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A B S T R A C T

The Paratunsky low temperature geothermal field has been operating since 1964. During the period of ex-
ploitation from 1966 to 2014, 321 Mt of thermal water (Cl-Na, Cl-SO4-Na composition, M up to 2600 ppm) with
temperatures of 70–100°С was extracted and used for district heating, balneology and greenhouses. The struc-
ture of the 40 km3 Paratunsky low temperature (80–110 °C) geothermal volcanogenic reservoir was geome-
trically characterized, hot water upflow regions and the 3D permeability distribution were identified with hy-
drogeological data, and the distribution of the feed zones and 3D temperatures were constrained by 3D spline
approximation. Water isotope and gas (N2, 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 struc-
tures, 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 4 × 10−8 Pa−1) and per-
meability (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 bar) and an insignificant drop
of temperatures in the production geothermal reservoir of the Paratunsky geothermal field.

1. Introduction

Low temperature geothermal fields, which are defined by reservoir
temperatures below 150 °C at a depth of 1 km (Rybach, 1981; Axelsson
and Gunnlaugsson, 2000; Johannesson, 2016) have experienced dec-
ades of industrial utilization in Iceland, Hungary, China, Turkey,
France, Germany, Russia and other countries. This has yielded experi-
ence for inferring the mechanisms of formation of such fields, including
heat and water recharge conditions in the natural state and under ex-
ploitation, reservoir properties and renewability potential estimates,
etc. Moreover, Iceland, for example, shows that it is possible to heat the
capital city of Reykjavik and neighboring communities (160,000 in-
habitants) with 11 PJ/year (Axelsson et al., 2000) using just three low
temperature geothermal reservoirs (Reykir, Ellidaar and Laugarness).

Note, that by 2016, Reykjavik heating system was also added by a total
of 450 MWth from Nesjavelir and Hellysheidi high temperature geo-
thermal fields CHP (Johannesson et al., 2016).

In this paper, we studied the low temperature Paratunsky geo-
thermal fields in Kamchatka (Far East Russia), which are adjacent to
active volcanic regions (Fig. 1) and are composed of volcanogenic
rocks, such as the abovementioned Icelandic fields. The currently ap-
proved conceptual model of low temperature geothermal systems as-
sumes deep circulation of meteoric water, originating from the high-
lands of the recharge region, mining heat from deep fracture/dykes
roots, and then ascending in the form of hot springs discharge in a
lowland (Bodvarsson, 1983). The dominant meteoric origin of the Ice-
landic low temperature geothermal systems was inferred from water
isotope studies (Arnason, 1976). Thorough analysis of the long-term
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exploitation of the nine Iceland low temperature geothermal fields,
which are mostly operated under downhole pumping conditions
(Axelsson et al., 2010), shows that despite similar formation mechan-
isms, several types of reservoirs are revealed: 1. Very productive re-
servoirs (65–877 kg/s, with productivity up to 80 kg/s/bar), due to
favorable permeability and boundary conditions, they reach quasi-
equilibrium at constant production (Reykir, Reykjahlid, Laugarnes
(150 kg/s, 140 m water level drop), Ellidaar, Ashildarholtvatn); 2. Less
productive reservoirs (15–38 kg/s, 0.7 kg/s/bar) that do not attain
equilibrium, some having favorable boundary conditions (Skatudalur,
Hamar), but others needing treatment in the form of 15–25% reinjec-
tion (Laugaland) to stabilize the pressure decline, in some cases an
M6.6 earthquake may improve productivity too (Gata); and 3. Highly
productive reservoirs, but plagued by cold groundwater inflow (Thor-
leifskot). The volume of thermal water extraction is estimated as
25–80% of the pore space volume (Laugarnes, Hamar), which explains
why there are no noticeable chemical and temperature changes in most
of the systems.

Large amounts of data have been obtained in the EGS sites of the
Upper Rhine Valley graben (Sauerlach, Insheim, Beinheim, Brühl,
Soultz, Bruchsal, Landau) in recent years (Schill and Genter, 2013;
Genter et al., 2016), where the low temperature geothermal reservoirs
occur in granites and their contacts to adjacent metamorphic units. In
this case, natural fracture systems are stimulated and run (with
downhole LSP pumps installed at a depth of∼370 m) to sweep out heat
in a closed circulation loop using duplet wells. Rhine Valley “one
fracture” reservoir productivity is comparable to that of the average
Icelandic reservoir: Insheim (85 kg/s at 160 °С, duplet wells 1 km
apart), Beinheim (70 kg/s at 140 °С), Brühl (70 kg/s), Bruchsal (30 kg/s
at 126 °С), Landau (50–70 kg/s at 160 °С), Rittershoffen (70 kg/s at
160 °С), Soultz (32 kg/s at 155 °С). Heat recovery from igneous rock
units is also interesting in relation to the Paratunsky reservoir case,

where two sites are underlain by diorite bodies.
Although Iceland and Rhine graben examples are very useful as

analogs of the Kamchatka low temperature geothermal systems, fun-
damental and specific questions (regarding the Paratunsky reservoirs)
remain: 1. What is the production fractures network geometry and
distribution, and how is it connected to local stress conditions, lithology
and natural hydraulic fracturing? 2. Where are the highlands recharge
regions and what are the volcanic structures that recharge and transit
the water into production fracture roots? 3. What is the reliability of the
distributed TOUGH2 type models and other modeling capabilities for
estimating natural hot water upflow recharges, distribution, rates and
enthalpies, reservoir permeability/capacity parameters and inflows
caused by exploitation? 4. What is the reservoir sensitivity to the time-
dependent (seasonal) top discharge boundary conditions? 5. What is the
potential of the Paratunsky reservoirs under downhole pumping and
reinjection conditions?

Regional hydrogeology and geothermal problems related to the
Paratunsky hydrothermal system, especially the conditions of its for-
mation, were discussed in Manukhin and Vorozheikina’s paper (1976).
During the following 40 years, significant exploitation of the Para-
tunsky geothermal field was achieved, new data on transient pressures,
temperatures and chemical composition variations during the
1966–2014 exploitation period were obtained, and the total mass of
extracted thermal water was 321 Mt. Currently, new TOUGH2 mod-
eling methods of geothermal reservoirs are being broadly implemented
(Pruess et al., 1999; Finsterle, 1999, 2014).

This prompts us to return to the analysis of the fundamental pro-
blems of formation of the hydrothermal systems and their above-
mentioned exploitation, using the Paratunsky geothermal fields as an
example. In addition, the forecast of exploitation of the Paratunsky
geothermal fields may have important practical applications for
Kamchatka. The Paratunsky geothermal fields serve as a source of
district heating and greenhouses for the village of Paratunka (3000
inhabitants), and numerous balneology facilities and swimming pools,
but this is not the limit of the enormous geothermal energy potential of
these geothermal fields, because most of the production wells are dis-
charges in free flow condition. Using submersible pumps for thermal
water extraction may significantly increase the production flowrate.
Moreover, using neighboring Mutnovsky PPs (62 MWe installed capa-
city, while this is not in a full load demand) may not only cover
pumping electricity needs but also provide feedback for additional heat
production using heat pump technology. The potential heat energy
market includes the cities of Vilyuchinsk (22,000 inhabitants), Elizovo
(39,000 inhabitants) and Petropavlosk-Kamchatsky (181,000 in-
habitants) with a 227 MWt (7.2 PJ/year) demand.

2. Hydrogeological stratification

According to the results of exploratory drilling mainly to the depth
of 1000–1500 m, the following hydrogeological stratification was found
for this field:

Unit 1 – alluvial sand and gravel-pebble deposits (the host reservoir
of a powerful stream of cold groundwater);

Unit 2 – Lower Quaternary siltstones interbedded with fine-grained
sandstones (a caprock of geothermal reservoir) at a depth of 40–180 m,
and their thickness varies from 10 to 150 m;

Unit 3 – lower Quaternary conglomerates with interbedded silt-
stones and tuff stones (which form the upper aquifer of thermal water),
their thickness of 150 m;

Unit 4 – tuff stones, tuff conglomerates and tuffs of the Alneysky
series (which occur only in the northern region);

Unit 5 – tuffaceous pyroclastic rocks of the Paratunsky Formation
(characterized by the highest productivity) are the main hydrothermal
host rocks;

Unit 6 – intrusive rocks (low productivity, except for some tectonic
zones), below of 1200–1350 m depth.

Fig. 1. Location of the Paratunsky geothermal fields in the structure of volcanoes (stars)
and major geothermal discharge regions (filled circles) in Kamchatka.
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Normalized production flowrate (NPF, the total production free
discharge flowrate achieved at a specified depth divided by the number
of drilled wells, Kiryukhin, 2002) is shown in Fig. 2. The NPF shows
that the top section above 100–150 m depth has no free discharges (top
cold groundwater horizon (Unit 1) and caprock (Unit 2)). Then, at a
depth of 250–300 m NPF increased to 3–4 kg/s (Unit 3–Lower Qua-
ternary conglomerates), and by the depth of 1200–1300 m NPF reached
17.3–25.5 kg/s (Unit 4 & 5 tuffaceous rocks of Alneysky & Paratunsky
formations characterized by the highest productivity). Depths of
2400–2500 m show a slower NPF increase of up to 21–27 kg/s (Unit 6,
basement units of intrusive and metamorphic rocks).

Hence, the four abovementioned horizons (Units 3–6) are combined

in a single thermal aquifer complex, which is characterized by circu-
lation in mostly fractured host rocks. The presence of the upper caprock
(Unit 2) provides excess pressure and a barrier to a rising convective
flow of thermal water. The thickness of the geothermal productive re-
servoir is estimated at approximately 1200 m.

3. 3D analysis of the production zone distributions

We used top elevations of production feed-zones (confirmed by
actual free flow discharges from wells) as input data for 3D analysis of
production zone distributions (398 production feed-zones with a total
flowrate of 1098 kg/s penetrated in the Paratunsky geothermal field).

Fig. 2. Production vs. depth: dependence of the
normalized rate of a geothermal well on the depth
for the SR Site (upper figure), NP and N Sites (lower
figure) of the Paratunsky geothermal field
(Kiryukhin, 2002). Legend: Unit 1 – alluvial deposits,
Unit 2 – lower Quaternary siltstones interbedded
with fine-grained sandstones (caprock of geothermal
reservoir), Unit 3 – Lower Quaternary conglomer-
ates, Unit 4 – tuff stones, tuff conglomerates and
tuffs, Unit 5 – tuffaceous pyroclastic rocks of the
Paratunsky Formation, Unit 6 – intrusive rocks.
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We applied the plane-oriented clusters algorithm (Kiryukhin et al.,
2016) to identify the clusters of production zones forming 2D produc-
tion planes (production faults or horizons) from the abovementioned
input data. The following criteria were used to select clusters: 1. The
overall horizontal size of a cluster is less than 4 km; 2. The proximity to
the plane (the distance from the production zone to the plane is no more
than 100 m).

The total number of plane clusters in the Paratunsky geothermal
field is 16 (Table 1, Figs. 3 and 4 ). These are sub-vertical production
faults conducting upflows of hot water into the production reservoir
(1,2,3,6,11,14), sub-horizontal stratiform production zones with dip
angles of less than 15° (4,5,7,9,12,13,15,16), and low angle production
faults (8,10).

3.1. Sub-vertical production faults

In the SR Site these are faults 1 and 6. Both faults are NNE strike
with a dip angle of 72°, while fault 1 is dipping to EES and fault 6 is
dipping to WWN. Fault 1 is the most productive in the Paratunsky
geothermal field: the total flowrate from 84 production zones is 267 kg/
s (or 24% of the total from the Paratunsky geothermal field). Fault 6
includes 16 production zones and yields 65 kg/s (or 6% of the entire
field). In the upper part of the reservoir (above −750 masl) both faults
intersect, forming a common production zone.

In the NP Site faults 3 and 14 are sub-vertical production faults.
Both are striking to the WWN with dip angles of 66–74°, but in different

directions: fault 3 is dipping to the SSW, while fault 14 is to the NNE.
Fault 3 includes 21 production zones and yields 55 kg/s (5% of the
entire field), while fault 14 includes 6 production zones and yields
7 kg/s (1%). In the upper part of the reservoir (above −750 masl) both
faults intersect, forming a common production zone.

In the N Site, there are also two sub-vertical faults, 2 and 11. Fault 2
has an NNW strike and WWS dip with an angle of 85°, and yields 80 kg/
s (7% of the entire field). Fault 11 has a WWN strike, an SSW dip angle
of 75°, and productivity of 29 kg/s (3% of the entire field).

In total, sub-vertical faults supply 46% of the initial production of
the Paratunsky geothermal field.

3.2. Sub-horizontal production horizons

In the SR Site these are horizons 4 (−490 masl) and 12 (−100
masl), in the SR4 Site (northern part of SR site) these are horizons 9
(−1380 masl) and 16 (-960 masl), in the NP Site these are horizons 5
(−560 masl) and 13 (−280 masl), and in the N Site these are horizons
7 (−550 masl) and 15 (−290 masl).

Production horizons 5 and 7, as well as 13 and 15, form two hy-
draulically connected horizons of the NP and N Sites, respectively.
Production horizon 5/7 (−550 masl) includes 62 production zones
with a total rate of 138 kg/s (13% of the entire field). Horizon 13/15
(−280 masl) includes 38 production zones with a total rate of 108 kg/s
(10% of the entire field).

Production horizons 4 and 12 in the SR Site include 73 production

Table 1
Plane-oriented cluster parameters of the production zones of the Paratunsky geothermal field. X, Y, Z – plane-oriented cluster center coordinates, m.

## Dip angle (deg) Dip Azimuth (deg) X m Y m Z masl Number of prod. zones Area km2 Production, kg/s

1 72.2 118.4 48119 66351 −409.3 84 1.4 267.1
2 85.4 249.4 51397 74374 −1174 16 6.7 80.0
3 74.2 209.9 51079 70348 −659.5 21 0.8 54.8
4 7.2 345.2 48339 66623 −489.2 61 2.2 173.8
5 0.6 149 50836 70594 −557.2 36 2.4 72.0
6 72.4 281.6 47904 66166 −348.5 16 0.3 64.8
7 9 8.4 51012 73827 −548.8 26 2.2 66.6
8 33.9 127 48877 68758 −1012 14 2.2 12.0
9 1.1 209.7 49260 69436 −1377 17 0.8 8.4
10 33.6 108.2 48028 67002 −377.6 22 4.6 79.6
11 75.2 200.3 50734 74758 −661.9 7 1.3 28.7
12 4.6 283.7 49030 66474 −100.6 12 3.0 36.1
13 3.3 253.2 51314 71520 −281.8 24 2.1 61.8
14 65.9 17.6 50645 69907 −430 6 1.9 7.0
15 8.4 69.4 50564 75465 −286.4 14 1.5 45.8
16 15.9 273.2 49243 69364 −955.7 11 4.3 20.8

Fig. 3. Mohr analysis of the production zone geometries and geo-
mechanical conditions in the Paratunsky geothermal field: right circle
corresponds to normal and shear stresses before hydrothermal upflow
injection, left circle corresponds to normal and shear stresses after
hydrothermal upflow injection with an excess pressure of 1.0 MPa.
Note: in order to position the point on the circle we set the angle 2β
from the circle center on the horizontal axis (where β – the dip angle
of a plane-oriented cluster, column 2 in Table 1).
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Fig. 4. (A) The initial temperature (°С) and pressure (bar) distributions (data of 1966), traces the production zones at −760 masl in the Paratunsky geothermal field. Sites: SR – Sredny,
NP – Nizhne-Paratunsky, N – Severny, M – Mikizhinsky. Topography (masl) is shown by the isolines outside of the model boundary, axis scaling 1000 m. Legend: 1 – pressure isolines
(bar); 2 – temperature isolines (°С); 3 – production zone traces, numbers correspond to Table 1; 4 – geothermal reservoir model boundaries. Temperature distribution was generated using
the library of 3D data approximation LIDA-3. (B) Hydrogeological cross section and temperature distribution along line AB (see Fig. 4A). Legend: 1 – production geothermal reservoir; 2 –
Upper “relative” caprock; 3 – feed zones; 4 – temperature isolines, °С, 5 – flows vectors. Temperature distribution was generated using the library of 3D data approximation LIDA-3.
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zones with a total rate of 210 kg/s (19% of the entire field), horizon 4
(85%) being the most productive. Because of the similar elevations of
horizon 4 (−490 masl) and horizons 5/7 (−560 masl), they form a
common sub-horizontal production layer 4/5/7 in the framework of the
Paratunsky geothermal field (total area of 6.8 km2, 29% of initial pro-
duction).

In the SR4 Site production horizons 9 and 16 include 28 production
zones with a total rate of 29 kg/s (3% of the entire field).

3.3. Low angle production faults (8 and 10)

These faults were revealed in the SR Site. Both faults have an NNE
strike and an SSE dip angle of 34о. Total productivity is 92 kg/s (8% of
the entire field), fault 10 (90%) being the most productive.

Hence, the Paratunsky production geothermal reservoir includes 16
plane-oriented production zones, among which the most productive is
horizon 4/5/7 at a depth of −490 to −560 masl (area of 6.8 km2, 29%
of the entire field productivity) and four sub-vertical production zones
(42% of the entire field productivity), revealed in the SR Site (1 & 6),
NP Site (3 & 14) and N Site (2 & 11). The production geothermal re-
servoir feeding fault system is characterized by different strikes (WWN,
NNE) and dip angles ranging from 66 to 85° (Table 1), that indicate the
radial extension stress conditions in the Paratunsky geothermal field
(NF normal faults stress conditions, Zoback, 2010).

Mohr diagrams for the Paratunsky geothermal reservoir are used as
a graphical representation of the geomechanical conditions of the faults
reactivation (e.g., production faults formation). The coordinates of
Mohr circles on the diagrams are calculated by the following formulas:

= −τ 0.5·(Sv Shmin)·sin(2β) (1)

= + + − −σ 0.5·(Sv Shmin) 0.5·(Sv Shmin)·cos(2β) Pf (2)

where β – the dip angle of plane-oriented clusters (see Table 1).
Effective vertical stress Sv is defined as lithostatic pressure minus

fluid hydrostatic pressure Sv = ρgH − Pf, where ρ= 2440 kg/m3 and
fluid hydrostatic pressure Pf = 7.2 MPa at a depth H = 750 m, and
effective horizontal stress Shmin is determined for the conditions of
extension (normal faults, NF) (Zoback, 2010, p. 132).

=

+ +

≈Shmin Sv

[(μ 1) μ]

Sv
3.12 0.5 2

(3)

Geomechanical analysis with a Mohr diagram (Fig. 3) shows that
shear reactivation of faults 1, 3, 6, 11 and 14 is possible as a result of
upflow excess pressure of approximately 10 bar, and in this case fault
points on the Mohr circles go into a shear deformation zone.

4. Initial 3D temperature & 2D pressure distributions

The initial 3D temperature distribution was calculated from the
bottom hole temperature records after a long-term recovery period.
Module Green from the Library of Data Approximation (LIDA-3) was
used for a 3D spline approximation of the abovementioned input tem-
perature data (see also Kiryukhin, 1993), and 1 °C standard deviation
was allowed.

The initial 2D pressure distribution in the production geothermal
reservoir was referenced to a depth of −750 masl, and reservoir pres-
sures were estimated as the sum of wellhead pressures and the hydro-
static pressure of the water column in a well above the reference point
at a given vertical temperature distribution.

Fig. 4A shows the estimated initial temperatures and pressures at an
elevation of −750 masl. Fig. 4B shows the estimated initial tempera-
ture distribution in the cross section along line AB (Fig. 4A).

Thus, based on the shape of the 3D temperature distribution and 2D
pressure distribution, geological structure features (part of the
Paratunsky graben), and production zones analysis, we can conclude
the following regarding the geometry of the geothermal reservoir of the

Paratunsky geothermal field: (1) The production geothermal reservoir
is limited by the geo-isotherm of 60 °C at an elevation of −750 masl
with less permeable adjacent reservoirs (see the polygon limited by a
thick line with a total area of 69 km2 in Fig. 4A); (2) The average
vertical thickness of the production geothermal reservoir is estimated
as∼1200 m, and this reservoir consists of lower Quaternary con-
glomerates with interbedded siltstones and tuff stones, tuff conglom-
erates and tuffs of the Neogene Alneysky series (which occur only in the
northern region), and tuffaceous pyroclastic rocks of the Neogene
Paratunsky Formation; (3) The upper relative caprock is of ∼180 m
vertical thickness (with top groundwater aquifer (gravels, conglomer-
ates) and bottom caprock (hydrothermally altered aleurolites)); and (4)
The basement of the production geothermal reservoir has heterogenic
structure that includes four permeable hot water upflow zones (SR, NP,
N and M), and these zones are delineated by a geo-isotherm of 80 °C at
−750 masl (Fig. 4A) to a depth of at least −2500 masl (Fig. 4B).

5. Reservoir recharge conditions based on water
chemistry & isotope (δD, δ18O) data

The chemical and gas composition of thermal well water (Appendix
A, Tables A1 and A2) reflects the geological, structural and perme-
ability features of the field. The wells of the NP and N sites were
characterized by more mineralized thermal water (M 1900–2600 ppm)
of chloride-sulfate composition, in contrast to sulfate water in the SR
and M sites of the Paratunsky field. The appearance of sulfate ion can
mostly be explained by a sulfur oxidation process, which is consistent
with the assumption of a local crater funnel being present at the SR site
– the manifestation of latent volcanism (Zimin and Serezhnikov, 1976).
The N and NP site wells are characterized by an increase in chloride ion
concentration in thermal water during the 1966–2015 operation, up to
and exceeding 400–500 mg/kg (wells of the NP and N sites: 57, 64, 502,
RE-7, 60, 101) compared to the initial values 100–140 ppm. The
maximum chloride concentration, 597 ppm, was observed in well 101
at the N site. In the SR site the chloride concentration increase in
production well fluids was negligible over time. Compared to 1969, in
2014 the shape of the thermal anomaly was unchanged, but according
to the SiO2 geothermometer, yet silicate geothermometer temperatures
had increased by 20 °C, which may be associated with the influx of
more acidic water (low pH).

Mg composition in most of the wells is lower than detection limit
0.05 ppm. Nevertheless, positions of Mg-bearing wells in Giggenbach
(1988) ternary diagram (Na – K –Mg^1/2) shows, that some of the wells
(1, 3, GK2, GK3, GK4, GK6) in SR1 site (which aligned to the high
productivity zone #1, see Table 1, Fig. 4A) are indicate immature
properties. Well 20 in N site is indicates immature properties too (north
tip of the production zone #2). Others Mg-bearing wells (GK9, 63, 101,
106) in N site (north tip of the production zone #2), (RE7, 502) in NP
site (production zone #3) and (M2, M3) in M site (production zone
#11) are partially equilibrated. Note, that all of the Mg-bearing “im-
mature” or “partially equilibrated” wells above mentioned are aligned
to the dip angle production zones (## 1, 2, 3, 11 listed in a Table 1 and
shown in a Fig. 4A), which are characterized by more active fluid cir-
culations conditions.

Thus, the hydrochemical characteristics of the Paratunsky field
hydrothermal fluids are linked to the geological structure and dynamics
of groundwater. This can be seen also in examples from the western and
eastern field blocks. Low-mineralized hydrothermal fluids of the wes-
tern block (the SR and M sites) are characterized by a high rate of water
exchange, and their mineralization rarely exceeds 1000 ppm. In the
eastern submerged block water mineralization increases by 2000 ppm
or more in accordance with the significant drop in the water exchange
rate. The mechanism of connection between hydrogeochemical char-
acteristics and the terms of water recharge are analyzed by TOUGH2
modeling, the results of which are partially presented in this study.

Our water isotope composition studies were started in 2014, when
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45 samples were analyzed, 44 of which were from the production wells
and 1 of which was from the Karymshina River in a low-water period
May 15, 2014. In 2015, 83 samples were analyzed, of which 58 were
from the production wells of the Paratunsky field, 5 were from the wells
in the Upper Paratunsky field, 1 was from well 8 in the Yuzhno-
Berezhny field in the 08–09, 2015 flood period, 16 were from the
Karymshina, Paratunka and Mikizha rivers and 8 were from production
well RE7 during all of 2015. In 2016, 45 samples were analyzed, 43 of
which were from the exploitation wells and 2 of which were from the
Karymshina and Paratunka rivers in a low water period on April 12–14,
2016. The isotopic composition of water was determined by P.O.
Voronin with an LGR IWA 35EP analyzer in IVS FEB RAS. Fig. 5 shows
measurement results and Craig’s meteoric line in a graphical form.

Craig’s line traces the isotope composition of the meteoric waters,
which depends on the temperature of the isotope fractionation at the
time of meteoric water precipitation. As temperature drops by 6 °C at
1 km of elevation, water recharge regions at higher elevations are
characterized by a lighter isotope composition. Hence, isotope com-
position of the thermal water is identified at the elevation of the re-
charge region on a Craig’s line, where water flows into the geothermal
reservoir.

In the case of local ground water entry into the production reservoir
in exploitation disturbed conditions, a heavier by isotope composition
ground water reflects the production isotope composition increase.

Fig. 5 clearly shows differentiation in the isotope composition of
thermal water of the Paratunsky geothermal fields. The N, NP and
M Sites are characterized by relatively light water

(−116‰ < δD < −110‰, −16‰ < δ18O < −15‰), whereas
the SR and SR4 Sites and the Verkhne-Paratunsky field are heavier
(−110‰ < δD < −104‰, −15.4‰ < δ18O < −14.3‰). River
water (Karymshina and Paratunka), which is characterized by local
groundwater basins, are much heavier compared to thermal water
(−100‰ < δD < −95‰, −14.3‰ < δ18O < −13.2‰).

The isotope composition of the Paratunsky thermal water (especially
the SR and SR4 Sites) correspond to high elevation meteoric water such as
that from the melting glacier of the Mutnovsky Volcano (+1550 masl)
(−112‰ < δD < −107‰,−15.8‰ < δ18O < 14.2‰) (Kiryukhin,
2002), while thermal water of the NP, N and M Sites are even lighter.

Hence, recharge regions of the Paratunsky geothermal fields (in a
natural state of conditions) do not include local watershed basins on top
of the geothermal fields, but these basins must be at least 1000 masl,
where glaciers and permanent snow fields are present. The only regions
that meet this criterion are the Vilyuchinsky Volcano cone structure
(2175 masl) and local elevated parts of the caldera delineated by
Leonov and Rogozin (2007) in the upstream of the Karymshina River.

It seems that the Vilyuchinsky Volcano recharge dominates the NP,
N and M Sites of the Paratunsky geothermal field (δD = −113‰,
δ18O =−15.5‰) on the whole, but some share of recharge from the
Leonov caldera (which is lower in elevation than the Vilyuchinsky
Volcano) makes a shift to heavy isotope composition in thermal water
in the SR, SR4 Sites and the Verkhne-Paratunsky field (δD = −107‰,
δ18O =−14.7‰).

The possibility of water recharge to the Paratunsky geothermal
fields from the Viluchinsky Volcano structure is also grounded in

Fig. 5. Isotope composition of thermal water of the Paratunsky geothermal field in the period of low water (05.2014), flood period (08–09.2015) and low water (04.2016) compared to
the line of Craig for meteoric water = × +δD δ 8 1018 , the Paratunka (P), Karymshina (K), Mikizha (M) River water, water from the melting glacier of the Mutnovsky Volcano crater
(1550 masl). The measurements were performed by P.O. Voronin with an LGR IWA 35EP analyzer of water isotope composition in IVS FEB RAS.
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orohydrographically well-defined structures of an NNW and a sub-
meridional extension that are adjacent to this volcano, through which
cold water from the volcano’s melting glaciers comes through the top of
the extinct volcano into the cracks of the foundation to a depth of
4–5 km, being heated over a distance of 20–30 km due to heat mining
of conductive heat flow and local magmatic systems of extinct volca-
noes, then appearing in the form of 80–100 °С water in the Paratunsky
productive geothermal reservoirs. The area of the Vilyuchinsky Volcano
structure with an elevation above +900 masl is estimated to be 19 km2,
most of which is glaciers and permanent snow fields. Assuming that the
annual atmospheric water precipitation rate at these elevations is more
than 5000 mm (Vakin, 1968), this may produce more than 3 m3/с of
the water recharge rate. If only 4% of this flow is converted into the
underground drain, it is sufficient to provide the water recharge for the
Paratunsky (NP, N and M sites) geothermal fields. Also of importance is
the position of the predicted water recharge area at 1–2 km elevation,
which provides an excessive hydrostatic pressure (+100–+200 bar)
for hydraulic fracturing and reactivation of critically stressed fractures,
and an increase in permeability through filtration (see also Fig. 12 and a
final part of this paper).

Seasonal variation of the isotope composition of the Paratunsky
geothermal fields shows that some local parts of the geothermal re-
servoir are influenced by ground water inflows from the above
groundwater horizon. This is most clearly seen in a low-water period
(April 2016), when the exploitation load is increased. At this time, a
heavy shift in isotope composition in wells Т8, Т4, Т6, 7 and 51 is
achieved: 5‰ in δD and 1.2‰ in δ18O, as it approaches the isotope
composition of the local ground waters. (Fig. 5)

On the whole, there is a heavy seasonal shift in the isotope com-
position of the Paratunsky thermal water: 1‰ in δD and 0.1–0.2‰ in
δ18O, which indicates inflows of ground water from the top into the
production geothermal reservoir in the wintertime of exploitation load
increase. If we assume δD = −113‰ (thermal water, NP Site),
δD = −97.5‰ (ground water), then a 1‰ increase in δD would mean
that the share of ground water inflows in wintertime is approximately
6%.

Overall, the results show that:

• The thermal waters of various regions differ in isotope composition:
the lightest water is from the N, NP and M sites, and the heaviest is
from the SR and SR4 sites, with thermal water not less than 5‰
lighter in deuterium than the river water of the local basins
(Paratunka, Karymshina, and Miikzha rivers);

• The most likely region of water recharge for the Paratunsky (NP, N
and M sites) geothermal field is the Viluchinsky Volcano, especially
the upper part (above 1150 masl.), which is covered with perennial
snow fields and glaciers;

• During operation, there is an involvement of the “heaviest”
groundwaters in the geothermal reservoir at the N site (from north-
east), at the SR4 site and in the central part of the SR site;

4. In the low-flow period the involvement of “the heaviest” water
and dilution by chloride-ion due to inflow from above are observable.

Figure 5 Legend: Numbers adjacent to circles correspond to wells,
red circles – NP Site, magenta circles – N Site, green circles – SR Site,
dark green circles – SR4 Site, rose circles – M Site, yellow circle – well 8
(Yuzhno Berezhny geothermal field, for well location, see Fig. 12A),
open circles – Verkhne-Paratunsky geothermal field (for location, see
Fig. 12A), blue circles – meteoric water referenced above.

6. Thermal-hydrodynamic-chemical model (TOUGH2-
EOS1+tracer)

6.1. Model setup

6.1.1. Model geometry & numerical grid
The model area (69 km2) includes positions of existing wells and is

represented by a polygon shown in Fig. 4A, which partially coincides
with the boundaries of the Paratunsky graben. The production reservoir
is assumed to be limited by the geoisotherm of 60 °C at −750 masl.
Outside of the production reservoir, a lower permeability is assumed.

The vertical stratification of the model was as follows.

Fig. 6. 1 – CAPR2, impermeable region of Layer 1; 2 – CAPRK, low permeable thermal water discharge region of Layer 1; 3 – RESPR, production reservoir of Layer 2; 4 – RESER, low
permeability reservoir of Layer 2; 5 – BUFER, buffer zone of Layer 2; 6 – BASEF, hot water upflow zones in the basement (Layer 3); 7 – BASE, low permeable zones in the basement (Layer
3), outside upflow zones; 8 – production wells and groups of wells at different sites (SR – Sredny, NP – Nizne-Paratunsky, N – Severny, M – Mikizhinsky); 9 – Chloride water attracted into
the production reservoir during its exploitation (wells 8 and 9 penetrated 5300–6100 ppm Cl water); 10 – Model boundaries: a – closed (no flow), b – open (fixed state conditions).
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Layer 1 – upper “relative” caprock corresponds to units 1 and 2
mentioned in Section 2 (top cold groundwater aquifer (sands, gravel,
pebble) based on Lower Quaternary siltstones interbedded with fine-
grained sandstones (hydrothermally altered low permeability unit)).
Layer 1 was assigned a total vertical thickness of 180 m in the elevation
range between −160 and +20 masl.

Layer 2 – the production reservoir and less permeable rocks, cor-
responding to units 3–5 mentioned in Section 2 (lower Quaternary
conglomerates with interbedded siltstones and tuff stones, tuff con-
glomerates and tuffs of the Alneysky series (which occur only in the
northern region), and tuffaceous pyroclastic rocks of the Paratunsky
Formation). Layer 2 was assigned a vertical thickness of 1200 m in the
elevation range between −160 and −1360 masl.

Layer 3 – the basement, which corresponds to intrusive and meta-
morphic rocks and was assigned in the elevation range between −1360
and −3000 masl.

In generating a computational grid, we have chosen a polygonal
three-layer (upper caprock, reservoir, foundation) scheme of division
into elements with point centers at the horizontal coordinates of the
wells. The total number of model elements is 3672. In the final stage of
modeling, Layer 2 was divided into six 200 m thick sub-layers, in-
creasing the total number of model elements to 9727.

6.1.2. Initial & boundary conditions
The EOS1 module with pressure and temperature as primary vari-

ables is used to simulate the liquid-dominated reservoir. In Layer 1
(caprock, −70 masl) a constant temperature of 8 °C and a pressure of
Po (estimated parameter) were assigned. These conditions correspond

to areal hot water discharge into the Paratunsky Valley alluvial deposits
from the geothermal reservoir below. Pressure and temperature con-
ditions in Layers 2 and 3 were defined based on a natural state mod-
eling (see below).

Base sources were defined in Layer 3 (basement). They reflect
conductive heat flow (0.06 W/m2) and mass flow in upflow zones (SR,
NP, N and M) defined because of natural state modeling (see below).

6.1.3. Model zonation &material properties
Model Layers 1–3 have a heterogeneous structure, represented by

dividing the domains into different materials (Fig. 6).
Layer 1 (relative caprock) was divided into CAPRK (low permeable

thermal water discharge region, its boundaries coincide with the pro-
duction geothermal reservoir boundaries shown as 3 in Fig. 6) and C-
APR2 (impermeable, the rest of Layer 1).

Layer 2 (reservoir) was divided into RESPR (production geothermal
reservoir, temperatures above 60 °C), RESER (low permeable reservoirs,
temperature below 60 °C) and buffer zone (BUFER) adjacent to the
open east boundary (Fig. 6).

Layer 3 (basement) was divided into BAS* (high permeable upflow
zones, where * is SR, NP, N, M, corresponding to the sites, temperatures
above 80 °C) and BASE (low permeable, outside upflow zones) (Fig. 6).

Table 2 shows material properties assigned in the model. It is dif-
ficult to simultaneously estimate porosity and compressibility in an
inversion. Hence, a model porosity of 0.1 was assigned. Heat con-
ductivity is assigned according to the measurements conducted by
Chernyak et al. (1987).

Table 2
Assigned and estimated (in bold) Model 4HM material properties. Note: iTOUGH2 was used for inverse modeling estimations.

Material Properties Model Domain

CAPRK CAPR2 RESER RESPR BASE BASEF BUFER

Grain Density, kg/m3 ρ 2600 2600 2600 2600 2600
Porosity θ 0.1 0.1 0.1 0.1 0.1
Horizontal Permeability, mD k 3.1 0.01 0.1 1410 1 741 10
Vertical Permeability, mD k 3.1 0.01 0.1 167 1 167 167
Heat Conductivity W/m °C λ 1.0 1.0 1.4 1.4 2.0 2.0 1.4
Specific Heat, J/kg °C c 1000 1000 1000 1000 1000
Compressibility, Pa−1 C 10−8 4.1 × 10−8 10−8 10−8 4.1 × 10−8

Fig. 7. History of exploitation of the Paratunsky
geothermal field (production rates): SR – Sredny Site,
NP – Nizhne-Paratunsky Site, N – Severny Site, MK
+ SV + ERLZ – integrated production from
Mikizhinsky, Svelyachok and ERLZ Sites.
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6.1.4. Production history specification in the model
Exploitation flowrates were assigned in the model from January

1964 until June 2014 in the form of monthly average rates. Wells were
assigned with a time-dependent rate (monthly average) during history
exploitation modeling. In the case of several producing wells linked into
a single production pump system (SR1, SR2, SR3, SR4, NP1, NP2, NP3,
NP4), the rates were divided equally. Otherwise (wells of northern site
GK9, 20, 62, 63, 67, 69, 101, RE9) the rates were specified individually.
Fig. 7 shows the total production history and shares of the individual
sites of the Paratunsky geothermal field.

6.2. Model calibration

6.2.1. Observational data
3D temperature distribution calculations using the spline approxima-

tion package LIDA-3 (1 °C standard deviation accepted) were used to
generate natural state initial temperature calibration points (77 points at
−760 masl, and −2180 masl) in the corresponding grid elements.

The initial wellhead pressure data of 1966, which had been mea-
sured before the exploitation, were converted into reservoir pressures to
be used as natural state initial pressure calibration points (20 points at
−760 masl). Note that we did not use pressure data from the NP Site,
since actual exploitation started there in 1960 before the measurements
were taken.

Transient reservoir pressures (at −760 masl) were calculated on
the basis of the measured wellhead pressures in the monitoring wells by
assuming hydrostatic conditions, and used for exploitation history
model calibration. A pressure shift parameter was used due to the un-
certainty of absolute pressure estimations. The six most informative
(model sensitive) monitoring wells (9, 52, GK8, GK12, 39 and 66) were
used for calibration (1966–2014).

Transient wellhead temperatures in the selected production wells
(20, 42, 57, 5, 8, GK2, GK3, Т2 and Т8) at specified time intervals were
used to represent the exploitation history for model calibration. The
selection criterion was that the temperature drop due to heat loss
through casing is less than 1 °С (estimated using a local TOUGH2 model

Fig. 8. Wells used for history exploitation calibration of the model.
Legend: 1 – production wells and groups of production wells assigned in
the model; 2 – production wells used for transient temperature calibration;
3 –monitoring wells used for transient pressure calibration; 4 – production
wells and groups of production wells used for transient chloride con-
centration calibration; 5 – natural state modeling temperature distribution
at −760 masl; 6 – production reservoir region with chloride concentra-
tions more than 300 ppm (data from 2015).
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at a given well flowrate and casing construction). A temperature shift
parameter is estimated to compensate for the incomplete penetration of
the wells into the production formation.

Transient chloride concentration data in wells 20, GK9, 69, 63, 67,
62 (N Site) and GK13, 502, 64 (NP Site) were used to represent the
chemical exploitation history (TOUGH2-EOS1+tracer) for model cali-
bration.

Fig. 8 shows the well positions used for the thermal-hydrodynamic-
chemical exploitation history of the Paratunsky geothermal field model
calibration.

6.2.2. Model parameterization & inverse iTOUGH2 modeling results
iTOUGH2 (Finsterle, 1999, 2014) was used for model calibration.

The 13 estimated parameters include: mass fluxes (kg/s m2) (which
were converted into mass flow rates using known upflow areas:
4.27 km2 (SR), 4.77 km2 (NP), 2.18 km2 (N) and 0.64 km2 (MK)) and
enthalpies (kJ/kg) in each of the four upflow zones (SR, NP, N, MK),
vertical and horizontal permeabilities in the production reservoir model
domain RESPR, permeability of non-productive domains (RESER), and
the permeability and pressure of the upper relative caprock domain
CAPRK (where discharge conditions are assumed) (Fig. 6). Observa-
tional data were either shifted to mean values (estimated at the pre-
liminary inversion run), or shift parameters were added for final in-
versions runs. Natural state re-estimation was implemented along with
the calibration of exploitation data.

The following summarizes the iTOUGH2-EOS1 natural state
parameter estimates: 87 kg/s and 366 kJ/kg or 87 °C (SR site), 70 kg/
s and 415 kJ/kg or 99 °C (NP site), 26 kg/s and 464 kJ/kg or 111 °C (N
site), 7 kg/s and 336 kJ/kg or 80 °C (MK site); generalized horizontal
and vertical production reservoir permeabilities of the model’s 2nd-
layer and the feeding channels in the foundation of the third layer are

741 and 168 mD, respectively; the permeability of the upper relative
caprock and nonproductive reservoir is 3 mD, and the pressure in the
upper caprock discharge zone is 12.2 bar (at −90 masl).

Natural state re-estimation along the history of exploitation
inversion runs yield the following estimates of the production geo-
thermal reservoir (RESPR) parameters: compressibility 4.08 × 10−8

Pа−1, permeability 1.41 D (see Fig. 6 and Table 2). History exploitation
modeling shows no significant temperature changes during the ex-
ploitation, which matches observed temperature data. Hence, we may
deduce rather stable temperature conditions during the exploitation
period, confirmed either by observational data or by modeling results.
Fig. 9 compares the modeled reservoir pressure changes and observed
data (well GK8). The model vs. data standard deviation is
0.17–0.26 bar. The observational data show high model sensitivity.

6.2.3. Direct TOUGH2-EOS1 + tracer modeling
TOUGH2-EOS1 + tracer (Pruess et al., 1999) modeling was used to

verify chloride water inflow from the eastern boundary (Fig. 6). Ver-
tically more detailed models were used, with the reservoir layer divided
into six sub-layers (−160 to −360; −360 to −560; −560 to −760;
−760 to 960; −960 to −1160; −1160 to −1260 masl). Natural state
Cl− modeling was used beforehand to estimate Cl− mass fractions in
the corresponding upflow regions (SR, NP, N and M Sites): 60–115 ppm
(SR site), 345–900 ppm (NP site), 375 ppm (N site), 50 ppm (MK site).
Then, the Cl− history during exploitation was modeled. In this case,
high Cl− concentration (350 ppm) elements of a fixed state near the
eastern boundary were introduced in the model. In this way, reasonable
agreement between the model and Cl− observational data were ob-
tained (Fig. 10).

6.2.4. Time-dependent seasonal pressure change in discharge region
Despite good overall agreement, significant residuals between

modeled and observed pressure changes in monitoring wells were
found (Fig. 9). The reason for this is most likely that the model does not
account for seasonal variations of pressure in the discharge region
(which is a near surface groundwater aquifer separated by a caprock
from the geothermal reservoir). Note that a constant pressure of
12.2 bar is assigned there as a fixed state boundary condition.

To reproduce seasonal pressure variations, the following modifica-
tions of the model were necessary: 1. Time-dependent Dirichlet
boundary conditions were assigned in Layer 1, the top of the model,
with a seasonal pressure amplitude of 1 bar; 2. Double porosity para-
meters were assigned in the production geothermal reservoir (3D or-
thogonal, fracture spacing 50 m, matrix permeability 1 × 10−19 m2); 3.
The effective thickness of the relative caprock is 90 m (model 4F_P_1S).

Fig. 11 shows reasonably good agreement between the modeled and
observed pressure during seasonal cycling for monitoring well 9. Si-
milar agreement was obtained for other transient pressure calibration
wells 52, GK8, GK12, 39 and 66.

Fig. 10. Modeling of Cl− history during exploitation
of the Paratunsky geothermal field: modeling (con-
tinuous lines) vs. observational (circles) chloride
concentration in production well 63 (the N Site of
the Paratunsky geothermal field). Modeling sce-
narios: C – Cl concentration in deep upflows assigned
as 60 ррм, 345 ррм, 375 ррм, 50 ррм, Е – Cl con-
centration in deep upflows assigned as 115 ррм, 640
ррм, 375 ррм, 50 ррм in SR, NP, N and M Sites,
respectively.

Fig. 9. Comparison of modeled (line) and observed (symbols) pressures in well GK8.
Note: estimated shift parameter added to modeling results.
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6.3. Modeling forecast of the exploitation

Modeling forecasts of the exploitation were performed for the
period of 2015–2040 with an exploitation load of 256 kg/s (this value
was confirmed by long-term exploitation and multi-well flow tests in
2014).

A brief model (4HM) characterization, used for forecasting the
2016–2040 exploitation period, is as follows (see also Fig. 6). The nu-
merical grid consists of 9792 elements and includes 8 layers: 1 st Layer
(relative caprock), 2nd Layer (the reservoir with sub-Layers 2.2–2.7,
200 m thick each), 3rd Layer (basement); lateral boundaries are closed
except the eastern boundary (which is open with fixed state conditions
is specified in the adjacent buffer zone with a permeability of 0.1 D);
Material properties of the geothermal production reservoir were as-
signed according to Table 2: compressibility 4.08 × 10−8 Pa−1, per-
meability 1.41 D; production wells load is vertically redistributed in
sub-Layers according to feed zone location.

According to modeling forecasts, the following pressure drawdown
occurs: 0.45–0.49 bar in the SR Site, 0.32 bar in the SR4 Site,
0.14–0.20 bar in the NP, N and MK Sites. This reservoir pressure
drawdown will cause no problems for production wells equipped with
submersible pumps (SR4, SV, M Sites). Despite a slight reservoir pres-
sure decline, the production wells in a free discharge condition, or those
equipped with ground pumps, may require switching to a submersible
pumping mode of exploitation. No significant temperature changes
during the exploitation period are anticipated: a maximum temperature
drop of −0.5 °C was predicted in the SR4 Site (where submersible
pumps used). Double porosity implementation into reservoir model (see
Section 6.2.3) forecasts slightly severe pressure changes in the re-
servoir, where a maximum pressure drop of 0.7 bar is predicted.

7. Discussion & conclusions

• The Paratunsky geothermal fields occur in volcanogenic reservoirs
hosted in the grabens of the Paratunka & Karymshina river basins
and are examples of low temperature geothermal fields of meteoric
origin. The isotope composition of the Paratunsky thermal water
(δD, δ18O) indicate highly elevated recharge regions including the
Vilyuchinsky Volcano (2173 masl) structure and elevated (above
1000 masl) parts of the caldera in the upstream of the Karymshina
River (Fig. 12A). Geomechanical analysis of the production fracture
geometries and distributions in the Paratunsky geothermal reservoir
shows radial extension conditions (Sv > SHmax = Shmin) and its

activity in terms of shear faults reactivation due to fluid excess
pressures of 10 bar (which is close to the initial fluid pressure in the
reservoir). This excess pressure is created by water circulation from
highly elevated recharge, which seems to be responsible for hy-
draulic fracturing of production geothermal reservoirs and hy-
draulically connected channels between the volcano and geothermal
fields (which are 10–25 km apart). The closed shape of temperature
anomalies and the absence of significant temperature inversions in
the reservoirs indicates that heat sources are below the production
geothermal reservoir (Fig. 12B).

• The 3D numerical thermal-hydrodynamic-tracer TOUGH2 model
was developed to estimate the Paratunsky production reservoir
parameters and boundary conditions. This model is based on a
polygonal grid including 8 layers and 9727 elements. Initial tem-
peratures and pressure distributions, transient changes of pressures
in monitoring wells, temperatures and chloride concentrations in
production wells during 1966–2014 exploitation were used for
iTOUGH2 model calibration. The most confident parameter esti-
mations are as follows: the production geothermal reservoir hor-
izontal permeability is up to 1.41 D, the vertical permeability is up
to 0.17 D, and the compressibility is up to 4.08 × 10−8 Па−1; the
total hot water upflow recharge with temperatures of 80–111 °C is
estimated as 190 kg/s. Modeling studies also confirmed: (1) The top
boundary conditions (Dirichlet, seasonal time-dependent) of areal
discharge are from the production geothermal reservoir through the
caprock into the groundwater aquifer above; (2) The open eastern
boundary (used as a fixed state in the model) of the production
geothermal reservoir is where chloride water accumulated; (3) No
significant temperature changes occurred during the exploitation of
production wells; and (4) Double porosity models are needed to
explain short-term (seasonal) pressure variations in the production
geothermal reservoir.

• Modeling of the long-term exploitation until 2040 with an ex-
ploitation load of 256 kg/s shows merely a small pressure decrease
(0.7 bar) and an insignificant temperature decrease in the produc-
tion geothermal reservoir of the Paratunsky geothermal field. The
Verkhne-Paratunsky geothermal field (Fig. 12A, which is still not
used) is analogous to the Paratunsky field in terms of productivity
and exploitation reserves being officially approved. Hence, the start
of operation of the Verkhne-Paratunsky geothermal field may
double the existing thermal water production.

• The next study will also analyze the use submersible pumps in the
production wells to increase the Paratunsky geothermal fields

Fig. 11. Modeled (curve) and observed (circles) pressures in mon-
itoring well 9 (including model accounted cyclic seasonal changes in
the top layer).
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Fig. 12. (A) Model of the 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 and Rogozin, 2007). (B) Model of the Paratunsky geothermal fields geo-filtration structure, recharge and boundary conditions in a cross
section from Vilyuchinsky Volcano to the Paratunsky geothermal field.

A.V. Kiryukhin et al. Geothermics 70 (2017) 47–61

59



productivity, aimed at district heating of the neighboring cities
(Elizovo, Vilyuchinsk and Petropavlovsk-Kamchatsky, 242,000 in-
habitants in total). Not fully demanded (in night time) electricity of
the Mutnovsky PP’s (62 MWe installed capacity) and 300 kg/s of
separated waste fluids with temperatures of 160оС may create ad-
ditional feedback for the extended project of geothermal heat
supply.

Acknowledgements

The authors express gratitude to N.P. Asaulova, N.V. Obora for a

fruitful discussion, V.D. Evseyenko and V.I. Gavryusev for their help
during sampling in the Paratunsky geothermal field, A.I. Rozhenko for
advice on LIDA-3 software use, N.B. Zhuravlev for input data pre-
paration, V.L. Lavrushin for his assistance in the gas isotope study, Y.A.
Taran for useful comments. Director of the JS “Teplo Zemli” E.P. Belov
for permission of the publication. We also appreciate S. Finsterle’s help
with iTOUGH2 applications and editorial work.

This work was funded by RSF project 16-17-10008.

Appendix A

Table A1
Chemical composition (in ppm) of the Paratunsky geothermal field wells in May 2014. Samples collected by V.I. Gavryusev, analyzed by A.A. Kuzmina, V.V. Dunin-Barkovskaya, O.V.
Shulga, S.V. Sergeeva in Central Chemical Lab Institute of Volcanology and Seismology (for Na, K, Ca and Mg analysis – spectrometer SOLAAR M, for SiO2 and NH4 spectrophotometer
UVmini-2140 were used, HCO3 and CO3 were analyzed using titration, standard pH meter “Анион” – for pH determination).

Well ## Site рН НСО3
− СО3

2− Cl− SO4
2− F− NH4

+ Na+ K+ Ca2+ Mg2+ H3BO3 SiO2

M2 M 4.5 4.9 44.3 1152.7 1.9 5.7 252.9 7.4 250.5 0.1 4.9 76.7
M3 M 8.2 24.4 39.0 1095.1 1.9 0.7 272.4 6.3 258.5 0.2 2.5 105.8
20 N 7.8 25.6 95.7 787.7 0.4 0.5 95.6 9.5 232.5 42.0 20.5
62 N 8.7 18.9 1.2 89.4 1037.4 2.0 0.7 285.2 4.6 244.5 < 0.05 6.2 64.9
101 N 8.5 13.4 2.4 624.1 1056.7 1.7 0.8 407.9 8.6 415.0 0.1 4.9 95.5
GK9 N 8.5 18.3 1.2 248.2 1114.3 2.0 0.8 315.2 7.6 309.4 0.1 2.5 99.0
67 N 8.0 13.4 280.1 1066.3 1.7 < 0.1 323.8 4.9 322.6 < 0.05 6.6 98.2
69 N 8.4 24.4 259.2 1036.8 1.3 0.3 314.9 7.4 280.6 < 0.05 6.2 123.0
63 N 6.1 14.6 308.9 1056.0 1.3 0.1 361.5 6.9 316.6 0.3 3.7 118.8
106 N 8.9 15.9 1.8 53.9 1037.4 1.3 0.5 251.8 3.1 248.5 0.1 4.9 61.6
64 N 7.9 18.3 443.8 988.8 1.2 0.5 386.9 7.5 324.6 0.1 3.7 108.7
RE9 NP 7.8 17.1 124.8 1152.7 1.3 < 0.1 301.8 4.8 282.6 < 0.05 3.3 110.3
GK13 NP 7.0 37.8 326.2 864.5 1.4 < 0.1 372.2 13.9 217.4 < 0.05 11.9 194.9
18 NP 8.1 22.0 85.1 634.0 1.1 < 0.1 221.0 4.2 130.3 < 0.05 7.3 111.3
30 NP 7.8 23.2 379.3 893.4 1.4 < 0.1 368.0 10.1 280.6 < 0.05 6.6 173.3
42 NP 8.8 18.3 258.8 1056.7 1.2 < 0.1 322.0 8.0 306.6 < 0.05 6.6 135.3
45 NP 7.5 26.8 248.2 979.8 1.3 < 0.1 368.0 12.6 230.5 < 0.05 6.6 166.5
46 NP 7.9 17.1 265.9 1037.4 1.3 < 0.1 355.3 8.2 310.6 < 0.05 6.6 122.9
55 NP 7.6 22.0 265.9 1056.7 1.2 < 0.1 321.1 5.3 306.6 < 0.05 7.9 106.8
57 NP 7.5 15.9 585.0 912.6 1.4 < 0.1 363.7 8.1 344.7 < 0.05 7.8 130.7
60 NP 7.7 15.9 585.0 951.0 1.4 < 0.1 368.1 12.9 390.8 < 0.05 6.6 122.5
102 NP 8.4 24.4 280.5 940.8 1.3 0.1 356.1 10.2 240.5 < 0.05 6.2 138.2
502 NP 8.2 14.6 497.0 940.8 1.3 0.4 389.6 9.6 360.7 0.3 6.2 133.5
RE7 NP 8.2 34.2 461.5 825.6 1.6 0.4 461.1 20.6 184.4 0.1 4.9 219.2
E91 SR 9.1 15.9 5.4 22.0 441.9 2.3 0.6 159.4 3.7 36.5 < 0.05 7.4 71.2
5 SR 9.0 13.4 6.6 61.7 691.6 2.0 0.7 213.5 6.8 122.2 < 0.05 4.9 124.3
8 SR 9.1 15.9 6.0 40.4 576.4 1.8 1.0 198.2 5.5 72.0 < 0.05 12.4 98.6
11 SR 9.0 15.9 5.4 58.2 672.4 2.1 0.7 211.4 6.7 116.2 < 0.05 12.4 116.4
15 SR 9.1 15.9 6.0 40.4 595.6 1.7 0.6 197.4 5.4 88.2 < 0.05 6.2 101.7
22 SR 9.1 17.1 6.6 34.0 537.9 1.7 0.6 198.2 4.9 57.2 < 0.05 6.2 95.2
1 SR 9.1 17.1 6.6 34.0 576.4 1.5 0.7 203.1 5.0 64.3 0.1 7.4 112.0
3 SR 9.0 22.0 4.8 44.0 840.6 <0.19 < 0.1 313.4 5.9 90.2 4.9 19.8 56.1
GK2 SR 8.9 18.3 4.5 148.9 960.0 <0.19 < 0.1 341.4 7.5 144.2 3.7 16.1 78.2
GK3 SR 9.0 18.9 7.2 39.0 782.9 <0.19 < 0.1 287.5 5.4 76.2 7.3 9.9 61.1
GK6 SR 9.0 20.7 3.6 55.3 833.4 <0.19 < 0.1 298.3 5.6 88.2 14.6 12.4 84.5
6 SR 9.0 76.3 5.4 53.2 743.5 1.0 < 0.1 262.9 6.2 104.2 < 0.1 12.4 65.0
GK4 SR 8.3 20.1 3.6 41.1 726.3 0.9 < 0.1 238.5 4.7 88.2 9.7 13.6 84.5
51 SR 9.0 14.6 6.6 23.4 422.7 0.9 < 0.1 165.7 3.2 65.1 < 0.05 11.9 119.6
T2 SR4 9.1 12.2 6.6 19.2 403.4 2.4 0.9 151.1 3.5 48.4 < 0.05 9.9 110.6
T3 SR4 8.7 13.4 3.6 32.6 922.2 2.0 0.9 236.4 7.0 194.1 < 0.05 7.4 117.1
T4 SR4 9.2 15.9 7.8 7.1 307.4 2.3 0.7 101.9 2.5 37.9 < 0.05 7.4 106.1
T6 SR4 8.9 17.1 3.6 20.6 576.4 2.3 0.8 158.1 3.6 112.6 < 0.05 12.4 103.8
T8 SR4 9.4 19.5 9.6 9.9 181.0 2.2 0.5 103.4 2.3 14.3 0.0 7.4 103.4
T5 SR4 9.1 18.3 6.0 14.2 384.2 2.5 0.6 126.5 2.5 48.7 < 0.05 7.4 103.4
E1 VP 6.5 25.6 117.1 354.2 < 0.1 217.8 7.4 17.4 0.0 115.7 115.7
E2 VP 6.4 25.6 106.5 410.5 < 0.1 225.7 8.6 18.9 0.9 32.2 134.6
8 YB 8.3 7.3 5495.0 730.1 < 0.1 543.6 20.6 2805.6 < 0.1 18.6 132.0
Karymashina River 7.2 30.5 3.6 16.3 0.3 < 0.1 7.0 0.9 12.0 0.8 < 0.27 34.6
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Gas composition of the Paratunsky geothermal field wells (vol.%). Sampling was performed by A.V. Kiryukhin and V.I. Gavryusev (wells 8 and 101), analysis was performed by V.I.
Guseva (IVS FEB RAS). Isotope analysis was performed by B.G. Pokrovsky (GIN RAS).

Data Well Site Н2 Не Ar О2 N2 CО2 CН4 H2S δ13С CO2‰ δ13С CH4‰ Gas content l/kg

17.08.2014 RE7 NP 0.01 0.003 0.71 0.01 96.3 0.65 0.54 < 0.018 −20.8 −16.7 −0.01
28.10.2015 Т3 SR4 0.008 < 0.004 1.70 0.49 95.97 0.09 0.17 < 0.018 −19.1 −19.1
28.10.2015 101 N 0.004 < 0.004 2.34 0.01 97.03 < 0.01 0.15 < 0.018 −14.0
28.10.2015 502 NP 0.004 < 0.004 1.84 0.01 97.53 0.04 0.15 < 0.018 −16.6
28.10.2015 23 SR 0.004 < 0.004 1.61 0.24 96.91 0.01 0.09 < 0.018
6.11.2015 8 YB 0.042 < 0.004 1.44 1.74 96.4 0.03 0.30 < 0.018 −19.7
29.04.2016 E1 VP <0.005 0.01 1.14 0.04 97.66 0.06 0.03 < 0.007 0.0166
29.04.2016 E2 VP <0.005 0.02 1.14 0.03 97.68 0.06 0.03 < 0.007 0.0181
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