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Abstract

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.

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).
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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 (8D, 5'°0)
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,.s; (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
Mutnovsky production field. Water recharge of production reservoirs is from the Mutnovsky
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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, M3, 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
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u
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Modflow 3 June-200

1 2 E 3 , & f— BBl ©
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Figure 5 — Schematic map of the Valley of Geysers. Legend: 1 - Alluvial and glacial deposits Q3.4; 2
- permeable units of rhyolite, dacite and andesite extrusions (alQ5"); 3 - basalt, andesite, and dacite lavas
and pyroclastics (aQs"°); 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

11
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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.
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HYDROTHERMAL SYSTEMS ADJACENT TO ACTIVE AND EXTINCT VOLCANOES
Hydrothermal Activity in Karymsky Lake (East Kamchatka)

Nikolaeva A.G., Karpov G.A.

Institute of Volcanology and Seismology FEB RAS, Petropavlovsk Kamchatsky 683006, Russia

ocean@kscnet.ru

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 KarymskoyeLake located in the Akademii Nauk Caldera. 6 kmNorth
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 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, / 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 SO4-ion.

As a result of the eruption, NovogodnyPeninsula 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].

13
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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);

- inthe thermal field near the Karymskaya riverhead;
- re-activated Medvezh’i Springs in the north-
eastern sector of the lake.

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].

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).

a sy s 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, HCOg3, H4SiO, (Fig. 3).

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. %)
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Fine pyroclastic material was gradually inhabited by numerous diatoms (Pinnularia,
Navicula, Nitzschia), while plankton was dominated byMicrocystissp.(Cyanoprocariota) [Lupikina,
2005].
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Figure 3 — Underwater hydrotherms location in the TokarevCraterandthe evolutionary trends of
salinity in LakeKarymskii(1984-2015)

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).

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).

Further monitoring of gas-hydrotherms occurrences related to the 1996 eruption is required.

Southern and south-eastern submerged slope of the KarymskoyelLake hosting intense gas-
vents is still quite poorly studied.

o.Ls Figure 4 — Components of the
00, | water  balance  for  the
® Totlinflow LakeKarymskii basin based on the

3500 F of water into lake

1984-2012 observatoons. The data
are from: *(Pilipenko, 1998),
**(\Vakin and Pilipenko, 1998) and
***(Taran et al., 2013); the rest
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Of specific challenge are also the other lakes of Kamchatka located in Unoz, Ksudach, Maly
Semiachik and other volcanic calderas [Karpov, 1988; Pilipenko et al., 2001; Nikolaeva, Bychkov,
2011].

This work was supported by the Russian Foundation for Basic Research, project no 11-05-00572-a,
17-05-00257.
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Temperature and gas composition
of the Avachinsky volcano fumaroles (Kamchatka) in 2013-2018

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

Abstract

Avachinsky volcano (2751 m) is one of the active volcanoes of Kamchatka, located nearby
main cities of peninsula: Petropavlovsk-Kamchatsky (25 km) and Yelizovo (30 km). The last
eruption in 1991 completely plugged its crater by lava. As a result of the weak explosion in 2001 a
large fissure appeared in the lava «plug». Two high-temperature fumarolic field: Western and
Eastern are assigned to this fissure. We present our data on fumarolic temperatures and gas
compositions obtained during the 2013-2018field campaigns.The maximal temperature was
measured in 2017 in the Western fumarole of 839°C — the highest ever measured at Avachinsky
volcano.Most active changes in 2013-17 took place on this fumarole where deep fissure gas jet was
caved by fallen walls; after that gas emission from it decreased and temperature increased. The gas
composition was studied mainly at the Eastern field. Temperature of monitoring fumarole varied
insignificantly 590+40°C during 2013-2018. High-temperature gas composition is typical for arc
volcanoes except lower concentrations of HCI and HF. Its moderate changes for the most part
correlate with temperature. Water-isotope composition of monitoring fumarole varied considerably
from pure magmatic to half magmatic half meteoric fraction with some dependence on the season
of sampling and temperature of fumarole. We compare the obtained data with the previous data on
the gas geochemistryof Avachinsky and other active volcanoes of Kamchatka.
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Chemical and isotopic composition (6D and §180) of thermal waters of the Kuril islands
(Russia)

Kalacheva E.G.
Institute of Volcanology and Seismology FEB RAS, Petropavlovsk Kamchatsky 683006, Russia
keg@kscnet.ru

Abstract

The Kauril Island arc in the NW Pacific extends for 1200 km from the Kamchatka Peninsula
totheHokkaido Islandand separates the Sea of Okhotsk from the Pacific Ocean. There are more than
30 active volcanoeshere. Some of them are characterized by strong and high-temperature fumarolic
activity. Many active and dormant volcanoes host hydrothermal systems. New data on chemical and
isotopic (6D, 8180) composition of thermal fluids and gases from thermal manifestations of eight
Kuril islands (Paramushir, Shiashkotan, Ekarma, Rasshua, Ushishir, Ketoy, Urup, Kunashir)
werereceived during the field campaign in 2015-2017.Most hydrothermal systems ofthe Kuril
Islands discharge acid to ultra acid SO4-Cl (CI-SO4) and SO4 waters. On some islands coastal hot
springs can be found discharging hot circum-neutral Na-Cl waters. Local meteoric water is on
averagecharacterized by 6D = -70%o and 6180 = -10%o. All thermal manifestations are of meteoric
origin. But they allshowthree main different isotopic shifts relative to local MWL. For the coastal
springs the trend is apparently a mixing line between meteoric and sea water. For the acid CI-SO4
waters discharging within thermal fields on volcano slopes there is a clear mixing trend between
meteoric water and “andesitic” or “arc magmatic” water. Acid SO4 waters have a trend indicating
kinetic fractionation at temperatures close to boiling-point.

This work was supported by the RSF grant #15-17-20011.
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Water Isotope Studies of the Koryaksky-Avachinsky volcanogenic basin and
Paratunsky geothermal fields

Voronin P.O.
Institute of Volcanology and Seismology FEB RAS, Petropavlovsk Kamchatsky 683006, Russia
malgor90@mail.ru

Abstract

The general information and the results of observations of the isotopic composition of water
in the Koryak-Avacha volcanic bassein and the Paratunsky geothermal deposit for 2014-2018 are
presented. The measurements of the isotope composition of water (6D, 6018) show that the glaciers
of the Koryaksky and Avachinsky volcanoes are areas of water supply for adjacent thermal mineral
springs (Koryaksky narzany, lIzotovskie, Pinachevskiye) and the Bystrinsky deposit of fresh
groundwater, and that the water supply area of the Paratunsky deposit elevated to absolute
elevations of more than 1000 m.

Key words: Koryaksky-Avachinsky volcanogenic basin, Paratunsky geothermal fields.

N3y4denne n30TonHoro cocrasa Boja Kopsikcko-ABa4MHCKOI0 BYJIKAHOT€HHOI0 facceiiHa U
ITapaTyHCKOro reoTepMajabHOI0 MeCTOPOKICHHUS

Boponun I1.0.
HUncmumym Byaxanonoeuu u Ceticmonoeuu /[BO PAH, Iluiina-9, [lemponagnosck-Kamuamckuii 683006,
malgor90@mail.ru

AHHOTALUA

[TpencraBiaeHHbl 00IIKE CBEACHBS M PE3YJIbTaThl HAOMIOJEHUN H30TOITHOTO COCTaBa BObI B
Kopsikcko-ABauMHCKOM ~ ByJKaHOreHHoM  OacceeHe M IlaparyHckom — reorepManbHOM
Mmectopokacann 3a 2014-2018r. JlaHHble u3MepeHUil M30TOMHOro cocraBa Boasl (6D, §018)
MTOKA3bIBAIOT, UTO JeAHUKH Kopskckoro m ABauMHCKOIO BYJIKAHOB SIBJISIFOTCSA 00JacTSIMU BOJAHOIO
NUTAHUSA JUIsl IPUJIETAIOIIUX TEPMOMUHEPAIbHBIX UCTOUHUKOB (Kopsikckue Hap3aHbl, M30TOBCKUE,
[TunavyeBckue) U OBICTPUHCKOTO MECTOPOXKACHU MPECHBIX MOA3EMHBIX BOJI, @ TaKXe, YTO 00JIacTh
BOJHOr0 nuTaHus [lapaTyHCKOro MeCTOpOXIEHHUs MPUIIOIHATA Ha aOCOJIOTHBIE OTMETKU CBBILIE
1000 m.

KuaroueBbie cioBa: Kopskcko-ABauMHCKUAN BYJIKaHOTEHHBIM Oacceiin, [lapatyHckoe
reoTepMajIbHOE MECTOPOXKICHHE.
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SEISMICITY IN GEOFLUID VOLCANIC AND HYDROTHERMAL SYSTEMS.
MAGMATIC FEEDING SYSTEMS OF ACTIVE VOLCANOES

Magmatic plumbing systems of the Tolbachik areal volcanic field

Kugaenko Y.A.,' Volynets A.O.2
'Geophysical Survey of Russian Academy of Sciences, Kamchatka Branch, Petropavlovsk-Kamchatsky
683006, Russia
?Institute of Volcanology and Seismology FEB RAS, Petropavlovsk Kamchatsky 683006, Russia
ku@emsd.ru; a.volynets@gmail.com

Abstract

Tolbachinsky Dol (TD) is a large areal volcanic field, belonging to the Klyuchevskaya
volcanic group in Kamchatka. According to the results of numerous studies, Tolbachik AVF has
several distinctive features. (1) Eruptive centers in TD 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. 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 the AVF both in space and time. (4) 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. (5) 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 (Kugaenko et al., 2018) and
detailed seismic tomography experiment (Koulakov et al., 2017) 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.
Financial support by IVS FEB RAS, Kamchatka Branch of GS RAS 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

Kopylova G.N., Boldina S.V., Chubarova E.G.
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683006, Russia
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HN3meHeHus ypoBHSI BObI B CKBA:KHHE e-1 KaK MOKa3aTe/lb re0IMHAMUYECKOr0 COCTOSTHUS
cpenbl Kopsikcko-ABa4YMHCKOM BYJIKAHO-TEKTOHUYECKOM aenpeccun, KamuyaTka

Konsuiosa I'.H., boiauna C.B., Yy6aposa E.I'.
Kamyamcxuii punuan @edepanvroeo uccaedosamenvckoeo yeumpa « Eounas eeousuueckasn cuyscoa
Poccuiicroii akaoemuu nayxy (K®@ OUI] EI'C PAH), 2. [lemponasnosck-Kamuamckuii, Poccus
boldina@emsd.ru; gala@emsd.ru

AHHOTanus

Tepputopuss KamuaTckoro kpas XapakTepHU3yeTcCsi BBICOKUM YPOBHEM CEMCMHUYECKON U
BYJIKAHUYECKON aKTUBHOCTH. 37eCh (YHKIIMOHUPYET CHCTEMa TeO(pH3NIeCKOr0 MOHUTOPHHTA U
MIPOTHO3UPOBAHUS CUIIBHBIX 3EMIIETPSICEHUI B COCTaBE CETeW CEMCMMYECKHUX CTaHIMM, MYHKTOB
reopu3nYeckux © JAp. BHIOB HaOMIOACHWH; WHOOPMAIMOHHBIX pPECYpCOB — KaTajoroB
3eMJIeTpsACeHni, 0a3 JaHHBIX HAOJIIOACHUM M MPOTPaMMHBIX CPEACTB UX 00paboTku. Pe3ynbTarh
orepaTHUBHONW OOpaOOTKM MaHHBIX TO OTIACNBbHBIM BHAaM HAOMIOJEHUIN MPENCTaBISAIOTCS B
CTIEMAIM3UPOBAHHBIE COBETHI 1O MPOTHO3Y 3EMIICTPSCEHUH M HM3BEPKEHUN BYIKaHOB B (opme
3aKJIIOYEHUH O pa3BUTUU CEMCMHUYECKOM U BYJIKAHUYECKOW AaKTUBHOCTM U BO3MOXHOCTHU
BO3HUKHOBEHUS CHJIBHBIX 3eMieTpsicenuii B KamuaTckom peruone [7, 8].

HabGmronenust 3a mapameTpaMu MOA3EMHBIX BOJ B CKBKMHAX MPEJICTaBISIIOT OAWH U3
KOMIIOHEHTOB CHUCTE€MBbl T€0(U3MYECKOTO0 MOHHUTOPHHIAa U INPOTHO3UPOBAHUS 3EMIIETPSICEHUM B
Kamuatckom kpae. Kamuarckuii ¢unuan denepanbHOro HCCIEAOBATENbCKOTO LeHTpa «EnuHas
reopmsmaeckas ciayxx6a PAH» (K@ ®UIL EI'C PAH) npoBoautr muorosnernue (1987-2018 rr.)
HaOmoneHuss B ckBakuHe E-1 ¢ 1enp0 moucka THUAPOTeOJUHAMHUYECKHUX MPEIBECTHUKOB
3eMJIETPACEHUN U JIPYIMX CUTHAJIOB M€OJUHAMHYECKON aKTUBHOCTH B M3MEHEHHUSX YPOBHS BOJIbI.
Cks. E-1 pacnonoxena B mpenenax Kopskcko-ABauMHCKOH BYJIKaHO-TEKTOHHYECKOM Jenpeccuu
(K-A BTJ) B 10 xm k FO3 ot neiictByromero Bik. Kopskckwuii. [locnennee ppearo-marmarudeckoe
u3BepxkeHue BIK. Kopskckuii mpoucxoauno B 2008-2009 rr. [6]. [lomaBnstomiee OONBIIUHCTBO
CWJIbHBIX 3€MIIETPSICEHMH C BeNWYMHaMM MarHutyn M, 1o 8-9 mnpoucxonut B Kamuarckoit
ceiicmookanbHoii 30He (KCD3) [7]. Pacctosinue ot ckB. E-1 1o KCD3 cocraBnsier >100 kM.

Cks. E-1 BckpbiBaeTr B nauama3oHe TiIyOMH 625-648 M B TuapoJMHAMHUYECKOH 30HE
3aTpyZAHEHHOT'0 BOJJ0OOMEHA COJIOHOBAThIE BOJIBI C MMPUCYTCTBUEM Ia3a METAaHOBO-a30THOI'O COCTaBa
B HH3KOIOPHCTHIX (IIOPHCTOCTH 5-6 %), craGoBOX0OGMIBHBIX (BogompoBoguMocTs 0.005 M%/cyT)
Ty(ax HeoreHOBOro Bo3pacra. bonee monpobusie qanubie o ckB. E-1 u nudpoBom o6opyaoBaHuH,
HCIOJIb3YEMOM JJIsl PErUCTPAllMU YPOBHS, TEMIIEPATYPhl U AJIEKTPONPOBOIHOCTH MOJI3EMHOMN BOIbI
C MEPHOAMYHOCTHIO 5 MHH., IpUBOAATCS B [2, 5] u http://www.emsd.ru/lgi/places/.

B pexume ckB. E-1 TposBASIOTCA TPEHABI TOBBINICHUS W TIOHWKCHHS YPOBHS BOIBI
MPOAOIDKUTEIBHOCTBIO 3-6 JIET ¢ aMIUTUTYAaMU OT MEpPBBIX JAECATKOB cM A0 1.5 M co cpemnei
ckopocthio <0.1 cm/cyT (puc. A). Ha poHe Takux TpeHI0B BBIICISIOTCS MEHEe MPOJOJKUTEIbHBIC
BapHalll¥ YPOBHS BOJbI, BBI3BAaHHBIC MOJATOTOBKOW M peanu3aiueit semmuerpsceHuit ¢ M,>6.0 Ha
AMUIEHTPATBHBIX paccTosHUSIX Je 10 350 kM. OOBIYHO TaKWe BapHAIMM YPOBHS BKJIFOYAIOT
MOCJIeIOBATENbHOE MPOSBICHUE THAPOr€OAMHAMHYECKOr0 NpEeABECTHUKA B (hOpME MOHMKEHHUS
YPOBHS C MOBBIIIEHHOW CKOPOCTHIO B T€UEHHE Hellelb-Mecsia 0 3eMJIETPSCEHUS U MOBBIIICHHE
YPOBHS BOJIBI TIOCIIE 3eMJIeTpsiceHus (rocTcericmuueckuit agdexr) (puc. B) [2, 4]. B 2006-2009 rr.,
B II€PHO] MOJATOTOBKU W W3BepxkeHHs BIK. Kopskckuil, HaGmroaancss TpeH | MOBBIIMICHUS YPOBHS
BOZBI C IOBBILIEHHON cKOpocThio (puc. b). Takoil Tpenn paccmarpuBaics B [4] Kak peakuus
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JaBJIEHUs TOJ3EMHBIX BOJ Ha jAedopmaluio 00bEeMHOIO CKaThs BOJOBMEHIAIOIIMX MOPOJ MpHU
BO3HMKHOBEHMH UCTOYHHMKA MOBBIIICHHBIX HAIPSHKEHUH B pailoHE BYJIKaHa.

B nacTosiieit pabote Ha npuMepe naHHbIX HabmoaeHuit B 2005-2018 rr. paccmarpuBaroTcs
OCOOCHHOCTH M BO3MOJKHBIE MEXaHU3MbI TPEHJOB IOBBINICHUS W TIOHIDKEHUS YpPOBHS BOJBI B
ckB. E-1 B comocraBnennn ¢ cuiabHbIMH 3emieTpsiceHussMu B KCD3 ¢ My~7-8 u pexumom
CeiCMOTEKTOHMYECKON U (ppeaTo-MarMaTuyeckoil akTUBHOCTH paiioHa BIK. Kopskckuii.

AP PexThl MOATOTOBKHN CHIBLHBIX 3emiieTpsiceHuii KC®3 B u3mMeHeHusiX yPOBHS BOAbI

OCHOBHBIMHU BHJIaMU CUTHAJIOB B U3MEHEHMSIX YPOBHS MOA3EMHBIX BOJ, UCIIOJIb3yEMBbIX IPU
OLIGHKE OMACHOCTH CHJIbHBIX 3€MJICTPSCEHUH, SBISIOTCA TUIPOreOAMHAMUYECKUE TMPEABECTHUKHU
(I'TT). B u3MeHeHusix ypoBHS BOJbI B CKB. E-1 BbieneHBl ABa THMA THUIPOrEOIMHAMHYECKUX
npeasectHukoB: I'Tl_| ¢ BpemeHeM ympexaeHus: OT CYTOK J0 JIeCATKOB CYTOK [4, 5, 8] (puc. B) u
I'TI_I1 c BpeMeHeM ympexieHus: 10 MECSIEB - HECKOJIBbKUX JIET [8] (puc. A).

I'lT_| nposiBisiercss B ¢dopMe TOHWKEHHUS YPOBHS BOJIBI C TIOBBIIEHHON CKOPOCTBHIO B
TeUYeHHE CYTOK-MecsIa mepej 3emierpscenusamu ¢ My >5.0 Ha paccrosausx d,<350 kM (puc. A, B).
Perynsapuas moBropsemocts I'Il | mepen Takumu 3emmetpscenusmu (6onee 70% ciydaeB), a
TaK)X€ YIJy4YlIeHHE CTAaTUCTHYECKOM cBs3u Mexay npossiaeHusmu I'II_| ¢ nocnenyrommmu
3eMJIETPACEHUSMUA C POCTOM BEIMYMH HMX MArHUTYABI, IO3BOJSIOT HCIOJIB30BaTh 3TOT BHJ
IIPEIBECTHUKA JUIsI OLIEHKM BPEMEHM BO3HHKHOBEHHUS 3€MIIETPSICEHMM C 3a0JaroBpEMEHHOCTBIO
cytku-tiepBeie Henenu. C Havana 2000-x rr. I'TI_| ucnonb3yercst s COCTaBICHUS 3aKIIIOUEHUH O
BO3MO>XHOCTH BO3HUKHOBEHUS CHIJIBHBIX 3eMIIeTpsiceHHiI B KaM4yaTcKkoM peruoHe ¢ yrnpexaeHueM
710 OJIHOTO-ABYX MecsteB [4, 5, 7, 8]. B kauecTBe nmpuMepa Ha puc. B moka3aHbl N3BMEHEHUS YPOBHS
B ckB. E-1 B mepuona 3emnerpsicenust 28.02.2013 r., M,=6.8. B mporHo3znom 3akitoueHuu I .H.
Konbutosoii ot 1 despans 2013 r. ykassiBanoch, 4To “6 meuenue epemenu -2 mecsaya nogvluiena
BEPOSIMHOCMb  BO3HUKHOBEHUsL 3emaempsicenuss ¢ My > 5.0 na paccmoanuu 0o 350 km om
cksaxcunvl”. 3emnerpscenue 28 ¢gespans 2013 r. cOOTBETCTBOBaNO MPOTrHO3Y OT 1 deBpans mo
BEJIMYMHE MAarHUTY/bI, IO BPEMEHH U 10 MECTOIOJIOXKEHHIO, U 3TOT IPOTHO3 Npu3HaH KaMuaTckum
¢unuanom Poccuiickoro skcrepTHOro coBera mo TnporHo3y 3emuerpscenuit (KO POC)
OTIPABIABIIMMCS, TAKXKE KaK U PsIJI IPOTHO30B JPYTUX CHIBHBIX KAMYATCKUX 3eMIICTPSICEHUN.

TpeHIpl JIMTETHHOTO TIOHIDKEHHS YPOBHS BOJABI C TOBBIIeHHOH ckopocthio (I'TI_II)
MPEMIIECTBOBATIA M COMPOBOXKAAIM TPOSIBJICHUS] TPYII CHJIBHBIX 3EMIIETPSCCHUM Ha MPUIIETarOIIEM
yuactke KC®3 B 1992-1997 rr. (mectb coObITHil ¢ My, = 6.9-7.8 Ha AMUIEHTPAIBHBIX PACCTOSHUSX 10
300 kM [2]) u B 2013-2017 rr. (6onee 20-TH CUIBHBIX 3eMIIETPSICEHUI ¢ MAaKCUMATIbHBIMU MarHUTYIaMH
M,=6.8-8.3 Ha smmIeHTpalbHBIX paccrosHUsX o0 350 kM), Ha puc. A mokasaHo pa3BUTHE TpeHIA
TIOHIDKEHUST YpoBHsI Bofbl ¢ Aekadps 2011 mo urons 2017 rr. Mbl monaraem, 4To Takue JUTUTENbHBIE
MIOHIKEHUS] YPOBHSI OTPAXKalOT F€0JMHAMUYECKUE OOCTAaHOBKH POCTa HAIPSKEHHOTO COCTOSIHUSI CPEJIbl
K-A BT/l, npemmecrByronme ycuiueHuto ceiicMuueckodl aktnuBHOCTH B KC®d3 M BO3HMKHOBEHMIO
3emsieTpsiceHuil ¢ My~7-8. B xauecTBe MexaHU3Ma TaKUX JIOJTOBPEMEHHBIX MOHIKEHUHN YPOBHS BOJIBI
IIPEAIIONAracTCsl yBEINYEHUE TPEIIMHHO-TIOPOBOM €MKOCTH BOJOBMELIAIOLIMX NOPOJ IIPU Pa3BUTHU B
HUX JUJIaTaHCHU U, BO3MOXKHO, (Da30BbIX H3MEHEHHSX B CUCTEME «BOJIa — Ia3» B YCIOBUSAX 3aMEIJICHHOTO
BOJI0OOMEHA MOI3eMHBIX BOJ [4, 8].

[Mepen cunpuetimum Kponoukum 3emiuerpsicennem 05.12.1997 r., M, = 7.8, d.=200 xm (K3)
B ckBaxuHax E-1 um HO3-5 mposBnsuics [Tl B TeueHue Tpex Hemenb B (popmMe CHHXPOHHBIX
MOHIKEHUH YypoBHS Bonbl ¢ amrumutyaamu -lcm u -11 cm. IlposiBnenmne storo Buma ITI
oObsicHseTcst B [3] 0ObEMHBIM pacIIMPEHHEM BOJOBMEIIAIONIMX MOPOJ B pailoHaX CKBaXHUH C
amruTyaou D=7 10 BCJICJICTBHE aCEHCMHUUECKHUX JIBIDKCHUM B 001acTH OyMyIIero oyara.

¢ PexThI ByIKAHHYECKOI AKTUBHOCTH B H3MEHEHHSIX YPOBHSA BOJABI

B cBa3m ¢ moaroroBkoi W peanuzanuel  (peaTo-mMarMaTMyecKOro  M3BEPIKEHUS
BIK. KOpsSIKCKMI TIpOSBISUICS TPEH] IOBBIIIEHUS YPOBHS BOJbl C IOBBILIEHHOH CKOPOCTBIO C
cepeaunbl 2006 mo 2009 rr. IloBellieHME YpoOBHS Hayajoch 3a 1.5 roga n0 celcMUYECKOU
aktuBu3auuu (poit 3emnerpscenuit ¢ Ks<8.3) u 3a 2.5 roma no uzBepxenus [4] (puc. A, b). Ilpu
9TOM BO BpeMs MOBBIIIEHUS YPOBHS BOJbI (puc. b) Habmomanochk ocinabieHue 4yBCTBUTEIHLHOCTH
CKBAKMHBl K IporeccaM noAroroBku 3emierpsceHuii B KC®D3, cBsI3aHHBIX C IOAJBUIOM
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THUX00KeaHCKOW OKEaHWYECKOM TIMTHI 01 OXOTOMOPCKYIO TUIMTY KOHTUHEHTaIbHOTO THMa. Takon
sdpdext nposBisics B 2007-2009 rr. B orcyrerBun I'IL_I nmepen 3emnerpsicenusimu ¢ My~5.0-5.5
UyBCTBUTENBHOCTh CKBAXHHBI K IpoOLEcCaM MOATOTOBKH CYOJIYKIIMOHHBIX 3€MJIETPSICEHUI
BoccTaHoBuiach B 2010 r. mociae OKOHYaHMS M3BEP)KEHUS M NPEKPAIICHUs IOBBIILIECHUS YPOBHS
BOJIbI C MOBBIIIEHHOW CKOPOCTHIO.

MsI nosnaraeM, 4TO HpoJoJDKaBIIeecs 3.5 roja MOBBIIIEHUE YPOBHS BOABI OBLJIO BBI3BAHO
POCTOM JaBJIEHUS MOA3EMHBIX BOJ BCIEICTBUE OOBEMHOTO C)KaTHsl BOJIOBMEILAIONIUX MOPOJ MPH
BO3HUKHOBEHUHU U JIEHCTBUM MCTOYHHMKA IMOBBIIMIEHHBIX HANPSKEHUH HENOCPEICTBEHHO B paiioHe
BIK. Kopsikckoro. Kpome moBblieHHMs ypoBHS Boabl B CKB. E-1, apyrum nmpu3zHakoMm
CYIIECTBOBAHMS MCTOYHHMKA MMOBBIIICHHBIX HANPSDKEHUH SIBIIETCS YCHIIEHUE ¢a00il CeCMHUYHOCTH
B 2006-2009 rr. (puc. b), mapkupyromiei 30Hy CyOMEpHIUOHAILHOTO MPOCTHPAHMS B Tpeesax
K-A BT/I, a taxxe cnmaboe (pearnyeckoe 3KCIUIO3UBHOE H3BepkeHHE. C yueToM aMILTUTYAbI
noBbIieHuss ypoBHs Boasl B 2006-2009 rr (1.22 M) W ynpyrux mapaMeTpoB BOJOBMEMIAFOIINX
MOPOJT POCT AaBJICHHsI TIOA3EMHBIX BOJ BO BpeMsl JICHCTBHUS MUCTOYHMKA TOBBIIICHHBIX HANPSKCHUN
B paiione BiK. Kopskckuit cocraBun 12.2 xlla unm 0.12 Gap. Benuuuna aedopmarn 00eMHOTO
CKaTHsl BOJOBMEINAIONIMX IOPOJ B pallOHE CKBaKWHBI 32 BCE BPEMs IOBBIIMICHHS YpPOBHS -
As=—(4.1-9.9)-10‘6 [4]. BeposTHOW NpUYMHON CHKaTHS BOJOBMEIIAONIUX TOPOJ MOTJIU OBITH
TEKTOHHYECKHE HaNpsHKEHUs BCIIEACTBUE (DOPMHUPOBaHUS CyOMEpHUIMOHAIBHON pa3BUTOBOIl 30HBI
B 36MHOI Kope B paiioHe BiK. Kopsikckuii [4, 6] 1 MHXKEKIMK Marmsel B ero ovar [1].

3akiroueHue

MHorojeTHue HaOMIOJCHNsS 3a BapHAlMAMU YPOBHS BOZBI IOKa3ald YHUKAIBHYIO
YYBCTBUTEIBHOCTh T'MAPOJAMHAMUYECKOTO pexuma ckB. E-1 K Bapuanusm HanmpsiKeHHOTO
COCTOSIHMSI Cpellbl B 30HE 3amenieHHOoro BojgooOMeHa K-A BT/l B cBA3uM ¢ MOATOTOBKOW U
peaMzanuell TPyNn CHIbHBIX CYONYKUIHMOHHBIX 3eMJIETpSCEHUl ¢ MarHutyaamu My=x7-8 u
JIOKAJIbHBIMU TEKTOHO-MarMaTH4eCKUMHU MpoleccaMu B obiactu oyara BikK. Kopsikckuil. OTKIMKH
JIaBJICHUS MOJI3EMHBIX BOJl Ha TaKWe T€0JIMHAaMUYECKHUE MPOIIECChl MPOSBIISIOTCS B (hOpME TPEHIOB
MIOBBIIICHNS U ITOHWKEHUS YPOBHS BOJbI C IOBBIIIEHHON CKOPOCTBIO B TEUCHUE HECKOJIBKUX JIET.
Bmecte ¢ Tem, Takue pErMOHANBHBIE M JIOKAJIBHBIE TIE€OAMHAMUYECKHE IIPOLECCHl MOIYT
«HAaKIIaJbIBaThCA» JAPYT Ha Jpyra U COMPOBOXKIATHCS Oojee CIOKHBIMH (opMaMu H3MEHEHUS
YpOBHS BOJBI, 4YTO HEOOXOIMMO YYMTHIBaTh IIpPU BBIJEIECHUU crlenupuyeckux @a3 B
reoguHamMuueckom coctostuuu Heap K-A BT/I.
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Pucynox A — Hzmenenuss yposus 600vl 6 cxeadcune E-1 6 2005-2018 2. ¢ conocmasnenuu ¢
0CAOKAMU. RYHKIMUPOM BblOEeHbl pasmenmsl, NoKa3anuvie Ha puc. b — nosviuenue yposus 600vl ¢ 2006-
2009 2. 6 ceasu ¢ axmusuzayueil enx. Kopskckuti u Ha puc. B — nposeieHue 2udpoceoourHamuyeckoo
npeosecmuuka Tl 1. Tonusicenue yposus eoowvi ¢ 2012-2018 ce. (I'T1 _1I) evideneno 2opu3oHmanvholl
CMPenKol; 8ePMUKATbHLIMU CMPEIKAMU NOKA3AHbL 3emaempscenuss ¢ Mw=>6.5 & paouyce 0o 350 km om
CKBAICUHDL.

b — mpeno nosvluenus yposus 600wt ¢ 2006 -2009 z2. (a) 6 conocmasnenuu ¢ cevcmuynocmoio (0) u
akxmugHocmvio  61K. KOpsikcKull;, 20pu30HMANbHOU JUHUEN HA PUc. a NOKA3AHO 68peMsi (ppeamuuecKoo
U3BepIHCEHUS,; 8 — CYMMApHoe 3a Mecay Konudecmeo semaempsceruti ¢ KS>4.0 6 paiione enx. Kopskckuil.

B — npossnenue cuopoeceoounamuueckozo npedsecmuuxa 11l I nepeo semnempscenuem 28 gespans
20132, Mw=6.9: 1 u 2—Oaunvle pecucmpayuu ammoc@hepnoco 0asieHus U YPOeHs 600bl, 3 —
CpeOHeCymouHble U3MEHEeHUs YPOBHS C KOMNEHCUPOBAHHbIMU Oaposapuayuimu, 4 — cymoyHas cKopocmbo
UMeHeHUs Ypo6Hs 600bl, Ha cpaduxe 4 cmpenxamu noxasamvl: 1 — 16 ausapa 2013 2., nauano nposénenus
Tl I; 2 -1 ¢hespans 2014 2., dama nodauu npoenosznozo saxmouenus 6 K@ POC; 3 — 28 ¢espans 2013 2.,
oama 3emaempaceHUs; 20pU3OHMAIbHASL NYHKMUPHAS JUHUSL — NOPO2080e 3HAUeHUe CYMOYHOU CKOpOCMmU
U3MeHeHUll YPOGHsL 800bi.
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Applications of Methods of MEQ’s Mechanisms
Estimates to Koryaksky Volcano Activity in 2008-2009

Lemzikov V.K., Lemzikov M.V., Chernykh E.V., Kiryuhin A.V.
Institute of Volcanology and Seismology FEB RAS, Petropavlovsk Kamchatsky 683006, Russia
lemzikov@kscnet.ru; jenia.chev@yandex.ru; AVKiryukhin2@mail.ru

Abstarct

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, an analysis of local seismicity in this region for August 2016 — April 2018 is
given.

N3y4yeHnne u conocTaBjieHHe MeTOA0B oNpeleeHHsI MEXaHN3MOB BYJIKAHHYECKHX
3emJieTpsiceHHil B mepuoA akTuBu3anum Byjkana Kopskckuii B 2008-2009 rr.

Jlem3ukoB B.K., Jlem3ukoB M.B., Uepnbix E.B., Kuproxun A.B.
HUncmumym Byaxanonoeuu u Ceticmonoeuu /[BO PAH, Iuiina-9, [lemponagnosck-Kamuamcxkuu 683006,
lemzikov@kscnet.ru; jenia.chev@yandex.ru; AVKiryukhin2@mail.ru

Bynkan Kopskckuit (3456 M. abc.) — OAMH W3 KPYNHEHIIMX AECUCTBYIONIMX BYJIKAaHOB
I0’)KHOM JacTu nosryoctpoBa Kamuarka, Bxoaut B coctaB Kopsikcko-ABauMHCKOIO BYJIKAHOTEHHOTO
Gacceitna momansio 2530 KM? pacIoOkKeHHOro B 25 KM OT Topoxa IlerpomaBioBcka-
Kamuarckoro.

Kopsikcko-ABaunHCKasi TpyIna BYJIKAaHOB SIBJISIETCS OJHUM M3 ATAJOHHBIX OOBEKTOB IS
MOHMTOPHMHIAa M aHajiu3a IMPOLECCOB, COMYTCTBYIOIIUX HHXEKLIUU MarMbl M3 MarMaTHYE€CKHX
OYaroB BYJKaHOB B IEPUObl UX aKTHBHU3ALMHU, HAaUOOJE€e 3HAYUTENbHAs U3 KOTOPBIX NMPOU30IILIA B
2008-2009 rr. [TopmeeB u np. 2009; CenusepcroB, 2009, Jlemsuxos, Jlemzukon, 2015].
Perucrpanus ceficmuueckoil akTUBHOCTH Kopsikcko-ABauMHCKON IPYNIIbl BYJIKAHOB MPOU3BOIUTCS
7-10 paguoTeNeMEeTPUUECKUMHI CeHCMUUYECKUMH cTaHIMsIMU 1o aanHeiM K@ OUILL EI'C PAH, B
Ioro-3amajHoil  4yactu  OacceliHa  OCYLIECTBIISIIOTCSI ~ HENpEpbIBHbIE  HAOMIOJEHUS  3a
TMJIPOT€0JIOTHYECKUM PEKUMOM MOA3EMHbIX BOA Ha IluHaueBckux wucroyHMkax U ckB. E-1
[KombimoBa, bonmuna, 2012], wa ceBepHom ckione Kopskckoro Bynkana c¢ 2009 .
OCYILIECTBISIOTCS HAaOMIOJEHMS 3a TEMIIEPaTypHbIM M Ta30TMJIPOXUMUYECKUM  PEXHMOM
pa3rpyKaroIuxcs TaM TepMalibHbIX UcTouHHKOB [Kuproxus u ap. 2015, Kiryukhin et al 2017].

B paborax A.B. Kuproxuna u ap. 2015, 2016, 2017 rr. npeasio>)keH METO BBISABICHHUS U
OLICHKH T€OMETPUU MarMaTU4YeCKUX MHUTAIOIIUX CHCTEM BYJIKAHOB (Ja€K M CHIJIOB) MO JaHHBIM
JIOKQJIbHOHM CEMICMMYHOCTH, KOTOPBIM ONUCHIBAET PE3YJIbTAaThl aKTUBU3aLnuu Kopsikcko-ABauyMHCKOM
rpynisl ByakaHoB 2008-2010 rr.

OOHapy)XeHHe M OlLlIeHKa XapaKTePUCTUK I IJIOCKOCTHO-OPHEHTHUPOBAHHBIX KJIACTEPOB
MIPOBOJIMIIOCH C HCIONIb30BaHueM mporpammbl FracDigger (Ne 2016616880), a I1.0. PetraSim 5.0
UCTIONIB3yeTCsT Ui Bu3yanm3aimu. FracDigger oOHapyxuBaeT KiacTepbl MO  CIEAYIOLIMM
napametpam: (1) 6au3ocTh 0 BpeMeHu — 1 cyT.; (2) 6Iu30CTh 1O PACCTOSIHUIO B TOPU3OHTATIBHOM
mwiockoctd — 6 kM.; (3) Omm3ocTh K coObiTHi0O B Miockoctd 200 M.; (4) KOIMYECTBOM
3eMJIETPSICEHHI B KJIACTEPE HE MEHEE 6-TH.

Ha mnpumepe Bynkana Kopskckuil BrepBble ObUT ONpPOOOBAaH METOJ OIpENeICHUsS
MEXaHU3MOB OYaroB C MCIIOJIb30BAaHHEM IMOJIIPU3AallMM MEPBBIX BCTYIJICHUH P-BOJIH, KOTOpBIH
MOJKET MPUMEHATHCS IPU UCIOIb30BaHUU clabbiX (M~1) BynkaHndeckux 3emuerpscenuil. B 2008-
2009 rr. ceTthio pamgmoreneMerpuueckux ceiicmuueckux cranuuid KO OUI[ EI'C PAH Obun
3apErUCTPUPOBAH POM BYJIKAHUYECKMX 3€MIIETpSICEHMM ByiakaHa KoOpsSKCKkuil Kak B IEpUOJ
CEHCMUYECKON TOJITOTOBKH, TaK M BO BpeMs H3BEpKECHHsS. BbIOOpKa 3THUX 3eMIICTPSACCHHM, B
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nuanazone Tiyoun odaroB ot 3,0 mo 12,0 xm, Bkirowaer 27 coObituii (Tabmn. 1) ¢ pazbpocom
3Ha4YEeHMM UX sHEpreTuyeckux kiaccoB Ks ot 5.2 no 7.2.[Jlem3ukos, Jlem3ukos 2015].

Jis ompeneneHuss MeXaHW3Ma oOdara HCIOJb30BAJNCA ILIMPOKO H3BECTHBIM KOMILIEKC
nporpamm non HasBanuem FPFIT, FPPLOT wu nap. [Reasenberg and Oppenheimer, 1985],
paspaboTaHHBIE BO BTOpOoW mojioBuHEe XX Beka mo umaesMm pabor [Beeaenckas, 1956; 1969].
ANTOPUTMBI, HHCTPYKITUH, OMMKUCAHNUE U TEKCTHl ATUX MPOTPaMM JOCTYIHBI JJIs CICIUAINCTOB Ha
pasnuHbIX caitax (Hampumep: http://www.usgs.gov/).

[MonyueHHbIC a3UMyThI TPOCTHpAHHs IUIOCKOcTel (Strike) mpuBenensl Ha pucynke 1. B
MEeXaHM3MaX O4yaroB cjaObIX BYJKaHUYECKUX 3emileTpsiceHui BynkaHa Kopsikckuil nabmonarorcs
TOJILKO JIBa a3MMyTa MpocTHpaHus Iiockocter (Strike). OmpeneneHbl MeIUaHHBIC 3HAUYCHHS
a3UMYTOB TPOCTHpaHHs IUIockocTel (Strike), koropsie paBHBI s 30HBI | (foro-samamHoe)
212°+17°u st 3oms | (ceBepHOE MM CyOMEpHIMOHAIBHOE HATIPABIICHUS ) 5%412°. (em. PUCYHOK
1). JIOMOJHUTENbHO elIe OTMEYalTCd OCOOEHHOCTH paclpeiesieHuss B IMPOCTPAHCTBE OYaroB
cnabbIX BYJIKAaHWYECKHX  3eMieTpsiceHnil BynakaHa Kopskckuii (M. PHCYHOK 2), KOTOpBIE
pa3nengioT ero CceicMHYecKH aKTUBHYIO O0JIaCTh Ha JBE MPOCTPAHCTBEHHO pa3/ieJICHHBIC 30HBI.
OOmuMK TpU3HAKaMH JICJICHUS SIBISIIOTCS: 1) a3uMyT TpocThpaHus Iuiockocreit (strike); 2)
MPOCTPAHCTBEHHOE PACMOJIOKEHUE TIYOUH O4YaroB. JTH 30HBI HAa PUCYHKE 2 0003HaueHbl Kak |
(roxnast) u Il (ceBepnas). [leqeHue B ropU30OHTAILHOW M BEPTUKAIHHOM MPOEKIUAX OTMEUYECHBI
ycinoBHbIME JTUHUSAMH -1 (cM. puc. 2).

Pucynox 1 — Asumymur npocmupanus (Strike) niockocmeti ouaeos

Vesomal cnabvix  gyIKanuueckux 3emiaempscenuti eyikana Kopsxkckuu. 1 -
P=14:10

uHOusUdyanbHvle, 2 — MeOUAHHble 3HAUeHUs, KOMOpble PABHbL O/ 30Hbl
.
0
" (we0-3anaonoe)  212°+17° u onsa somwr Il (cesepnoe unu
04 750
cybmepuduonaibroe HanpasieHue) 5 =12

2M°

bt ' ol Pucynox 2 — Kapma snuyenmpos 8yiKanuueckux 3semiempsaceHuil

; : ‘ paiiona eyrkana Kopsaxckuil. a — 2opu3ommanvHas npoekyus, O —
\ Rt I BEPMUKANIbHAS NPOEKYUsI 2UNOYEHMPO8 NO HanpasieHuio oz-cesep. 1 —
7 \9 | eyakanuveckue semnempsicenusn eynkana Kopsaxckui, 2 — nonoowcenue
sepuwiunvl gynkana Kopaxckuii ma eopuzonmanvuoi npoexyuu;, 3 —

< CpeOHUe 3HAYeHUs A3UMYMO8 NPOCMUPAHUSL NIOCKOCHEN 0Ya208 8 08YX

30HAX posl ByAKaHuyeckux zemiempscenuil gyaxana Kopsaxckuii ¢ 2008-
P N < N 2009 ee. Cpednue 3HaueHUs aA3UMYMO8 HPOCMUPAHUS NIOCKOCIel
e pasnwlL 0151 30n61 | (1020-3anaonoe) 212°+17° u  ona sonwr | (cesepnoe
¢ 5 e unu cybmepuduonanvroe nanpasnenue) 5°+12°,

B nannoil paGoTe mpoBeJEHO COMOCTaBIIEHHE PE3YyJIbTaTOB — METOJA OLEHKH MEXaHHW3Ma
O4YaroB ciaObIX BYJIKAHMYECKUX 3EMJIETPACEHUN B MEpPUOJ MOATOTOBKH U W3BEPKEHUS BYyJIKaHa
Kopsikckoro rmyreM NOJSpU3ALMU TEPBbIX BCTYIUIGHUH CEHMCMHUYECKMX BOJH C IUIOCKO-
OPUEHTHUPOBAHHBIMU KJIACTEPAMU 3EMJIETPSICEHUM, TOIYYEHHBIMH IO aHAJU3y pacIpeiereHus
TUIOLEHTPOB.

JUi BU3yanu3aluu 3eMIICTPSCEHUH BBIJEIEHHBIX METOIOM BOJIHOBBIX ()OPM M OpUEHTALUU
B IIPOCTPAHCTBE IJIOCKOCTEHN MCII0Ib30BaIaCh CIEAYIOIas METOIUKA.

Ha nepBom 3Tane ocymecTBisioch NpeoOpa3oBaHUe CEHCMUUECKOr0 COOBITHS B IIOCKOCTH
B Buje BekTtopa paauycoM 1000 m. ¢ marom B 10°. B pe3ynbTaTe IMOJIYy4YUId IUIOCKOCTh B BHJE
nucka ¢ 37-10 TOYKaMH M HadyalbHBIMH KoopauHaTamu X; Y; Z.
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BropeiM 3TanoMm omnpeaenrM OpUEHTALMI0 JUCKa B IMPOCTPAHCTBE IyTEM YMHOMKEHHS
koopauHat X; Y; Z Ha MaTpuily mpeoOpa3oBaHusl.

X2 cosf-cosa —cosf-sina —sinf X
<Y2> = < sina cosa 0 ) . (Y), (1)
Z2 sinf-cosa —sinf-sina cosf Z

e o — asumyT npoctupanus (Strike®), B — yron magenns (Dip°).

Ha Tperbem sTare BbUMCIsAEM CABUT mojydeHHoro aucka Ha 3HadeHus X0; YO; Z0 (cwm.
Tabauna 1.).

Tabnuna 1. ComocraBieHne mapaMeTpoOB MEXaHU3Ma 0YaroB ISl 3eMJICTPSCEHUN BYJIKaHA
Kopsikckuii ¢ miiocko-opueHTHPOBAaHHBIMU Ki1acTepamu 3emuietpsicenuit 2008 — 2009 rr.

Jlata Koopaunate! ouara [MapameTrpsl MexaHu3Ma

(rom, Mecsl, IGHb, | 3€MIIETPSICEHUS Ks ogara Ne knacrepa
gac, MHUH., 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 xnactepos

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 knacrepos
05.11.2008 19:14 481357 | 5910130 | -4900 | 5.2 | 193 57 -153 Her xnactepos
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 |59 |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 xnactepos
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
OTHOCHTEJIbHO TPOCTHPAHUSI.

AHanu3 MexaHU3MOB 04aroB BysikaHudeckux 3emiierpsacenui 2008-2009 rr. mo nosisipHOCTH
BCTyIUICHMM  P-BOMIH  yKkasplBaeT Ha  IUIOCKO-OPUEHTHUPOBAHHBIA  XapakTep  pasjioMOB,
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aCCOLIMMPYIOUIMXCS € 3E€MIIETPSCEHUSIMHM, UX  CYOMEpPHIMOHAJIbHYK)  OPHUEHTAllUI0 U
MO3UIIMOHUPOBAHUE Ha pa3HbIX TyouHax (1,8-4,2 kM) K 1ory oT BepinHbl KopsKcKoro BylikaHa u
(4,2-12,7 kM) K ceBepy OT Hee, YTO XOPOIIIO COMIACYESTCS C MOTYyICHHBIMH HAMH XapaKTEPUCTHKAMH
IJI0CKO-OPUEHTUPOBAHHBIX KJIACTEPOB 3EMJIETPICEHUI.

Pucynok 3 — Konyenmyanvhas Moodenv 00pazoeanus 0aex u ouazos semiempsicenuti Kopsikcko-
Asauunckoui epynnul gyaxanos 3a 25.03.2008 a.

Ha puc. 3 BbiAeneHbl IIBETOM IIJIOCKOCTH OYaroB 3eMJIETPSICEHUM OIpeAeNIeHHbIE 10
nossipHocty P-BoH ot 25.03.2008 08:55, 25.03.08 14:51 u 25.03.2008 16:54, a Taxxe moka3aHbl
IJIOCKOCTH HMHTEPIPETUPYEMBIX IIJIOCKO-OPUEHTUPOBAHHBIX KIJIACTEPOB 3€MIIETpsICEHHM Ne5 ot
25.03.2008 00:07 u No7 25.03.2008 08:13. Bce 3TH TIIOCKOCTH HaXOASATCS B IMana3oHe ITyOUH OT
5600 mo 1000 wm.abc. W accouMHPYHOTCS C HamOOJee BEPOSATHOW TUIOCKOCTBHIO pa3ioMa
cyOMepHIMOHATLHOM 30HBI C YTJIOM MaJeHHs MIIOCKOCTEH B AMANa30He OT 59° 1o 74°.
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MAGMATIC FRACTURING AS AN ANALOGUE OF THE DEVELOPMENT
OF HYDROCARBON RESERVOIRS WITH HARD-TO-RECOVER
RESERVES

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

Abstract

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 failures in heterogeneous media,
due to increased localized pore pressure

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
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
(u). To describe the main factors acting in the medium we use Cauchy stresses (o;;), pressure (P),
deviatoric stresses (t;;) and temperature (T) and, to describe deformation, velocities (v;), strain
rates (€;;) anditsporo-elastic, viscous and plastic descomposition

. _ .pe v D
& = €& TE; +E; (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 (S,) properties, by a liquid
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of density p; exerting pressure (P;) on rocks. We define, then, the effective pressure of the system
as

Peff = P - Pl' (2)

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 (o7).
The combined yield criteria for shear ([6]) and tensile failure ([7]) that we use is given by (figure 1)

Tyieta = Min(Pesp sin® + C cos @, Pops + 07) (3)

and the plastic behavior is defined by the plastic flow potential ([8], [9])

Q =1y — Pegp siny (4)

Being y the dilation angle indicating the relation between the plastic volumetric strain rate

and the rate of plastic distortion ([8])
e+l +éeb
siny = W )
2¢),
and considering w=900 for tensile failure. The expressions tyandé], 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

: 00 ., (ty 2
sg. = Xaai,- = &b (i+§sm(lp)5ij) (6)

beingy multipliers satisfying the yield condition
T = Tyield. (7)

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

DT 1DP av;
v 4 . p _ UL
ar 5 T X De + 2sin(y)é;, o, (8)
aTU O(P + aPl)
_ = 9
DT d aT
C,— =— /1—) H 10
P p Dt 6xi ( axi + ( )

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

d (k (0P, H = DP,
0x; \ p\0x; pLge L™ pt (11)
considering the poro-visco-elasto-plastic constitutive relation to describe deviatoric changes
1Dty T | Ty
SL] 2G Dt + el Ty + 811 Tyr ( )

Here, x;(i = 1,2,3)are the spatial coordinates, D/Dt is the material time derivative, D/Dt the
Jaumann derivative, at 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
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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

Figure 1 — Sectionofthe model setup
used for the simulation.

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.

UquicPresswre (Pa)
Q000n+00 7 S | Sas? 22047 2000007

> Injection  Extraction

High pressure injection

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 Kgm?
Shear module 5x10* MPa
Poison’s ratio
C Cohesion MPa
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¢ Friction angle 45 ©
Y Dilation angle 45 @)
ar Tensile strength 20 MPa
k Permeability [107°,10%°,10°,10™,10%,10%,10™,10™°,10%] m?
S5 Specific storage 10™ MPa™
H,, Source magnitude [5x10*5x10,10,10,10] m’s™
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Poasb ¢uironiopaspeisa B GopMHUpPOBaHMH 3aJieikell B 0a7KeHOBCOM CBUTE: NPHPOIHbIE
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VicToprst oGHAPYKEHNUs POIYKTHBHOCTH Oa)KEHOBCKO# CBHTBI (nanee — BC) oueHb JaBHSs
— B 60-e Tompl mpomwioro croieruss Ha CaJabIMCKOW T'eOJOrOpa3BEOYHON IUIOMANN TpU
pa3BeouHOM OypeHUM Ha CpeJHEIOpPCKUE OOBEKTHI BIEpBbIE Obla BCKphITAa He(TAHASA 3aJeKb B
mIMHAX BepxHel ropsl [1]. Omenomisioniee BO BCEX OTHOIICHHUSX COOBITHE BBI3BAJIO OTPOMHBIN
MHTEpEC YYEHBIX M T'€0JOrOB - Mpollecc M3ydeHus (HopMaluu MpOAOIDKAETCS MOHBIHE. bonbiion
BKJIQ/I B TIO3HAHWE TPUPOABI HEPTETA30HOCHOCTH CBHUTHI BHECIH CIIOKMBIIHMECS 3a TPOIIEIIINe
ronl Ha o9tod Temaruke 1mkoiael C.I.HepyueBa, A.D.KontopoBuua, W.M.Hecroepona,
O.K.baxenoBoit u gapyrux. OcoOyio poib B KadecTBEe He()TEMaTECPUHCKOW CBHTHI 3TOT OOBEKT
MoClie  CBOETO  OTKPBITUS  Chirpall B TeopeTnueckux mnoctpoeHusx H.b.Baccoesuua,
OCHOBOTIOJIOXKHHKA (DITFOMTHO-MUTPAIIHIOHHON KOHIENIIMHA HEPTETa30HOCHOCTH.

[Topomapl, cnaratonme bC, mnpeacraBneHbl TIMHUCTBIMU, KPEMHHUCTBIMH, KapOOHATHBHIMH
Pa3HOCTSIMH B PA3IMYHOM MX COYETaHWH, conepkammmu ot 3 10 25% (penko Gomee) Copr. B Buze
keporeHa. Ocanok, Ha 90% u Gosiee mpeCTaBIEHHBINH GEHTOCOM?, HAKAILTMBAJICS HA JHE OOILIMPHOTO
OaxkeHOBCKOro OacceifHa. MuHepanbHasi COCTaBISIOIIAs MOPoA (OopMUpPYETCs MO 3aXOpPOHEHHOMY
OEHTOCY C y4acTHeM PaCTBOPEHHBIX MUHEPAILHBIX KOMIIOHEHTOB MPHUIOHHBIX BOJ [2].

B mocnenHue ronbl B psijie CKBaXXHMH OOHAPY)KEHBI MPU3HAKH, YKA3bIBAIOIINE Ha BO3MOXKHBIN
BKJIa/l Ta30THIPaToOB B OpPraHUUYECKyl0 yriepojaoHackimieHHOCTh BC. PermonanbHoe (B mpeaenax
Bcell 3amagHoir Culupu) pacmpocTpaHeHue ¢GopManuu, Ha B3IJSL  aBTOPOB, CBSI3aHO C
pacTshkeHneM c1a00 KOHCOJIMMPOBAHHOM B MO3AHE-IOpckoe Bpems 3anagHo-CuOUpCKON IIIUTHI,
0OYCIIOBJICHHBIM TUIAHETAPHBIMH TEKTOHHYECKUMH TporeccamMu. OHO MPUBEIO BHE 3aBUCUMOCTH
OT IiIyOuHBl OacceiiHa M KIMMaTUYeCKHX (PaKTOpPOB K IIOBCEMECTHOMY paclpOCTPaHEHHIO
CEpOBOZOPOIHOTO 3apaXCHUs TMPHIOHHBIX BOJ 3a CYET MX Cynb(aThu3aiuu TUAPOTEPMATHHBIMH
UCTOYHMKAMU U mocienywomei cynbdar-penykuuu. Crienyer OTMETHTb, YTO B Ipolecce
HAKOIUIEHHUS OCAJKOB B KEpHE HAaONIOAAeTCs BBINAJCHUE MUPOKIACTHUYECKOTO BYJIKAHHYECKOIO
MaTepHuaia (TOHKOAMUCIEPCHBIE MeIulbl). XeMOreHHbIN XapakTep TpaHCPOpMaLMU 3aXOPOHEHHOTO
Marepuajga Ha BCEX dTalax OCAJAKOHAKOIUICHUS W JUTHU(HUKAIUKA 00yClaBIMBAaeT OCOOBI OOIHK
0a)XCHOBCKUX TIOPOJ, HE TO3BOJISIONIMI OTHECTH HUX K aHajoraM TEPPUTeHHBIX CEBEpO-
amepukaHckux cianneB [cMm. 2]. [lomumo pacnpocTpaneHuss He()TEra30HOCHOCTH BHYTPU CaMOU
dopmanuy, OHa WUrpaeT CyHIECTBEHHEHIIYI0 pojb B KauyeCTBE PErMOHAJBbHOW MOKPBILIKH,
(GarouA0yIOpHBIE CBOMCTBA KOTOPOM CYIIECTBEHHOM YCHIIMBAIOTCS TMPUCYTCTBUEM KEpOTeHa.
bnaronaps yHUKaabHOM MJIACTUYHOCTH MO OTHOUICHHIO K MOJCTUJIAIONIUM U TEePEKPHIBAIOIINM
otnoxeHussiM B 30 metpoBoil Tome BC «racurcs» no 80% riyOMHHBIX DPA3IOMOB, CEKYILIUX
010aKEHOBCKUE OTIIOXKEHUS U (pyHIaMeHT. DaKTOp TEKTOHO3aBUCUMOCTH UTPAET CYIIECTBEHHYIO

!Baxenosekas caura MpEeACTaBIIsIET COOOH OPraHOTEHHYIO (110 COCTaBY), XEMOT'€HHYIO (II0 MEXaHU3MaM JTUTUGHUKALUN) U
TEKTOHO3aBUCHMYIO (hOPMAIINIO ITO3[HE-IOPCKOTO BO3PACTa, PaCIpOCTPAHEHHYIO 110 Beel Tepputopun 3amanHoi-Cubupn. ['mybuna
3ajleraHus B Ipejenax pazpadaTteiBaeMbIX B IlInporHoM IIprodOse MecTopoxIeHui cocTaBisieT oT 2,7 10 3 KM.

2 Orn0KenNs 6a)KeHOBCKOI CBUTBI He ABIAIOTCS TEPPUTE€HHBIMH — COJIEPIKaHUE TEPPUTEHHOIO MaTepHalia HE
npesbrmaet 10% (cpenuee 3-7%)[2]
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pOJIb B pacTpeiesiCHHH 30H aKTHBH3AIMUA TEHEPAIUU YTIIEBOIOPOIOB KeporeHoM. OTMEUYEeHO, UTO
3a4acTyl0 3alexd (OPMHUPYIOTCS B 30HAX MOHMKEHHBIX TEIUIOBBIX IIOTOKOB (pacueTHbIE
temneparypsl - 90-95°C) B cpaBHEHHMHU ¢ HENPOAYKTHBHBIMH 30HAMH B KOTOPBIX TEILIOBOM MOTOK
(opMabHO 3HAYKUTENHHO BhIIIE (pacueTHbie Temieparypsl - 120-130°C)

Hedrenocnocts BC  oOycnaBnmuBaercst aBymsi  (akropamu (insitu):  dopmupoBanuem
TPELUIMHHOTO KOJUICKTOpa M TeHepaluedl yrieBOAOPOJOB KEpOTeHOM OOJEKAIOMIMX 30HY
KoJiekTopa mopoa. O0a 3aBUCAT OT TEKTOHMYECKOW aKTHBHM3AlMU HA KOHKPETHOM y4acTKe: BpeMs
(mocTIKEHUE KEePOTSHOM OMPECIICHHON CTaauu 3pENIOCTH), UHTCHCHUBHOCTh (00IIast SHEprus) u
MIPOIOJDKUTEIBHOCTD (YCTOWYHMBAS TPOCTPAHCTBEHHAS MOJIEITh HAIPSHKEHHOTO COCTOSIHHS).

B nponecce mHoronetnero usydenusi kepHa (6onee 400 CKBaXHH) C y4acTHEM aBTOPOB
YCTaHOBJICHO, YTO WHIUKATOPOM BCEH COBOKYITHOCTH MTPOIECCOB (POPMHUPOBAHUS 3AJICHKEH SBISCTCS
KeporeH. MccnenoBanue mokasano, 4To CTeNeHb ero Tpancopmanuu (renepanus Y B) 3aBucut He
or wucxomHoro OB, He or Temmeparypel u €€ TpaauWeHTa, HO MPEUMYIIECTBEHHO OT
MIPOCTPAHCTBEHHOTO TOJIOXKEHUSI CKBAXKMHBI, BCKpBIBIIECH paszpe3 [3] (puc.l)., uto ompenensercs
CTPYKTYPOU HANPSHKECHHBIX COCTOSIHUHN, 00YCIIOBIICHHBIX TEKTOHUKOM [4].
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PuC)/HOK 1 — Ananu3z eeoxumuyecxkux napamempoe KepozceHa

bonee Toro, B mpenenax ogHOrO MECTOPOXKJIECHUSI OT CKBaXMHBI K CKBaXMHE OTHOLLIEHUE
napaMmeTpoB keporena (obmiee cogepxkanre OB u BomopoaHbIH HHIEKC, KOADGUIUEHT KOPPEISIAN
0,7-0,98) 3aKkOHOMEPHO M3MEHSIOTCS B OJHOM HAampaBlieHUH. [ APyroro MeCTOPOKACHUS OHO
MOXET ObITh MHBIM H T.1. OTCIOAa BO3HUKJIA MEXaHOXUMHUYECKas (TeOMEXaHUYECKas) MOJICIb
¢dopmuposanus 3anexeit B bC [cm.3].

A uTo0 ke aronnopa3pbiBbl?

be3 mpuBeneHHOro BBIIE IKCKypca B OCOOEHHOCTH YHHKAIHHOW BO BCEX OTHOIIEHUSX
¢dbopMaluu HEBO3MOXKHO TOHATH BCIO B3aMMOCBSA3aHHOCTH (IIOMAOJMHAMHYECKUX IPOLECCOB,
OpUBOIAIIMX K (GOPMUPOBAHUIO 3aleXel U yOpaBiIsomux €€ (QyHKIHMOHUPOBAHHEM B
pa3OypeHHON CETKE CKBAXKHWH C PA3JIUYHBIMA TEXHOJOTHSMU BCKPBITHS W OCBOCHHUS, KOTOPHIE
COTPOBOXKAAIOTCS MPUPOAHBIM U TexHOTreHHBIM (Tipu ['PIT) dpakunrom.

[Ipu mocTMKEHWM KaTareHeTHYECKOW CTaauu TpaHchOpMaIuu KeporeHa, OJIM3KON
«He(pTIHOMY OKHY», HAUMHAETCSl Te€Hepalus YrieBoaopoaoB (MukpoHedTs). I[lnoTHOCTE HEdTH B
CPaBHEHHUU C KEPOT€HOM CYIIECTBEHHO HIXKE, MO3TOMY HaKoOIUIeHHe e€ B OciabieHHBIX 30HAX
MPUBOAUT K YBETUYEHHUIO UX 00bEeMa MO MEpe pOCTa MOPOBOTO JABJIEHUS BBILIE TUTOCTATUYECKOTO.
Ha ¢otorpadun mpo3paunoro mnwmda (puc.2) MHUKPOTPEIIMHA TAHTCHIIMAIBHO CEYeT
KEpOTE€HOHACHIIICHHBIE 1 MHHEPAJIbHBIE CIION Topoibl. [Ipoliecc renepanmoHHoro Garouaopa3pbiBa
pa3BHUBaeTCs TOJBKO B TOM Cllydae, €Clid €ro COMpPOBOXKIACT rpalins o0pa3oBbIBAIOIIEHCS HEPTH B
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TPELIMHHBIM KOJUIEKTOp, OOpa30BaHHBIH B pe3yiabTare TEKTOHMYECKOI'O pPAacTPECKUBAHUS
MPEUMYIIECTBEHHO  KapOOHAaTHU3UPOBAHHBIX  PAAMONAPUTOB  WMIM  T[JIMHUCTO-KapOOHATHBIX
JUTOTUIIOB. OH COMPOBOXKJIAETCA MOCTENEHHBIM HAPACTAHWEM aHOMAJIbHO BBICOKOI'O IJIACTOBOIO
JIABJIEHHS HE TOJIBKO B 30HE I'€HEpAlMy, HO U B 3aIOJHAEMOM TPELIMHHO-TIOPOBOM KOJUIEKTOPE,
OCHOBY KOTOpOT'O COCTaBJIA€T TEKTOHHYECKas TpemMuHOBaToCTh. Ko3(h(uuueHt aHoMaabHOCTH
rtactoBoro nasienus (ABII/L) nocturaer 2 B Haubosee NpoAyKTHBHBIX TPOMBIIIJICHHBIX 3ajIeXkKax.

Jlo HacToAlIero BPEMEHH OTCYTCTBYIOT OOOCHOBAHHBIE KPUTEPUM MX BBIIEICHUS 110
paspesy, a Tak’Ke OKOHTYPUBAHU 110 IUIOIIAANA. Y YUTHIBAs BBIIIECKAa3aHHOE, IIPEICTABIISIETCS, YTO B
nporecce (GOpMUPOBaHUS U JlaXke B Ipolecce pa3pabOTKH MPOMBIIIJIEHHBIX 3aleKeld OHM MOTYT
MEHATBCS. B OTCYyTCTBHUM aKKyMYyJIHMPYIOIIEro KOJUIEKTOpa IIPOLECC TE€HEepaluyd BBIXOJUT B
PaBHOBECHYIO CTa/IMI0, aHOMAJbHOCTh IOPOBOIO JABJICHHUS peanu3yercs B TuyHIUPOBAHUN
00pa3oBBIBAOIIEICSI MUKPOHE(PTH B BhIIe W HIDKe (?) Jekaliue TeppureHHbIe oTiiokeHus. Ero
NOATBEpXkaeT  (OPMHUPOBAHHUE  CIOUCTO-OMTYMUHHM3UpOBaHHOM mauku Co B MOAOIIBE
MI0/IaYMMOBCKHX IUIMH NEPEKPHIBAIOIINX OaKEHOBCKYIO CBUTY.

Hpyroii mexaHusMm (ouaopaspeiBa (THAPOTEPMANIbHBIN) OYEBHJIHO 33JCWCTBOBAH B
(GOpMHPOBAaHUM TPEIIMHHOTO KoJulekTopa. CleqyeT OTMETUTh, YTO, €CIM T€HEPAllMOHHBIA THUI
¢mroniopa3pbiBa  XapakTepU3yeTCs HAKONMMTENbHOM JAMHAMHUKOW, MOCTENEHHO HapacTarolei
KMHETUKOH, TO THAPOTEPMAIBHBIA MOKHO OTHECTHM IO JUHAMUKE K IIPOLECCaM B3PBIBHBIM
(xatactpopuueckum). Kak mpaBuiio, OHM  pa3BUBAIOTCSI B YOPYro JeGOpMHUPYEMBIX
JIUTOJIOTMYECKUX pa3HOCTAX KapOOHATU3UPOBAHHBIX PaauoIISIpUTOB, cOOCTBEHHOE
KEpOIreHOCOAECpKAHUE KOTOPBIX 3HAYUTEIbHO HW)KE INIMHUCTBIX ciaoucTelX. M, ecim B nenom bBC
XapaKTepu3yeTcs 3HAYUTENbHOM IUIACTUYHOCTBIO, TO BHYTpU HeE€ KapOOHATU3MPOBAaHHBIC
JUTOTHUIIBI B CPABHEHUU C TNIMHUCTBHIMH CYIIECTBEHHO MEHEE IUIACTUYHBI, OTJIMYAIOTCA OOJBIINM
KO3 (HULUEHTOM XPYINKOCTH U CHU)KEHUEM MPOUYHOCTH, YTO U MPHUBOJIUT K TPEIIMHOOOPa30BaHUIO
BOJIN3M TEKTOHWYECKHUX pa3ioMoB. Ha pucyHke 3 mpejcTaBieHa TEKTOHUYECKAs TPELMHA CEeKyIlas
OMTYMHHO3HYIO TOPOJY U 3alojHEeHHas KanbluToM. CoxpaHeHre O0JOMKOB MaTpHIlbl MOPOJbI B
Macce KaJbI[UTa, OJHOPOJHOCTh KapOOHAaTHOIO MaTepHaja U OTCYTCTBHE pa3pbiBa Ha KOHTAKTE
IIOPOJ  CBHJETEIBCTBYET O BBICOKOM JMHAMMKE IIpoLecca C YYaCTHEM YIJICKHUCIOTHOM
TUAPOTEPMAIIBHONU CUCTEMBI.

[TpoMBbINITIEHHBI TOTEHIMAN 3aJieX B OWTYMHHO3HOM TOJILE 3aBHCUT OT COYETaHUs
JMHAMUK TEHEpPalMOHHOIro Mpolecca (MpoayLupOBaHHE YIIIEBOJOPOJIOB), CKOPOCTH MHTIpalUu
TeHepUPOBAHHON HE(DTH B MEPBUYHBIA TPEIIMHHBIM KOJUIEKTOP, MPOCTPAHCTBEHHON CTPYKTYpPHI U
apaMeTpoB TEKTOHWYECKUX HANPSHKCHWH, NPUBOAAIIMX KaK K 0Opa3soBaHUIO TPEIIMHHOTO
KOJUIEKTOPA, TaK M JHEPreTHYECKH PErylMpyIOIMX IEepBble ABa mpouecca. M 310, Mo MHEHHUIO
aBTOPOB, SIBJISIETCS OCHOBHBIM acnekToM npuposl HedreHocHocTH BC. C 3THX mo3unmii TpyaHo
IIPEJCTaBUTh BO3MOXHOCTb TEXHOI'€HHOI'O BIIMSHMS Ha JIOOYI0 M3 COCTAaBJIAIOIIUX OINMCAHHON
MOJECIIH.
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PucyHOK 3 — Texmonuveckas mpewyuna, 3anojaHeHHas MEJIKOKPpUCMAaiiu4eCKum Kaibyumom

B 3aknroueHuu omnMcaHUS MEXaHW3MOB NPHUPOIHBIX (DIIOMAOAMHAMHYECKUX MPOIECCOB
HEOOXOJMMO yKa3aTh Ha IOJIHOE COBIAJEHHE MAJeOTEeMIIEPaTypHOH 30HAIBHOCTH, U3YyYEHHOH IO
KepHy OaXeHOBCKOM CBHUTHI M ()yHJaMEHTa B CKBaXMHAX, OJHOBPEMEHHO BCKpbIBIIMX BC u
(byHIaMEHT, IPU OTCYTCTBUHM KOPPENIALUN 000MX OOBEKTOB C NMPOMEKYTOYHBIMH OTIOKECHUSIMHU
HIDKHEH M CpeliHeH I0pbl, YTO MOJUEPKUBAET KOHTPOIUPYIOUTYIO (DYHKIIMIO TEKTOHUKH.

JIBa cioBa o TexHonoruueckom rugpopaspsise (I'PID).

CoBpeMeHHbIE NPEICTaBIEHUS O TEPMOJUHAMUKE IPUPOAHBIX CUCTEM [5] CBUAETENBCTBYIOT
0 TMpeBAIMPYIOLIEH poyid TJN00adbHBIX TEKTOHMYECKHX IIPOLECCOB B HUX PAa3BUTUU. OITO
OOCTOSITENICTBO HEJB3s HEAOOLIEHUBATh IPU BHIOOpE COBPEMEHHBIX TEXHOJOTUH OCBOEHUS
CKBAKMH IpU pa3paboTke NpoMbIIUIEHHBIX 3aniexeil. OnbiT npumenenus ['PI1 B GaxeHoBCcKkoi
CBUTE IOKa3bIBaeT, uTo mnpu JocTikeHun nocie ['PIT kpatkoBpemeHHoro s¢¢exra B OJHOH
CKBR)XMHE CpENHUN NeOUT IO 3aleXW TPAKTUYECKH HE MEHSETCS. YUHTHIBas 3HAYUTEIBHYIO
ce0eCTOMMOCTh TEXHOJIOTUM M HEraTUBHBIE 3KOJIOIMYECKHE BIHMSHMS arpecCUBHBIX Cpej rejei
I'PII, ciiexyeT BepHYTHCS K OLIEHKE IEIeCO00Pa3HOCTH MPUMEHEHUs 3Toi TexHosmoruu B bC Tonpko
Ha OCHOBAaHUH TOT0, YTO OHA 3((EKTUBHA B COBEPILIEHHO UHBIX I'€OJIOTMYECKUX CUCTEMAX.
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Identification of paleovolcanic rocks on seismic data

Sabine Klarner, Olaf Klarner
Klarenco LLC, Germany
ok@klarenco.com; sk@klarenco.com

Abstract

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.
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Geomechanical Interpretation of Seismicity: Applications for Seismic Forecast and
Hydrocarbon Exploration
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I'eomexannyeckasi MHTEpPNpPeTAlUs CECMUYHOCTH HA mejbpe KamuaTku: npuioxenus 1is
CeliCMHYeCKOro MPOor{o3a u NoucKa yrjieBoaopoaoB

Coaomartun A.B., ®enoros C.A., Kuproxun A.B.

Unemumym Bynxanonoeuu u Ceticmonoauu [{BO PAH, [lutina-9, [lemponagnosck-Kamuamckuti 6830006,
alf110111@gmail.com; AVKiryukhin2@mail.ru;

BBenenue

B nannoii paborte ceilicmuueckuit mpoiecc KamMmyaTckoro yvactka cedCMOTEHHOUM 30HBI
paccMaTpuBaeTCs C MO3MIUN TeOMEXaHWYEeCKUX TMPEICTaBICHUN aKTHBHBIX pasnoMoB [Zoback,
2010; Kissin, 2016]. Kputudeckue HamnpspKeHHss B OOJACTH TaKUX pPa3JIOMOB BBITIONHSIOT
KIIOYEBYIO POJIb B JIOKATbHBIX TOJBUKKAX B CEHCMOAKTHUBHOW Cpelie U COMPOBOXKIAIOTCS HE
TOJIBKO 3EMIICTPSCEHHMSIMA, HO W (OpPMHpOBaHWEM obOnactel (IIOMIHOW TPOHHIIAEMOCTH —
BaYXHOTO 3JIEMEHTa HCIOJIb3YEMbIX MpecTaBieHul. [y BBIIBIECHUS AUCKPETHON CETH aKTUBHBIX
pa3jIoMOB  HCIIOJIb3YyeTCS ~ METOJMKA  BBIJENEHHUS  IUIOCKO-OPUEHTHPOBAHHBIX  KJIACTEPOB
TUMOLEHTPOB 3eMIIETPSICCHUIM. AHAlM3 OpUEHTAlMM TaKuX KJIAcTepoB MpHUMEHseTcs s
BBISICHEHUS] TEOMEXaHUYECKOTO PEKUMa CEHCMUYHOCTH, POJIH (DITFOMIOB B €€ aKTHBU3AIIHH.

MeToaMKka MOMCKA NJI0CKO-OPHEHTHPOBAHHBIX KJIACTEPOB 3eMJIeTPsICeHUI

B kauecTBe HCXOIOHBIX JaHHBIX U1 aHalU3a MCIOJNb30BaHa BHIOOpKA W3 KaTajora
zemnerpsicenuit Kamuatku KO OUIL[ ET'C PAH, Britouaromas 5972 coObITHS ¢ SHEPreTHYeCKUM
kimaccom Ks > 10 (Ks = 1.5 M + 4.6 [Fedotov, 1972]) 3a nepuoa 01.1980 — 02.2016 rr. ITowuck
IJIOCKO-OPUEHTUPOBAHHBIX KJIACTEPOB 3EMIIETPACEHUN OCYILECTBISETCS C HUCIIOJIB30BAHUEM IBYX
nporpamm Frac-Digger u Frac-Digger2®.

[lporpamma FRAC-Digger Ha  OCHOBE MpPOCTPAHCTBEHHO-BPEMEHHOH  BBIOOPKH
YIOPSAOYEHHOIO IO BPEMEHHM MHOMKECTBA TOYEK - KOOPAMHAT THIIOLEHTPOB 3E€MJIETPSCEHUM,
OCYILECTBIISIET BbIIeJICHNUE OIM3KUX K IUIOCKOCTSAM MX MOAMHOMKECTB — INIOCKO-OPHEHTUPOBAHHBIX
KJIacTepoB. B kauecTBe mapamMeTpoB — KPUTEPUEB CO3JaHUSI TAKUX IOAMHOXECTB TOYEK MJIs
KaX/I0T0 U3 HUX HCIOJIB3YIOTCS: MUHMMajbHasg BenuuuHa — N; OJIM30CTh MO BpeMeHH - Ot;
MaKCUMaJbHOE YAalleHuEe OT OOIed MJIOCKOCTH — O0Z; MHUHHUMAaJbHBIA SKBUBAJICHTHBIM paguyc
ropusoHTanbHONM mpoekuuun — OR. [Iporpamma BBINOJHSET pacyeT HapaMeTpoB IUIOCKOCTEH,
anmnpoOKCUMHUPYIOIIUX  KaXJ0€ M3  BbLACNEHHBIX IOJMHOXECTB. Pe3ynbTarhl  pacueta
NPEJCTAaBIAIOTCS B BUAE TaONMIl C TEOJOTMYECKMMU XapaKTepUCTUKAMHU 10 KaXKAOMY U3
BBIJIEJICHHBIX IUIOCKO-OPUEHTHPOBAHHBIX KJIACTEPOB — MPEANOIaraéMblX IJIOCKUX Pa3jIoMOB (yrou
M a3uMyT MAJCHHUS anlIpOKCUMUPYIOIIEH IUIOCKOCTH; SKBHUBAJIEHTHBIM pasMep TOPU30HTaIbHOU
IIPOEKILIMH, U JIp. TapaMeTPHI).

B mnporpamme FRAC-Digger2 BbIOOpKH s MOCTPOSHHUS ILJIOCKO-OPUEHTHPOBAHHBIX
KJIaCTEpOB HA OCHOBE 3a/JIaHHOW IPOCTPAHCTBEHHO-BPEMEHHOM O00JACTH  OCYIIECTBISIOTCA
ciydailHeIM  oOpa3oMm  (ucmosb3yercs Meron Monrte-Kapio). DOT1o mo3Bossier u30exaTh
3aBUCHMOCTH PELICHUs OT YIOPSAOYEHHOCTH TOYEK IO BpEMEHM. JlOMOIHUTENBHBIMU KPUTEPHUSIMH
3HAYUMOCTH HaWJEHHBIX pemeHuil sBusiorcsa: (1) MakcUMalbHOE YHCIO BXOASIIMX B
MOJIMHOXECTBO TOYEK; (2) MakcHUMajibHasg CyMMa aTpUOYTHBHBIX MapaMETPOB TOUYEK (KOTOPBIMU
MOTYT OBITh MAarHUTYZABI 3€MIIETPSICEHUH, pacxolbl MPOAYKTUBHBIX 30H M JIpYrHe NapaMeTpsl B
3aBUCHMOCTH OT 3a1auu); (3) BpeMmsl, ONPEIEIEHHOE B MIPOrpaMMe JJisl BBINOJIHEHUS IPOLEAYPbI

% Per. Ne2016616880 n Ne2017618050, coorBercTBeHHO. OONAacCTh NMPUMEHEHUS: BBIIBICHHE JUCKPETHBIX CHCTEM
TPEIIMH IO CEHCMHYECKMM MM TE€OJIOTHYECKUM JaHHbIM. [logpoOHOE ONMCaHME HCIONB3YyEMBIX AITOPUTMOB
npuBoauTcs B padorax (Kiryukhin et al, 2016, 2017).
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BBIOOpA MJIOCKO-OPUEHTUPOBAHHOTO KilacTepa ToueK. Eciu mpoBepka oka3bpIBaeTcs YCHEIIHOM, TO
KJIacTep [IOTMOJIHAETCS €lle HEe MCIOJIb30BaHHBIMU TOYKAMHU, TAaKXe YAOBIETBOPSIOIIMMHU
KPUTEPUSIM IJIOCKOCTHOM OpUEHTAIIUH 3TOTO KiacTepa.

TecrupoBanue nmporpammsel Frac-Digger2 Ha gaHHBIX MO TPOJXYKTHBHBIM 30HAM TPEIIUHHO-
KHWJIBHBIX T'€OTEPMAJIbHBIX PE3epByapoB MOKa3biBaeT, 4To mpu oxsare Oosee 0.01% BO3MOXKHBIX
KOMOMHAIIMIA U PETYIIPU3aLUN UCXOAHOTO CITUCKA TPOAYKTHBHBIX 30H IO MPUTOKY TEIIIOHOCHTEIIS
Frac-Digger2 anaroputM [gaeT BOCHPOMU3BOAMUMBIC pE3YJbTAaThl MO T'€OMETPUH IMPOJAYKTUBHBIX
TPEIIH.

I'eomexannyeckuii anau3 pernoHaIbHOM ceiicvuuHocTu Kamuarku 01.1980 — 02.2016 rr.

[TnocKo-opueHTHPOBAaHHBIE KJIACTEPhl 3E€MIIETPSACEHUI OIpeneNsuiuch mporpammoii Frac-
Digger co cnenyrommmu kputepusmu: N = 6, 6t = oo, 6Z = 10 kM, 6R = 100 xm,
COOTBETCTBYIOUIMMH TIPEATNOJIOKEHUIO O CYIIECTBOBAaHHM JUCKPETHOW CHUCTEMBI «IIOCTOSHHO-
aKTUBHBIX PETMOHAJBHBIX Pa3ioMOB». B pe3ynbTare BbIBICHO 156 MI0CKO-OpHEHTHPOBAHHBIX
KJIACTEPOB, MHTEPIPETUPYEMBIX B KaUe€CTBE CEHCMOAKTHBHBIX pa3yioMOB (puc. 1), cpenn KOTOpBIX
17 mpencrasiensl 100 u 6onee coObiTusAIMU. Bonbilias yacTh yka3zaHHBIX Pa3IOMOB HaXOAMUTCS Ha
BOCTOYHOM mIenbgpe KamuaTku.

B nemom mnpeobnagaroT pas3ioMbl, MapaiielbHbIE JUHHUH TIyOOKOBOJHOTO jkenoba, ¢
yraamu nagenus 50-70° ma C33 (300-310°), mpu 5TOM BBIAENSAIOTCS TAKXKE PasIoMbl HUHOTO
MPOCTUPAHUS U MajieHus (cTepeorpamma Ha puc. 1). OTo yka3bIBaeT Kak Ha O0IIKe perioHaIbHbIe
reoMeXaHuYeCKHe YCIoBHs JeopMaluy JIOKaIBHBIX pacTshkeHuil B Hanpasiaenun C33 (305°) (Sv
> SHmax > SHmin), Tak u cymiecTBOBaHHE HECKOIBKO OTIHYAIOIIUXCS YCIOBUH, CBA3aHHBIX, B TOM
qHcIe, C HeOTHOPOTHBIM T'€0JIOTHYECKUM CTPOSHHEM 30HBI TIOJIBUTA.

Puc. 1 mokassiBaeT (parment kaptel pabotsr [Kiryukhin et al., 2010], Bxirouarormii paifox
r. IlerponmaBnoBck-Kamuarckuid, ¥  ciaeapl  BBIABIEHHBIX  CEHCMOAKTHBHBIX  Pa3JIOMOB
TOPU30HTAJIBHON IJIOCKOCThIO Ha riiyOuHe 3 kM. Hanbosnee akTHBHBIE pa3iioMbl MOKa3aHbl Oosee
KUPHBIMM JIMHUAMM M TOpoHymepoBaHsl. bmmkaimuii k1. [lerponaBnosck-Kamuarckuit
CeiCMOAKTUBHBIM pazioM 3Toro kiacca (Ne 4, ero ompenenser kimactep u3 175 celicMuueckux
COOBITHIT), HAXOAUTCS HA PACCTOSIHMM OKOJIo 90 KM OT TOpoja W HampamieH B ero cropony. Ha
IPOJOJDKEHUH YKAa3aHHOTO pasznoma Haxoasrcs [InnadeBckue ucrounuku (Ne 69 Ha puc. 1). OtoT
Pa3JIoM XapakTepu3yeTcs yrioM najaeHus 53° u asumyrom nagenus 217°,
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Pucynox 1 — Cneodwl ceticmurecku akmuHblx paziomos Ha niockocmu enyounou 3 km. Ilpoepamma
Frac-Digger ¢ napamempamu N = 6, 6t =, 0Z = 10 km, R = 100 xkm.

I'eomexannyeckuii anaimn3 Kponoukoro zemierpsicenus (05.12.1997, M = 7.8-7.9)

[1nocKO-OpuEeHTUPOBAaHHBIE KJIACTEPhl 3EMIIETPACEHUM, CBSI3aHHBIE C Pa3BUTHEM oOdara
KpoHoukoro 3emieTpsiceHHss ONpeaeisuIuCh mporpammoit  Frac-Digger co  cremyrommmu
napamerpamu: N = 6, 6t = 1 cyt., 6Z = 2 kM, OR = 50 KM - pexXUM BBIICTCHUS «KOPOTKO-KUBYIIHX
pa3IoMOB», KOTOpPbIE MOTYT OBITh ()parMEeHTaMH Pa3jiOMOB, PACCMOTPEHHBIX BbIIIE B pasnene 3.
IlosnydyeHHbIE pe3yabTaThl IOKAa3bIBalOT, YTO B OKPECTHOCTU paauycoM 45 KM OT 3MHLEHTpPa
Kponotkoro 3emierpsiceHus: BBIICISIOTCS JIBE NIEpeceKaroIuecs cUcTeMbl pa3ioMoB: (1) momorue
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¢ yrnamu nazgenus 20-50°, cyOMepuaInoHaIbHOro MPOCTUPAHUs (IIPEUMYILECTBEHHO a()TEPLIOKH);
(2) xpyromanaronue (MPeUMyIIECTBEHHO (Gopmoku) ¢ yruamu nagenus 70-80° u asumyrom
nagenus 03 220° (puc. 2). Dra curyanus MOXKET COOTBETCTBOBATH KOMOMHAIMU JIOKAIbHBIX
reoMexXaHHuecKux ycioBui: HagsuroB RF (Shmax > Shmin > Sv) ¢ MakcumaibHBIM
TOPU30HTAJIBHBIM ~ HANpsHKEHHUEM  OpPUEHTHUPOBAHHBIM B  CYOIIMPOTHOM  HAmpaBlICHUH U
HaIpsHKEHUEM pacTshkenus B Hanpasiaenuu FO3 (220°) (Sv > SHmax > SHmin).

Voo ) M Baen
.

&,

] £iis

Pucynox 2 — Credwt cetlicmunecku akmuHblx paziomos Ha niockocmu enyounou 15 km. Pacuem
IIpoepamma Frac-Digger ¢ napamempamu N =6, 6t = 1 cym., 6Z = 2 km, OR = 50 km.

I'eomexannuyeckunii aHaau3 pacnpeneeHus cwibHedmx (M > 5.7) 3emiieTpsiceHuit
Kamuartku (1980-2016 rr)

B kauecTBE MCXONHBIX JAHHBIX [UI aHaJIM3a HCIIOJIB30BAHBl JIaHHBIE IO JIBYMCTam
cwibhbiM (M > 5.7) 3emnerpsicenussMm u3 karagora K& OUI[ EI'C PAH. Ilnocko-
OPHEHTHPOBAHHBIC KJIACTEpPhl 3EMIICTPSCEHUI ompenessuch mporpammoii Frac-Digger2 co
CIIEIYIOIMMU KpUTepUsIMU 0TOOpa: dt = oo, 6Z = 4 kM, R = 100 kM, K = 5. B pe3ynbrare
ycraHoBieHo, yTo 102 u3 200 cunpHbIX 3emierpsiceHuil KamuaTku (GOpMHPYIOT OAMHHAILATH
TUIOCKO-OPUEHTHPOBAHHBIX KJIACTEPOB, 3AJIETAIONINX MMPEHMYIIECTBEHHO Ha riryomHax 1o 40 kM
(puc. 3). B aT0ii cBSA3M HaIlpalIMBAETCs BBIBOJ O BOZMOKHOCTHU (DJIFOMIHOIO MEXaHU3Ma I'eHepaLuu
CIWIIbHEHIINX 3emieTpsceHuid Ha menbde KamuaTku. AHOManbHO BBICOKHE IOPOBBIE JIaBJIECHUS
MOTYT LMKINYECKH BO3HHMKAaTh B M30JIMPOBAHHBIX PE3EpBYyapax, pacIpOCTPaHATHCA IO pa3ioMam
[Kissin, 2016] u ciyKuTh TpUITEpaMH KaK OTACIbHBIX CEHCMUYECKMX AaKTUBU3AIMH, TaK |
MOBTOPSIFOIIUXCST A0cTaTouHo perymsipHo [Fedotov, 2005] karacTpoduuecKux 3eMIICTPSACCHUM.
3aduxcupoBaHHble Ha BOCTOYHOM Iuenb(e KamuaTku pasrpy3ku MeTaHa M OTJIOKEHUS
razoruaparoB [Seliverstov, 2009] yka3piBalOT Ha BO3MOKHOCTh YYacTHs B 3TOM IPOIECCe
yIJ1€BOAOPOAOB.

BriBoabI

(1) BbisBneHHsle B paboTe MO JaHHBIM PETHOHATBHOW CEMCMMYHOCTH ILIOCKO-
OPUEHTHUPOBAHHBIE KJIACTEPhl THUIIOLIEHTPOB 3EMIIETPSICEHUM MHTEPIPETUPYIOTCS B KAuyeCTBE
ceiicMoakTUBHBIX pa3inomMoB. Cpeau Hux 17, xapakTepusylouuxcs Haubonee BBICOKOM
CEMCMMUECKON aKTUBHOCTHbIO. bmmkanmmii k r. IlerpomasnoBck-Kamuarckuil celicMOAKTHUBHBIN
pa3aoM 3TOro Kjlacca HaXOIUTCS Ha PacCTOSHUU OKO0J0 90 KM OT ropoja U HalpasjcH B CTOPOHY
ropoaa. B menoM mnpeobnasaioT pasnombl, HapajjiefbHble JHMHUU TITyOOKOBOAHOTO jkKenoba, ¢
yriaamu tagenns 50-70° va 3C3 (300-310°). Beigensrorcs Takke pasjioMbl HHOM opueHTamu. (2)
Ha npumepe Kponomkoro 3emnerpsicenus (05.12.1997) mnokazaHo, 4ro KiacTtepusanus ¢
CYIIECTBEHHBIM M3MEHEHHUEM TI'€OMEXaHHYECKOr0 COCTOSIHMS OT ycioBuil pactskeHus NF no
yciaoBuii cxatus RF cymecTtByer B odarax CHUJIBHBIX 3€MIICTPSACEHHM B HMHTEpBaje BpPEMEHU
nocienaux (opiokoB u nepBbix adrepmiokos. (3) Kmacrepsr 102 u3 200-tu Hanbosiee CHIIBHBIX
3emierpsicenuit  Kamuatku GopMHpPYIOT OJMHHAIUATH IJIOCKO-OPHEHTHUPOBAHHBIX IUIOIIAJ0K
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mwromaneo or 1600 o 5400 KM’ Ha BOCTOYHOM menbde BIosb modepexns KamuaTtku Ha riryOnHax
npeumytiecTBeHHO 40 kM. (4) [110cK0-OpueHTUPOBAHHOE 3aJIETaHNE CEMCMOAKTHUBHBIX IIOMAT0K
MO3BOJISICT TIpeAnoarath (QIIOUIHBIA (Bojga, HEdTh, Tra3z) MEXaHWU3M T'e€HEpalluu CHIbHEHIINX
3EMJIETPSICEHUI B HUX.

Pucynok 3 — Ipoexyuu 0OuHHAOYamMuU NIOCKO-OPUSHMUPOBAHHBIX KIACMEPOS8, BKIIOYAIOWUX
anuyenmpol 102 uz 200 cunvnetiwux 3emiempscenunt Kamuamxu. Pacuem evinonnsincs no npoepamme Frac-
Digger2 ¢ napamempamu o6t = o, 0Z = 4 xm, OR = 100 km, K = 5. [Tokazanw maxaice ciedvi «kKOpomxo-
AHCUBYUYUX IOKATILHBIX PAZTIOMOBY, U300PAICEHHBIX HA puc. 2.

Paboma evinonnena npu noooepocke PH® no npoexmy 16-17-10008.
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HpeunonaraeMul‘/i CKprTLIﬁ BYJIKAHU3M Ha HapaTyHCKOM reorepmMajbHOM MECTOPOKICHUHU
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AHHOTANuA

[TaparyHCcKkO€ MECTOpPOKIEHUE MPENCTaBICHO Aa30THBIMM TEpPMaMH, HMMEET XapakTep
TPEIIMHHO-KWIHHOW BOJOHAMOPHOM cucTeMbl. Boapl 3TOro THMA OTIMYAIOTCA MOCTOSHHBIM
ra3oBeiM coctaBoM (0 98% N;), Huszkum razoconepxkanueM. Haumbosee pacmpocTpaHeHO
npencTaBieHne o0 ux (GpopMHpOBaHUM TMPH HArpeBe WHOUIBTPALMOHHBIX BOJ, MPOHMUKAIOIIMX HA
ryOuHy, 3a CYET pPErHOHAIBHOTO KOHAYKTHBHOTO TEIUIOBOrO MOTOKa. OIHAKO H30TOIHBIC
orsomennss He*/He* B asorHbIX Tepmax MCIHaHIMM CBHIETEIBCTBYIOT 00 yYaCTHH B MX HArpEBe
rmyouHHoro TterioHocutenss (KononoB, Mawmeipun u ap., 1974). TI'mpporeomorn Kamuatku
CKJIOHSIOTCSI K MHEHHUIO O KOHBEKTHBHOM MPUBHOCE TITYOWHHOTO TeIjla B BOJOHATIOPHBIE CHCTEMBbI
[4]. OOGcyxnenne mnpoOseMbl TIIYOMHHBIX (DIIIOMIOB TPHUBENO WCCIEI0BATENCH K BBIBOAY O
CYIIECTBOBAHMM KOHILIEHTPUPOBAHHBIX KOPOBBIX MEPEHOCYMKOB TEIIa M BEIIECTBA, CIIOCOOHBIX
OCYILIECTBIIATh MPOTPEB MOPOJ, BIUIOTH J0 MX IUIABJIEHUS, - KOHLEMUUS IOBEHUJIBHBIX (IIIOMIOB
(Yaiit,1965; AsepbeB, 1969; Konono, 1974; Manyxun,1976; Bakun wu gp., 1979).
I'maporepMalibHBIN MPOLIECC M AKTUBHBIM BYJIKAaHW3M IIO CBOEH CYTH €AMHBI M 3TO HArJIAIHO
JI€MOHCTPUPYET OOIIHOCTh MX MpPOSBICHUS B BYJIKaHMYECKMX IMosicax KamuaTku; oTiauuue
OTIpEJIeIIEHO UMITYJIHCOM TITYOMHHOTO TETlIa

Kurouesble ciioBa: ['naporepmbl, ByTKaHNU3M, CKBKUHBI, Pa3JI0MbI, TOJIOLIEH.

[TapatyHCKOE MECTOPOK/IEHHE a30THBIX TEPM fBJII€TCS Hanbosee n3ydeHHbIM Ha Kamuarke,
HaXo/AUTCs B 3KcIUTyatauuu Oosee 50 ner. MecropokaeHue NpUypoOdeHO K rpabeHooOpa3HOM
cTpykType nosmubl p. [lapatynku, opuentupoBanHoi B Hampasiennn CCB 20° cybmapamienbHo
IUTaHETApHOMY pas3iioMy Yy BocTouHbIX OeperoB Kamuarku (YTkuH, 1989), puc 1.

B cxeme I''M. BnacoBa (1972) tepputopuss mMectopoxaeHus otHocurcs K LleHTpanbHO-
KamuaTckoil 30He ByJKaHH3Ma; OHa CONpsIKEHa C 3amagHol okpaumHoi Bocrouno-Kamuarckoro
BYJIKAHMYECKOT'O TI0sCa, PACIIOIOKEHa BOJIM3U y37a CEMCMOI€HHON aKTHUBHOCTH, BBIJIEJIEHHOTO B
akBaTOpuM ABaunmHCKOW ryOsl ([JImutpues, ExxoB u np., 1977). Ilo marepuanam cbEMOYHBIX pabOT
Mmacmraba 1: 50 000 C.1. ®enopenko (1968) noapaznenust 30HbI pa3jIoMOB JAHHON TEPPUTOPHUU Ha
OpPTOTOHAJIBHBIE M JHArOHajJbHBIE, IIPU 3TOM OTMETUJ, YTO TOJBKO I TPYNIBl JAHArOHAIbHBIX
Pa3IOMOB XapaKTePHBI aKTUBHBIC MTEPEMEIICHUS B 20.10yeHosoe Bpems [11¢].

Tepputopusi MECTOPOKICHHUS TpPHYpOuYe€HAa K 30HE HUHTeppepeHIMH ABaYMHCKOH U
beictpunckoit BTC 2-ro mopsinka. KosbieBwsie CTpyKTypbl 2-TO TOpSAKAa 3aHUMAOT 0CO00€
MOJIOKEHHE. 3aJI0KEHUE 3TUX CTPYKTYp CBSI3bIBaeTCs ¢ HanboJee akTUBHBIM (hopmupoBanuem BTC
B HOBOM, Cyry00 KOHTHHEHTaJIbHOMKadecTBe. B obOmem miane onn oopasyrot nenouku CCB u CB
nanpasnenus (Cokonkos, 1995) [9¢].

30Ha pugmozeneza NpPENCTaBICHA CYOMEPUIUOHANBHBIM [lenmpanvubim pa3ioMOM -
¢parmentom Llentpanbao-Kamuarckoro pudra, pa3aeauBIuM MECTOPOXKICHNUE HA JBE MOJIOBUHBIL:
BOCTOUHYIO - ydacTku Hwkauii, CeBepHbll, M 3anmagHyr0 - ydacTku Mukmxka, CBETIAUOK,
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[Ipomexxyrounsiii, Cpenumii, DIIJIP3 (puc 2). Ha 3amage mecTopoxaceHHs, MO pPe3yJibTaTam
nemdpupoBanus  temwioBelx KC, Bbeimenena  [lapamyucko-Ilunaueéckas — celicMozeHHas
sonapazyniomuenus (Pynakeuct, 1995), B pamkax KOTOpod CyOMEepHUIMOHAIBHBIA pa3jioM
3anaounwiti 06beauHmI TepMoanomaanu Cpennero u [IpoMexyToO4HOTO y4acTKOB.

[IponyKTHBHBIE CKBaXXUHBI TATOTEIOT K JAHUIy Tpabena p. I[laparynku (puc 3).
CoBpemennbie OTKpbIThie CB 30HBI pa3nmoMOB Ha OTIENBHBIX Y4YacTKaxX IIepeceKkaroT IpadeH,
CO3/1aBasi JIMHUIO U3JIOMa €ro TPaHUI], - HAa TAaKUX y4acTKax HaxXoJsATcs Hambosee BOIOOOMIIbHbBIE
ckBaxuHbl. B paitone CeBeproro yuactka CCB opuentupoBka rpabdena p. [laparyHku MeHsieTcst Ha
CB 50°, B HampaBiieHUU BYJIKaHOB ABauuMHCKUN, KOpsSKCkHil. DTO HampaBlIieHUE XapaKTEPHO IS
TEKTOHUYECKHUX 30H, COMPOBOXKIAIOMINX TUIAHETAPHBIN pa3ioM y BOocTOUHBIX OeperoB KamuaTku. B
palioHe pabor HampapieHue pasiomMoB CB 50° KOHTpOJIUPYET COBPEMEHHBIE OTKPBITHIC 30HBI
pas3IoMoB, TII0XO0 (TYHKTUPHO) MPOSBICHHBIE B pesibede, HO BaKHEHIIINE IS TPAaH3UTa METEOPHBIX
BOJ K MECTOPOKACHUIO.

TI'eomepmuueckue ocodennocmu 1lapaTyHCKOrO MECTOPOXKICHMSI XapaKTEPU3YHOTCS
KpaiiHeu CTENEHBIO HEOJHOPOJAHOCTH: BBICOKOTPAJJUECHTHBIE Y4aCTKH CMEHSIOTCS
MaJIOrPaJUEHTHBIMH, TOJOXKHUTEIbHbIE AHOMAJIMM OTPULIATEIbHBIMHU, O€3rpaJueHTHBIC 30HbI
MIEPETOKOB IJIOMIAJKAMH KaJOPUMETPUUYECKOTO CMEIIMBAaHUs, Mepeaada Terla OCYIIECTBISETCA
MIPEUMYIIECTBEHHO KOHBEKTHBHBIM criocobom. Pacmpenenenue temmeparyp mo riryouHe XOpoIIo
YBSI3BIBAETCSI CO CTPYKTYPHBIMH OCOOEHHOCTSIMH MecTOpoxaeHus. OcHOBHasi 0COOEHHOCTh €ro
MIPOJOJILHOTO TEOTEMIIEPATYPHOIO pa3pe3a - TEHJEHLUs CTYNEHYAaTOro MOIPYKEHHS BBICOKHX
temneparyp ot Cpennero yuactka k CeBepHoMy(ManbneBa, 1968). IlogoOHbIil xapakTep UMeeT
YKJIOH KOPEHHOT0 JIOKa JIENIPECCUN U pacIipe/ie]IeHHe HallOpOB Ha OCHOBHBIX ydacTkax: CpenHuil -
43,9 m, Hwxawuit - 36,5 M, CeBepnbiii - 32,5 M [11d].

Boonoe numanue. Tlo pe3ynbpraTaM MHOTOYMCICHHBIX H30TOIMHBIX aHAJIHU30B BOJOPOJA,
KHCIIOpO/Ia YCTaHOBJEHO, 4TO (OPMHUPOBAHHE METEOpPHBIX BOj IlapaTyHCKOro MecTtopokIeHus
IIPOMCXOJUT, B OCHOBHOM, JajeKko 3a mpenenamu OacceiiHa p. Ilapatynku (puc.4) Ha oTMeTKax
nopsaka 1500 M, - npenMyiiecTBEHHO B pailoHe KappIMUMHCKOH ByJlKaHMYECKOM 30HBI. YacTU4YHO
METEOpHBIE BOJbI MOCTYNAIOT CO CTOPOHBI BUIIIOUMHCKOTO ByJIKaHa, HO OTHOCUTENILHO B OOJIbIIEM
00bEMe oHu obecnieunBaroT FOKHOOEpEXKHYIO MIIOIIAAb.

Tpan3zutr MeteopHbIX BOA K IlapaTyHCKOMY MECTOPOXKIEHUIO OCYLIECTBIISIETCS IO
HoBelmuM CB TpeumHHbIM 30HaM packosia, (GOpMHUPYIOIIMM CBO€OOpa3HYIO JIPEHAKHYIOCUCTEMY,
Omarofaps KOTOpO#l MOA3EeMHBIE BOABI MOTYT IEpPEMEIIaThCs Ha MHOTHE COTHU KM, B BHUIE
BOCXOJSIIUX U HUCXOSIIUX MOTOKOB, OHU MOTYT CKaIlJIMBaThCsl B ONPENEIIEHHBIX CTPYKTYpax, B
LUKIMYHOM PEXHMME BIUATH HA 0COOCHHOCTU (PHIIBTPALIMH [TOI3EMHBIX BOJ] MECTOPOXKICHHSL.

OTtpunarenbHble TPAJAUEHTH HECYT WH(OPMAIMIO O HANPABICHUH JBIKCHHUS TEPMATbHBIX
BOJl B 30HaX pacTtekaHus. [logoOHbIe yyacTKM HCIIONB30BaHBI TPYNNON coTpyaHuKoB KaszaHnckoro
yauBepcurera (Hempumepor u np., 1970) nns pacuéra Bospacta IlapaTyHCKOTO MeCTOpPOKIEHUS
2eomemnepamypHulM METOIOM, - pacu€THOE 3HadyeHue Bo3pacta cocrtaBuio ~ 6500 mer, uro
COIIOCTaBUMO CO BpPEMEHEM IMpOsBICHUS TIOCJIEAHEeH BCIBILKM BylkaHM3Ma Ha Kamuatke.
OTcyTcTBHE TEMIIOBOIO PAaBHOBECHS B CUCTEME, HAIMYME TPELIMH B BOJOYIIOPE CBUIETEIBCTBYET O
TOM, YTO TEPMOBMEIIAIOUINE TPEIIMHBI BO3HUKIIM Oce 00pa30BaHUsl YETBEPTUUHBIX OTIOKEHUN U
pacy€THOe 3HaYeHUE BO3PACcTa MECTOPOXKICHHUS SIBIISICTCS BIIOJIHE pealbHbIM NpubmkenueM [10 ¢].

[To pesynpTaTam cneyuanbHo20 CMpPYKmMypHO-2e0MOopghoo2uyecko20 aHaIu3a0TMEUeHa
4y€TKas NpUYpPOYEHHOCTh [lapaTyHCKHX TE€pM K MOCIEOPOT€HHOHN CTPYKTYpE, IPENIOI0KUTEIBHO,
[0 TMpPUYMHE CBSA3M C COBPEMEHHBIMH 30HaMH pacTsbkeHus. OOpalleHo BHUMaHUE Ha
UCKITIOUNTeNbHOe  monoxenne [laparyHcko-baHHOW  30HBI  CyOIIMPOTHBIX — pa3jioOMOB B
MOCIEOPOreHHOM  cTpykType Kamuarku. SBisisice TpaHC30HAIBHOM M TPaHCOCTPOBHOM,
[TaparyHcko-baHHBIM JICHUAMEHT OTCIEKUBAETCA JAIEKO K BOCTOKY, OIpENesss I0JIOKEHUE
OpoBkM MIendbpa W KOHTUHEHTAJILHOTO CKJIOHA, BIHUSAS B LEJIOM Ha IUIAHOBBIE OYEpPTaHUS
tepputopun Kamuarku (Koctenko, 1995). ['unonentps! 3emnerpsacenuii riayoxe 100 km oOpaszyior
MI0JIOCH CYOIIMPOTHOTO MPOCTUPAHMUSI, COBIAJAIONINE C CYOIIMPOTHBIMU 30HAMU WM JIEKaUIUMU
Ha wux nponomkenuun (Koxypun, 1987). MecrononoxeHne TreoTepMalbHBIX aHOMAaIMN
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COIOCTOBUMO C 30HOI MHTEp(PEPEHIINHN KONBLEBBIX CTPYKTYp 2-T0 paHra. OcoO0eHHOCTh MOJ00OHBIX
BTC cocrout B TOM, 4TO OHM C(HOPMHUPOBAHBI B KOHTUHEHTAJIBHBIX YCIOBUSIX U B pelbede co3Aat0T
nostiockl CB, cyomepuanonansHoit opueHTHpoBKkH (Cokonkos, 1995).

B mnane mnomane IlapaTyHCKOTO MeECTOPOXKACHHS TATOTEET K 3a00JIOUEHHON MolMe
Hu3oBbeB p. llaparynku, umeer nonyoyeosyro (popMmy, OTKPBHITYIO B HalpaBiICHUH TOpCTa
TomnonoBoro. Ilogo6Has ¢dopma moBTOpsieTcss B 3ieMeHTax penbeda (puc. S5). YuuThiBas TO
00CTOSITENTLCTBO, YTO MO JAHHBIM CTPYKTYPHO-T€OMOP(OIOrMuecKkoro aHaiusza Oblia BbIIENICHA
kpynHasg naneoctpykrypa IlaparyHcko-beictpunckoit BTC (Koctenko, 1995), yuuthiBas
COBPEMEHHYI0 T€OJUHAMHUYECKYI0 M BYJIKAHUYECKYI0 AKTUBHOCTb TEPPUTOPUH, NPOSBICHUE
nporecca noCmKaIbOepHo20 8yIKaHu3Ma Ha rpanuie naieokparepa BTCrpenckazyemo. B nentpe
BYJIKAHO-TEKTOHMUYECKOIN MalleOCTPYKTYpPhl CO BPEMEHEM BBHIPOC, M MPOJOJDKAET pPacTh, Xpeder
TonoJIOBBIM U OTHOUMEHHBIN TOPCT.

[IposiBneHus: ckpvimozo 8yakaHuzma Ha MECTOPOXKIECHUHM PACCMATPUBAOTCS OTHOCUTEIIBHO
yuactkoB Cpennuii, Hwxumii. BrnepBeie Ha momoOHoe sBieHue oOpartwimu BHuManue A.W.
Cepéxnuxos, B.M.3umun (1968): B mporecce TIATENLHOIO W3y4eHUs KepHa CKBaXXMH CpenHero
yJacTKa YCT@HOBJICHO, YTO B pailOHE TEPMAIbHOHN IUIOMAAKH, 3(PPY3MBHO-TTHPOKIACTHUECKUE
o0pa3oBaHMs HACHIIMIEHB MHOTOYMCICHHBIMH PBYIIMMH W IUTACTOBBIMU TeJIaMU JIAIlIUTOB,
aHJIE3UTOB, JUOPUTOBBIX mMopdupuroB. KOHIEHTpalusi Ten C SPYNTHBHBIMH OpEKYHSIMH B
LEHTPaJbHOW YacTu OJIOKa paclieHeHa KaK MpU3HAaK MarMOMOJBOMSAIIETO KaHala MHOIICHOBOTO
BYJIKAHWYECKOTO anmnapara. B mnapacenesuce ¢ HUM pacCMOTpEH CyOBEpTHUKAJIbHBIA TEpMaIbHBIN
MOTOK, C KOTOPBIM CBSI3BIBAETCS OYar €CTECTBEHHOM pa3rpy3ku yyactka CpemHery, - Ha HeOOIbIIOoHi
TEpPMaJIBHOM MJIOMIAIKE U PSAAOM C Hell 0110 poOypeHo 14 MpoayKTUBHBIX CKBa)KUH.

['myOuHHOE TOCTyIJIEeHHEe Tra3a Ha JaHHOM Yy4YacTKe [MOATBEPKICHO pe3ylbTaTaMu
M30TOMHBIX aHaTH30B. 110 n30TOMHBIM cootHoureHmsiM rermst He’/He” B ckBaxuue TK-1 Cpennero
ydacTKa JoJis MaHTUIHOTO renust coctaBuia 23%, kopoBoro 69%, atmocdeproro 8% (Kamenckuii,
1976), mogo6Ho azotHeIM TepMaM Wcmanauu (Kononos u np.,1974).

VYyacrok Huowcnuii sSBIsiETCS LEHTPAIbHBIM Ha MecTopoxaeHuu. OH XapaKTepusyercs
IIMPOKUM IUJIOLIAJHBIM DPA3BUTHUEM TEPMalbHBIX BOJ M HEOXKHIAHHBIMH BCIBIIIKAMU BBICOKUX
temneparyp - 10 106 °C B CKBaXXHHAX, 4TO OOBACHAETCS OTHOCUTEIHHO MOJIOJIOW CTPYKTYpOH
ydacTtka [4].

OOpamaer BHMMaHue TOT (hakT, 4TO, MO AAHHBIM TepMomerpuu, 95 m 100-rpagycHas
M30TEPMBI MPOCIEKHUBAIOTCS TONbKO Ha HikHEM yyacTke, OHU MPUMBIKAIOT K CyOIIMPOTHON 30HE
KOPOBOT'O MPOUCXOKJICHHUS, - TEM CaMbIM MOTYEPKHYTa 3HAYUMOCTH TITYOMHHBIX MPOIIECCOB IS
(bopMHPOBaHUS F€OTEMIIEPATYPHON aHOMAJIMU ITOTO Y4acTKa.

Haunbonee Hanéxsele cBeleHHUS O TeMIepaTypax Ha IJIyOMHE IMOJy4eHbl IO JAaHHBIM
TEPMOMETPHUH, HO B MOCJIETHUE IO/l TEPMOMETPUS B CKBAKUHAX HE MPOU3BOAMIIACH, - XapaKTep
M3MEHEHHS TeMIIepaTyphl Ha TIyOuHe (~2 KM) BO BPEMEHH OTCIECKEH MO PacuéTHHIM 3HAUYCHUSM
cuiikatHoro reorepmometpa T (puc. 6). Koppensuus mexny ¢pakTHYeCKUMU TeMmIepaTypaMu U
conepxxanueM SiO; B TepManibHOM Bozie Beicokast, =0,7 [11d].

CpaBuenue nokazanuii Ts=100°C Ha HaYaJIbHBIA W COBPEMEHHBIM MEPHOJ] SKCIUTyaTallun
MecTtopoxkaeHus (1969-2016 rr.) mo3BonsieT OTMETHTH, YTO B paiioHe HipkHero yyacTtka miiomanab
100-rpagycHO# TEpMOAHOMAJIMKM HAMHOTO YBEIWYUIach, Ipu 3ToM C3 OpHEHTHPOBKA TJIaBHOM €&
OCH aHOMAJIMM COXPAHMJIACh. 3a MOJYBEKOBOW NEPUOJ IKCIUTyaTallMM MECTOPOXKACHHUS TIOJI0KEHUE
LIEHTPa aHOMAJIUU OCTAETCSI CKOHLIEHTPUPOBAHHBIM BOJIM3HM T€PMAJIbHBIX UCTOYHUKOB.

[Tpy KOMITJIEKCHOM pacCMOTPEHHH PE3YJIbTAaTOB Ie0(pU3NUECKUX UCCIIEIOBAHUI OTCIeKeHa
oTkpbITasg 30Ha CB 50° B HanmpaBieHun oT BepXxoBbeB pp. OBpaxkbsa-IlonepeuHas Kk CIUSIHUIO Pp.
Kapsimmnna-Ilaparynka, oowenunstonnas Kapeimmumuckue, Cpeanue, Huwxuue ucrounuku. B
Mexnaypeube pp. XaiikoBa - IlapaTyHka BbIsBiIeHa cTon0ooOpa3Has Kpyromazaromas k HO3
OTKpBITas 30HAa pa3yIUIOTHEHHUsS; B pailoHe ckB. PD-7 ycranoBiena Hauboznee TIyOOKO
NpoHMKaroIas TpentuHHas 30Ha (Cumopos, 1995) [9¢)].

Ha ocHOBaHMM BBINIEU3I0KEHHOIO MOYKHO IPEAINOJIOXKUTh Hanuuue Ha HukHeMm yuacTke
TeJa BHEJPEHHUS B BUJAE KPYTOHAKIOHHOM JaiiKu, OTHOCUTENIBHO NMPUOIMKEHHON K MOBEPXHOCTU B
paiione ckB. PD-7 (Ty,=100°C), opuentupoBannoii B CB HampaBieHUN U PacroIOKEHHOH BOIU3U

46



CYyOLIMPOTHOTO  Pa3jioMa  KOPOBOTO  TNPUCXOXKIEHHUA. AHAJIOTMYHAs  CXEMa  KOHTPOJsS
TEPMOIIPOSABIIEHUSI TNPOCIEXKEHA sl TerioBoro ouara coceanero (B 20 km) bonpme-bannoro
MECTOPOXKJCHHUS MEPerpeTbiX BOJ, IJ€ 30Hbl KOHTAKTOB 0a3ajJbTOBBIX JAacK € BMEILAIOLUIMMU
MIOPO/IAMU CIIY’)KaT XOPOUIO MPOBOAAIIMMH KaHaJaMU JJIsl BBICOKOTEMIIEPATYPHBIX THUAPOTEPM
(Tmax=171,5°C) [4].

[TapaTyHCKOE MECTOPOXIEHHE OCBOEHO B IIPEJENax BEPXHETO PEOJIOIMUECKOI0 YpPOBHS
(mo 1500 wm). IlepcrieKTHBHOMY IUUIAHUPOBAHHIO BOJ0O0TOOpa MPHUPOJHOTO TETUIOHOCHUTENS Ha
MECTOPOXKJCHUN JOJDKHO TPEAIIeCTBOBATh JIOM3yYCHHUEETOHA IIyOuHy HEe MeHee 3,5 - 4 kM (B
npefenax CpeIHEero peoJOorMyeckoro YypoBHSI), TaK Kak BO3MOXKHA STaXHOCTb B CTPOCHHUHU
MECTOPOKICHMUSL.

Huxe nepeuncieHbl HEKOTOpPHIE OMOJIHUTEIbHBIE NPU3HAKH, MUMEIOLIUME OTHOLIEHHE K
IIPEAIoIaraeMoMy IPOSIBIEHUIO CKPBITOTO ByJIKaHU3Ma Ha HuoicHem ydacTke:

- Hanmune OpaxuanTukimHanbHoM cTpykTyphl (Haymos, 1968)

- OTHOCUTENBHO MOJIOas CTPYKTypa yyactka (Manyxus, 1968; 1976) [4;11¢]

- Jlokanu3anusi TepMOAHOMAIIUH B Yy3JI€ MEPECEYCHUsT PA3JIOMOB CyOIIMPOTHOTO (KOPOBOTO
npoucxoxaeaus), C3 (repmonoaBomsmue), CCB (coBpemennas 3o0oHa pudToreneza), CB
(coBpeMeHHbIE 30HBI PACKOJIa) HAIIPABJICHUI

- Hanmuumwe B 30HE TepMOaHOMAIMU paAUATIBHBIX pPa3JIOMOB, MO JAHHBIM YHCJIEHHOTO
MonenupoBanus (Kuproxun, 2017)

- 110-rpanycHas uzorepma Ha riyouHe760 M aOc Habmomaercs Tonbko Ha HinkHeM
ydacTke, - 10 MaTepuaiaM TepMOMeTpruH CKBakuH [11¢]

- MakcuManpHas TeMIiepaTypa caMousiimBa HaOmomaercs st ckB. PO-7, T=100 °C

- YcToiiunBoe BO BPEMEHU MaKCHUMAJIbHBIM TEMIT YBEIMYEHHUs coAepxkKaHHUs xjopa (puc 7)
npocinexxeH Ha HukHem yuwacTke. 37ech ke OTMeueHO MoBblIeHHOe conepxkaHue COz B 30HE
tepmoanomanuu (ckB. 30, 45, PD-7, 'K-13); o6cranoBka Eh BoccranoButenbHast - B ckB. 30, 502;
3HaueHus coortHomreHus CI/RD makcumanpHble, - Kak MpPU3HAK MaJIOW CTENEeHW pa30aBieHHS
TTyOHHHBIX BOJ; H30TOINHBIN COCTaB yriepoaa & -C st ucrounnka Himkrero cocrasmi -7 %o, 9To
MOJKET COOTBETCTBOBATh MarMatuueckomy yriepoay (Yynaes, 2000)

- TloBeimennoe coxepxanue H,, He, Ar, CH,;, CO; B ckBaxkune PD-7 ormedeHo
OTHOCHUTEJIBHO Ta30BOro cocTaBa TepM Iiryookoil ckB. 101 CeBepHoOro yudactka, rzie BOAOIPUTOK
BCKpPBIT Ha riyoune 2500 m

- Makcumanbhbie KoHieHTpanuu Cu, Zn, Pb, Bi, Ba, Br, Cz, U B ckBaxxuHax u Haubosee
LIMPOKUIN CHEKTP MUKPOKOMIIOHEHTOB Habmoaaercs Ha HikaeM yuactke [8]

- Ha rpadmkax cooTHomIeHUs 3HAYECHUI OCHOBHBIX TreHeTn4eckux ko3 pummeHtoB Cl-SOy,
Cl-Na wna0momaercs 000COOJICHHOCTHHEKOTOPBIX CKBOKUH HWKHEro ydacTka OTHOCHUTEIBHO
OCTQJIbHBIX CKBQXUH MECTOPOXKICHHUA W OOIIHOCTh ¢ Tepmamu bonbme-bannoro (cks. 1),
OzepHoBckoro (ckB.2) wmectopoxkaenuit (puc.8). bonpmmHCTBO CckBakmH [laparyHckoro
MECTOPOXKJICHUS HAXOJUTCS Ha OJHOW MpsIMOM ¢ TepMasbHBIMU BojaMu CKB. 101. CKkBaXMHBI 1O
y4acTKaM OTJIMYAI0TCS Pa3HOU CTENeHblo MeTamopdu3Ma TuIpoTepMaibHOro pacteopa. Hanbonee
pas3b6aBneHsl TepMaibHble BoAbl O3 ¢uanra mecropoxxaenus (Cpenauii, [IpomexyTouHblit ydacTKu
M 0,8-1,3 1/im). Haubonee munepaim3oBanbl TepMaibHbie Boabl ckB. 101 (M=3,4 r/n - 2018 1.).
CkBaxxuna 101 otHocuTcst k CeBepHOMY y4acTKy, rpaHuuuT ¢ FOkHOOepeHON reorepManbHOM
IUIOLIA/IBIO.

Hroru

- Teppurtopus IlapaTyHCKOr0 MECTOPOXKIEHHS TATOTEET K 30HE aKTUBHOTO BYJIKaHHU3Ma, -
c(OpMHPOBAIKCH OJIATONPUATHBIC TPEANOCHUIKH IS IPOSBICHUS [TOCTKAIBAECPHOTO ByJIKaHU3MA B
npeaenax TpaHUlbl Kparepa mnaneocTpyktypsl IlapatyHcko-beictpunckoit BTC. Ilpossnenus
CKPBITOrO BYyJKaHU3Ma MOJOOHBI "TOpSYMM TOYKaMm'" Ha OOIIMPHON HEPaBHOMEPHO IPOrpeTon
IUIOINAY MECTOPOXKIAEHUS TPEIMHHO-KWIBHOIO THIA, NOJOOHBIE TOpsYMe TOYKH OTMEYEHbI Ha
CpenneM n HuxHeM ydacTkax.
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- [IpeBbilieHne BOJ0OTOOpAa MPHUPOJHOTO TEIUIOHOCUTENS OTHOCUTENBHO JOMYCTUMOTO
(3amMIEeHHbIE 3anachkl THAPOTEPM) BENET K HEIMPEICKAa3yeMbIM MOCIEACTBUAM B T'MJIPOJUHAMUKE
MOJ3EMHBIX MOTOKOB. JlomylieHHOe B Mpolecce OJKCIUTyaTallid MPEBBIIIEHHE BOJI00TOOpa
CIPOBOLIMPOBAJIO BIMSHUE MOJ3EMHBIX BOJA cocenHed FOxkHOoOepexHOW IUIomaay Ha MOA3EMHbIE
BOJIbl BOCTOUYHOT'O (hJIaHTra MECTOPOKIACHHUS.

- [TapaTryHckoe MecTOpOXKAeHNE U3y4eHO 10 TIayonHbl 1500M, 9YTO COOTBETCTBYET BEpXHEMY
peosoruyeckoMy ypoBHIO. [IporHO3MpoBaHUIO pecypcoB Ha TIyOMHYIOJKHO IPEAlIeCTBOBATH
nousydeHwe ero Ha riayomHy (~ 3,5-4,0 xm). Ilpenmosaraercs 3TaKHOCTP B CTPOCHUU
MECTOPOKICHHUS, HApSAY C MPOSBICHUSIMHU CKPBITOTO BYJIKAaHU3Ma.

- [Ipeanaraercs nperycMoTpeTh qousydeHue [lapaTtyHckoro MecTopoxxieHus 1o IUIoLaau,
B rpanunax IlaparyHcko-beicTpuHCKON MaIeOCTPYKTYPHI, - B IIpeieiax u3ydeHHbIX TiryouH (15-2,0
KM).
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Conditions of water and heat recharge of the Mutnovsky production geothermal reservoir
(Kamchatka, Russia)
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Abstract

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, 8°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.

Modeling shows that the predicted power is sensitive to local meteoric water influx during
exploitation TOUGH2-modeling estimates of the reservoir properties are as follows: the reservoir
permeability is 90-600 e-*> 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. This also provides an example of an active volcano
feeding an adjacent hydrothermal system in case its activity is shifted from lava production on the
surface to the injection of magma and surface water into the adjacent structures.
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Zhuravlev N.B.
Institute of Volcanology and Seismology FEB RAS, Petropavlovsk Kamchatsky 683006, Russia
Zhuravlev-95@mail.ru

YcaoBus (])OpMI/IDOBaHI/Iﬂ HapaTYHCKI/IX reorepMa’jJabHbIX MeCT()pO)KI[eHI/Iﬁ
N BO3MOKHOCTH I/IHTeHCI/I(l)I/IKaHPlP[ HX IKCILTyaTalluu

H. b. Kypasies
Unemumym Bynxanonoeuu u Ceticmonoeuu J[BO PAH, Iutina-9, [lemponasnosck-Kamuamcxuii 6830006,
zhuravlev-95@mail.ru

AHHOTanus

Ha ocnoBanun TOUGH2-monenupoBanus skcrutyaranuu [lapaTyHCKOro reotepManbHOTO
MECTOPOXKJCHUS OOHApYyKEHa BO3MOXKHOCTh YBEIHMYEHHUS MHTEHCHUBHOCTH €ro SKCIUTyaTalluu C
HCIOJIb30BAaHUEM MTOTPYKHBIX HACOCOB.

Beenenue

HuskoremnepaTypHble TI'e€OT€pMajbHbIE MOJS HCHBITATN JECATUIIETUS MPOMBIILIEHHOTO
ucnonb3oBanus B Mcnanauu, Benrpun, Kurae, Typuun, ®@pannuu, ['epmannn, Poccun n npyrux
CTpaHaXx. JTO Jall0 OMBIT M3yYEHUS MEXaHU3MOB HX (OpPMHUpPOBaHUS, B TOM YHCIE YCIOBUMN
MOANUTKHA TEIUIa U BOJAbI B €CTECTBEHHOM COCTOSHUM M TNpHU JKCIUTyaTallUM, a TAaKXe OLCHKU
MOTEHIIMaja BO30OHOBIIEHUS PECYPCOB T€0TepMaIbHBIX MECTOPOXKACHUH [2].

[TapaTyHCcKOoe reoTepMalibHOE MECTOPOXKICHHE HAaXOAUTCS B AKcIUTyatanuu ¢ 1964 r., B
TedeHue mocienHux 50 yer sKcmryaranuu u3BiedeHo Oosiee 320 MIH T TepMalbHOBIM BOJIBI C
temrneparypoit 70-100 rpagycoB, KOTOpasi UCIOJIB3YETCs NIl TEIUIOCHA0KEHUs, OaTbHEOJIOTHU U
TEIIMYHOro xo3siictea [2]. [Ipeanonaraercs, 4To MCMONIB30BAHUE MOTPYKHBIX HACOCOB MO3BOJIUT
HapacTUTh CyMMapHbIi BojooTO0p IlaparyHckoro reorepManbHOro MecTopoxkaeHus 1o 1375 kr/c
u obecrieunTh cocequue ropoaa (Emmzoso, Bumounnck u [lerponaBnoBck-Kamuarckuii, Bcero 242
000 >xuTeneit) NEHTPATU30BAaHHBIM TETUIOCHA0KECHUEM B TEUCHHE CICAYIONINX 25 JIeT.

I'maporeosiornyeckas crparugukanus, ycJoBus (pOpMHPOBAHUA MECTOPOKICHUA

[To pesynabTaraM pa3BelOYHOTO OYpPEHHs OINPEACICHO CIEAYIOIIee THIPOTeOIOTHIECKOe
cTpoeHue MectopoxaeHus| 1]:

BepxHss rpaHuna npejcTaBieHa BMEIIAIONIMM PE3EpPBYyapoOM XOJIOAHBIX T'PYHTOBBIX BOJ,
KOTOPBIH CII0KEH AJUTFOBUAJIBHBIMU IIECUAHBIMU U TPAaBUHHO-TAJIEYHBIMU OTJIOKEHUSMU;

Kposneli reoTepManbHOro pesepByapa SBISIOTCS HUXHEUYETBEPTHUHBIE aJEBPOJIUTHI C
BKJIIOYEHUSIMU MEJIKO3EPHUCTHIX IeCUaHUKOB Ha riryoune 40-180 m.

[TponyKTUBHBIH TeOTEepMalbHBIA pe3epByap MpeACTaBlieH Ty()o-MUPOKIACTHYECKUMHU
nopoaamu IlapaTyHCKo#l CBUTBI M XapaKTEpHU3yeTCs LUPKYJALUEH B TPELIMHOBATHIX BMEIIAIOLINX
noponax. Hamumume BepxHero Bojoymopa obecreurnBaeT HM30BITOYHOE JaBieHHE U Oapbep s
MOBBIIICHUSI ~ KOHBEKTUBHOTO  IMOTOKA  TEPMAJbHBIX BOJA. MOIIHOCTE Te€0TEPMaIbHOIO
IIPOJYKTUBHOIO pe3epByapa oleHUuBaeTcs npuMepHo B 1200 m.

DyHIaMEHT, NPEICTaBICHHBIA MHTPY3UBHBIMH IOPOAAMH, DPACIOJIOKEH HUKE OTMETKU
1200-1350 m.

O061acThIO MUTAHKS MECTOPOKIACHHS SBJISICTCS CTPYKTYypa BusmounHckoro Bynkana (2173 m
HaJ ypoBHEM Mopsi) ¥ Bo3BbiieHHOCTH (Bhimie 1000 M) B BepxHeM TeueHWH peku KapbiminHa
(puc. 1). XononHas Bo/ia IPOXOJUT Yepe3 Kepio BYJIKaHA U CKBO3b TPEIIMHBI B €ro (yHIaMeHTe,
gocturas TayOuMH 4-5 kM. 3areM Boja MEpeMeIlaeTcss M IOCTENIEHHO HarpeBaercs IMoJ
BO3JICCTBHEM JIOKAIBHBIX Marmatudeckux cucteM g0 80—100 °C. bnaromapsi m30bITOUHOMY
JaBIICHUIO Harperas BOJa IO OCJIAa0JIEHHBIM CTPYKTypaM IIOCTyHaeT B IPOJYKTUBHBIN
reoTepMalibHbIN pe3epByap [2].
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Pucynoxl — Mooenv ceogpunvmpayuonuoti  cmpykmyper Ilapamynckoeo eeomepmanbHo2o

MeCmopodcOeHUsi 8 NONePeYHOM ceueHuu om 8ynaKkana Bunouunckui 0o IlapamyHnckozo 2eomepmanbHo2o
Mecmopoxcoenus. 1 — npumox memeopHuix 600, 2 — npoOyKmMugHble mpeujuHbl MecmopodicoeHust. [2]

Tepmoruapoaunamuyeckasi Mmoje/b [lapaTyHcKoro reorepMajibHOr0 MeCTOPOKIEHUS
Mopenupyemast 0o0nacTh MpeJacTaBlieHa MPU3MOH, KOTOpas YacTMYHO COBHAJaeT ¢
rpanunamu Ilaparyrckoro rpabena, u mpoctupaercs Ha rayouny 3000 m.

1 2 W3

Pucynox 2 — l'eomempus modenu, sbruuciumenvras cemrka. 1 — eepxuuil (omuocumesnvhblii)
68000ynoOp, 2 — NpoOyKMUGHbLI 2e0MepPMAalbHbL pe3epsyap, 3 — (yHoamenm.

I'eomeTpust Moe/ U, BIYUCIUTEIbHAS CETKA

Bepxnuit (OTHOCUTENbHBIN) BOJOYNOP — XOJOAHBIM MOA3EMHBIM BOJOHOCHBIM TOPU30HT
(mecku, rpaBuid, rajgbka) Ha OCHOBE HIDKHEUYETBEPTUUHBIX aJieBpoauToB. Croro 1 HazHayeHa oOmas
BepTuKalibHas ToamuHa 180 M B 1uana3one BeICOTH MeXAY -160 u +20 M Haxg ypoBHEM MOpA.

IIponyKTHBHBIA T€OTEpPMAJIBHBIN pE3EpBYyap M MEHEE MPOHHUIAEMbIE MOPOJbI - HUKHHE
YeTBEPTUYHBIE KOHTJIOMEpPAThl C TMPOCIOSIMH alIeBPOIUTOB M TY(HOBBIX KamHeH, TydoBbIe
KOHTJIOMepaThl U TyQsl AJHerckoro psga. [IpoayKTHBHBIA pe3epByap OTrpaHHYEH T'€OM30TEPMOM
60° C mpu -750 M oT ypoBHs MOps 1 obanaet TommuHoi 1200 M. BHe nmpoaykTHBHOTO pe3epByapa
npejrnosaraercsa 0ojgee HU3Kas MPOHUIIAEMOCTb.

DyHIAMEHT COOTBETCTBYET WMHTPY3UBHBIM U METaMOpP(HUECKUM IMOPOJaM M TPHUCBOCH B
nuariazone BbICOTHI OT -1360 g0 -3000 M oT ypoBHs Mops. OOmacTd MPUTOKA TEMJIOHOCHUTENS
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COOTBETCTBYIOT HHTPY3UBHBIM U METaMOP(UUECKUM MOPOJIaM, Ha3HAYEHHBIM B TIpe/iesiax TaHHOTO
MOJIETTLHOTO CJIOS.

B mnpenenax mopenupyemoil 00JacTH 3aJaHbl CKBOKWHBI, UM IPUCBOCHBI TaOIMYHBIC
3HAUEHUS PACX0JI0B, BBIPAXKEHHBIE B CPEJHEMECSIYHBIX ITOKA3aTENAX B IEPUOJ dKcIuTyatanuu 1964-
2014 ronos.

Jns  OueHKM MapaMeTpoB TIeOTEpPMAJIbHOIO pe3epByapa [0 Hayala »JKCIUlyaTalluu
MECTOPOXICHUSI pa3paboTaHa MOJEIb E€CTECTBEHHOIO COCTOSHUSA. YCJIOBHS JaBJIICHHS H
TEeMIIepaTyphl, ompezaeneHHbie Ha ocHoBe | OUGH2-monmennpoBaHusi €CTECTBEHHOTO COCTOSHUS,
OBLITM MCITOJIP30BaHbI B KAUECTBE HAYAJIbHBIX YCIOBHI IKCITyaTallMOHHON MOJIEIIA MECTOPOKICHHUS
1964-2014 rr.

Jns  monmenupoBaHUST ~ HACOCHOW  OKCIUTyatanu  [lapaTyHCKOro  reoTepMaibHOTO
MECTOPOXKICHHSI C HCIOJNB30BAaHHEM IMOTPY)KHBIX HAcOCOB B TedueHHe 25 Jer Obuia
MOAUGUIIMPOBAHA CYIIECTBYIOMIAS SKCIUTyaTallUOHHAs MOJENb: BCE CYIIECTBYIOIINUE TOOBIYHBIC
CKBRKUHBI OTKJIIOUEHBI, 331aHbI 11 HOBBIX. HOBBIM CKBakMHAM OBUTH 3a7aHbl a0C. OTM. ycThs +20
M, 32004 -2000 M. [IpomyKkTUBHBIE 30HBI 3a/1aHbI B [uana3oHe -960...-1160 m.

Bbr110 poBeneHO TpW BapwaHTa MOJACIUPOBAHUS C HCIIOIB30BAHUEM IMOTPYKHBIX HACOCOB
CO 3HAYEHUSMH TIOCTOSHHOTO pacxoja CKBakuH, paBHbIMH 75, 100, 125 kr/c. Takum oGpa3om,
CyMMapHbIi Bo100TOOp coctaBuia 825, 1100 u 1375 kr/c coorBeTrcTBeHHO. OCTANBHBIC CKBAKUHBI
Ha MOJIeNIA OBLTM BBIKJIFOUEHBI (pacxo/1 3a/1aH PaBHBIM HYIIIO).

IIporuo3 TepMOruapoOANHAMUYECKOT0 peknMa IKcruryaTanun [lapaTtyHckoro
reoTepMajibHOr0 MECTOPOKIEHHS ¢ PacxoaoM Boa0ooTéopa 10 1350 kr/c Ha cpok
IKCILTyaTaumuu 25 jer

Jns mpoBeneHUsT MOJENUPOBAHMS OBLIM YCTaHOBIIEHBI CIIEAYIOIIME BPEMEHHBIE paMKU
nporoHa: Bpems Hadaina — 31 mast 2014 r. (370l 1aTe COOTBETCTBYET BpEMs OKOHYAHHUS MPOrOHA
SKCIUTyaTarmoHHoi moaenu 1964-2014 rr.), okonuanust — 1 suBaps 2040 r. (2014 rog + 25 ner).
W3 pe3ynbTaToB MOJEIHPOBAHUS CIIEAYET, YTO B TeUEHHE 25 JIeT HACOCHOW JKCIUTyaTallHH IMPHU
MaKCUMaJbHOM pacxoze 125 Kr/c naBineHHe B T€OTEPMaIbHOM pe3epByape CHU3HIOCH B CpPEeIHEM
Ha 6-7 6ap, temneparypa — Ha 3-4°C (puc. 3).
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—— Qfasnenwe (75 kr\c) —— Temneparypa(75 kric)
—— Qasnenue (100 kr\ic) - Temnepartypa(100 kric)
Aaenenue (125 kric) Temneparypa(125 kric)

Pucynox 3 — [Ipoenosnoe usmenenue memnepamypwvl u 0asierusi 6 cks. 39 npu pacxode 6odoomobopa
75 ke/e, 100 ke/c, 125 ka/c.
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BriBoanl

PazpabatsiBaemast mozenb [lapaTyHCKOTO reoTepMalIbHOTO MECTOPOKICHUS MpeICTaBIeHA
MIPU3MOM, KOTOpasi YaCTUYHO coBMajaeT ¢ rpanunamu [laparyHckoro rpadeHa, v mpocTUpaeTcs Ha
rinyouny 3000 M oT ypoBHS MOpsI.

BepTukanbHasi CTpyKTypa MOJENHU IpeAcTaBiIeHa BEPXHUM BOJOYHMOPOM, MPOTYKTHBHBIM
pe3epByapom U ¢yHmaMmeHToM. Ha Moenu 3aiaHbl MPUTOKH TEIIIOHOCHUTES, YCIOBUS PAa3TPy3KH,
CKB)KUHBI C MPUBSA3aHHBIMHU K HUM 3HaYEHHUSIMH pacxojia B IEPUOJ IKCILTyaTallud MECTOPOKICHUS
¢ 1964 o 2014 rr.

Jlns  OLeHKM TapaMeTpoB TeOTepMajbHOrO pe3epByapa /0 Hayajla SKCIUTyaTalluu
MECTOPOXKICHHUS pa3paboTaHa MOJENb ECTECTBEHHOTO COCTOSIHMA. YCIOBUS JaBIICHUS U
TeMriepatypsl, omnpeaeneHuple Ha ocHOoBe |OUGH2-monenupoBaHus €CTECTBEHHOTO COCTOSHUS,
OBLTH MCIIOJIB30BAHBI B KAYECTBE HAYAIBHBIX YCIOBUN IKCILTYyaTAITMOHHON MOJIEIIA MECTOPOKICHUS
1964-2014 rr.

[TpoBeneHO HECKOIBKO BapUaHTOB MOJICIIMPOBAHUS C UCTIOIB30BAaHUEM TIOTPYKHBIX HACOCOB
Ha CPOK 3Kcrutyaranuu 25 net. M3 pe3ynbTaToB MOAETUPOBAHUS CIENYeT, UTO B TE€UYEHUE 25 NeT
MpeIosiaraeMo HACOCHOM AKCIUTyaTallMH, MO3BOJIAIOIIEH YBEIUYUTh CYMMapHBIH pPacxoj
Boj00TOOpa ¢ 256 kr/c mo 1375 kr/c nmaBiieHWE B NMPOAYKTHBHOM TIe€OTEPMAIbHOM pe3epByape
CHU3HUTCS B CpeHEM Ha 6-7 Oap, a Temneparypa — Ha 3-4°C.
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MECHANISM OF GEYSER FUNCTIONING AND CYCLICITY IN
HYDROTHERMAL SYSTEMS

Modeling and Observations of the Geysers

Rychkova T.V.
Institute of Volcanology and Seismology FEB RAS, Petropavlovsk Kamchatsky 683006, Russia
tvr62@mail.ru

Abstract

The Geysers Valley hydrothermal system is hosted within a system of two permeable faults,
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. Modeling of the natural state of the Geysers Valley
hydrothermal system shows that steam accumulation below an inclined caprock may have
hydrothermal eruption potential. 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.

The monitoring of the Velikan and Bolshoy Geysers after the catastrophic landslide on
3.06.2007 and before a mudflow on 3.01.2014 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 dilution of the chloride deep components of
the Bolshoy (—23%) and Velikan Geysers (—12%) is also observed. A local TOUGH2 model of the
Velikan Geyser is developed. This model is used to describe the transient thermal hydrodynamic
and CO2 changes in a Velikan Geyser conduit during the entire cycling process by using cyclic,
time-dependent boundary mass flow conditions and a constant mass flow of water into the geyser at
depth. This model also indicates a seepage element at the conduit's top to allow pre-eruptive
discharge and a buffering isothermal reservoir below to compensate for pressure declines from
major eruptions at earlier times. A reservoir model of shallow production geysers is also developed.
This 2D model is used to describe changes in the thermal hydrodynamic state and evolvingchloride
concentrations in the areas of most prominent discharge, both at steady state and when perturbed
bycold water injection from Podprudnoe Lake and other cold water sources (after 3.06.2007).

1941-2017 period of the Valley of Geysers monitoring (Kamchatka, Kronotsky Reserve)
reveals: 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, 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. TOUGHREACT V.3 modeling of Velikan geyser chemical history confirms 20% dilution
of deep recharge water and CO2 components after 2014. Temperature logging in geysers Velikan
and Bolshoy conduits shows pre-eruption temperatures below boiling at corresponding hydrostatic
pressure, that means partial pressure of CO2 creates gas-lift upflow conditions in geyser conduits.

Keywords: Geysers Valley, hydrothermal system, modeling, Giant Landslide, Velikan and
Bolshoy Geysers.
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MoaenupoBaHue U UCCiIed0BaHNe reiizepoB

PoiuxkoBa T. B.

HUncmumym Bynxanonoeuu u Ceticmonoeuu /[BO PAH, Iuiina-9, [lemponaenosck-Kamuamckuii 683006,
tvr62@mail.ru

AHHOTanus

®opmupoBaHue THIPOTEpMaIbHOM cucteMbl Jlonuubl ['eii3epoB mMpoucXoauT B mpenenax
JBYX IIPOHUIAEMBIX 30H pa3JIOMOB pACIOJOKEHHBIX HaJ MPEANojaraéMblM YacTHYHO
pacriaBIeHHbIM MarMaTH4eCKHUM TEJIOM C OO0JacThi0 BOJHOTO IMUTAaHUS METEOPHBIMH BOJAMU
BJOJb OOHaXCHUH pPUONUT-JAIMTOBBIX OKCTPY3Wil. bBrpIcTpas 5po3us MONMMHBI MPHUBOAWT K
YBEJIMUEHUIO PAa3rpy3KH THIPOTEPM, LUKINYECKOMY pPexXUMY paboThl T'e3epoB U OIMOJI3HEBBIM
ABJICHUSAM. MOJENIMpOBaHUE €CTECTBEHHOI'O COCTOSHUS THAPOTEPMaIbHONW CUCTEMBI IOKa3bIBAET,
910 (OopMHpOBAHME NAPOBOTO pe3epByapa IMOJ HAKIOHHO 3aJleralollliM BOJOYIOPOM, HMEET
MOTEHIMA THAPOTEPMAIBHOTO B3phIBa. BO3MOXXHBIMHU TpUTTEpaMH KaTacTPO()UUECKOTO OMOI3HS
SBIIAIOTCS YKJIOH IUIOCKOCTH CKONBXEHHs B CTOpOHY OacceiiHa p. ['eif3epHas, mnoBbIIICHHE
JIaBJIEHHUsS B MarMaTU4yecKOll NMUTaloLIell cucTeMe, HAChIIIEHWE BUCSAYEro OJoKa BOJOW BO BpeMs
BECEHHEr0 TAaBOJKa, THAPOTEPMAllbHbIE W3MEHEHHMs] Ha  IUIOCKOCTH  CKOJBXEHUS U
TUIPOTEPMAJIbHBIN B3pBIB Mapa.

MonuTtopuHr 3a reizepamu Bemukan u bonbmioi mocie kaTacTpo(HUUeCKOro OIOJI3ZHS
3.06.2007 u no ceneporo notoka 3.01.2014 rona noka3pIBaeT, YTO HHTEPBAI MEKY U3BEPKEHUSIMU
reiizepa bonbimoro ymenpmmics ¢ 108 1o 63 MHUHYT M 4TO MHTEpPBal MEXIY H3BEPKEHUAMU
reifzepa Bennkana MenneHHO cokpamaics B TeueHue tpex Jjet ¢ 379 munyT 10 335 munyt. Takxke
HaOmo1aeTcss paz0aBieHHE XJIopa Kak TNIyOWMHHOM KOMITOHEHTHI reiizepoB bousbmioro (-23%) u
Benukana (-12%). Orta Momenb HCHONb3yeTCs IJisi OMUCAHUS W3MEHSIONIIUXCS BO BpPEMEHHU
TepMOTHApoIMHaMuYeckux ycioBuil u ycnosuil CO2 B kaHaune reiizepa Bennkan B TeueHue BCETo
LHUKIMYECKOr0 TIPOIEecca, HCIONb3Ysl LUKINYECKH M3MEHSIOUIMECS BO BpPEMEHU T'paHUYHBIE
YCIIOBUSI MAacCOBOTO Pacxoj/ia U TMOCTOSIHHBIA MacCOBBIA MPUTOK BOJBI B Teif3ep Ha royOuHe. JTa
MOJIENIb TaKKe YKa3blBaeT Ha IPOCAYMBAHWE B BEPXHEM CJIO€ KaHalla, 4TOOBI 00ecneunTh
MPEeIPPYNTUBHYIO Pa3rpy3Ky (cTaaus u3nuBa) U OyQpepHbIi N30TEpMANIbHEIN pe3epByap BHU3Y, A
KOMIIEHCAIIUM CHUKEHMSI JaBJIEHUS OT IPEbIIYLIMX KPYNHbIX M3BepkKeHHM. PazpaboraHa Takke
MOJIeJIb  HETNIyOOKO3aJIeraoiero MpoayKTUBHOIO Tel3epHOro pesepByapa. Ota 2D-monens
HCIOJIb3YEeTCSl JJI1 ONUCAHUS WM3MEHEHHUH TEepPMOTHAPOJMHAMUYECKOTO COCTOSHUS U SBOJIOLHUU
KOHIIEHTPAllMU XJIOpa B 30HaX HauOolee 3HAYMMOW pa3rpy3Kkd Kak B YCTOMYHMBOM COCTOSHUU
TUIPOTEPMAJIbHON CHUCTEMBI, TAK U B COCTOSIHUU HMHXeKuuu u3 IlognpynHoro osepa u U3 Apyrux
HMCTOYHHKOB X0J101HOM BoAbI (TIocie 3.06.2007).

3a nepuon moHutopuHra B Jlomune IeiizepoB ¢ 1941 mo 2017 rr. ycTaHOBIEHBI
3HAUUTENIbHBIE M3MEHEHUs MHTEpBaja MEXIy W3BEPKEHHUAMH M MOIIHOCTh HW3BEPKECHUH,
M3MEHEHHUE COJIEp’KaHus XJIopa M JIPYrMX XUMHUYECKUX 3JIEMEHTOB, U3BEP)KCHUE MPU 3aHMKEHHBIX
Temneparypax. Tem He MeHee, 001Ias rIyOMHHAs pa3rpy3Ka OCTAETCsl OTHOCUTEIBHO CTaOUIILHOM,
U TO3TOMY BCE M3MEHEHUS OOBSACHAIOTCA Iepepaclpe/ielieHHeM TEeIJIOBOrO IOTOKa M3-3a
I'urantckoro omomsus 3 utoHss 2007 r., ceneBoro noroka 3 sHBaps 2014 r. u Apyrux coOBITHH,
MPUBEAIIUX K 3PO3UH OTHOCHUTEIBHO BOJOYIOPHOIO CJIOS M MHXKEKIIMH BOJbl B T'€OTEPMAaJIbHBIM
pesepByap. TOUGHREACTV.3 xumudeckoe MoJenupoBaHHe reizepa Benumkan moaTBepkaaeTt
20% -HOoe pasOaBieHue IIIyOMHHBIX KoMIloHeHTOB W CO2 mocie 2014 roma. 3amepeHHBIC
TEMIEpAaTypbl B KaHajgax reiizepoB Bemukan u  bonbiioil MNokasplBalOT — TeMIEpaTypy
MPEIBAPUTEIILHOTO  M3BEP)KEHUS HUXKE TEMIEpaTypbl KUIEHUS TMpPU  COOTBETCTBYIOLIEM
TMIPOCTaTUYECKOM JIaBJIEHUH, YTO O3Ha4aeT, 4yTo napuuanbHoe nasieHue CO2 co3maeTr ycinoBuUs
ra3-nudra B rei3epHbIX KaHamtax.

KiroueBbie ciaoBa: Jlonuna I'elizepoB, TuapoTepMaibHas CUCTEMA, MOJECIMPOBAHMUE,
KaTtacTpoduuecKuii 00BajI-OMOI3eHb, reiizeprl Bennkan n boboii.
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Mineral Composition of the Velikan Geyser (Geysers Valley, Kamchatka)

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

®a30Bblii cocTaB 0TJI0KeHNI reiizepa Beankan (Joauna I'eiizepoB, KamuaTtka)

Cepzeesa A.B.

HUncmumym Bynxanonoeuu u Ceticmonoeuu /[BO PAH, Iluiina-9, [lemponaenosck-Kamuamckuii 683006,
valraf2009@yandex.ru

AHHOTaNuA

UccnenoBan ¢a3oBelii (MUHEpaTbHBINM) COCTaB oOpa3lia OTIOXKEHHWH reizepa Benwukan,
pacnionioxenHoro B Jlomune I'eiizepoB (Kamuarka). OOpasel, oToOpaHHBIN Ha YCThe Tel3epa, ObLT
UCCIICIOBaH METOAaMH peHTreHoBckoi audpakromerpun (ShimadzuXRD 7000) u undpakpacHoit
criektpockonuu (IRAffinity).

OOpaszerr CII0)KEH PEHTIeHOAMOP(QHBIM OIAJIOM C HEOONBIINM COACPKAHMEM O-KBapIia.
[poduap CrekTpa MOTIOmEHHs o0pasimoB B obmact 3000 — 4000 cM ' oGHapyKHBaeT
MIPUCYTCTBUE BOJBI, XapaKTEpHOW /JIsi MOpPJCHWTAa W TEHIaHIWTa, HO B OOJIACTH BaJCHTHBIX U
nedopMarMoHHBIX KoeGanuil Terpasapos [SiOs] (400 — 1200 cM *) HONOCH! OMaia MOTHOCTBIO
MaCKUPYIOT TOJIOCHI TOTJIONIeHUS LeonauToB. Ha mudpakrorpamMmme oOHapyXHBarOTCS cialOble
pedIiekchl, OTHOCSIIMECS K TEeWIaHAUTY W MOPACHUTY, raio B aAuamasone 15 — 35 rpan. 260,
CBSI3aHHOE C HAJIMYUEM OTaia, MHTEHCUBHBIN peduiekc a-kBapma (011).

OcHoBHOU (a30ii, GOPMUPYIOIICHCS TIPH pa3TPy3Ke TEPMAIBLHON BOJBI Tei3epa, SBIISIETCS
oraj, KOTOpBI M0 Mepe cTapeHus TpaHchopmupyercs B a-kBapi. OOpa3oBaHuE LEOTUTOB MOXKET
MPOUCXOUTH MPH BBIACICHUU U KPUCTAJUIM3AIMHU Telisi COOTBETCTBYIOIIETO COCTaBa, HApSAIY C
HE3aBUCHMBIM BBIJICJICHUEM OTlala, WM NPU KPUCTAJUIM3ALUHU OTajia o CXeMe OIal — ol-KBapIl +
(MopaeHuT, reinannut). U3BecTHO, 9YTO CKOPOCTh POCTa IIEOJMTOB BO3PACTAET C KOHIIEHTpaluen
[OHT] [1], mosTOMy citaborenouHasi cpesia ¥ BHICOKast Temrieparypa [2] co3maioT OaaronpusiTHbIC
ycnoBust Assi GOPMUPOBAHUS KAPKACHBIX ATFOMOCUINKATOB (TeIaHNTa U MOPACHHUTA).

Pabora BrimostHeHa 1ipu noaepkke rpaata PODU, mpoekt Ne 18-05-00052 u rpanta PHO
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

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

Abstract

The purpose of this study is aall-inclusive interpretation and generalization of data on the
structure of the Bolshe-Bannoe geothermal field, for constructing 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 hydrothermal reservoir in computer modeling its exploitation.

The main method of conceptual modeling of the 3D structure of the reservoir is the field
mapping of reservoir structure elements observed on the earth's surface.

The mapping of all detected zones of discharging of thermal waters, their types and
temperatures was performed. Interpretation of the results was carried out taking into account the
published and archival data on the geological structure of this geothermal field.

The results of our research as a whole do not contradict the previously developed models of
the structure of the reservoir. The mapping of a large hummock and trough collapsebody, that
overlaps the alluvial sediments of the Bannaya River is performed. The spatial position and the ratio
of disjunctive dislocations of different order: faults, ruptures and cracks are specified. In the central
part of the geothermal field, there was discovered a previously unknown large active zone of
expansion and subsidence elongated in a sublatitude direction.

Conclusions: The location of the zones of discharge of thermal waters onto the earth's
surface is determined by the spatial ratio of ruptures that drain the reservoir and the overlapping on
them collapse deposits. The extended sublatitude zone of tension and subsidence formed above the
triggered part of the reservoir as it continued to exploitation.

Keywords: Bolshe-Banny geothermal field, hydrothermal reservoir, 3D geologic structure.

CuHTEe3 MCXOIHBIX Ie0JIOTHYeCKUX JAHHBIX JJIA Heseill MOJAeTUPOBAHUS IKCILTyaTAlMHU
Boabie-0aHHOT0 reoTepMaaIbHOI0 MECTOPOKICHHS: METOAbI U Pe3yJIbTaThl

Jenemenn N.D.

HUncmumym Byaxanonoeuu u Ceticmonoeuu /[BO PAH, Iluiina-9, [lemponasnosck-Kamuamckuii 683006,
delemen@kscnet.ru

AHHOTanus

Leab0 [aHHOTO HCCIENOBAHUS SIBISIETCA KOMIUIEKCHAs WHTEpIpeTanus U 000O0IIeHue
JAHHBIX O CTpoeHun boiblie-baHHOrO TeoTEPMaIbHOIO MECTOPOXKICHUS, Uil TOCTPOEHUS
KoHIlenTyanbHOH 3D Monenu TeosormuecKkoro CTpOeHHUs ero pesepByapa. llomyueHHBIE TaHHBIC
MOTYT OBITh HCIOJB30BaHBl TMPH OLEHKE KOJIWYECTBEHHBIX T'€OJIOTUYECKUX IMapaMeTPOB
UJIPOTEPMAIBHOTO pe3epByapa Npu KOMIBIOTEPHOM MOJICIIMPOBAHUY €T0 KCILTyaTallhH.

OCHOBHOIi MeTOI KOHIENTyalbHOTO MojenupoBanuss 3D cTpykTypbl pesepByapa —
MOJICBOC  KapTUPOBAaHWE DJJIEMEHTOB CTPYKTYphl pe3epByapa, HaOMI0IaeMbIX Ha 3eMHOU
IMOBEPXHOCTH. BBINOJIHEHO KapTHUPOBaHUE BCEX BBISBICHHBIX 30H Pa3rpy3Kud TEPMAJIBHBIX BOJ, UX
TUTIOB U Temreparyp. MHTepnperanus pe3yabTaToB Obljia TPOBEACHA C yY€TOM ONMyOJUKOBAaHHBIX U
APXMBHBIX JAHHBIX O F€OJIOTUYECKOM CTPOCHUH ATOTO FEOTEPMATBHOIO MECTOPOKIACHHUS.

Pe3yabTaThl Hamiero McCiIeOBaHUS B IIEJIOM HE MPOWBOpEUYaT pa3paboOTaHHBIM paHee
MOJENSAM CTPOEHUSL pe3epByapa. BBITOIHEHO KapTUPOBAHHUE KPYIHOIO XOJMHUCTO-3alaJuHHOIO
0OBAJIBHOTO Te€Jla, KOTOPOE TEPEKPHIBACT AJUTIOBHAJIbHBIC OTIIOKEHHUS PeKu banHas. YTOYHEHBI
MPOCTPAHCTBEHHOE TMOJIOKEHWE M COOTHOLIEHHWE JU3BbIOHKTUBHBIX  HApYIIEHUW PA3JIUYHOTO
MOPSI/IKA: PA3jIOMOB, Pa3pbIBOB U TPEIIMH. B IEHTpaibHOW YaCTH TEOTEPMAJIBHOTO MO ObLIa
oOHapyXeHa He W3BECTHAsl paHEee KPYIHAs aKTUBHAS 30HA PACTSHKEHUS U MPOCANOK, BHITSIHYTas B
CyOITMPOTHOM HaIlpaBJICHUHU.
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BbiBoa: MecronosnoxkeHue 30H Pa3Tpy3KHd TEPMAIbHBIX BOJA Ha 3€MHYIO MOBEPXHOCTH
OMpeEseTCsl MPOCTPAHCTBEHHBIM COOTHOILIEHUEM Pa3pbIBHBIX HAPYIIEHUH, KOTOPHIE JPEHUPYIOT
pe3epByap, U NEPEKpBIBIIMX HX OOBaIbHBIX OTIOXKeHHH. [IpoTskeHHas cyOmMpoTHas 30Ha
pacTshkeHHs M TPOCaZoK cpopMHpoBaiachk HaJ cpadaTblBa€MOM 4YacThIO pe3epByapa MpHU €ro
MIPOJIOJKAIOIIEHCS HKCIUTyaTall|H.

KuroueBble ci10Ba: KEMpoK, MOYBEHHBIE Ia3bl, TEMIEpATypa.
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RESERVE PRESENTATIONS

Conceptual modeling of the geothermal waters in the continental rift zones of the Menderes
Massif, western Anatolia, Turkey

Nevzat Ozgiir
Suleyman Demirel University, Faculty of Engineering, Department of Geological Engineering, 32260
Ctiniir, Isparta
nevzatozgur@sdu.edu.tr

Abstract

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.

Introduction

In the Menderes Massif within the western Anatolia, the geothermal fields of Kizildere,
Bayindir and Kursunlu located in the rift zones of the Biiyiikk Menderes, the Kiiciik 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
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 Kiiciik 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.
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Figure 1 — Geotectonic development of the Menderes Massif and continental rift zones.
1: Hg deposit of Halikdy, 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 Biiylik 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.
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-(SO4)-HCOs type. The geothermal waters of Kizildere, Tekkehamam
and Babacik can be classified as Na-(SO4)-HCOj; type, whereas the geothermal waters of
Pamukkale and Karahayit show Ca-Mg-HCOj3 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
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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
NHj3 indicate a magmatic input; which could be conditionally confirmed by isotope analyses like
8MB. 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 mg/I,
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 Biiyiik 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 puS/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-HCOj; type, and Ca-HCOj3 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
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,
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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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