHbIM H3MEHEHHEM I'€OMEXaHMYECKOrO0 COCTOsSHHUS OT yciaoBuil pactsbkeHus NF go
ycnoBuil cxatust RF cymectByer B odarax CHUJIBHBIX 3€MJIETPSICEHUH B HHTEpBaJle BPEMEHU
nocjeTHuX (POPIIOKOB U EPBIX aPTEPIIOKOB.

(3) Knacrepsr 102 u3 200-tu Hambojiee CHIIBHBIX 3emieTpsicenuit Kamuarku (bopMI/IIZ)yIOT
OJIMHHA/IIATh TUIOCKO-OPHUEHTHUPOBAHHBIX IIOMIAMOK Muiomanpio or 1600 mo 5400 kM Ha
BOCTOYHOM IHIeJb(e BJ10JIb oOepexbs KamMyaTku Ha riryOnHax npenmyniectBeHHO 40 kM.

(4) Ilmocko-opueHTHPOBAHHOE 3ajieTaHUE CEWCMOAKTHBHBIX IUIOMIAJOK  MO3BOJISET
npeanosiarath GarouaAHbIN (Boga, HeTh, ra3) MEXaHU3M IMeHepaluy CHIIbHEHIIINX 3eMIIETPSICEHUH B
HUX.
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Pucynox 3 — [lpoexyuu 00unHaOyamu niocKo-0pUeHmMUPOSaAHHbIX KIACmepos, BKI0UAiouUx
anuyenmpol 102 uz 200 curvrnetiwux 3emaempscenuti Kamuamxu. Pacuem svinonnsines no npoepamme Frac-
Digger2 ¢ napamempamu o6t = ©, 6Z = 4 km, OR = 100 km, K = 5. I[Tokazanwi maxaice ciedvi «kKOpomro-
AHCUBYUYUX TIOKATILHBIX PAZTIOMOBY, U300PAICEHHBIX HA puc. 2.
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Paboma evinonnena npu noodepaicke PH® no npoexmy 16-17-10008.
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SECTION IVMODELING THE EXPLOITATION OF GEOTHERMAL
RESERVOIRS IN VOLCANIC AREAS. PROBLEMS OF USING
GEOTHERMAL ENERGY IN VOLCANIC AREAS FOR HEAT AND
ELECTRICITY SUPPLY

PA3JIEJI IV. MOAEJIMPOBAHUE SKCIIJIYATALHUU '’EOTEPMAJIBHBIX
MECTOPOXJIEHUMN BYJIKAHUYECKHX OBJIACTEMN.
MPOBJIEMBI UCITIOJIb30BAHUSI TEOTEPMAJIbHOM SHEPTUH
BYJIKAHUYECKHNX OBJIACTEM JJ15 TEILIO- U QJIEKTPOCHABXEHUS

YK 251.233.556.3

Hidden volcanism in the Paratunsky geothermal field

Larisa A. Vorozheikina, Natalya P. Asulova, Natalya V. Obora
AOTenno 3emnu, llapamynckas, 4, noc. Tepmanvruiil, Enusoecxuii pation, Kamuamckuii kpaii, Poccus
Ivorogeikina@burgeo.kamchatka.ru

Paratunskoye nitric term deposit (wich in operation since 1967) is the most studied in Kamchatka.
The deposit is located in the Paratunka River valley, oriented subparallel to the planetary fault off the eastern
shores of Kamchatka NE 20°, and has the character of a fracture-vein water-pressure system. An idea of the
formation of nitrogen terms at the expense of regional conductive heat flux, hi heating of infiltration water
penetrating to depth is most common. However, the He3 / He4 isotopic ratios in the nitrogen terms of
Iceland indicate the participation in the heating of the deep coolant. Hydrogeologists of Kamchatka are
inclined to believe that convective introduction of deep heat into the water-pressure systems.The discussion
of the problem of deep-seated fluids led researchers to conclude that there exist concentrated core heat
carriers and substances capable of heating rocks, up to their melting - the concept of juvenile fluids (V.V.
Averev and others). The idea was developed that the hydrothermal process and active volcanism are
inherently united, and this vividly demonstrates the commonality of their manifestation in the volcanic belts
of Kamchatka (East Kamchatka, Middle Kamchatka).

Apparently, the difference between them is determined by the magnitude of the impulse of the deep
coolant.

Keywords: Hydrotherms, volcanism, well, rift, crater, dike, Holocene

IIpenmnoJiaraeMblid CKPBITHIA ByJAKaHU3M Ha [lapaTryHckoM reorepmMajibHOM
MECTOPOKICHUHU

Bopoxeiikuna JI. A., Acayaosa H. I1., Ooopa H.B.

AOTenno 3emnu, Ilapamyuckas, 4, noc. Tepmanvuwiii, Enuzosckuii pavion, Kavmuamckuiu kpaii, Poccus

[MapaTyHCcKOE MeECTOpOXJIEHHE MPEJCTABICHO a30THBIMH TEPMaMH, UMEET XapaKTep TPElIHMHHO-
XKHUJIBHOH BOJOHAIOPHOW CHCTEMBl. BOABI 3TOro THMa OTIMYAIOTCS MOCTOSHHBIM Ta30BBIM COCTaBOM (/10
98% N,), Hu3kum rasocozaepxkanueM. Hanbosee pacnpocTpaneHo npezcraBiceHne 00 ux GopMUPOBAHUH TIPH
HarpeBe MHQWIHTPAIIMOHHBIX BOJI, IPOHMKAIOMIMX Ha TIIyOWHY, 32 CUET PErHOHAIBHOTO KOHJIYKTHBHOTO
TemwIoBOro moToka. OnHako wu3oTOmHele oTHOmeHus HeHe' B asotmeix Tepmax Mcmamamu
CBHUJIETENLCTBYIOT 00 Y4acTHH B MX HarpeBe riryonHHoro reronocurens (Kononos, Mambipu u nip., 1974).
I'unporeonorn KamyaTku CKIOHSFOTCS K MHEHHIO O KOHBEKTHBHOM NPWUBHOCE TIYOMHHOIO TeIjia B
BOJOHAMOpHBIe cucTeMbl [4]. O0cyxaeHne mpobiaeMbl TTyOMHHBIX (DIIOMIOB HPUBENO HCCIeaoBaTenel K
BBIBOAY O CYLICCTBOBAHMH KOHIICHTPUPOBAHHBIX KOPOBBIX NEPEHOCUMKOB TEIJIa M BEIIECTBA, CIIOCOOHBIX
OCYITIECTBIIATH IPOTPEB TIOPO/I, BILIOTH JI0 MX TUIABJICHUS, - KOHIICIIITUS IOBEHIWIBHBIX (ronaoB (Yair,1965;
AsepbeB, 1969; Kononon, 1974; Manyxun,1976; Bakua u ap., 1979). I'mapoTepManbHBIN TIpoliecc U
AKTHBHBIA BYJKAaHU3M IO CBOEH CYTH €JMHBI U 3TO HAIVIAAHO JEMOHCTPHPYET OOIIHOCTH MX MPOSBICHUS B
ByJIKAaHMUYECKHUX NosAcax KamMuaTtku; oTauume onpeneneHo UMITyIbCoM INIyOMHHOTO Teria

KiroueBble ci10Ba: ruipoTepMBbl, BYJIKAHU3M, CKBaXKHHBI, Pa3JIOMBI, TOJIOLEH.
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[TapaTyHckoe MECTOPOXKIEHUE a30THBIX TEPM SBJISIETCS Hanbosee n3yuyeHHbIM Ha Kamyarke,
HaxXoJUTCsl B 3Kciulyarauuu Oonee 50 yer. MecTopoxaeHue NpuypoueHo K rpabeHooOpa3Hoi
CcTpykType  nosnuHbl  p.  IlaparyHku,  opueHTupoBaHHOi B  HampaBienun  CCB
20°,cybnapanienbHOIUIaHETAPHOMY pa3jioMy Yy BOCTOUHBIX OeperoB Kamuarku [7], puc. 1.

T gy 553, i : :
= X e =, £h R R |
Pucynox I — Cxema pacnonoscenus Iapamynckozo u Bepxne-Ilapamynckozo mecmopodicoenuii 6
oonune p. Ilapamynxu

T,

B Tektonmueckoir cxeme [.M. BrnacoBa TeppUTOpUS MECTOPOXKICHUSIOTHOCUTCS K
HentpanbHo-KamMyaTckoii 30HE BYJIKaHM3Ma; COMNpPSDKEHA C 3alMajJHOM OKpanHOW BocTouHo-
KamuaTckoro BYJIKaHUYECKOTO TI0sCa; HAXOAWUTCABOIHM3U Y3714 CEHCMOTCHHOW AaKTHBHOCTH,
BBIJICTICHHOTOB akBatopuu ABadnHCKOW TyObl [6]. [To MaTepuanam chEMOUYHBIX paboT maciiTaba
1:50000 C.M. Demopenko (1968) mompazmemmn 30HBI pasznomoB Jmcta N-57-XXVII nHa
OPTOTOHAJIbHBIE U JIMArOHAJIbHBIC, MPU 3TOM OTMETHJ, YTO TOJBKO ISl TPYNIbl AUAroHajIbHBIX
Pa3IOMOB XapaKTEePHbI aKTHBHBIC TIepeMeleHus B 2ooyene [11].

[IponykTuBHAS [IOMIAAh MECTOPOXKICHUS TpPUYypOUeHA K 30HE UHTepdepeHIun
ABaunHCcKoi u brictpunckoit BTC 2-ro mopsaka. [To B.A. CoxonkoBy (1995), «komblieBbie
CTPYKTYpHl 2-TO TOpSAIKAa 3aHUMAIOT 0C000€ TMOJIOKEHHWE Ha TOIYOCTPOBE. 3al0KEHUE ATHX
CTPYKTYp CBsI3bIBaeTCsl ¢ HaubOonee akTuBHbIM (opmupoBanuem BTC B HOBOM, cyrybo
KOHTUHEHTAJIbHOM KadecTBe. B oOmiem mane onn obpa3zyrot nenoukn CCB u CB nanpasienus»
[9].

30Ha  pugmoeenesa  TIPpEACTABICHA HAa  MECTOPOXACHHUH  CyOMEpPHIHMOHAIBHBIM
Lenmpanonoiv  paznomoM - ¢parmernTom llenrpanbHo-Kamuarckoro pudra, pasnenuBmmm
MECTOPOXICHUE Ha JIBE TOJOBHUHBI: BOCTOUHYIO - ydacTku Himkuwmii, CeBepHBIM U 3amajHylo —
yuacTku Muxkmka, Csernsuok, Ilpomexyrounsii, Cpemumii (puc. 2).Ha 3amagnom dQuanre
Mectopoxaenuss WM.K Pynaksuct BeigeneHna [lapamyncko-Ilunauesckas ceucmozeHHas 30HA
pasyniomuenus, B paMKax KOTOPOW CYOMEpHIMOHANBHBIM pa3ioM 3anaonviii 00BETUHUI
tepmoanomasiuu Cpennero u [Ipomexyrounoro yuactkos[9].

61



Pucynok 2 — I'eonoeo-eudpoeeonozuueckas cxema llapamyncko2o Mecmopoxcoenus

[IponykTHBHBIE CKBaXHHBI TATOTEIOT K JAHumly rpabena p. Ilaparynku (puc. 3).
CoBpemenHbie OTKpbITEIe CB 30HBI pa3jioMOB Ha OTACIBHBIX y4YacTKaxX IEpPECceKaroT TpadeH,
CO3/1aBasi JIMHUIO HM3JI0MAa €ro TPaHUIl, Ha TaKUX Yy4acTKaX HaXOJATCS HamOojee MPOAYKTHUBHBIE
ckBaxuHbL. B paitone CeBeproro yuactka CCB opuenTupoBka rpabdena p. [laparyHku MeHsieTcst Ha
CB 50° B HampaBieHuu ByJkaHOB ABaunmHCKui, Kopskckuil. IT0 HampaBieHUE XapaKTEpHO IJIs
TEKTOHMYECKUX 30H, COMPOBOKIAIOIIMX IJIaHETApHBIA pa3ioM y BOCTOYHBIX OeperoB Kamuarkw,
cybnapamiensHo rayouHHomy — Kypumo-Kamuarckomy — pasznomy, JHHHSIM — MaKCHMalbHON
CEHCMUYHOCTH, 3HAUYECHUSM TEIJIOBOTO MOTOKA, 30HAM BYJKaHU3Ma, ceiicModokambHON 30HE. B
paiione pabor HampaBieHue paznomoB CB 50° KOHTpOIUpYeT COBPEMEHHBIE OTKPBITHIE 30HBI
packoja, IJIOXO TPOSIBICHHBIE B penbede, HO BAKHEWUIIME UIsi TPaH3UTa METEOPHBIX BOJ K
MECTOPOKICHHUIO.

\/

Pucynox 3 — Cxema pacnonodicenusi npOOYKMUBHbIX CKEANCUH HA OCHOGHBIX YHACMKAX
THapamynckoeo mecmopooicoenus (no mamepuanam oeutudppuposanusi AOC A.B. Coxonkosa,
1995/9]e.

I'eomepmuueckue ocodennocmu 1lapaTyHCKOTO MECTOPOXKACHUS  XapaKTEPU3YIOTCS
KpallHEe  CTENeHbI0  HEOJHOPOAHOCTH:  BBICOKOTPAJMCHTHBIE  YYaCTKH  CMEHSIOTCS
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MaJOTPaJUCHTHBIMU, TOJOXUTEIbHbIE aHOMAIUU OTPUIATEILHBIMY, O€3rpaJueHTHBIC 30HBI
MEPETOKOB IIOIIAJKaMU KaJOPHUMETPUUYECKOr0 CMEIIUBAHUS, - Mepeaaya Terla OCYUIECTBIIAETCS
MIPEUMYIIECTBEHHO KOHBEKTHBHBIM cr1ocoOoM. OTpulaTenbHbIe IPaHeHThl HECYT HH(POPMALIUIO O
HaIpPaBJICHUU ABUKCHUS TEPMAJIbHBIX BOJ B 30HAX pacTekaHus. [lofo0HbIe y4acTKH HCTIONb30BaHbI
rpynnoii corpyaHukoB Kazanckoro yHueepcutera (mns pacdy€ra Bospacta IlaparyHckoro
MECTOPOXKICHUS 2eomemMnepamypHslM METOAOM, - pacu€THOE 3HAUYE€HHE BO3pacTa COCTABHIIO ~
6500 5eT, YTO COMOCTAaBUMO CO BPEMEHEM IPOSIBICHHUS IOCIEAHEH BCHBIIIKK BYJIKaHHW3Ma Ha
Kamuatke [10]. OTcyTcTBHE TEMIOBOTO PAaBHOBECHSI B CHUCTEME, HAJIMYME TPEIIMH B BOJOYIOpE
CBHJICTEJILCTBYET O TOM, 4YTO TEPMOBMEUIAIOIIME TPEIIMHBI BO3HHUKIM IOCTIEe OOpa30BaHUS
YETBEPTUYHBIX OTJIOXKEHUH W Pacu€THOE 3HAUYEHHE BO3pacTa MECTOPOKICHUS SBJSIETCS BIIOJHE
peaTbHBIM TPHOIMKEHUEM.

Pacnipenenenne TtemmepaTyp MO TINIyOMHE XOpPOIIO YBSA3BIBAETCA CO CTPYKTYPHBIMU
0coOeHHOCTSIMH MecTOpokAeHUss. OCHOBHAsE OCOOCHHOCTh €r0 MPOJOJILHOTO Te0TEMIIepaTypPHOTO
paspes3a - TEHACHIMs CTYIEHYaTOro MOTPY>KEHHUsl BBICOKMX TemmepaTyp oT CpemHero ydacTka K
CeBepHoMy. [lo00HBIN XapakTep MMEET YKJIOH KOPEHHOIO JIOXKa JEMPECcCHUH U paclpeiesieHue
HaIropoB Ha OCHOBHBIX yuactkax: Cpeanuii - 43,9 m, Huxnuit - 36,5 M, Ceepubiii - 32,5 m [11].

Boonoe numanue. 1lo pe3yiabraraM MHOTOYHCICHHBIX HM30TOMHBIX aHAIM30B BOJOPOJA,
KHCIIOpOJIa YCTaHOBJIEHO, 4TO (hOPMUPOBAHHE METEOPHBIX BOJ IlapaTyHCKOTO MeECTOpOXACHUS
MIPOMCXOJIUT, B OCHOBHOM, 3a mpezenaMu Oacceitna p. [lapatynku, Ha otMeTkax mopsaka 1500 m
[JIa6. B IBHL] AH P®, 2018].

[Ipenmonaraercd, YTO TpaH3UT METEOPHBIX BoJA K IlaparyHCkoMy MeCTOpPOXIEHUIO
OCYILIECTBISICTCS, B OCHOBHOM, MO HoBeWmuMm TpemuHaMm packona CB 50° dopmupyromum
CBOEOOPA3HYIO APEHAKHYIO CHCTEMY, OJaromaps KOTOPOW MOI3EMHBIE BOJIBIMOTYT MEPEMEIIaThCs
HAa MHOTHE COTHH KM, BBHUAE BOCXOJSIIMX M HUCXOMASIIMX IOTOKOB HJIM CKAIJIUBAaThCA B
OMpeNEeNEHHBIX CTPYKTYpaxX, B I[HMKIMYHOM PEKUME BIUATh HAa OCOOCHHOCTH (PUIBTPALUU
MOA3EMHBIX BOJI MECTOPOKIACHUSI.

[To pesynbrataM cneyuanrbHo2o cmMpyKmypHo-2e0Mop@onocuyecko2o0 aHaau3a OTMEUYeHa
yéTKasg IpUYpOUEHHOCTh [lapaTyHCKHX TepM K MOCICOPOTEHHOW CTPYKTYpE, MPEAION0KUTEIBHO,
M0 TPUYMUHE CBSI3U C COBPEMEHHBIMHU 30HaMU pacTsikeHus (puc. 4). OOpaiieHO BHUMaHUE Ha
UCKITIOYUTENbHOEe  ToNokeHue [lapamyncko-bannou  30HBI  CYOIIMPOTHBIX — pPa3liOMOB B
MOCIEOPOreHHOM  cTpykType Kamuarku. SBissice TpaHC30HAIBHOWM M TPaAHCOCTPOBHOM,
[TapaTyHCcKO-BaHHBIN JIGHUAMEHT OTCJIEKHUBAETCS JANEKO K BOCTOKY, OIpPEAEINsisl IOJOKEHHE
OpoBkM 1Ieidb(pa W KOHTUHEHTAJIBHOTO CKJIOHA, BIUSAS B LEJIOM Ha IUIAHOBBIE OYEpPTaHUS
tepputopun Kamuatku [9]. T'mmoneHTpsl 3emierpsicenuii rayoxke 100 kM 00pa3yrOT MOJIOCH
CyOIIMPOTHOIO NMPOCTHUPAHMSI, COBMAJAIONINE C CYOIIMPOTHBIMU 30HAaMU WJIM JISKAUUMH Ha HX
MPOJIOJKEHHH [9].
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Pucynox 4 — I'eonozo-mexmonuueckas cxema IlapamyHckozo eeomepmanbHoeo paiiona (no
mamepuanam aemopos - C.E. Anpenxosa, B.M. Bondapenxo, 10.4. Kpaesoeo, 10.®. Manyxuna, B.I".

Oxankuna)[4]:
1 — Meramopduueckas 30Ha ["aHanbckoro xpedTa; 2 — HaunknHCKascKiIa4aTo-ripi00Bast 30Ha; 3 —
BepxHekapsIMuMHCKasi ByJKaHW4Yeckass 30Ha; 4 — HmkHekappIMUMHCKas BYyJKaHMYecKash 30Ha; 5 —

TonmaueBckas 001acTb apeanbHOro 0a3aJbTOBOIO BYJIKaHU3MA; 6 — ceBepHas OKpauHa BynkaHa ['opesoro; 7
— Iaparynckas nenpeccus; 8 — HauukuHckas nenpeccus; 9 — Hambonee KpynHble WHTpY3uu; 10 —
BayKHEHIINE pa3pbIBHBIE HapymIeHus; 11 — rpaHUIBl CTPYKTYPHBIX 30H; 12 — COBpeMeHHbIe THAPOTepMBL; 13
— pasrpy3ka MHHEpalbHBIX XONOAHBIX BoA. Mcrounumku: [ — Cesepno-llapamyuckue; 2 —
Huocnenapamynckue; 3 — Cpeonenapamynckue;, 4 — Bepxnenapamynckue; 5 — Kapwimwunckue; 6 —
Kapvivuunckue; 7 — Bonvwebanuvie; 8§ — Manvie bannvie; 9 — pasepyska yenekucivix cyib@amuuix 600
pyuvs Hauuxunckoeo, 10 - Havuxunckue

B mnnane mmomane IlapaTyHCKOro MeCTOPOXIEHHUS TITOTEET K 3a00JI0YEeHHON MoiMe
HU30BbeB p. [laparyHku, umeer nonyoyeosylo (GopMy, OTKPBITYIO B HalpaBI€HUU TIopcTa
Tomnonosoro. [Togo6Has ¢popma MoBTOpsieTCs B AIEMEHTax penbeda (puc.S).

[To  pe3ymbraTaMm  CHEIHUAIBHOIO  CTPYKTYPHO-T€OMOP(OJIOTHUECKOro  aHalu3a,
BbimonHeHHoro H.II. Kocrenko (1995), B Hu3oBwsx pek [laparynka u JleBas broictpas BeigeneHa
obmas obmmpHas manmeoctpykrypa I[laparyncko-beictpunckoir BTC [9]. B uentpe Bynkano-
TEKTOHUYECKOH MalCOCTPYKTYPhI CO BPEMEHEM BBIPOC, M MPOJODKAET pacTH, XxpedeT TonosoBblil n
OJTHOMMEHHBIN TOpCT. AKTHBHU3alUs Ipoliecca ByJKaHM3Ma B TOJIOLIEHE COBIaja MO BPEMEHU C
IIPOSIBIEHUEM IOCTKAJIBJEPHOTO BYJIKaHU3Ma, B TOM 4uciae Ha Tepputopun [laparyHckoro
MECTOPOXKIECHUS, - Ha KPOMKE KpaTrepHOH cTpykTypbl nanmeoctpykrypsl BTC. Ilo Bpemenu 310
COOTHOCHUTCSL €O BpeMeHeM ¢opMHupoBaHUsa [lapaTyHCKOrO MECTOPOXAEHUS U €CTECTBEHHBIX
tepmorniposiBiieHuit  (Ceepuble, Huxuue, CpeaHue), MNOAOOHBIX «TOpSAYUM TOUKaM» Ha
MOBEPXHOCTHU U, OJTHOBPEMEHHO TePMOaHOMAIMAM Ha riyouHe. OOpainaer BHUMaHUe TOT (aKT, YTO
B TEYEHHE MJUTENIbHOTO Mepuojia SKCIUTyaTallud MECTOPOXKIACHHSI KOHTYpPhl TEpPMOAHOMATIUI
MEHSUIM OPUEHTHUPOBKY TJIaBHOW OCH OT cyOMepuauoHanbHoi K C3 M mo3ke K CyOIIMPOTHOU, KaK
OBbI IEMOHCTPUPYS BIMSHHUE JEBOCTOPOHHETO PA3BOPOTA CTPYKTYp MO Mepe yriyOJeHHs BOPOHKU
JeTIpeccuy MBO3ACUCTBUSL BCE Oojee TIyOOKO MPOHHUKAIOMIMX OTKPBITBIX TPEUIMHHBIX 30H Ha
JIOKAJIN3ALMIO TUAPOTEPM.

Ho npu 3TOM TepMoaHOMAaINKM CKBAXUH BCETZla KOHIICHTPUPYIOTCS BOJIM3HM €CTECTBEHHBIX
TEPMOTIPOSBJICHUM, YTO MOKET CBHAECTEIHCTBOBATh O HAJIMYUM "BOCXOIAIIMX CTPYHl" MPUPOTHOTO
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TEIUIOHOCHUTENSI MO0 OTKPBITBIM KPYTO HAKJIOHHBIM KaHanaM. OOUH U3 TaKUX CyOBEPTHKAIbHBIX
kpyToHakiIoHHBIX K FO3 kananoB BeisiBiaeH M.J[. CumopoBbim (1995 1.) reopu3nvyecKkuM MeTOI0M
Ha HmwxHeM yuacTke, B Mexypeube pp. [laparynka-Xaiikosa. [9].

[TposiBneHus: ckpwvimozo gynkanusma Ha MECTOPOXKJICHUHM PACCMaTPUBAIOTCS OTHOCUTEIBHO
yuactkoB Cpennuii 1 Huwxnuii. Briepsoie Ha 310 siBieHue oOparunu BHuMaHue A.M. CepéxHUKOB,
B.M. 3umun (1968): B mporecce TIIATEIBHOTO HM3YyYeHHS KepHa CKBaXMH CpemaHero ydvacrka.
Y CcTaHOBIIEHO, YTO B pallOHE TEPMAIbHOM MIomanku, 3¢ ¢Gy3uBHO-ITMPOKIACTUYECKHE 00pa30BaHuUs
HACBhIIIEHbl MHOTOYMCICHHBIMM PBYIIMMH M IUIACTOBBIMM TE€JlNaMU JAlUTOB, AaHJE3UTOB,
TUOPUTOBBIX NOphUpUTOB. KOHIIEHTpaMs TNl ¢ SpYNTUBHBIMU OpPEKYMSIMHU B LIEHTPATBHON YacTH
0JI0Ka paclieHeHa Kak «IIPHU3HAK MarMoIlOJIBOJAILIET0 KaHajla MHOLEHOBOTO BYJIKAaHHUYECKOTO
anmaparay [4,11]. B napacenesuce ¢ HuM paccMOTpeH CyOBEpTHUKAJIbHBIN TEPMaIbHBIA MOTOK, C
KOTOPBIM CBSI3bIBAETCS OYar €CTECTBEHHON pa3rpy3ku ydyactka CpenHero, mpu 3TOM, HaHEOOIbIIOH
TEpPMaJbHOHN IUIOMIAJKE W PAJOM C Hel, ObUIo mpoOypeHo 14 CKBaXWH, - BCE OHU OKAa3aJHCh
IPOAYKTUBHBIMH.

'myOuHHOE TmMOCTyIUIeHHEe Tra3a Ha JaHHOM Y4YacTKe IOATBEPXKACHO pe3yiabTaTaMu
M30TONHBIX aHaTu30B. 110 m3oTonmusM coorHomenusm remms He®/He' B ckpaxune I'K-1 Cpemnero
ydacTKa J10Ji1 MaHTUHHOro renus coctaBuiia 23%, koposoro 69%, atmocdeproro 8% (Kamenckuii,
1976), mono6Ho azoTHeIM TepMmaM Hcnanauu (Kononos u ap.,1974).

VYyacrok Huorcnuii sBIsieTCS LUEHTPAIbHBIM Ha MecTopoxaeHuu. OH XapaKTepusyercs
IIMPOKUM IUIOMIAJHBIM Pa3BUTHEM TEPMaJbHBIX BOJ U HEOXXKMJAHHBIMM BCIIBIIIKAMHU BBICOKHX
temneparyp - a0 106 °C, B cKBaKMHaX, 4TO OOBSCHIETCS OTHOCHUTEIBHO MOJIOJOW CTPYKTYpOU
yuactka, 1o }0.®d. Manyxuny [4].

VenoBHbie 0003HAYCHHS

-‘ Koutyp roporo orsoa;

II] Jlunus Bonopaszaena ropera TonosnoBo-
ro Ha umpore [TaparyHckoro Mecto-
POKACHHS;

“TepmasibHast THHUS ", 00bEAMHSIOIASN

= Cesepuble, Huknenaparynckue, Cpenne-

MapaTyHCKHE TepMaJibHbIe HCTOYHHKH
(cybnapasuiesibHble IIaHETapHON JIEBO-
casurosoii 3one CCB 20%);

Koutyp pacnonoxenus o3ep 3anajHoro ¢uaxra

- MecTopokaeHus: Mukixka, Kopauiosckoe,

Iyxoe, bmoaeuko;

I:] OceBoit KOHTYp 3a00JI04€HHOTO OCTPOBA,
obpazoBanHoro nporokamu p. [laparynkn
-3/1ech pacnosnoxken yuactok Cpeauuii;

II] OceBast JiMHHSA 3200109€HHOI NOIMBI
(numnima rpabena) p.IlaparyHkn
B (JopMe 10JTYKOJIBLIEBOTO Pa3jioMa.

II] TepmasbHbIe HCTOYHHKH

macurad 1: 200 000 . ‘_ N KM
PucyHOK 5— H@KOWIOpble IJIEMEHMblL CMPYKNMYPHO2O0 KOHMPOJIA HapamyHCKozo MeCWlOpODfC&eHM}Z

OO0pamaer BHMMaHuEe TOT (hakT, 4TO, MO JaHHBIM TepMmomeTpuu, 95 u 100-rpagycHas
M30TEPMBI MPOCIEKHUBAIOTCS TOJIbKO Ha HIbKHEM ydyacTke, OHM NMPUMBIKAIOT K CYOIIMPOTHOM 30HE
KOPOBOTO MTPOUCXOXKACHUS U K pu(TOBOI 30He LleHTpanbHOrO pasnoma, - TeM CaMbIM MTOTYEPKHYTA
BeyIlas poJib ITyOMHHBIX IPOLIECCOB B (POPMUPOBAHUUTEPMOAHOMAINH TaHHOTO y4acTKa.

Haubonee HanéxHble cBeleHUs O TEMIlEpaTypax Ha INIyOWHE MOJyYeHBI MO pe3ylbTaTraM

TEPMOMETPUM CKBAKUH, HO B IOCJEAHUE TOJbl OHA HE BBINOJHSIACH, - XapaKTep H3MEHEHUs
TEMIEepaTypbl Ha IIyOuHe(~2 KM) BO BPEMEHHM OTCJIEKEH HaMU M0 pPacu€THBIM 3HAYCHUSIM
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cunukatHoro reorepmomerpa Tsi (puc. 6). Koppemsiius Mexny GpakTHUECKUMH TeMIepaTypaMu U
conep:xanuem SiO, B TepmanibHOM Boje Beicokast, r=0,7 [11].

1969 rox 2014 rop,
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Pucynok 6 — Hzmenenus 6 nokazanusx CUIUKamuoz2o ceomepmomempa no Ilapamynckomy
MeCmOopOACOEHUI0 MePMATbHBIX 800 80 8pemenu (1970-2014 22.)

Cpasuenue nokazanuii Ts=100°C Bo Bpemenu (1969-2016rr.) mo3BoIsIET OTMETHTD, YTO B
paiione Hmxuero ywactka mmomans 100-rpamycHOM TepMOaHOMATNH HAMHOTO YBEIHMYMIACH, MIPU
stoMm C3 OpHUEHTHpPOBKA TIJIABHOM €€ OCH aHOMaJUuu COXPAaHWIaCh, MOJYEPKUBAS
TEPMOKOHTpOJUpPYIOIyo poib C3 30HBI pasznoma. 3a TMOJYBEKOBOW MEpPUOJ IKCILTyaTalluH
MECTOPOXKICHHSI TOJIOKEHHWE IIEHTpPa AaHOMAIUU OCTaéTcs CKOHIIEHTPHUPOBAHHBIM  BOIU3U
TepMaJIbHBIX HCTOYHHKOB.

[Tpy KOMIIJIEKCHOM PAacCMOTPEHUU PE3YIbTATOB ceohu3uieckux UCCIEAOBAHUN OTCIIeKEHA
oTkpbITasg 30Ha CB 50° B HampaBiieHMM OT BEpXOBBEB pp. OBpaxbs-IlonepeyHask CIUSHUIOPD.
Kapeivmuna-Ilapatynka, o0benunsitomas Kapeivmmmackue, Cpennue, HwkHue wucrounuku. B
paiione ckB. PD-7 ycranoBneHa HanboJsee rimy00Ko MPOHHUKAKOIas TpEmHHas 30Ha [9].

Ha ocHoBaHuM BBINIEU3T0)KEHHOTO MOXHO MPEANONI0XUTh Hamnuue Ha HubkHem ydacTke
TeJa BHEAPEHUS] OTHOCUTEIHHO MPHOIMKEHHOTO K TOBEPXHOCTH B paiioHe ckB. PD-7 (T,;,;=100°C),
opueHTupoBanHoro B CB HampaBieHHMH W pPAacloONOXEHHOW BOMU3M CYOIIMPOTHOTO paszioMma
KOPOBOTO TMPOUCXOXKICHUS. AHAIOTHYHAS CXeMa KOHTPOJS TEPMOIPOSIBICHHS TMPOCIECKEHA IS
TerioBoro ouara cocennero (B 20 kM) bonbiie-baHHOTO MecTOpOXKIEHHUS MEPEerpeThiX BOJ, TIE
30HBI KOHTAaKTOB 0a3aJbTOBOM JaWKH C BMEHIAIOIMUMH MOPOJAMHU CIYKHUT XOPOIIO MPOBOISIIAM
KaHAJIOM ]ISl BBICOKOTeMITepaTypHbIX THAPOTEpM (Tmax=171,5°C) [4].

[TapaTyHCKOE MECTOPOXIEHHE OCBOEHO B TIpelesaX BEPXHETO PEOJIOTHYECKOTO YPOBHS
(mo 1500 wm). IlepcrnekTHBHOMY IUIAHUPOBAHHMIOBOJOOTOOpA MPHUPOJHOTO TEIIOHOCUTENS Ha
MECTOPOKICHUH JOKHO MpPEIIIecTBOBAaTh TOM3yYeHUE €ro Ha riiyOumHy He meHee 3,5-4 kM (B
npezeiax CpeHEr0 PEeoIOrHYecKoro ypoBHs). Bo3aMoKHa 3TaXXKHOCTh B CTPOCHUU MECTOPOXKICHHUSL.

Huxe mnepedncienbl HEKOTOpPbIE O0NOIHUMENbHbIE NPUHAKU, VMEIOIINE OTHOIIEHHE K
BBIIICYTIOMSHYTOMY MPOSIBJICHUIO CKPBITOrO ByJKaHu3Ma Ha Huawcnem ydacrtke:
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- Hanmnume GpaxuanTHKIMHANBHON CTPYKTYpHI, 110 JI.T. HaymoBy, 1969.

- OTHOCUTENIBHO MOJIOasi CTPYKTypa ydactka, 1o K0.®. Manyxuny, 1968; 1976.

- Jlokanu3anusieCTECTBEHHBIX TEPMOIPOSBICHUH B HANIPSDKEHHBIX TEKTOHUYECKHX y3J1aX, Ha
MepPeceyeHNUCYOIINPOTHRIX 30H KOPOBOTO MPOUCXOXKACHHUS U COBPEMEHHBIX 30H packona CB 50°,
o B.A. CokonkoBy; H.I1. Koctenko, 1995.

- Hanuuue paguansHbix pa3iaomoB, o A.B. Kuproxuny, 2018.

- 110-rpagycHasim3orepmMa Ha TiayomHe760 M abc. Habmomaercs Toibko Ha HipkHem
y4acTKe, - 10 MaTepraiaM TEPMOMETPUH CKBaXKMHMECTOPOxaeHUs B 60-70 robI.

- MakcumanpHas temnepatypa camousiuBa T=100 °C u Hanbomnee rmy00OKO MPOHHUKAIOIIASL
TpellrMHHas 30HaHa0IoqaeTcs it ckB. PO-7.

- YcToiunBbIi BO BpEMEHM MAKCUMAJIbHBIM TEMIT YBEJIMUYEHUS COAEpKaHUA xyiopa (puc. 7)
npociexkeH Ha Hmwknem yyactke (Ha CeBEpHOM y4acTKe €ro coiepaHue CTabUIM3UpOBaIOCHh B
MOCJIEAHUE TOJibl). 3/1€Ch K€ OTMEUYEHO MOBBIIEHHOE conaepkaHue CO; B 30HE TEpMOAHOMAIUU
(ckB. 30, 45, PD-7, T'K-13); obcranoBka Eh BoccranoBuTenbHas (BOCXOASAIIME TTyOHMHHBIC
notoku)- B ckB. 30, 502; 3unauenus cootHomrenus Cl/Rbmakcumanbhble, - KaKk mpHU3HAK Majion
CTeeHU pa30aBlieHUs TIyOMHHBIX BOJ; HM30TONHBIM COCTaB yriepoja 8C s wmcrounuka
Hwuxnero coctasmi -7 %, mogobHo MmarMatudeckomy yrireponay, mo O.B. Uymaesy, 2000 [8].

- [ToBeimennoe conepxanue Hy, He, Ar, CH;, CO; oTMedeHo B ra30BOM COCTaBE CKBOKHHBI
PD-7, -otHOCHTENBHO Tra3oBoro cocraBa TepMm TiryOokoi ckB. 101 CeBepHoro ydactka, Tje
BOJOIIPUTOK BCKPBIT HA Ti1yOuHe 2500 m.

- MakcumansHbie KoHIeHTpaiuu Cu, Zn, Pb, Bi, Ba, Br, Cz, U B ckBakuHax u Haubosee
IIMPOKHUNA CHEKTP MUKPOKOMITOHEHTOB Habtoaercs Ha HukneM yuactke, no O.B. Uynaesy,2016 —
I10JIEBBIE UCCIIEI0BAHUS.

- Ha rpadhuikax COOTHOIIEHHUS 3HAYEHUI OCHOBHBIX TeHeTHYeCKUX Kod(pduuueHToB Cl-SQOy,
Cl-Na wnabmomaercs 000COOJCHHOCTh HEKOTOPBIX CKBXHMH HWKHEro ydyactka OTHOCHTEIBHO
OCTaJIbHBIX CKBaXMH MECTOPOXKJEHHs M MX OOIHOCTh ¢ TepmMamu bonsme-bannoro (cks. 1),
O3zepHoBcKkoro (ckB.2) Mectopoxaenuit (puc. 8). [Ipu s3Tom GonbIMHCTBO CKBaXKWH [lapaTtyHckoro
MECTOPOXKJICHHUS HAaXOAUTCS Ha OJTHON MPAMOM ¢ TepMallbHBIMU BoJaMHCKBaKuHBI 101, BCKpbIBIIEH
TITyOMHHBIE BOJBI, - TPEINOJAaraeTcs €IUHCTBO HCXOJHOTO THUAPOTEPMAIBHOTO pacTBOpa Ha
MECTOPOXKJICHUH, MpHU 3TOM 000coOsieHa Tpymmna CKBaxuH HukHero ydvactka, i KOTOpOH
XUMHAYECKHI COCTaB THAPOTEPM MPHUOIMKEH K TepPMaJbHBIM BOAaM coceaHero bombire-banHoro
MECTOPOXKJICHHS MEPETPEThIX BOJ, a MO M30TOIMHOMY COCTaBY BOJOPOJa, KUCIOpPOJa TepMallbHbIE
BOJIbI OTHOCSITCSI K Hanbosiee TErKkuM Ha MecTopoxaeHuu, o B.A. Kuproxuny, 2018.

CkBaXMHBI 1O pa3HbIM Yy4YacTKaM OTJIHMYAIOTCS Ppa3HOM cTeneHpio Meramopdusma
rUpoTepMalIbHOTO pacTBopa. HauOosiee pas30aBieHbl TepMaibHbIE BOJABI 3alagHOro (iaHra
mectopoxkaenus  (Cpemumif, Ilpomexyrounsiit  ywactkn M=0,8-1,3 r/nm°).  HamGonee
MUHEPAIN30BaHbl Te€pMalibHbIE BOABI ITyOoKoickB. 101, ans kotopoit M=3,4 r/mm>,2018 .
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Hroru

- [laparynckoe MecropoxaeHue pacrnoioxkeno Ha FOB oxpamne Tepmansnoro pudrta CB
OPUEHTHUPOBKH [5], IPOCIIeKEHHOTO B HallpaBieHuu ByiaKkaHoB Onana-Kopskckuii, 00beAMHUBIIETO
HECKOJIBKO Pa3BEJaHHBIX T€OTEPMAIBHBIX MECTOpOXAeHuM: — bombme-bannoe, KapeimunHckoe,
Mankunckoe, Anaunackoe, Haunkunckoe, Kerkunckoe, Hanpraesckoe.

- [IposiBieHHs CKpBITOTO ByJKaHW3Ma HaOmrogaroTcs Ha Tepputopun Cpeanero nu Huxuero
Y4aCTKOB, BOJIU3HM OJTHOMMEHHBIX €CTECTBEHHBIX TEPMOIIPOSIBICHUN, OCHOBHONH KOHTPOIb KOTOPHIX
CBSI3aH C MepeceyeHreM CyOIIMPOTHBIX 30H Pa3jIOMOBKOPOBOTO MPOUCXOXKIACHHS C COBPEMEHHBIMU
30Hamu packona CB 50°, akTUBHBIMH B TOJIOLIEHE, B HAIIPSPKEHHBIX TEKTOHUYECKUX Y3/1aXx.

68



- Ha Cpeonem ydacTke CKpBITHIN BYJKaHU3M YCTAHOBIICH IO KEPHY CKBaXHH, pa30ypeHHBIX
BOJIM3U TEPMaJIbHOM IUIOIAAKU; Ha Hudxcnem ydacTke, - 10 pe3yabTaTaM KOMIUIEKCHBIX ITOMCKOBO-
pa3BeIOYHBIX paboT, CIEUUAIBHBIX THIPOXUMUYECKUX WCCIEAOBAHMA W MOHUTOPHUHIA CKBAXKUH
MECTOPOXKICHHUS.

- Teppuropus IlapaTyHCKOro MECTOPOXAECHHSI HAXOJUTCSI B 30HE aKTUBHOI'O BYJIKAaHU3MA,
3/1eCh, HA MOMEHT MOCJeIHEH BCHBIIIKA BYyJIKaHHU3Ma B TOJOLEHE, CIOXKWIHCH OJIaronpusiTHbIC
MPEANOCHIIKY ISl TIPOSBICHUS TMOCTKAIBICPHOTO BYJIKAaHW3MA HAa KPOMKE OOIIMPHON KpaTepHOU
naneoctpykrypsillaparyncko-beictpunckoit BTC, TeppuTopHasibHO OTHOCSIIEWUCS K HHU30BBSIM
nosivH pek Ilaparynka, JleBas beicTpast U CMEKHOM ¢ HUMHU TEPPUTOPUHU. Bo3pacT MecTOpOKACHUA
COTOCTaBHM C KPYITHBIMHU T'e0oTepMaIbHbIMU 0ObekTamu KamuaTku, paBeHn ~5300 Jer.

- [IposiBiieHHsT CKpBITOrO BYJKaHW3Ma IOA0OHBI 'TOpsSYMM ToukaMm'" Ha OOLIMPHOMN
HEPaBHOMEPHO MPOTrPETO MIIOMAAN MECTOPOKIACHUS TPEIIMHHO-KHIILHOTO THIIA.

- Mecropoxkaenne wu3ydeHo 10 TayomHbl 1500M, 4YTO COOTBETCTBYET BEpXHEMY
peonoruyeckoMy ypoBHIO. [IporHo3upoBaHuI0 pecypcoB Ha MIYOMHY JOJDKHO MPEAIIECTBOBATH
nousydyenne ero Ha rTiayouny (~3,5-4,0 xm). Ilpenmomaraercs 3TaXHOCTh B CTPOCHHH
MECTOPOXKICHHUS.

- Cxema dbopMupoBaHus Bocrouno-KamuaTckoro 51 Cpenunno-KamuaTckoro
BYJIKAHMYECKUX TMO0sicoB KaMmuaTku, MpeanosiokuTeNbHO, aHAaNOTHYHA cxeMe (popMHUpoBaHUS
[TapaTyHCKOTO MECTOPOXK/IEHHUS, HO, B 3TOM Cllydyae, IOCTBYJKHHU3M MPOSIBIEH HAa KPOMKE KpaTepa
COBPEMEHHOT0 (OPMHUPYIOMIETOCs TPEIIMHHOTO JIMHEWHOTO CylepByikaHa (MO MaTepuaiam
Me:xnyHaponHoll reorepmanbHOi KoHpepenuuu, [1-K. 2018).

Cnmcok Jureparypbl

1. Asepves B.B. I'mnporepMmalibHBII MPOLECC B BYJIKAHMYECKUX OOJIACTSAX U €ro CBS3b C
MarMaTH4eCcKOM AesTeNbHOCThIO // KH. CoBpeMeHHbII Byinkanu3M. M, Hayka. 1966.

2. Baxun E.A., Kymovie¢ @.II TinyOuabl TeHepamuu QIIIOMIHON COCTABJISIONICH
coBpeMeHHBIX TujaporepMm // KH. M3ydeHwe M HCHOJIB30BaHHWE T€OTEPMaJbHBIX PECYpCOB B
ByJIKaHW4eCcKnx obnactax. M, Hayka. 1979.

3. Bopoorceiikuna JI.A., Acaynosa H.I1., Obopa H.B. TunporeorepMudeckne 0COOCHHOCTH
[TapaTyHckoro MectopoxaeHus TepMaibHbIX Box // T1-K. mexna. reorepm.koudep., 2017.

4. TunporepmaiibHble cUCTeMbl M TepMmayibHble mosii Kamuarku, xH. //Bi-xk AH CCCP
JABHII. 1976.

5. [eiictByromue Bynkanbl Kamuatky, 1.1-2 // M. Hayka, 1991.

6. /Imumpues B.J[., Edxcos b.B. K Bonpocy 0 MpOUCXOXIeHUN ABaunHCKOH ry0ObI // Bor.
reorpaduu Kamuatku. Bein.7, T1-K, 1977.

7. Vmkun B.I1. CnBUTOBBIE TUCTIOKAITUH, MarMaTH3M U pynoo0OpazoBanue / M. Heapa, 1989.

8. UYyodaes O.B. u op. I'eoxumMus BOJI OCHOBHBIX T€OTepMaIIbHBIX paiioHoB Kamuarku // Bi-
k. anpHayka. 2000.

9. Bopoocetikuna JI.A., Coxonkos B.A., Cuoopos M.J]. u op. OMP mo mnpuMeHEHUIO
I€0JIOTOCTPYKTYPHBIX, THUIPOTEOJOTHUECKUX, TIeO0(U3NYECKUX U JUCTAHIIMOHHBIX KPUTEPUEB
MIOMCKA TepMAJIbHBIX BOJ| Ha 3aKPBITHIX Momanax // m. Tepmanbubiii, 1995 - ®onger @I'Y TOU.

10. Henpumepose H.H., [lmanun A.B. Hay4Ho-mccnemoBarenbckas paboTa 1O TeMe:
I'unpoauHamuyeckue U TepMuyeckue rccienaoBanus [lapaTyHCKOro MECTOPOKASHHS TepMalIbHbBIX
Bo# // Kazauckwmii yausepcutet. 1970- @onast OI'Y TOU.

11. HHawenxo JI.I'. u op. OTYET 0 pe3ynbTarax aeranbHON pa3Benku CeBepHoro, HmwkHero
n Cpeanero yuwacTkoB IlapaTyHCKOro MeCTOpPOXKIAEHMSI TEPMAlbHBIX BOJX...(C MOACYETOM
AKCIUTYyaTAI[MOHHBIX 3aMacoB MO COCTOSHUIO Ha 25 HosiOps 1968 1.) // 1. Enn3oBo.1968 - ®oHsl
OI'Y TON.

69



YK 550.341.5

Conditions of water and heat recharge
of the Mutnovsky production geothermal reservoir (Kamchatka, Russia)

Andrey Y. Polyakov
Institute of Volcanology and Seismology FEB RAS, Petropavlovsk Kamchatsky 683006, Russia

pol@kscnet.ru

The Mutnovsky geothermal area is part of the Eastern Kamchatka active volcano belt. Mutnovsky,
80 kY old and an aging strato-volcano, acts as a magma and water injector into a 25-km-long North-
Mutnovsky extension zone. The recharge from the Mutnovsky volcano crater glacier (+1500 to +1800 masl)
through the Mutnovsky-3 funnel into the production geothermal reservoirs was confirmed by water isotopic
(8D, 5'°0) data of the production wells at an earlier stage of exploitation and sodium chloride hot springs in
adjacent areas. There are indications of heavier isotopic water (local groundwater in the top) infiltration into
the geothermal reservoir after 12 years of exploitation.

Keywords: Kamchatka, isotopes, water, reservoir, geothermal,springs

YcaoBus BOAHOTO U TEIUIOBOro mUTaHusi MyTHOBCKOT0
NMPOAYKTHUBHOI0 re0TepMaibHOro pesepsyapa (Kamuarka, Poccusi)

IToasikos A.1O.
HUnemumym synxanonozuu u ceticmonozuu /[BO PAH, I[lemponasnosck-Kamuamckuii, 6. Iutina 9, 683006

MyTHOBCKUI TeoTepMallbHBII palioH sBIsAeTCA 4acTbio Boctounoro Kamuarckoro nedcTBYrOIIEro
BYJIKAHMUYECKOTO 1mosica. Bynkan MyTtHoBckwii (80 ThIC. JIET) 3TO CTPATOBYJIKaH, COCTOSINNN U3 4-X KOHYCOB,
NEefCTBYeT Kak MHXKEKTOp MarMbl U Bojbl B CeBepo-MyTHOBCKYIO 30HY NMPOTSKEHHOCTHIO 25 kM. BomHoe
MUTaHWe MPOAYKTUBHBIX PE3EPBYapOB MPOUCXOIUT NPHU TasHUU JeAHHKa MyTHOBckoro BynkaHa (1500 m
abc. mo 1800 m abc.), 4TO MOATBEP)KIAETCA NaHHBIMH H30TOMHOTO cocTaBa (0D, 8180) TEIUIOHOCUTEIA
IKCIUTyaTallMOHHBIX CKBAKMH JI0 Hadasna sKkcIuryatanuu. [locne 12 et skcrutyatanuu pesepByapa OTMEYEHO
yTSKEIEHHE H30TOIHOro cocraBa Temionocutens (8D, 8'°0), uTo sBiseTcs MPU3HAKOM MPOHMKHOBEHHS
JIOKaJIbHBIX METEOPHBIX BOJ B HETO.

Karouesble cnoBa: Kamuarka, H30TOIIBI, BOAA, PE3€PBYap, FEOTEPMHUS, HCTOUHUKH

The Mutnovsky geothermal area fluids are presented in single-phase conditions or in two-
phase conditions depending on temperature and elevation. Most of the thermal features discharged
at elevations below 300 masl are sodium chloride thermal springs with temperatures from 75 to 100
°C (Nizhne-Zhirovskoy, Voinovsky, Verkhne-Zhirovskoy and Vilyuchinsky springs), the thermal
features discharged at elevations above 500 masl are steam jets or steam condensate springs (North
Mutnovsky West and East, Dachny, Medveji, Verkhne-Mutnovsky, Radonovy condensate spring,
and the most prominent gas-steam output is in Mutnovsky volcano's craters (Active Crater,
Donnoye Pole and Upper Field. This phase transition is also characteristic of production wells;
shallow wells with a bottom above 0 masl (wells 26 and 016) or high-temperature wells (035)
produce steam-dominated fluids, while others are two-phase fluid producers (Kiryukhin, 1993).

Production reservoir fluids are characterized by sodium-chloride-sulfate composition and
low TDS from 630 to 1300 ppm. Major non-condensable gases (NCG) included CO, 73%, H,S 8%
and N; 19% in average. NCG concentrations varies from 1600 to 2400 ppm in steam dominated
wells (016 and 26), while less values in the range from 20 to 515 ppm in two-phase production
wells were observed.

Isotopic composition (3D, §'20) of meteoric waters in the Mutnovsky area generally follows
Craig's meteoric line 8D = 8-5'%0 + 10 (Kiryukhin et al, 1999).
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The Vulcannaya River, which is fed by the melting glacier in Mutnovsky volcano's crater
(+1500—+1700 masl), is characterized by a range of —112%o < 8D < —102%0 and —15.7%o < 810 <
—14.2%o (average of 7 samples is —108%o and —14.9%o, respectively).

The Zhirovaya River and Falshivaya River drain volcanogenic basins at elevations of +500
to +700 masl in upstream conditions and are characterized by a range of —95%o0 < 8D < —82%o and
~13.4%0 < 80 < —11.6%o (Falshivaya, the average of 8 samples is —88.9%0 and —12.5%o,
respectively), and—93%o < 8D < —88%o and —13.6%o < 620 < —12.2%o, respectively (Zhirovaya, the
average of 7 samples is —90.4%o and —13.0%., respectively).

Thus, there is a significant contrast (8D = 20%o, 50 ~2%o) in the isotopic content of local
groundwaters above the Mutnovsky production geothermal reservoirs and the Mutnovsky volcano
glacier crater water.

Mutnovsky geothermal production wells were sampled at different times: prior to large-scale
exploitation (1988-1998), at the beginning of exploitation (2003—-2004), and more recently (2014—
2016). In some cases, liquid phase (separated under atmospheric conditions) was used for the
subsequent isotopic analysis, and in other cases, we sampled the liquid phase from separators at
power plants (6-7 bars). In all cases, isotopic phase transition (steam loss) corrections were applied
to water isotopic measurement data; these corrections take into account separation pressure and the
enthalpy of production wells, and we used isotopic phase transition relationships and equilibrium
constants at different saturation temperatures as presented in (Arnason, 1977). Hence, fluid water
isotopic data of geothermal production wells are correlated here with production geothermal
reservoir conditions.

Pre-exploitation water isotopic content (1988—-1998) is characterized by a range of —125.1%o
< 3D < —~110%o and —17.5%o < 50 < —13.9%o (the average of 21 samples is —113.5%0 and —14.8%.o,
respectively). These data correspond to the following sampled production wells: O29W, 4E, 049 N,
24,01, 1, 048, and O14.

The early-stage exploitation water isotopic content (2003-2004) is characterized by a range
of —=115.7%0 < 8D < —108.1%0 and —14.6%0 < 57°0 < —13.7%o (the average of 14 samples is
—111.8%0 and —14.1%o, respectively). These data correspond to the following sampled production
wells: 5E, 037, 055, 048, 037, 029W, and 4E.

Recent stage exploitation water isotopic content (2014-2015) is characterized by a range of
—112.7%o < 8D < —104%0 and —14.4%o < 50 < —13.1%o (the average of 8 samples is —108.0%o0 and
—14.4%o, respectively). These data correspond to the following groups of sampled production wells:
048 + Geo-1, 24 + A2 + Geo3 + O29W + 016 + GK1, 042 + 013 + 017 + O37 + Geo-2, and Geo-
1 (in this case, the liquid phase from power plant separators was used) (Kiryukhin et al, 2014).

Thus, the production geothermal well isotopic (oD, 8180) content data clearly indicate the
following:

1. The melting glacier of the Mutnovsky volcano is the most likely water recharge area for
production geothermal reservoirs in the Mutnovsky geothermal area.

2. Some trends of isotopic (86D, 8180) ratios increasing during the 12-year exploitation
period (5.5%0 in 6D) may have been caused by heavy local groundwater infiltration into the
production geothermal reservoirs (which coincides with chloride dilution trend in production wells
and adjacent hot springs) (Kiryukhin et al, 2018).

Its isotopic (6D, 8180) composition varies in a range of —103%o < 3D < —99.9%0 and —15.7%o
< 80 < —13.4%o (Nizhne-Zhirovskoy, the average of 9 samples is —101.5%0 and —13.9%o,
respectively), and —104.3%o0 < 0D < —102%o and —14.3%o < §°0 < —13.8%0 (Vilyuchinsky (well
R27) the average of 5 samples is —103.3%o0 and —14%., respectively). If phase corrections (steam
losses at an initial enthalpy of 1260 kJ/kg and atmospheric pressure) are applied, these springs
(=111.3%0, —15.9%0) match the isotopic (5D, 8180) content of the Mutnovsky glacier melting water
(—108%o0, —14.9%0). On the other hand, steam jets in the Mutnovsky crater (Donnoye Pole)
demonstrate isotopic (3D, &' 0) content (—80%o—6.7%o), which aligns with the mixing line between
the Mutnovsky glacier melting water and magmatic “andesite waters” .We should also indicate the
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magmatic signs in gas composition sampled in the Mutnovsky production wells and thermal
features, especially in the production reservoir parts adjacent to the Mutnovsky volcano zones. The
5°C (COy) values in wells 022, 031, 035, A4, and R27 and thermal features Medvejy and Verkhne-
Mutnovsky vary in a range of —8.4%o to —5.6%o, which is indicative of the magmatic origin of the
CO; (Kiryukhin et al, 2017).

Conclusions

1. The recharge from the Mutnovsky volcano crater glacier (+1500 to +1800 masl) through
the leénovsky% funnel into the production geothermal reservoirs was confirmed by water isotopic
(6D, 8°0).

2. Some trends of isotopic (8D, §'®0) ratios increasing during the 12-year exploitation
period (5.5%0 in dD) may have been caused by heavy local groundwater infiltration into the
production geothermal reservoirs (which coincides with chloride dilution trend in production wells
and adjacent hot springs).

3. Production reservoir fluids are characterized by sodium-chloride-sulfate composition and
low TDS from 630 to 1300 ppm. Major non-condensable gases (NCG) included CO, . 73%, H,S -
8% and N, -19% in average. NCG concentrations varies from 1600 to 2400 ppm in steam
dominated wells (016 and 26), while less values in the range from 20 to 515 ppm in two-phase
production wells were observed.

This work was supported by the grant of the Russian Foundation for Basic Research,
project No. 18-05-00052 and RSF grant # 16-17-10008.
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The Paratunsky low temperature geothermal field has been operating since 1964 and is used for
district heating, balneology and greenhouses. Nowadays, the current operation load of the Paratunsky
geothermal field is 256 kg/s. The commissioning of the Paratunsky geothermal field using submersible
pumps can fully solve the heat supply problem for the main consumers of the Kamchatka State (P-
Kamchatskiy, Elizovo, Vilyuchinsk, ~250 000 inhabitants) and also reduce the cost of heating services for
end users.

Keywords: geothermy, hydrogeology, Kamchatka, Paratunka, geothermal fields and reservoirs,
wells, TOUGH2 modeling

MoaennpoBaHue UCCJIeA0BAHUMI
ITapaTyHCKOr0 re0TepMajJibHOT0 MECTOPOKIACHMS

Kypasiues H. b.

HUncmumym Byakanonozuu u Ceiicmonozuu [{BO PAH, Ilutina-9, [lemponasnosck-Kamuamckuii 683006

[TapaTyHCKO€ reoTepMaibHOE MECTOPOKIACHUE HAXOAUTCS B AKCIUTyatauud ¢ 1964 r., B TeueHue
mocneaanx S50 JeT sKcIuTyaTanuy u3BiedeHo 6onee 320 MIH. T TepMallbHOW BOIKI ¢ Temmeparypoit 70-100
TpajycoB, KOTOpas HCIOJB3YETCS JJIsl TEINIOCHAOXEHHUs, OalIbHEOJOTHH M TEIIMYHOro Xo3siicTBa. B
HacTosilee BpeMsl IKCILTyaTallMOHHas Harpys3Ka cocTtasisieT 256 kr/c. Ilpeanonaraercs, 4To UCIOIb30BaHUE
MOTPY>KHBIX HAcOCOB II03BOJIMT HAapacTUTh CyMMapHbIi Bogootrbop IlapaTyHckoro reorepmMalibHOTO
MecTopoxaeHus 10 1375 kr/c u obecneunts cocennue ropoja (EnuzoBo, Buntountck u IlerponaBioBek-
KamuaTckuit) ieHTpann30BaHHBIM TEIUIOCHA0KEHHUEM.

KawueBble caoBa: reorepmusi, ruaporeonorusi, Kamuarka, IlaparyHka, reotepmaibHOe
MECTOPOKACHUE, CKBXKHUHBI, MOJICTTUPOBAHHE

The Paratunsky low temperature is located in 40 kilometers southwest of Petropavlovsk-
Kamchatskiy. This geothermal field has been operating since 1964 and is used for district heating,
balneology and greenhouses. Nowadays, the current operation load of the Paratunsky geothermal
field is 256 kg/s [2].

The commissioning of the Paratunsky geothermal field using submersible pumps can fully
solve the heat supply problem for the main consumers of the Kamchatka State (P-Kamchatskiy,
Elizovo, Vilyuchinsk, ~250 000 inhabitants) and also reduce the cost of heating services for end
users.

The isotopic composition of Paratunsky thermal waters (6D, 8180) indicates that the
structure of the Vilyuchinsky volcano and highly elevated areas in the upstream of the Karymshina
river provides water supply to the geothermal field. Heated water (up to 80-100° C) under the
influence of local magmatic systems enters a productive geothermal reservoir [2].

Thermohydrodynamic model of the geothermal field was developed using the PetraSim 5.2
software. It is represented by a prism that partially coincides with the boundaries of the Paratunsky
graben and extends to a depth of 3000 m (Fig. 1).
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H1 2 W3

Figurel — Model geometry. 1 — Upper «relativey caprock;
2 — Productive geothermal reservoir; 3 — basement.

The upper model layer is divided into 3 horizontal sublayers of 45 m each, with the centers
of the elements of z=-47.5, z=-92.5, z=-137.5m. (Fig. 2)

The permeable horizon of groundwater (GROWA domain) is defined in the sublayer z= -
47.5 m.

The separating aquiclude (CAPRK domain) is specified under the GROWA domain in
sublayers z=-92.5, z=-137.5 m.

In the sublayer z= -137.5 m abs, a low-permeable CAPR2 domain is defined along the

periphery of the separating aquiclude.
Z=-92.5 Z=-137.5 Z=-47.5

FIXED STATE
T=7,325°C
P=1x10° Pa 4

FIXED STATE
T=10,025 °C

I | I T I

T T e
[ cAPrRK Ellcrowa [ ]Disabled

T
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[ cAPRK [ ]pisabled [ JcApr2
Figure2 — Upper model layer structure.

Middle layer of the model is divided into six sublayers of 200 m each (Fig. 3).
RESPR domain— geothermal reservoir, temperatures above 60° C, RESER - low-
permeability rocks. The middle layer contains four productive sites: N — Severniy(Nothern); M —
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Mikizhinskiy; NP — Nizhne-Paratunsky (Lower-Paratunsky); SR — Sredniy (Middle). The open
eastern area (BUFER domain, used as a fixed state in the model) of the productive geothermal

reservoir is represented by the region where chloride water accumulates.
Z=-260...-1260

Keq eyoseny

[ I [ I | I I I
Figure3 — Middle model layer structure.

The lower model layer includes the basement of the Paratunsky geothermal field, it is
defined in the depth interval from -1360 to -3000 m (Fig.4).

In the lower model layer, the BASEF domain corresponds to areas with high permeability
and hot water upflow zones : N — Severniy(Nothern); M — Mikizhinskiy; NP — Nizhne-Paratunsky
(Lower-Paratunsky);SR — Sredniy(Middle).

Z=-2180

L \ \ I [
7.2 kgls 26.2 kgls
336 kJ/kg 464 kJ/kg|

|

0.1 kg/s
421 kJ/kg

87.2 kg/s
366 kJ/kg

I I I I I | I
Figure4 — Lower model layer structure.
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The BASE domain corresponds to low-permeable host rocks. In all elements of the lower
layer of the model, a conductive heat flux of 60 mW/m? is determined.

111 wells were assigned to the model. Exploitation flowrates were assigned in the model in
the form of monthly average rates during history exploitation modeling.

For the simulation of pumping operation using submersible pumps, the model has been
modified: 11 additional production wells were assigned to the model. All other wells were disabled,
except for six observational: 9, 39, 52, 66, GK8, GK12.

Three variants of modeling with a total consumption of 825 kg/s, 1100 kg/s, 1375 kg/s were
performed. The simulation periodis 25 years.

The simulation results shows that the maximum pressure drop in the reservoir will be 5 — 8
bar, the maximum temperature decrease 0,2 — 4°C.

Estimation of the economic efficiency of the Paratunsky geothermal field project was carried
out based on the initial data presented using the «Investment analysis 2.9» software.

To initiate the project, a loan of 9.8 billion rubles is needed, the loan repayment rate is
assumed to be 18%, repayment of the loan begins with the 3rd year of operation, the discount rate is
assumed to be equal to the interest rate on the attracted credit resources of 18%, inflation is set at
8.4%.

The payback period of the project, taking into account the discounting, will be 4.8 years, the
internal rate of return is 29.3%, the net discounted income is 6.95 billion rubles.

Conclusions

The Paratunsky low temperature geothermal field is used for district heating, balneology and
greenhouses with the current operation load of 256 kg/s. The structure of the Vilyuchinsky volcano
and highly elevated areas in the upstream of the Karymshina river provides water supply to the
geothermal field.

The thermohydrodynamic model of the geothermal field was developed. Itis represented by
a prism that partially coincides with the boundaries of the Paratunsky graben and extends to a depth
of 3000 m. The vertical structure of the model is represented by the caprock, the productive
reservoir and the basement. The heat carrier inflows, discharge conditions and wells with flow rates
during the operation period are determined at the model.

The model was used to forecast three scenarios for the field operation with a total water
intake of eleven production wells of 825, 1100 and 1375 kg/s for a period of 25 years. The results of
the predictive modeling show that the maximum reduction in the pressure in the reservoir does not
exceed 8 bar, the maximum temperature decrease is less than 4°C.

Analysis of the economic efficiency of the exploitation of the Paratunsky geothermal field
with submersible pumps shows that the payback period, taking into account discounting and
inflation, will be 4.8 years, net discount income 6.95 billion rubles over 10 years of operation. The
production of thermal energy for remote consumers (Petropavlovsk-Kamchatsky, Elizovo and
Vilyuchinsk) will amount to 1 630 000 Gcal per year (216 MW of heat), which provides heat
consumption in the district heating systems of Petropavlovsk-Kamchatsky agglomeration.

This work was supported by the grant of the Russian Foundation for Basic Research,
project No. 18-05-00052.
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Nevzat Ozgiir
Suleyman Demirel University, Faculty of Engineering, Department of Geological Engineering, 32260
Ctiniir, Isparta
nevzatozgur@sdu.edu.tr

In western Anatolia, Turkey, the geothermal waters of Kizildere, Bayindir, and Salihli represent
excellent examples of geothermal waters. The meteoric waters in the drainage area percolate at fault zones
and permeable clastic sediments into the reaction zone of the roof area of a magma chamber situated at a
probable depth of up to 5 km. Here the meteoric fluids are heated by the cooling magmatic melt and ascend
to the surface due to their lower density caused by convection cells. The volatile components of CO,, SO,,
HCI, H,S, HB, HF, and He that are released out of the magma reach the geothermal water reservoir where
equilibrium between altered rocks, gas components, and fluids occurs. Finally, the geothermal waters ascend
along tectonic zones of weakness at the continental rift zones of the Menderes Massif, forming hot springs,
gases, and fumaroles. These fluids are characterized by high to medium CO,, H,S, and NaCl contents.

Keywords: Turkey, western Anatolia, Menderes Massif, continental rift zones, geothermal waters,
conceptual modelling

KonuenrtyajJbHoe MoeTUPOBAHHE Fe0TEPMAJIbHBIX BOJ B KOHTHHEHTAJIbHBIX
pudToBbIX 30HaX MeHaepeca, 3anagHas Anarosaus, Typuus

Hes3ap Osryp
Yuusepcumem Cyneiimana /Jemupens,, undiceneprvlil (paxyavmem, axyibmem 2e0102U4eCKoll UHICeHePUL,
32260 Ciiniir, Isparta

B 3anagnoii Anatonmuu, Typuwms, reorepmanbHble BoAbl Keibuiaepe, baiunaslp u Canuxiu
MIPENICTABISIFOT CO00M OTIMYHBIE MPUMEPHI T€OTePMANBHBIX BOJ. MeTeopHbIe BOIBI B JPEHAXHOH 30HE
MPOCAYMBAIOTCS B 30HAX PA3JIOMOB M TMPOHMIIAEMBIX OOJOMOYHBIX OTJIOXKEHHUSIX B PEAKIMOHHYIO 30HY
MarMaTH9IecKON KaMmephl, PACIIOI0KEHHYI0 Ha BEPOATHON TIIyOMHE 0 5 KM. 371eCh METEOPHBIC JKHIKOCTH
HArpeBaloTCsl OXJIAXKIAIONIMM MarMaTH4ecKuM pacilaBOM U IIOJHUMAIOTCS Ha TIOBEPXHOCTh H3-3a MX
MEHBIIEH MIOTHOCTH, BRI3BAHHON KOHBEKITHOHHBIME stuetikamu. JleTyune kommoneHTsl CO,, SO,, HCI, H,S,
HB, HF u He, xoTopsie BBIACISIOTCS W3 MAarMbl, JOCTHUTAIOT TE€OTEPMAILHOTO BOJOXPAHWIHINA, T
MPOUCXOAUT PABHOBECUE MEXIY H3MEHEHHBIMU IOPOJAMHU, Ta30BbIMU KOMIIOHEHTAaMHU U >KUIKOCTSIMHU.
Hakowneri, reorepmalibHbI€ BOJBI TIOJHUMAIOTCS BJIOJIb TEKTOHUYECKHX 30H CI1a00CTH B KOHTHHEHTAIBHBIX
pudTOBBIX 30HaX MaccuBa MeHjepeca, 00pa3ysl ropsuMe MCTOUYHHKHU, Tra3bl U pyMaposbl. DTH JKHIKOCTH
XapakTepu3yroTcs BeICOKUM coaepxkanueM CO,, H,S u NaCl.

KuaroueBbie caoBa: Typuus, 3amanHas AHatonus, MeHAEPECCKUM MacCHB, KOHTUHEHTAJIbHBIE
puGTOBBIE 30HBI, F€OTEPMaIbHBIC BOJIbI, KOHIICTITYaIbHOE MOJICIIHPOBAHUE

Introduction

In the Menderes Massif within the western Anatolia, the geothermal fields of Kizildere,
Bayindir and Kursunlu located in the rift zones of the Biiyilk Menderes, the Kii¢iilk Menderes and
the Gediz have been selected for geochemical investigations. The aim of this paper is to report on
the hydrogeochemical and isotope geochemical features of the geothermal waters in the rift zones in
combination with the origin and evolution of these waters and to design a hydrogeological model of
the geothermal waters.

Geologic setting

The geothermal fields of Kizildere, Bayindir and Kursunlu are located in the rift zones of the
Biiyiik Menderes, the Kiigiik Menderes and the Gediz within the Menderes Massif (Figure 1). This
massif is one of the oldest basements in Turkey and consists of (i) gneiss-core surrounded by a
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schist and marble envelope and (ii) an intensely deformed volcano-sedimentary sequence with
incipient HP/LT metamorphism. The geothermal field of Kizildere consists of Paleozoic
metamorphic rocks, such as gneisses, mica schists, quartzites and marbles of the igdecik formation),
and Late Miocene to Quaternary sediments of the the Kizilburun, Sazak, Kolonkaya and Tosunlar
stratigraphic formations (Ozgiir, 1998). The geothermal field of Bayindir is located in the northern
part of the rift zone of the Kii¢iik Menderes. Quartzites, with a thickness of around 50-100 m, form
the oldest rocks, with a well-developed fracture network, which is crucial for the circulation of the
geothermal waters. The mica schists are impermeable and play an important role for the formation
of a geothermal water reservoir in quartzites and marbles being an impermeable cap rocks and
basement. The marbles occur as alternating layers in mica schists and have thicknesses from 10 to
200 m. These rocks show a good developed fracture system that is of major importance for the
formation of geothermal waters. The geothermal fields of Kursunlu and Camurlu, located at Salihli
in the rift zone of the Gediz, are composed of Permocarboniferous metamorphic rocks, Miocene to
Pliocene sedimentary rocks and Quaternary alluvium.

Anhary

Cuaternary B G0 I\ ictavolcanics

| Neogene B S:ioentinite Gneiss
lzmir- Ankara- 4 "
I:] Zone [:I Marble A Study arca
Cramte B schist A other geothermal fields

Figure 1 — Geotectonic development of the Menderes Massif and continental rift zones.
1: Hg deposit of Halikoy, 2: Sb deposit of Emirli, 3: Au deposit of Kiire (Ozgiir, 1998).

Hydrogeological and hydrogeochemical features

The drainage area of the geothermal field Kizildere occupies an area of around 150 km?. For
geothermal waters discharged in channels, a rate of around 8 x 106 m*/y was measured. The river of
the Biiyiik Menderes begins as a karst spring at Dinar near Isparta and the discharge rate of the river
ranges from around 15-20 m*/s in winter to 2 m*/s in summer. The geothermal waters of Kizildere
originate from two different reservoirs: the Sazak formation at depths of about 400 m and the
Igdecik formation at depths from 1000 to 1242 m. The second reservoir forms the main ressource
for the exploitation of geothermal waters in Kizildere and is formed by Paleozoic schists, quartzites
and marbles. Reservoir temperatures lie in the range of 148 to 198 °C in the Sazak formation and in
the range of 200 to 212 °C in the igdecik formation. The gneisses occurring at greater depths form a
third reservoir with temperatures from 250 to 260 °C. A lowering of the pressure in the reservoir is
observed due to extreme production, being dependant on the lack of a reinjection well. Moreover,
there is evidence for a shift of steam outlets downward the catchment and a distinct lateral
movement of the steam outlets to the catchment area of the geothermal power plant has taken place.
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The lowering of the steam outlet level of about 100 to 150 m is due to a decrease of pressure of
about 15 bar. The surface temperatures are 96-100 °C in Kizildere and 37- 88 °C in environs.
Groundwater flow in the drainage area of the geothermal field in Bayindir is southwards on the
northern part of the rift zone of the Kiigiik Menderes in Bozdag Horst, where the geothermal water
reservoir is supplied by meteoric groundwater; thereby, the Ilica creek plays an important role.

During the present study, 20 geothermal springs, 12 drill holes and 16 springs were collected
in different seasons from 1992 up to now. Additionally, we have collected about two hundred rock
samples (Giese, 1997; Ozgiir, 1998). Generally, the geothermal waters of Kizildere, Baymdir and
Salihli can be classified as Na-(SO,4)-HCOj3 type. The geothermal waters of Kizildere, Tekkehamam
and Babacik can be classified as Na-(SO4)-HCOj3 type, whereas the geothermal waters of
Pamukkale and Karahayit show Ca-Mg-HCO3 water type (Ozgiir, 1998). The origin of Na" in the
geothermal waters is linked to metamorphic rocks in the substratum, while carbonate rocks in the
reservoir explain the origin for Ca?* and Mg*. The Na/K geothermometer gives a reservoir
temperature of 220-248 °C in Kizildere and 211-313 °C in environs. More specifically, the
geothermal waters of Kizildere and environs are distinguished by (i) an enrichment of F~, Si*" and
B**, (ii) an enhancement of trace metals such as As** and Sb** and (iii) a depletion of base metals in
combination with Fe?* and Mn®*. According to such trends, the volatile components CO,, HS  and
NH; indicate a magmatic input; which could be conditionally confirmed by isotope analyses like
8"B. The geothermal waters in Kizildere and environs have fluorine contents up to 35 mg/l. On the
one hand, these high contents can indicate a magmatic origin of volatile components but on the
other hand, the increasing value of fluorine in geothermal waters depends upon Ca®* contents,
because there must be a corresponding Ca®* donor in the environment in order to release a
corresponding amount of F". Otherwise, fluorine ions remain released, and the fluid is enriched with
F . Depending upon temperature, fluorine and boron show a close correlation in geothermal waters
of Kizildere and environs (Ozgiir, 1998), such positive correlation is probably based on (i)
interconnection of thermodynamic control processes and (ii) substitution of both elements in boron-
bearing minerals. The geothermal waters of Kizildere represent average Si** contents of 115 mgl/l,
solubility equilibrium of Si** depends upon the modification of amorphous silica, which allows high
Si*" concentrations. As the geothermal waste waters of the geothermal power plant of Kizildere
should be reinjected in order to supply the geothermal water reservoir constantly and remove
agricultural danger for citrus fruits in the rift zone of the Biiyiilk Menderes in view of environmental
aspects, the precipitation of S"* as precipitates represents a potential danger for the reinjection
system as documented by thermodynamic and kinetic results (Giese, 1997). Thereby, Si**
precipitates will occur in the reinjection well depending on time, with regard to ion strength of pH
values and temperature (below 100 °C). The geothermal waters in Kizildere have As values up to
1.08 mg/l and Sb values up to 0.21 mg/l. Depending upon temperature, these elements show a close
correlation in geothermal waters which is the case in the rocks as well. The geothermal waters of
Bayindir are distinguished by a temperature of 46°C, a pH value of 6.9, an Eh value of -94 mV, an
average EC value of 1015 uS/cm and an average TDS value of 1399 mg/l. They differ from the
surface waters and groundwaters in respect to hydrogeochemical composition and standardization
distinctly. In the geothermal fields of Salihli, there are five geothermal springs of Kursunlu and
Camurlu and three production wells. Four of the geothermal springs are located in Kursunlu with
temperatures from 96 to 36 °C. One of them is situated in Camurlu. The geothermal waters of
Salihli are of Na-K-HCO; type, and Ca-HCOg type. In comparison to Kizildere, the low contents of
F, SO.%, As®* and Sb** and the high contents Mg?* and Ca“* in the geothermal waters of Salihli are
distinctly conspicuous. The low contents of F~can be correlated with increasing Ca*, because both
elements in fluids can be precipitated as CaF,.

Isotope geochemistry

The geothermal waters of Kizildere, Bayindir and Salihli can be classified as meteoric water
due to the isotope ratio of 5'°0 and §°H (Ozgiir, 1998). The *H contents in geothermal waters are
attributed to atmospheric and anthropogenic effects. They indicate that the geothermal waters of
Bayindir and Salihli can be considered as mixing water. The geothermal waters of Kizildere show
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scarcely any mixing of young groundwaters, because *H contents are below the detection limit. The
®H isotopes in geothermal waters of Salihli show the existence of water mixing; therefore, the
components of anions and cations are diluted in comparison to Kizildere and occur in present
concentrations. The ratios of 8*3C in groundwaters, mixed waters and geothermal waters reveal that
the origin of CO2 can be linked to magmatic activity by sub-volcanism in basement rocks and to
reactions with carbonate rocks. CO, production in connection with carbonate rocks in the reservoir
dilutes *C in geothermal waters, by which the age determination with “C is almost impossible.

Hydrogeological modelling of the geothermal waters in the Menderes Massif

In active geothermal fields of Kizildere, Bayindir and Salihli, groundwater flow takes place
in drainage areas from the upstream part of the watershed in horsts to lower places located around
rift zones where the groundwaters ultimately reach the watercourse. The meteoric waters in the
drainage area percolate at fault zones and through permeable clastic sediments into the reaction
zone of a magma chamber situated at a probable depth of up to 5 km (Figure 2). Here, meteoric
fluids are heated by the cooling magmatic melt and ascend to the surface due to their lower density,
caused by convection cells. The volatile components of CO,, SO,, HCI, H,S, HB", HF', and He out
of the magma reach the geothermal water reservoir where equilibrium between altered rocks, gas
components, and fluids occurs.
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Figure 2 — Hydrogeological conceptual modelling of geothermal waters in the continental rift zones
of the Menderes Massif (Ozgiir, 1998).

Thus, the geothermal waters ascend in the tectonic zones of weakness at the continental rift
zones of the Menderes Massif in the form of hot springs, gases, and steams. These fluids are
characterized by high to medium CO,, H,S and NaCl contents. It is very important that the fluids
indicate a reduced pH-neutral environment after equilibrium adjustment with hard rocks in the
reaction zone, namely in the roof area of magma chamber. In superficial areas, i.e. beneath a depth
of 550m in Kizildere with a pressure of 50 to 100 bar, a temperature of 200 to 220 °C and a pH
value of lesser than 5.0, fluids come to boiling by decrease of pressure; thereby, CO, and H,S rich
steams are split off from geothermal waters, which can lead to formation of sulfate-rich waters after
condensation and surface oxidation (Ozgiir, 1998).
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The conditions for the formation of the hydrothermal system of the Valley of Geysers, in particular
the area of water supply and the source of heat, are described, and the results of modeling the natural state of
the hydrothermal system are reflected. The results of monitoring by the geysers Velikan and Bolshoy for the
period after the catastrophic landslide on June 3, 2007, and up to the mudflow on January 3, 2014 are given.
Time-varying thermohydrodynamic conditions and conditions for CO2 supply in the Giant geyser channel
were discovered during the entire cyclic process. It is established that for the period from 1941 to 2017.
There were significant changes in the interval between eruptions, power of eruptions, changes in the content
of chlorine and other chemical elements in the main geysers of Velikan and Bolshoi. However, the overall
depth of discharge remains relatively stable, and therefore all changes are explained by the redistribution of
heat flux due to the Giant landslide on June 3, 2007, the mud flow on January 3, 2014, and other events that
led to erosion relative to the impermeable layer and water injection into a geothermal reservoir.

Keywords: Geysers Valley, hydrothermal system, modeling, Giant Landslide, Velikan and Bolshoy
Geysers

MopaeanpoBaHue U MccJIeI0BaHHE IreiizepoB

T. B. Po1ukoBa
Hnemumym Bynaxanonoeuu u Ceiicmonoauu [{BO PAH, uiina-9, [lemponaénosck-Kamuamckuti 683006

Onwcanbl ycinoBus GOPMUPOBAHHS THIPOTEpMaibHOM cucTeMbl [onmubl ['elizepoB, B 4aCTHOCTH
00JIaCTh BOJHOTIO NHUTaHMS M MCTOYHHMK Teria. OTpakeHbl pe3yibTaThl MOAEIMPOBAHHS €CTECTBEHHOTO
COCTOSIHUSI THIpOTepMaIibHO# cuctembl [Kuproxun u ap., 2009; Kiryukhinetal., 2010;Kiryukhin, Rychkova,
2010;Kiryukhinetal., 2012]. TlpuBeaeHs! pe3ysibTaThl MOHHTOPHHTA 1O reii3epam Bemukan u Bosbimoi 3a
nepuo mocie karactpoduueckoro omnon3Hs 3.06.2007 u mgo ceneBoro notoka 3.01.2014 r. OOHapyx eHBI
W3MEHSIIOIMECS BO BPEeMEHH TEPMOTMAPOJMHAMUYECKHE YCIIOBHA U ycioBus noctymieHuss CO2 B kaHaie
reiizepa BennkaH B TeueHHE BCETO IMUKJIMYECKOTO TIpoIiecca. Y CTaHOBJICHO, UTo 3a mepuox ¢ 1941 mo 2017
IT. 10 OCHOBHBIM reizepam Benukany u BonbiioMy NpoM30LIIM 3HAYUTEIbHBIE U3MEHEHUs] MHTEpBaja
MEX/y H3BEP)KEHUSIMH, MOIIHOCTH W3BEPKEHHH, U3MEHEHHIO COAEP)KAHUS XJIOpa U JAPYTUX XMMHUYECKUX
aneMeHTOB. TeM He MeHee, 00Ias riyOMHHAs pa3rpy3ka OCTaeTCs OTHOCHTEIbHO CTaOUIIBHOMN, M MO3TOMY
BCE M3MEHEHMs OOBSICHAIOTCS TepepacipeieleHueM TeTTOBOIO MOTOKa BCIeACTBHE omoi3Hs 3 mions 2007
r., ceneBoro mortoka 3 sHBaps 2014 r. u Apyrux coOBITWH, NPUBEAIIMX K 3PO3UM OTHOCUTEIHHO
BOJIOYTIOPHOTO CJIOSI ¥ MH)KEKIIMY BOJIBI B T€OTEPMaIbHBIN pe3epByap.

KawueBsle caoBa: J[lonuna [I'eiizepoB, ruaporepMalibHasi CUCTEMa, MOJICJIIMPOBAHHUE,
KaracTpouueckuii 00BanI-omo3eHsb, reizepsl Benukan n bonbioi

PopMHUpOBaHUE TUAPOTEPMAIBHON cUCTEMBI JlonuHbl ['el3epoB MPOUCXOAUT B Ipeesnax
IBYX IPOHUIAEMBIX 30H PpAa3JIOMOB PpACIHOJOKEHHBIX HAJ MPEANOJaraéMblM YacTHYHO
pacrjiaBlIeHHBIM MarMaTH4eCKUM TEJIOM C OOJacThl0 BOJHOTO NHTAHUS METEOPHBIMU BOJAMHU
BJIOJb OOHaXXEHUH PpUOIUT-JALMTOBBIX OKCTPy3Wil. bbIcTpas 3po3us AOJMHBI HPUBOAWUT K
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YBEJIMUCHUIO PA3TPy3KU THAPOTEPM, HUKINIECKOMY PEXKUMY PabOThl TeH3EpOB U OIMOJI3HEBBIM

sBIeHUAM (puc. 1).
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Pucynox 1 — I'eonoeuueckasn cxema Honunwl I'etizepoé (numonozus no Jleonosy B.JI., 2008) ¢
00NoNHeHUueM 2UOPO2eON02UHEeCKOU U 2UOPOMEPMATbHOU Xapakmepucmukamu. I eonozuueckue
noopasoenenusn nokaszanwl unoexcamu. Cepblil 3anoIHeHHbIl KOHMYP HA 1e60U CHOPOHe Kapnibl — KOHMYPbl
onoasus 3 uons 2007 2.; moueunas 1unus — npeonoazaemas npoeKyus YacmuiHo pacnideneHHo20
MAZMaAmu4ecko20 o4aza, moacmule KpacHvle TUHUL — MePMONPO8OOsUUe 30Hbl, CUPEHEBOU 3aKPACKO
NOKA3aHbl meMnepamypHvle aHoMaIul, ooHapyicernvie 6 pesyromame gepmonemuou UK cvemxu 5.08.2010
2.; CUMBOJIbL C HUCTIAMU - 20pAYUE UCTMOYHUKU, 2el3epbl U yMaponbl (Mepmonpoasgienus, 0OHapylceHHble
nocne ONOa3HA NOKA3AHYL C JHCENMbIM 3ANOTHEHUEM CUMBOI08); YepHAs 3y0uamas TUHUA — SPaHuya
kanvoepwl. IIockocms CKObICEHUSA ONON3HA COOMBEMCMEYen NOOOUBe nem306bix mygos nauku I elizepnast
(Qs*grn). Cemxa xapmot - 500 m.

OcHOBHasl TEpMOBBIBOJSAIIAsS 30HAa BOCXOJSIIETO IMOTOKA BBITSIHYTa B CEBEPO-BOCTOYHOM
HaIpaBJICHUM M 3aJ0KEHAa B IIpeleiax BEpPXHEIUIEHCTOLUEHOBBIX OTJIOKEHHUM, Clararonmx
JOKaJIbJIEPHBIN KOMIUIEKC, MIPEICTAaBICHHBIX O3€pPHBIMU Ty(paMu U OCaJOUYHBIMH OOpa30BAHUIMH,
OCJIO)KHEHHBIMH KOMILIEKCOM JacK (Q33ust). OTa 30Ha TpaccCUpyeTcs KUIAIUMU HCTOUYHUKAMHU H
reifsepamMu ¢ cymMmapHoi pasrpyskoi 260-300 kr/c. Jlpyras 3HauMMasi TEpMOBBIBOASINAS 30HA
BBITSHYTa B CEBEPHOM-CEBEPO-3allaJHOM HaIpaBiIeHUH (MApajUIeIbHO Kpar KajlbJepbl) U
MIPOCJEKUBAETCA pymMapoiaMu U TepMallbHBIMU MOJIIMU Ha Bepxue-I'eiizepHoM mosie. Yka3zaHHbIE
BBILIE JBE IIPOHULAEMBIE TEPMOBBIBOIALLNE 30HBI - OCHOBHBIE DJIEMEHTHI TEIJIOMACCOIIEPEHOCa B
TUApOTEPMANIBHON cucTteMe JlonuHel ['eli3epoB.

Ponp Bogoynmopa B TMApPOTEPMAIBHOM DE3EPBYyape BBINOJHSAIOT 03€PHO-KaJIbJEPHBIE
oTioxkenus ['elizepHoil mayku (Q34grn), 3ajieraronye ¢ yriioM manenus 8-25° B ceBepo-3amagaHom
HampaBJIeHUU B CTOpOoHY OacceiiHa p. I'eiizepnas. Korma Bocxonsmuii TepMmaibHBIA (IO
JOCTUTaeT MOJOMIBBI 3TOT0 HAKJIOHHOI'O BOJOYIOPHOTO CJOS, TO NMPOUCXOAUT €ro pasjeiieHne Ha
napoByro M kHIKyto (asy. [Tap nBmxercst BBepX (110 BOCCTaHHUIO MOOUIBBI BOAOYIIOpPa) B CEBEPO-
BOCTOYHOM HaIlpaBJICHUH, XKHJKass ¢a3za — BHU3 (IO MaJeHUIO0 TMOJOMIBHI BOJOYIIOpa) B
HaIpaBJIEHUU JOJMHBI p. ['elizepHas, rae NpoucxXoauT pa3rpyska rei3zepoB U ropssuux UCTOYHHUKOB.

Pesynprarel n3oTomHoro ananm3a Boabl (0D, 6180) u3 ropsYnx MCTOYHMKOB W Tei3epoB
TOBOPAT O TOM, YTO 00JacTh BOAHOTO MUTAHUS COBMAJACT C TPaHMIIECH KalbAephl, U B Ipeaenax
JIMIIapUT-IALMUTOBBIX 3KCTpy3uil. [Ipeanonaraercs, 4T0 MCTOYHUKOM TeIUIa JUIsl THAPOTEPMAIbHON
cucreMmbl JlonmHbl ['eii3epoB ABIAETCS YACTUYHO PACIJIABICHHOE MarMaTU4YeCKOE TENO0 IOJ
Bepxue-I'eii3epHbIM MOJIEM.

MogenupoBaHue €CTECTBEHHOI'O COCTOSHMS THUAPOTEPMAJIbHOM CHUCTEMBI I10Ka3aj0, 4TO
(bopMHpOBaHKE APOBOTO Pe3epByapa M0 HAKJIOHHO 3aJIETal0IMM BOJOYIIOPOM, UMEET MOTEHINAT
TUIPOTEPMAIILHOTO B3phIBa (pUC. 2).
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Pucynok 2 — Moodenvroe pacnpedenenue naponacvlyenuss 6 2UOpOmepMaibHol cucmeme JJoaumnvl
Tetizepos cnycms 100000 nem nocie navana Oelcmsus NPUMOKa 21yOUHHO20 MENIOHOCUMES

PesynabTarel  MoJenupoBaHMST  €CTECTBEHHOTO  COCTOSIHUS — TakXKe  IO0Ka3ajd, YTo
karactrpouueckuii omoszenp 2007 r. - 3TO oOyepegHOW HTal Mpolecca COCKalb3bIBaHUS
THIIPOTEPMAIbHO-U3MEHEHHBIX TIOPO BEPXHETO BOAOYIIOPHOTO CIIost B OacceliH p. ['eizepHast.

Bo3MOXXHBIMU TpUITepamMH KaTacTpO(UUYECKOI0 OMOJI3HS SBISIOTCS YKIOH IUIOCKOCTH
CKOJIbKEHUSI B CTOpOHy OacceiiHa p. ['eli3epHas, TOBBINICHHE JABJICHHUS B MarMaTHYeCKOU
NUTAIONIEH cucTeMe, HachblIEHWE BHUCsYero OJO0Ka BOJOW BO BpeMs BECEHHEro MaBOJKa,
TUIPOTEPMAaJIbHbIE U3MEHEHMSI Ha IUIOCKOCTH CKOJIBKEHMSI U THIPOTEPMAJIbHBIHN B3pBIB Mapa.

MouuTopuHr 3a reizepamu Benukan u bonbmioll B mepuoa mocie KatacTpo(uUdecKoro
onom3Hs 3.06.2007 1. m go ceneoro moroka 3.01.2014 r. mokasan, YTO HMHTEpPBAT MEXIY
U3BEpXKEHUAMHU reizepa bosbmoro ymenpmmics ¢ 108 mo 63 MUHYT, a HHTEpBal MeEXAy
M3BEpPKCHUSMU Teizepa Bennkana ymensiuics ¢ 379 muayT g0 335 MUHYT (plgg 3u4d).
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Pucynox 3 —HUnmepsan mesicoy ussepocenusamu (mun) eeizepa borvuiozo (sepxnuii epagux) u
OMHOCUMENbHBLI YPosehs (cm) ozepa [1o0npyonoeo (Hudichuil epagux u sepmuxaibHvle cmpenxu). Yepuvie
K6aopamul 600716 OCU BPEMEHU COOMBETNCMBYIOM 8PEMEHHBIM UHMEPBANAM, KO20A U3BEPICEHUS He
npoucxoounu. [loepewrnocms @ pacueme uHmMepeaIa MexNcOy UBEPAHCEHUAMU 5 MUH.

85



T T T
|—["Average 340 min.

] it LEFC ==

OO NI S IOV

<--Mudflow Jan 3, 2014
@
=
S

3
:

o A RIRIRINIMINININIRINIGY

Lake Level cm

2007
2007 ——+
2007

T rili\ T !i\i\il rilil T Ii\h T r}\il r‘lil[w l|\i

2007 —

2008 —|

2008 —
2008 —
2008 —
2009

2009 —1-

2008 —
2009 —

May 21,2008

May 21
Jul 21
Sep 20,
Nov 20
Jan 20,
Mar 21
Jul 21
Sep 20.
Nov 20,
Jan 20
Mar 22,

Pucynox 4 — Humepsan meorcoy uzsepaicenuamu (Mun) eeiizepa Benukan (sepxnuil epagux) u
OMHOCUMENbHBIU YPOBeHb (cm) ozepa [100npyoHoeo (HudCHUU 2pagux u 6epMUKaiIbHbIE CINPENKU).
Hoepewnocms 6 onpedeneHuu UHMePBaIa Mercoy U38EPHCEHUAMU 5 MUH.

VYCTaHOBIEHO, YTO AHOMAJIBHBIC YBEIMYEHUS IEpHOJA H3BEPKEHUHM reinsepa Bennkan
cBbiie 600 MUH 1 ymMeHblIeHUs nepuoaa Huxke 200 MUH IPOUCXOMST TOJIBKO B 3UMHEE BpeMs, T.€.
MMEIOT BBIPAXEHHBIM CE30HHBIM Xapakrep. B cpenHeM, yBeaudeHHE NEpUOa W3BEPKECHHUM B
3UMHUI IEPUOJ] IO CPABHEHUIO C JIETHUM MEPUOJOM COCTaBIIsIET OKOJIO 41 MUH.

YcTaHOBIEHO, YTO B ra30BOM COCTABIISIOLICH THAPOTEPMAJIBLHOIO PE3EpBYyapa, MUTAIOIIETO
reisep Benukan, npeobnanaer yrnekucnsiii raz (CO2, 61,5%) u azot (N2, 32,1%), a Takxke B
3HauMTeNbHOM KoumdectBo Metan (CH4, 5,8%) u Bogopoxa (H2, 0,45%).

Taxxe HabmrogaeTcs paz0OaBieHHe XJopa Kak MIyOMHHOW KOMIIOHEHTHI B BOJIE€ Tei3epoB
Bosnbimoro (-23%) u Benukana (-12%).

YcTaHOBNIEHO, UYTO CpeaHee 3HAaueHUe pa3rpy3Kd T[IIyOMHHOW  KOMIIOHEHTHI B
rUApOTEPMAIBHON cucTeMe JlonuHel ['el3epoB, onpeneneHHoe ¢ TOMOIIBIO XJIOPHIHOTO METOa Ha
Bbixoze u3 Iloampyanoro o3epa, cocraBnseT 215 kr/c. DTa BennYMHA 3HAYUTEIHHO YMEHBIIAETCS
(30%) BO Bpems BECEHHUX NABOJKOB B Mae-UIOHE, BEPOSITHEE BCETO M3-3a 3aKYNOPKH KaHAJIOB MpU

MOBBIIIEHUH YPOBHsI IpyHTOBBIX BoJ [Kuproxun u ap., 2015] (puc. 5).
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Pucynox 5 — Uzmenenus xonyenmpayuu Xa10p uona 6 2etizepax Beauxan u bonvwoi. /lannvie 00
2007 2. npusoosimesi no Cyepobosy B.M. [Cyepobos u op., 2009].

Cozmannas TOUGH2 mMoaenp nmukiInM4eckoi paboThl reiizepa Bennkana ucnonb3yercs mis
OMMCAaHUsI M3MEHSIONINXCS BO BPEMEHH TEPMOTHIPOJMHAMHUYECKHX ycloBui u ycrnoBuii CO2 B
KaHaJje rersepa B TEUEHHUE BCETO LMKIMYECKOTo mpolecca. Pe3ynbTaTel MOAEIMPOBAHUS TTOKA3alH,
910 ABYyX(a3Hble yCIOBUsS (HEOOXOAMMBIC ISl M3BEPIKCHUS Tei3epa), BOCIPOU3BOAITCS B TOM
ciydae, Korja B KauecTBe (uiromga paccMmarpuBaetcs AByxkommoHeHTHbIH (mona (H,O+CO»). B
ciiyyae ¢ OJHOKOMIOHEHTHbIM (miounom (HpO) mocturaroTcst TONBKO TeMIepaTypbl BOJBI,
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(haKTHUECKU CYIIECTBYIOLIME B KaHAJE Tei3epa, HO KUIEeHUs, HEOOXOIMMOTO ISl U3BEPIKEHUs, HE
MIPOUCXOIUT.

Pazpaborana  Taxke  aByxmepHas — TOUGH2 EOS-1+  Tpaccep MO/JIEITb
HernyOOKO3aJIeraouiero mpoIyKTUBHOTO TelW3epHOro pesepByapa. Mojenb HCHOiIb30BalIach s
ONMCAaHUS M3MEHEHUH TEPMOTHUAPOIUHAMUYECKOTO COCTOSHHSI M KOHIIGHTPALUU XJIOpAa B 30HAX
HauboJsee aKTUBHOM pa3rpy3Ku Kak B YCTOWYMBOM COCTOSIHUM THAPOTEPMATbHON CUCTEMBI, TaK U B
COCTOSIHMM MHKeKUuuHu u3 [lomnpynHoro o3zepa u U3 APYruX MCTOYHMKOB XOJOJHON BOJBI (ITOCie
3.06.2007). VYBenwueHHEe MOJICIBHOM pa3rpy3KH TIei3epoB (Kak pe3yabTaT MOJICIUPOBAHMS),
BBI3BAHHOE YBEJIWYCHHUEM IUIACTOBOTO JABJICHHUS W3-3a WHXKEKLIHUU XOJOJHOW BOJBI, BIIOJHE
COOTBETCTBYET HaOJII0JJaeMOMY YMEHBIICHHIO MHTEpBala MEXJy W3BEPKEHUSIMU Tei3epoB
bonwmoro (~ 58%) u Benukana (~ 9%). PesynbTaThl MOACIUPOBAHUS HE MTOKA3aJId HAOIIOJaEMOE
pa3baBiieHue xjiopa B reiizepe boiblioM, U4TO CBA3aHO C HAJIWYHEM MPSIMOrO MPUTOKA XOJOIHOM
BOJbI B KaHau ['eiizepa bonbuioro. Pe3ynbraTel MoieIMpoBaHus TakKe HE MOKa3aau HabIogaemMoe
pa3baBienue xijopa B reiizepe Benukane BcrnenctBue umkekuud u3 llogmpyanoro osepa. D10
OCTaJIOCh 3ajlavueii JanbHermmx ucciuenoanuit [Kuproxun, Perakosa, 2011; Kiryukhin, Rychkova,
2012; Kuproxun, PerukoBa, 2013; Kuproxun u ap., 2015; Kiryukhin, 2016].

3a nepuon monutopunra B Jlonmune IeiizepoB ¢ 1941 mo 2017 rr. ycTaHOBIEHBI
3HAYUTENIbHbIE HM3MEHEHUS WHTEepBaja MEXIy MW3BEPKEHUSAMU U MOIIHOCTh H3BEPKEHU,
M3MEHEHHE COJCPKAHUS XJI0Opa U JAPYTHX XUMHUECKUX DJIEMEHTOB, U3BEP)KEHUE MPH 3aHUKECHHBIX
Temreparypax. Tem He MeHee, oOmias rTyOMHHas pa3rpy3ka OCTaeTCsi OTHOCUTEIbHO CTaOUIIBbHOM,
U TIO9TOMY BCE€ HU3MEHEHHS OOBSCHSIOTCS TIepepaclpesielieHueM TEeIIOBOTO IOTOKa H3-3a
I'urantckoro omon3us 3 utons 2007 r., ceneBoro nmotoka 3 sHBaps 2014 r. u apyrux coOBITHIA,
MPUBEIIINX K YPO3UU OTHOCHTEIHHO BOJOYIIOPHOTO CJOSl M WHKEKIIMHA BOJBI B T€OTEPMAJbHBIN
pesepyap [Kiryukhinetal., 2018]. TOUGHREACTV.3 xumudeckoe MOIEIUpOBaHUE Teii3epa
Benukan noarsepxknaer 20 % -Hoe pasdaBnenue riayomHHOro komrnonenta CO; mocie 2014 ropa.
3aMepeHHble TeMIlepaTyphl B KaHalax reizepoB Bemukan u Bosbiioil mokasanu temmnepaTypy B
KaHale B CTaJWU W3BEP)KCHUS HIDKE TEMIIEpPaTyphl KHUIEHHS TPH COOTBETCTBYIOIIEM
TMJIPOCTAaTUYECKOM JaBJIIEHUM, YTO O3HAuYaeT, YTO IMKIWYeCKMd MNOTOoK MarmaTtuueckoro CO;
WHUIMHAPYET AOCTIDKEHHE TEMIEpaTyphl KUIIEHUS B KaHAJIaX ¥ MHULMUPYET U3BEPKEHUS Teii3epoB
bonbmoro u Benukana, co3naBas ycioBus raz-nudra, a napuuansHoe aasieHue CO; onpezenser
MOIIHOCTb U3BEPKEHUM.

Paboma evinonnena npu noooepacke epanma PODU, npoexm Ne 18-05-00052.
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Phase composition of the Velikan geyser deposits
(Valley of Geysers, Kamchatka)

Anastasiya V. Sergeeva
Institute of Volcanology and Seismology FEB RAS, Petropavlovsk Kamchatsky 683006, Russia
valraf2009@yandex.ru

The phase (mineral) composition of the sediment sample of the Giant geyser located in the Valley of
Geysers (Kamchatka) was investigated. A sample taken at the mouth of the geyser was examined by X-ray
diffractometry (Shimadzu XRD 7000) and infrared spectroscopy (IR Affinity).

Keywords: hydrothermal mineral formation, opal, mordenite, heulandite

®a30BbIi COCTAB OTJI0:KeHN reiizepa Beaukan (Joauna I'eiizepoB, Kamuartka)

Cepreesa A.B.
Hncmumym Byaxanonoeuu u Ceticmonozuu J{BO PAH, [lutina-9, [lemponasnosck-Kamuamckuti 683006

UccnenoBan  (as3oBelii  (MHHEpaNpHBIA) cocTaB oOpasla OTJIOXeHHWH reifsepa Benwmkan,
pacnonoxxernnoro B [onmue [eiizepoB (Kamuartka). OOpasen, oToOpaHHBIH Ha ycThe reiizepa, ObLI
HCCIIEIOBAaH METOJAaMH pPEHTreHoBckoi mudpakromerpun (ShimadzuXRD 7000) u wunHdpakpacHOi
criektpockonuu (IRAffinity).

KuoueBble ciioBa: ruipoTepMalibHOE MUHEPAIO00pa3oBaHue, OMajl, MOPACHHT, FeHIaHIUuT

BBenenne

N3BepkeHus reizepoB UMEET Pe3ysbTaToM (POPMHPOBAHME MOIIHBIX TOJII OTJIOKEHUMU, B
cocTaBe KOTOPBIX MPEeo0IaaloT omnaji, KBapll, BBICOKOKPEMHUCThIE [[EOUThI, HHOT/Ia BCTPEYAIOTCS
CIIOMCThIE cuiauKaThl. Ha MUHEpalbHBIN COCTaB rel3€pHBIX OTIIOKEHUW BIUSAET COCTAB BOJbI Ha
YCTBhE, TEMIIEPATYPHBINA PEXUM, IOITOMY HUCCIIEIOBAHUE UX MUHEPAIBHBIX aCCOLMALMN aKTyaJbHO
KaK C TOYKM 3peHHUs ToBeAcHHUs ¢Ioua Ha HMCIApUTETLHOM Oaphepe, TaK U C TOYKH 3PEHUS
OMHCAaHUS MHHEPATOOOPA3yIOIMIUX MPOIECCOB, PEATU3YIOMIUXCS B CHEHMU(PUYHBIX YCIOBUAX
COBPEMEHHBIX TepMoaHoMainuii. Ocalki Ha YCThSIX ITei3epOB UyBCTBUTEIBHBI K COCTaBYy pacTBOpa,
M3 KOTOPOTrO MPOUCXOAUT UX KPUCTAJUIM3ALMS, [IOITOMY U3YUYEHHUE COCTAaBa OTJIOKEHUM IO3BOJISAET
OTCIICIUTh JUHAMUKY (DU3UKO-XUMHUYECKUX MapaMEeTPOB TEPMAIBHBIX PACTBOPOB.

Meroauka IKCriepuMeHTa

HccnenoBansl ocaaku, chopMHpOBaHHBbIE Ha Jorrepax (mpubopax uisi aBTOHOMHOIO
JUTUTETIBHOTO MOHUTOPUHTA TEMIIEPATyphl), OTJIOKEHHSI TeH3ePUTOBBIX (TPaBEPTUHOBBIX) ILIalIeh
reitzepa Benukan. O6pa3ibl Obutn oToOpansl B neprog 2011 — 2018 rr.

UccnenoBanme wMuHepaiapbHOTO ((ha30BOro) cocraBa OBUIO BBINIOJIHEHO METOJaMU
UH(paKPACHOH CHEKTPOCKOIIUH U PEHTT€HOBCKOM AU (PaKTOMETPUH.

WK crekTpbl MOMJIONICHUs OBUTM 3amucaHbl Ha HMHQPAKPACHOM CIIEKTPOPOTOMETPE
IRAffinity (Shimadzu), B auarmasone BonHOBBIX wmcen 400 — 4000 cM ', ¢ paspemenueM 4 cu .
Bo3nymiHo-cyxue 00pasiiel pacTupaiu ¢ OpOMHUIOM KaJlksl U IPECCOBAIN B TAOJICTKH.

JudpakrorpaMmbl ObUIM 3alMCaHBl C MOMOIIBIO PEHTICHOBCKOro audpakromerpa XRD
7000 (Shimadzu) B nuanaszone yrios 6 — 60 °20, mar coctasnsn 0,1 °20. CKOpocTh CKaHHPOBAHKS
cocraBisiia | rpaja./MuH, 4TO SKBUBAJIEHTHO BBIIEPKKE B TOUKE 3 C.

Wnentudukanus nudpakrorpamm Oblia ocyiecTBieHa B nporpamme Powder-Cell, myrem
CpaBHEHUS DKCIIEPUMEHTAIIBHBIX H TEOPETUUCCKUX KPUBBIX. Y TOUHEHHE MPOPHIBHBIX MapaMeTPOB
OBUTO BBITIOJHEHO C TIOMOIIBIO BCTPOCHHOTO B IMPOTPAaMMYy QJITOPHTMA, PEAU3YIOIIET0 METOJ
PutrBenbpna.
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PesyabTaTsl U 00CyKIeHHE

[To manHbIM MH(]pPaKpacHON CIIEKTPOCKOIIMH, TeH3epUTOBBIN IIIal reisepa Benukan (puc.
1) cocrour w3 omajga, YaCTUYHO TIEPEXOJAIICTO KBapl, M MEPEMEHHOTO KOJIMYEeCTBa
BBICOKOKPEMHHUCTHIX IIEOTUTOB (puc. 1, 2).

F L N -
Pucynok 1 — Ob6pasey eetizepumosoco niawa 2etizepa BenuxaH, ¢ 8blcepieHHbIMU OMBEPCIMUIMU 0I5l
83amusi npood, Hymepayust Chu3y esepx. 1 (Hudchsas uacmov 0bpasya, He suoHa Ha ¢pomo), 2, 3, 4, 5

400 800 1200 1600 2000 2400 2800 3200 3600 4000
v, sm”

Pucynox 2 — Hugppaxpachvie cnekmpul 2etizepumogo2o niawa cetusepa Beaukan, npu 08usceHuu
cruzy naawa (1) k enewneil nosepxnocmu (3)
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Differential curve
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Pucynox 3 — dxcnepumenmanvhas ougppakmozpamma omaodxceruti Ha noeeepe Benuxan ¢ 2011 2 (1),
meopemuyeckas ougpaxmozpamma (2) Kak cymma YMOUHEHHbIX Kpueblx keéapya (3), xaonunuma (4),
mopoenuma (5), eetinanouma (6), pazHuya meopemuueckol U IKCHEPUMEHMANbHOU Kpugvix (7);
IKCNEPUMEHMATbHAS OUDpaKmospamma omaodiceHull Ha jnoeeepe Benuxan ¢ 2018 2 (8), meopemuueckas
ougppaxmoepamma (9) kax cymma ymounenuwvix ouppaxmoepamm keapya u onana (10), mopoenuma (11),
eeinanouma (12), pasnuya meopemuieckou u IKCnepumMenmanvhou kpuevlx (13)

OCHOBHBI€ TOJIOCHI MOTJIOIIEHHST OTHOCATCS K onairy, amophHoMy ruapaTupoBanHomy SiO;.
B BrIicOokouacToTHOM o6mactu (3000 — 4000 CMfl), B KOTOPOW pacIojIoKeHbl KOJIeOaHHsT MOJIEKYJT
Boabl 1 OH-rpynmn, pacnonoskeHa MupoKasi HHTEHCUBHAS TIOJIOCA MOTIOMIEHHUS.

B o6macrm 900 — 1200 oMt pacrmoyio)keHa OCHOBHasi TI0JI0Ca  TOTJIOMICHUS
KPEMHEKHUCIOPOIHOTO CKEJIeTa, OHA PACKIAJbIBACTCSI HAa HECKOJBKO T'ayCCOBBIX COCTAaBJIISIOIIMX,
0JlHa U3 KOTOPBIX, ¢ Makcumymom 1055 CMil, B ps/ie HCTOUHUKOB OTHOCHUTCS K T€HIaHAUTY (pHC.
2). Ha mudpaxkrorpaMmax maTepuana OTJIOKEHHH (QUKCUPYIOTCS ONal, KBapll, TeHIaHAUT U
MOpACHUT. MUHepasbl TEeH3epUTOBOTO TUIAIla HOBOOOpPA30BaHHBIE, IUIOXO OKPHUCTAJUTM30BaHHBI,
pedIIeKCchl CHIIBHO Pa3MBIThI, BUAHO Tajao oT amopdHoro omanga. MOXHO OTMETHTHh BO3pACTaHHE
HHTCHCHUBHOCTU II0JIOC IIOTJIOIICHHA ICOJIUTOB B HAIIPABJICHUHN BerHeﬁ qacTHu FeﬁSGPHTOBOFO
Iania.

Ha norrepax B reizepe Benukan (puc. 3) B 2011 u 2018 T chopMupoBaInCh OTIOKEHUS,
COJiep>Kalllie MUHEpanbl TPYMIbl KaoduHUTA. B omnoxenwsx 2018 © KOIM4eCTBO MHUHEPAOB
TPYIITBI KAOJIMHUTA PE3KO CHIDKAETCS, BO3PACTAET COJCPIKAHUE IIEOIUTOB.

Paboma evinonnena npu noooeporcxe epanma PODU, npoexmNe 18-05-00052
u epanma PH® Ne 16-17-10008.
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Synthesis of initial Geological Data for the Purposes of Modeling of Exploitation of a Bolshe-
Banny Geothermal Field: methods and results

Ivan F. Delemen
Institute of Volcanology and Seismology FEB RAS, Petropavlovsk Kamchatsky 683006, Russia
delemen@kscnet.ru

The purpose of this study is to multipurpose inter pretation and compile data on the structure of the
Bolshe-Banya geothermal field, to construction a conceptual 3D model of the geological structure of its
reservoir.The obtained data can be used in assessing the quantitative geological parameters of the
idrothermal reservoir in computer simulation of its operation.

The basic method of conceptual modeling of a 3D structure of a reservoir is field mapping of
reservoir structure elements observed on the earth's surface.All identified unloading zones of thermal waters,
their types and temperatures were mapped. The interpretation of the results was carried out taking into
account the published and archival data on the geological structure of this geothermal deposit.

The results of our research in general do not contradict the reservoir structure models developed
earlier.The mapping of a large hilly-western landslide body, which covers the alluvial sediments of the
Bannaya River, was carried out.The spatial position and the ratio of disjunctive disorders of various orders:
faults, fractures and cracks are specified.In the central part of the geothermal field, a previously unknown
large active zone of stretching and subsidence was extended in the sublatitudinal direction.

Conclusion: The location of the zones of unloading of thermal waters on the earth's surface is
determined by the spatial ratio of faults that drain the reservoir and the overburden deposits that cover
them.Extended sub-latitudinal zone of extension and subsidence was formed over the actuated part of the
tank during its continued exploitation.

Keywords: geothermal field, caprock, soil gases, temperature

CHHTe3 HCXOAHBIX Te0JI0rMYeCKHUX JAHHBIX IJIS LeJeH
MOJeJUPOBaHus IKcIyaTanuu boJbie-bannoro
reoTepMajibHOI0 MECTOPOKACHUS: METOAbI H Pe3yJIbTaThl

Jenemenn N.D.
Hncmumym Byaxanonoeuu u Ceticmonozuu J{BO PAH, Ilutina-9, [lemponasnosck-Kamuamcxuii 683006

Llenvro naHHOTO WCCIENOBAaHUS SABISIETCS KOMIUIEKCHAs MHTepHpeTauus ¥ 000O0IIeHHE JaHHBIX O
cTpoeHnn bompiie-baHHOTO TE€OTEepMabHOTO MECTOPOXKAEHUS, A TMOCTPOSHHMS KOHIeNTyaiabHoH 3D
MOJIETN TEOJOTHYECKOTO CTPOEHUS ero pe3epByapa. llodydeHHble JaHHBIE MOTYT OBITH MCIIOJIB30BaHBI IPH
OLICHKE KOJIMYECTBEHHBIX I'€OJIOTMYECKUX MAPaMETPOB UAPOTEPMAIBHOIO pE3epByapa IPU KOMIIBIOTEPHOM
MOJEJIIMPOBAHUU €T0 3KCIUTyaTalUu.

OcCHOBHOIl MeTOJ KOHIENTYaJIbHOTO MojaeiaupoBanus 3DcTpykTypsl pe3epByapa — I0JIEBOE
KapTHPOBaHHE DJIEMEHTOB CTPYKTYPHI pe3epByapa, HaOJIOAaeMbIX Ha 3eMHON HMOBEPXHOCTH. BbImomHeHO
KapTUpPOBAaHUE BCEX BBIABICHHBIX 30H pPasrpy3Kd TEpPMalbHBIX BOJ, HUX THUIOB U TEMIIEpaTyp.
WnTepriperannss pe3yiabTaToB OblIa TNpoBeneHAa CydeTOM ONyOJWKOBAaHHBIX M APXHMBHBIX JAHHBIX O
Te0JIOTMYECKOM CTPOEHUH ITOTO F€O0TEPMAIbHOTO MECTOPOKICHHUS.

Pe3yabTaThl Halero MCCIENOBAHUS B LIEIOM HE MPOTHBOPEYAT pa3padOTaHHBIM PaHEe MOJEISM
CTPOEHUs pe3epByapa. BBIIOIHEHO KapTUPOBaHHE KPYIHOI'O XOJIMMCTO-3aIlaJMHHOIO OOBajJbHOIO Tela,
KOTOPOE MEPEKPHIBAECT AJUIIOBUAIIBHBIE OTIIOKEHUS peku baHHas. Y TOUHEHBI IPOCTPAHCTBEHHOE MOJIOKEHUE
U COOTHOILIEHHE JU3BIOHKTUBHBIX HAapyIIEHUI pa3M4YHOIO MOpSAKA: Pas3IOMOB, Pa3pblBOB M TpelluH. B
LEHTPaIbHON YaCTH Te0TEPMAaIbHOTO MO Obljla OOHapy)KeHa HE M3BECTHAs paHee KpyIHas aKTUBHAs 30HA
PacTsHKEHUS U IPOCAOK, BHITSHYTAs B CyOLUIMPOTHOM HAaIIPaBJICHUH.

BeiBoa: MecTononoxeHne 30H pa3rpy3ku TEPMAJIBHBIX BOJ HA 36MHYIO TIOBEPXHOCTH ONPEIENAETCS
MIPOCTPAHCTBEHHBIM COOTHOLIEHWEM pa3pbIBHBIX HApyIICHUH, KOTOpBIE JPEHUPYIOT pe3epByap, U
HEPEKPHIBIINXUX OOBAIBHBIX OTJIOKEHUH. IIpoTspkeHHas cyOLIMpOTHas 30HAa PacTSHKEHUS M IPOCAT0K
copmupoBaack HaJ| cpabaTHIBAEMOI YacThIO Pe3epByapa MPH €ro MpoJoIDKAIOIIeiics IKCIUTyaTalliH.

KurodeBsle c1oBa: reoTrepManbHOE MECTOPOXKJIEHUE, BOJOYIIOP, TOYBEHHBIE Ia3bl, TEMIEpaTypa



bonpmie-banHoe reorepManbHOE MECTOPOXKIACHUE SBISIETCS OAHUM W3 IMEPCHEKTUBHBIX
OOBEKTOB pa3BUTHS PECYpCHOM 0a3pl s TeoTepMalibHOW SHepreThkn Kamyarckoro Kpas
(Cyrpo6os,Kononos,Bepenna. 2005). Ilenvro naHHOTO UCCIICNOBAHHS SIBISETCA  OIEHKA
BO3MOJKHBIX TIOJIXOJIOB K Pa3BUTHIO METOJOJOTMHM KOMIUIEKCHOM HHTEpIpEeTanuud U 0000meHus
JAHHBIX O CTpoeHuu bonpnie-baHHOrO TreoTepMaIbHOrO MECTOPOXKACHUS, ISl MOCTPOCHMS
KOHIIeNTyalnbHOW 3D Mozenu reojorudeckoro CTpOEHHUs €ro pe3epByapa U Bced reoTepMaibHOM
CUCTEMBI.

N3yuenne mo000ro MECTOPOXKICHUS, TeM 0ojiee B YCIOBUSAX TAKHX YJAICHHBIX PalOHOB C
OKCTPEMAaJbHBIMH TPUPOJHBIMU YCIOBUSAMHU, TpeOyeT 3HauuTeNnbHbIX 3arpar. [lostomy ux
U3yuyeHHe, OCHOBAaHHOE HA  HCIOJb30BAHMU  HOBEUIIMX  TEOJIOTO-TeOPU3MUECKUX U
MHCTPYMEHTAJIbHBIX TEXHOJIOTUH, IIpeayCMaTpUBAET UCII0JIb30BaHUE pe3yabTaTOB
MPEANIECTBYIOMUX HCCIEeIOBaHUM. BakHON 0COOCHHOCTHIO OOJIBIIMX MACCHUBOB OJIHOTHITHBIX
JAHHBIX SIBISIETCS HAIMYUE CKPBITOW HH(GOpMAallMK, HE MPOSBIAIOIICHCS SBHO B KaXIOM H3
OITyOJIMKOBAaHHBIX, APXUBHBIX HCTOYHUKOB HH()OPMAIINHU, WIIH B JUCCEPTAIIMOHHBIX UCCIICIOBAHUSIX.
Ha sToM OCHOBaHbBI TEXHOJIOTHH KOHTeHT-aHanu3a u BigData, mpumiemime B Hayku o 3emiie U3
COIMANIbHO-TYMAHUTAPHBIX HAyK, U OCHOBAHHbIE Ha cOOpe, CHCTEMAaTH3allMd W TOCIETYIOUIeM
KOMITBIOTEPHOM aHallu3e COOpPaHHBIX CTPYKTYPUPOBAHHBIX U HE CTPYKTYPUPOBAHHBIX OOIBIIMX
00BEMOB JTAHHBIX 3HAYUTEIHLHOTO MHOTO00pa3usl.

C gpyroii  CTOPOHBI, BaXXHEHIIMM  HMHCTPYMEHTOM  H3y4Y€HUS TI€OTE€pMalIbHBIX
MECTOPOKICHUM  SIBISIETCd ~ MaTeMaTH4eCKOe  MOJEIMpPOBAaHUE  TEIIoMaccolepeHoca B
ruaporepmManbHbiX pesepByapax (Kuproxun, 2002)., a B Oonee MmHUPOKOM IUIaHE — B HeIpax
reoTepMaJIbHBIX PE3EPBYapOB, BYJIKAHOB M BYJIKaHWYECKUX cucTeM lcrnosiab3oBaHHE COBPEMEHHBIX
METOJIOB KOMITBIOTEPHOTO MOJICIUPOBaHMUS TpeOyeT TIATeNbHOTO BbIOOpa HadajdbHBIX U
rpann4HbIX ycnosuil (Kuproxus, Pruess, 2004)..

[TonyuyeHHble JaHHBIE MOTYT OBITh HWCIHOJB30BaHBI TMPH OICHKE KOJUYECTBEHHBIX
reoJOrMYeCcKUX IapaMeTpoB THAPOTEPMalIbHOTO pe3epByapa bosblie-baHHOro reorepmanabHOTO
MECTOPOXKAEHUS TPU KOMIBIOTEPHOM MOJICIMPOBAHUU €0 IKCILTyaTal|H.

OCHOBHOIl MeTOJ KOHIENTyalbHOrO MojenupoBanust 3D cTpykTypbl pesepByapa —
MOJIEBOE KApTUPOBAHUE DJIEMEHTOB CTPYKTYpHl pe3epByapa, HaOIOJaeMbIX Ha 3eMHOMU
MMOBEPXHOCTU. BBIMIOTHEHO KapTHPOBAHUE BCEX BBISIBICHHBIX 30H Pasrpy3KH T€PMajbHBIX BOJ, UX
TUIIOB U TemrepaTyp. IHTepnperaius pe3yabTaToB Obliia IpOBeJeHa C yYETOM OMyOIMKOBAHHBIX U
ApPXUBHBIX JaHHBIX O TEOJIOTMYECKOM CTPOEHHMHM 3TOr0 IeOTEPMalIbHOTO MecTopokaeHus. llpu
MHTEpIpeTaluu 0co0oe BHHMaHHE OOpalleHO Ha pa30MeHHe IeoJOTMYecCKOro MpPOCTPAHCTBA Ha
JIOMEHBI U Ki1acTepbl. Pazdbnenne mpoBoaUIOCh B J1Ba ATara.

Ha nmnepBoM »srame BblAed€HBl JATEPAIbHO MPOTSHKEHHBIE OOMEHbl  CTPYKTYPBI
reoTepMaIbHOTO pe3epByapa, MpeaAcTapistone co00il CUCTEMY MPOCTPAHCTBEHHO OIPaHUYEHHBIX,
MPUWIETAOIIMNX JAPYT K JAPYTY TPAHCBEPCATbHO-U30TPOIHBIX TOPU30HTAIBHO OPHUEHTHUPOBAHHBIX
IJIACTHH, COOTBETCTBYIOIIUX OCHOBHBIM JIUTOJIOTO-CTpaTUTpapuIecKumM eMHUIIAM,
IIPOHUIIAEMOCTh  KOTOPBIX ONPENENAET NPOCTPAHCTBEHHOE PpACIpENEICHUE B pe3epByape
CyOrOopH30HTAJIBHBIX U MOJIOTMX BOJIOHOCHBIX KOMIUIEKCOB U BOJIOYIIOPOB.

Ha BTOpOoM 53Tame B ka0 M3 3TUX IUIACTHH BBIACIECHBI BKIIOUEHHUS, OTIWYAIOLIUECS 10
CBOMM (PU3HUKO-MEXaHUYECKUM U TUPOTre0JI0rH4eCKUM CBOMCTBAM OT MapaMeTpOB BMEIIAIOIIeH X
cpenbl. B reonornueckoM OTHOIIEHUH 3TH BKIIOUEHHUS COOTBETCTBYIOT CEKYLIUM CJIOU pa3pbIBaM,
naiikam, JIOKaJbHBIM 30HaM JIpOOJIEHHS U TPEIIMHOBATOCTH, MUJIOHUTHU3ALMHU; THAPOTEPMAILHOTO
BBHIINIETIAYMBAHNUS W KOJNbMATAllMM TPEIIMH U TIOp, a TaKXKe yJacTKaMm JIOKalbHOW (harranbHOMI
W3MEHUYUBOCTH B JINTOJIOTMYECKOM COCTaBE CJIOEB. BKItOueHUss MOTryT OBITh HM30JUPOBAHHBIMH,
OJTHaKO, COTIPHKACasACh, OObEIUHIIOTCA B CKBO3HBIE LIETIOUKH, IIEPECEeKAIOIINe BCIO MAYKY CJIOEB, OT
MOOIIBHI pe3epByapa (6eIpoK) 10 3eMHOM MOBEPXHOCTH (KETPOK).

Knacmepusayua 1npocTpaHCTBaAis BBIIEIECHHUS [JOMEHOB OCYIIECTBISETCS C Y4YETOM
JAHHBIX MO CKBAXXHWHAM, 30HaM pasrpy3kd TEPMAIBHBIX W XOJIOAHBIX TPYHTOBBIX BOJ,
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MOBEPXHOCTHBIM BOJ0eMaM, OOHaXEHHSIM TOPHBIX MOPOJI, TOYKAM IOJICBBIX HAOIIOEHUH, a TakKe
TOYKaM U IPOPMIISIM TeohU3NIECKUX HAOIIOICHUH 1 re0(pU3HIECKUM pa3pe3aM.

PesyabTaTsl U 00cyKIeHHE

B kauectBe ocHOBBI aisi pa3pabotku 3-D noMeHHO-KIIacTepHON MOJENU Te0TepMalbHOIO
pesepByapa bosnbiie-baHHOTO reoTepMaIbHOTO MECTOPOKACHUS OBLITM HCIIOIB30BaHbI PE3YJIbTATHI
npoBOAMBIIMXCS 37ech B 60-70-Xx mpouuioro BeKa TIeoJIoro-CbeMOYHBIX, IMOMCKOBBIX H
pa3Benounbix pador (Kpaesoit u np., 1971; Cepexnukon, 3umut, 1976). ['opu3oHTanbHBIC ClIOH
[IpeJICTaBJICHbI YETHIPbMS JJOMEHAMU (CBEPXY BHHU3):

Jowmen |1 — I[TocTmMOIIeHOBEIE TIOTUTEHHBIC U MOTH(aIaIbHbIC HEKOHCOIUIUPOBAHHBIC U
HECIIEMEHTHPOBAHHbIE OCAJ0YHbIC OTJIONKEHHS (IUIHCTOIICH-TOJIOIEH) — TIECKH, TPaBHIHO-
TaJIeYHbIe IPECBAHO-IIIEOCHUCTHIC OTIIOKCHHUS, BATYHHUKH,

Jlomen 12 — ByJIKaHOTEHHBIC IOPOIBI MO3IHEMHOICH-TUHOLeHOBOro Bospacta (Ni°-Ny):
JaBbl, TY(QBI CMEIIAHHOTO COCTaBa, TY(OJIaBhl JINAPUTOB, TY(POKOHTIIOMEPATHI,

Iomen 13 — UrauMOpuThl cpeaaeMuonenoBoro Bospacra (N 12);

Jlomen 14 — Tygoanesutsl cpeHemMuonenooro Bospacta (N1%).

B nmpunnune, no reopusnyecKuM JaHHBIM MPKHO BBIIEIHTh B OCHOBAaHUM jJoMeHa 14 u
IATOro JoMeHa, T.K., o naHHeIM C.E. AnpenkoBa, Ha Tepputopuu Bceil FOxnHoi Kamuatku,
dbyHIaMeHTOM IS KaWHO30MCKUX OCaZOYHBIX UM  BYJIKAHOTCHHBIX OTJIOXKEHUH  CIIyXat
BEPXHEMEJIOBBIE BYJIKAHOTCHHO-KPEMHHUCTBIC W TEPPHUTEHHBIC METaMOP(PU30BAHHBIC WHTCHCHBHO
JTUCIIONMPOBaHHbIe Topoabl (ArmpenkoB, 1971), mpuuem B OacceliHe peku baHHas W3BECTHBI
OOHaXCHHSI ~ BYJKAHOTCHHO-KPEMHHCTBIX  IOPOJ, HAKOIUICHHE KOTOPHIX MPOM30IUIO B
MO3JJHEMENIOBOE BpeMsS B  YCIOBUSAX OTHOCHUTEIIBHOTO TIIYOOKOBOJAHOTO MOPCKOTO WU
OoKeaHn4eckoro Oacceiina (Ampenkos u zp., 2001).

Eme naTe AOMEHOB MpeAcTaBisiioT co00il Tenma, MUCKOPIAHTHBIE MO OTHOLICHHIO K
TIePEYHCIICHHBIM BBIIIE IOMEHAM (B TIOPSIIKE YBEJIIMUEHUS BO3PACTa):

Howmen |11 - naiiku yeTBepTHYHBIX 6a3zansToB (Q);

Jomen |12 - mmorieHOBBIE CYOBYJIKAaHWYECKHE M JAHKOBBIC Teja — aHAC3WIAINTHI,
JHMAPUAAATHI, THIapuThl (o, CAN);

Jomen 113 - cpenHeMHOLIGHOBBI WHTPY3WBHBIH MACCHB — JIUIAPUTHI, TPAHOIHOPHTHI
(AoN:?);

Jowmen |14 - TekToHMYECKHE HapYIIEHUs, 30HbI IPOOJIEHUS U TPEIIMHOBATOCTH

Homen 115 - ruaporepManuThl, 30HBI MMJIPOTEPMAIBHBIX W3MEHEHH, BBIIIETAUYUBAHUS U
KOJIbMAaTalllu.

B menom kaxnaplii U3 J0OMEHOB 0071aaeT HM30TPONHOCTHIO TMPOHUIIAEMOCTH, TEIUIOBBIX
CBOMCTB M MHBIX (PU3MKO-MEXaHMUYECKUX M THUJIPOreOJOrHYeCKHX MapaMeTpoB, JHUIIb B IEPBOM
NpUOIINKESHUH.

Tak, HanpuMep, JOKaIu3alKs TEPMATbHBIX UCTOYHUKOB B MPUPYCIOBOM MOJ0CE MOUMBI P.
bannas B 3HauMTENHHON Mepe 00yciioBlIeHa (allaTbHON U3MEHYMBOCTBIO PHIXJIBIX YE€TBEPTUUHBIX
OTJIO)KEHUH, BBINOJHSIOUINX AOJIMHY pekd. Kpome Toro, He MeHee BaXHYIO pPOJb WUIPAOT U
reHeTHYecKue OoThauuus. Tak, Oosee BBICOKAas HPOHMIIAEMOCTh KPYIHOTJIBIOOBBIX OOBaJIbHBIX
OTJIOKEHHUH (C BBICOKON MyCTOTHOCTBIO CYNECYAHO-TIECUAHOTO HAIIOJIHUTEIS BOJIU3H TIIBI0), YeM y
MHBIX THUIOB UETBEPTHYHBIX OTJIOXKEHUA B [OJMHE PEKH, MpeAonpeacania pa3iuyus B
MIPOCTPAHCTBEHHOM  paclpelelieHMd W JIOKAJW3allud 30H pPa3Tpy3Kd TEpMajbHBIX BO/,
CTEKAIOIIUXCS MO PHIXJIBIM OTJIOKEHHUSIM K MECTHOMY 0a3HCy 3pO3HuHu.

HenocpencTBeHHO Ha 3€MHOW MOBEPXHOCTH B MpENENax MECTOPOXACHUS HallM IOJEeBbIE
MCCIIEIOBAHMSI TTO3BOJIMIM YCTAHOBUTH TOJIBKO YETHIPE KOPEHHBIX OOHaXEHHUs, B KOTOPHIX MOXKHO
HaOII0AaTh TPELMHOBATOCTh B CKaJIbHBIX NOpojax. B dacTHOCTH, B OJHOM M3 OOHaXEHUH Ha
Oepery p.bannas, ObUIO yCTAaHOBIEHO HalM4yhe NATH NpeoOiagaroliuX  HanpaBICHUH
TPELIMHOBATOCTH CKOJIOBOTO THUMNA (CyOIIMPOTHOIO U CyOMEpPHANOHAIBHOIO, BYX JUArOHaJIbHbBIX
NPOCTUPAHUN, W TMOJIOTHX TpewmuH). [IlpuMeyarenbHO, YTO CpeAM TPEIIMH MHOTOYHCICHHBIX
HalpaBJICHUH, XOPOUIO BBIACISAIOTCS TPELIUMHBI OTPbIBA, KaK 3HAIOIIUE, TaK M BHIIOJIHEHHBIC
KaJbIIUTOM W  KBapueM. Takue TpeUMHbBl HMEIOT CyOBEpTHKalbHbIE NaJEHUS U
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CyOMEpHINOHATIBbHOE MpPOCTpaHHe, B OOHAKEHUSAX OHU 00pa3yloT cryuieHus, (opmupys
Hemupokue (He 6osiee 1 M) MpoHUIIAEMBIE 30HBI.

Crnenyer OTMETUTb, 4YTO B MeECTaX pAacloJIOKEHHUS JAaeK TPEUIMHbI Pa3BUBAIOTCS
MIPEUMYIIECTBEHHO B MPU3aIb0aHI0BbIX yYaCTKaX BMEIIAIONIIUX TOPOJ.

Jnst BBISIBICHUST 3aKOHOMEPHOCTEM pacrpeesieHus] TPEUIMHOBATOCTH BO BMEIIAIOIIUX
MOpO/Iax, COOTBETCTBYIOIIMX YCJIOBHUSM B T€OTEPMAlIbHOM pe3epByape Ha Oosee TIITyOOKHX
TOPU30HTAX, HaMH Obljla BBINOJIHEHA MHTEPIIPETAIUsi MAacCOBBIX HM3MEPEHUN TPEUIMHOBATOCTH,
BBIIIOJIHEHHBIX COBMECTHO ¢ reosioramu 11I'O «Kamuatreonorus» npu pa3Benke 3MUTEPMaIbHbIX
MECTOPOXKICHUM U PYIONPOSIBICHUN OJaropoJHbIX METAIOB, PACHOJOKEHHBIX Y TpPaHUIl
reoTepMajIbHOTrO MecTopoxaeHus. Ha pucynke 1 npuBeneHsl cTepeorpaMmbl TPEIIMHOBATOCTH HA
TEPPUTOPUU SPOJUPOBAHHON IMUTEPMAIBHON CHUCTEMBI, PACIIONOKCHHONW BOJMU3U FOKHBIX TPAHMII
Bbonbuie-bannoil ruaporepmanbHoit cucteMbl. [lapameTpsl TpemIMHOBATOCTU ObUIM HM3MEpPEHBI Ha
9TOM CHUCTEME Ha TpexX IUIONAAKax, pPACIOJIOKEHHBIX B apeajax 3aJeraHus MHUOLCH-
IJICHCTOIICHOBBIX BYJIKAHUTOB (Oepe30BcKash CBUTA W allHEHCKas cepus), COOTBETCTBYIOUIMX IO
BO3pacTy M HACHTUYHBIM II0 COCTAaBY BYJIKAaHHWTaM, ClIararoluM pesepByap bosbiie-banHon
TUAPOTEPMAIBHOU CUCTEMBI.

Bo3pact snurepMalibHOM  CUCTEMBI NPUHAT  DOIUVIEMCTOLUECHOBBIM HA  OCHOBAaHUU
paauonoruyeckoro aaruposanuu. Pamumonormyeckuit Bo3pact (K-Ar) pacnonoeHHOH y FOKHBIX
rpanull bonbiie-baHHOro TepManbHOrO MOJSI SKCTPY3UU PHOJUTOB, ONpesesieH B 1,2 MIIH. JeT.
Kpome Toro, mmerorcs aBe Kaiwmii-aproHoBble gaTtupoBku (0,8 m 1,3 MIIH. J€T) aHAJIOTHYHBIX
puosutoB (boposos u np., 2001).

Mgl moJiaraeM, 4TO OOHOM W3 BayKHEHMIIEH 3ajad AajJbHEHIINX HCCleAoBaHUN boiblne-
banHOW THAPOTEPMANbHONH CHUCTEMBI SBISETCS YTOYHEHHE CTpaTHrpauyeckoil IMO3WIUH U
BO3pacTa  BYJIKAaHUTOB B  Mpeleraax COBPEMEHHOM  T'HMAPOTEPMAIIBHOM U CMEXKHBIX
MIPENITOJIOKUTEIBHO S0IIEHCTOLIEHOBBIX AMUTEPMAIbHBIX CUCTEM. DTO MO3BOJIUT YTOYHUTH BOIIPOC
0 TpHUpoJe,llapaMeTpax M MECTONOJIOKEHUH HCTOYHMKA TEIUIOBOTO MUTAaHUS TUAPOTEPMaIbHOU
CUCTEMBI.

Pe3ynprarhl Hamiero MccienoBaHHUS B IIEJIOM HE MPOTHBOpEYAT pa3padOTaHHBIM paHee
MOJIETISIM CTPOEHUSI pe3epByapa. BBINONIHEHO KapTUpOBaHUE KPYIMHOIO XOJMHUCTO-3alaJMHHOTO
00BaJILHOTO TeNa, KOTOPOE MEPEKPHIBAET aJUTIOBHANBHBIE OTIOXKEHHS peku baHHas. YTOYHEHBI
MIPOCTPAHCTBEHHOE TIOJIOKEHUE M COOTHOIIEHWE JU3IBIOHKTUBHBIX HAPYIIEHUW Pa3IudHOTrO
MOpSAZIKA: PA3TIOMOB, Pa3phIBOB M TPeUIMH. B IeHTpanabHON YacTH TreoTepMallbHOTO ToJs ObLia
oOHapyKeHa HEe M3BECTHAsl paHee KPYITHAs aKTHBHAsI 30HA PACTSDKEHHS M MPOCAJOK, BHITSHYTAs B
CyOIIMPOTHOM HampaBieHHH. MECTOMONOKEHNE 30H pPa3rpy3kd TepMaibHBIX BOJ Ha 3E€MHYIO
MMOBEPXHOCTD OMPEACIACTCS MPOCTPAHCTBEHHBIM COOTHOIIIEHUEM Pa3phIBHBIX HAPYIICHHH, KOTOPHIE
JIPEHUPYIOT pe3epByap, U MEPEKPHIBIIMX X 00BaJIbHBIX OTIOXKEHHUH. [IpoTskeHHast cyOmupoTHas
30Ha PacTSHKEHMs U TIpocaiok chopMUpOBaach HaJl cpabaThIBa€MOM 4acThIO pe3epByapa Mpu €ro
MIPOJIOJKAIOIICHCS KCILTyaTalluH.
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Pucynox 1 — Cmepeoepammol mpewunosamocmu (cemxa [llmuoma, gepxmnee nonynpocmpaicmeo)
Ha NAmu RI0WAOKAX USMEPEHULL, PACHOJIONCEHHBIX HA MePPUmMOPpUU 3P0OUPOBAHHOU NPEeONOI0NCUMETbHO
D0NNEUCMOYEHOBOU DNUMEPMATLHOU CUCTNEMb]

Jns paccmaTpuBaeMOll TEPPUTOPUU XapaKTEPHO UIMTEIbHOE pa3BUTHE MarMaTHYeCKUX
mporieccoB. B Hacrosimiee BpeMsl TpHU3HAKKA BYJIKAaHU3MA WM BEPXHEKOPOBOM MarMaTU4ecKOu
AKTUBHOCTH HE OTMEYEHBI, XOTS Ha OKPYXAIOUIUX TEPPUTOPHUSAX 3a IOCIECTHUE JECATUIIECTUS
WHCTPYMEHTAJIBHBIX HAOMIOECHUN OBLJIO 3apeTrUCTPUPOBAHO HECKOJIBKO POEB TEKTOHWYECKUX U
BynKkaHO-TekToHn4Yeckux 3emnerpsicenuit (Ilak, Tlonomapes, 1985; Kyraenko, Hyxmuna, 2009).
Cpenn HHX COOBIH UWHTEpeC [uid [OHMMaHHUS  TMPOLECCOB  (PIIIOMIHO-MAarMaTHYeCcKoro
TEIMJIOMACCONEPEHOCA MPEICTABISIOT HU3KOYACTOTHBIE 3eMJIETPSACEHUs, KOTOpbIe, 10 MHEHHIO FO.A.
Kyraenko, o0ycrioBieHsl teopmarusiMu cpeibl IpH NepeMenieHnu GIFOUI0B U MarMbl B KOpe.

3akioueHue

JanpHelimee pa3Butue reosnorudeckoil 3-Dmonmenu bomnbiie-banHoro mectopoxaeHus
MaporuIPpOTePM MOXKET HATH IO IYTH HAMOJHEHUS JIOMEHOB KOJIWYECTBEHHBIMH JIaHHBIMH,
HMCTOYHUKAMH KOTOPBIX MOTYT OBITh HE TOJILKO, M HE CTOJILKO OIMYyOJWKOBAaHHBIE KOJTUYECTBEHHBIC
JaHHBIE, COOpaHHBIE M3 PA3IMYHBIX HCTOYHHMKOB. B uHacTHOCTH, yXe OMyOJMKOBaHHBIE PabOTHI
(Kpaesoit u np., 1976; Jleonos, Porozun, Co6onesckas, 2008), nuccepTalliOHHBIE MCCIICTIOBAHUS
(Tpyxun, 2002) a apxuBHBIE THAPOTEOJOTUYECKUE U THAPOr€0OTEPMUUECKHE JaHHBIE MOTYT

Knaccuueckue Mojenu COBPEMEHHBIX BBICOKOTEMIEPATypHBIX THAPOTEPMAIBHBIX CHUCTEM
MPEIIOJIaraoT UX TEIUIOE MUTAHUE 33 CYET TPAHCTIOPTUPOBKU MarMaTH4eCKUX PacrlyiaBoB C TTTyOUH
3emi B HEApa BYJKAHOB W JOJTOXKHMBYIIMX ByJkaHW4eckux IieHTpoB (bemoycos, 1978). B
MOCIIEAHIE TOJIBI TOSIBIISIETCS BCE OOJbBINE JAHHBIX O TOM, YTO MarMaTU4ecKue MPOIECChl CIEyeT
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paccmarpuBaTh B 0Oojiee MIMPOKOM IUIaHE, C y4E€TOM MHOTO(a3HOCTH TETUIOHOCHUTENS, a TakkKe
B3aMMO/ICHCTBUS MarMaTHYE€CKUX MOTOKOB C IIOTOKaMH BOJIbI U Ta30B.

He coBcem sicna crpykrypnas no3unusi boinbiie-bannoro mecropoxaeHus. OAHU aBTOPBI
OJIHO3HAYHO CBSI3BIBAIOT €r0 C MarMaTU4YE€CKON MUTAIONICH CUTEMOM BYJIKAHUYECKOTO LIEHTPA COMKHU
l'opsiuasi, npyrue (JleonoB, Porosun, 2007) — c mnpeamnojiaraeMol THTraHTCKOM KaJbIepou-
CYIIEPBYJIKAHOM, TPEThH — C MaJICOBYJIKAHOM COMNKHU SroHasl.

AHann3 yXe HakKOIUICHHBIX W  CHCTEMaTHU3UPOBAHHBIX  T€OJIOrO-TeO()HU3MUECKHUX,
reoMop(ooruueckux M reo(u3MUecKux JAHHBIX MO3BOJISIET CIIENaTh BBIBOA O TOM, YyTo bombiie-
baHHOE TeoTepMaIbHOE MECTOPOKICHUE SBIISIETCS YaCThIO €MHON JTUTOC(HEPHO-KOPOBOW CHCTEMBI
(barouaHO-MarMaTU4ecKoro TerIoMaccornepeHoca.

HanpHeimee pasBuTue Mojaeiu bosblie-baHHOTO MECTOPOXKIECHUS C HCIOJIb30BAHUEM
texHnosoruii BigData, npeamonaraer ucnosibp3oBaHHe HabOpa Kak MHHHMYM TpeX MPHU3HAKOB,
VVV — volume, velocity, variety(MinChenetal. 2004). ITo3stomMy Ui MHAMKALUKE T€OTECPMATIbHOM
CUCTEMBI 1IeJIECO00pa3HO MPUBIEUYEHHE HE TOJIBKO T€0JO0ro-reopu3n4eckux M TreoTepMHYECKX
rapaMeTpoB, HEMOCPEICTBEHHO OTHOCSAIIUXCA K ChPYKTYpE M CBOMCTBAM THAPOTEPMAIBHOTO
pe3epByapa, HO U T€, KOTOpbIe UMEIOT K HUM KOCBEHHOE OTHOIICHHE, TaKhe KaK FeOXUMHYECKHe
O0COOCHHOCTH TIOPOJl W TEepPMalIbHBIX BOJ (Hampumep, Uymaes, 2016), wim ke reoOOTaHHUYECKUE
nannble (Hanpumep, CamkoBa, 2014; CamkoBa, PeutoBa, Kisimunkuii, 2016).

Paboma evinonnena 6 pamxax memor "Tennomacconepenoc u celcMuuHOCMs 8
2UOPOMEPMATLHBIX, MACMAMULECKUX U 2e0PIIOUOHBIX CUCIEMAX, MEPMOSUOPOOUHAMUYECKOe-
2eoxumuueckoe-2eomexanudeckoe mooenuposanue(TOUGH2, TOUGHREACT, C-FRAC),
NPUTLOdAHCEHUST OISL OYEHKU 2e0OMEPMAIbHBIX PeCypcos u npocHo3sa semaempsicenut” (Ne 0282-2016-
0002; Ne 0282-2018-0017) Ilnana nayuno-uccaieoosamenvckoti pabomol UBuC JIBO PAH na 2018
2. (nynkm 137 Ilpoepammer ®HU cocyoapcmeennvix akademuti Hayk na 2013-2020 2o0wi).
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